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Abstract. We study the problem of the existence of a local quantum scalar field theory in a general
affine metric space that in the semiclassical approximation would lead to the autoparallel motion
of wavepackets, thus providing a deviation of the spinless particle trajectory from the geodesics
in the presence of torsion. The problem is shown to be equivalent to the inverse problem of the
calculus of variations for the autoparallel motion with the additional conditions that the action (if

it exists) has to be invariant under time reparametrizations and general coordinate transformations,
while depending analytically on the torsion tensor. The problem is proved to have no solution for
a generic torsion in four-dimensional spacetime. A solution exists only if the contracted torsion
tensor is a gradient of a scalar field, while the traceless part is zero. The corresponding field theory
describes coupling of matter to the dilaton field.

1. Introduction and motivations

In Riemann—Cartan spaces, a connecligrf compatible with the metrig,,, (meaning that
D,g. = 0, with D, being the covariant derivative) may have non-vanishing antisymmetric
components,,,” = %(FW” —T',,%) which are the torsion tensor components in a coordinate
basis. A general affine connection compatible with the metric can always be represented in
the form [1]T,,,7 = T ,1,% +8°“(Suva — Svap + Sauv), Wherel' ,, are the Christoffel symbols
associated with the metrig,,. As was first pointed out by Cartan, the existence of connections
that are compatible with the metric and do not coincide with the natural Riemannian connection
T,.,° may lead to more general theories of gravity than Einstein’s general relativity (see, e.g.,
[2] for a review and references therein). Consequently, the actual motion of a spinless point
particle may, in principle, deviate from the usual geodesic motion due to an interaction with
torsion.

The torsion force cannot be arbitrary and its possible form should be obtained from some
physical principles. It is natural to assume the actual motion of a particle to enjoy general
coordinate covariance. A trajectory of the motion is determined by its tangent vector (or
velocity). To specify the corresponding equations of motion, one has to define a variation
of the velocity along the trajectory. In a space with a general affine connection there
exist two independent variation operators that involve a displacement and produce tensors
out of tensors (i.e. variations covariant under general coordinate transformations): the Lie
derivative and the covariant derivative [1], p 335. A physically acceptable variation should
contain the displacement,u” = u* of the velocity along itself (acceleration). The Lie
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derivative does not provide us with such a displacement. Therefore, the only possibility
is

D,u"* =u"D,u* =u" +T,;*u'u® = F*(S, g, u) (1.2)

where F* is a vector force. Next we require that the motion becomes geodesic when the
torsion vanishes, that is, the vectot is transported parallel along itself with respect to a
natural Riemannian connectidn,,”

Dyut =i +Tpotu’u® = 0. (1.2)

This leads to the conditio®*(S = 0, g,u) = 0. The simplest possibility proposed first

by Ponomarev [3] is to sek”* = 0. The corresponding curve is called the autoparallel.

Its characteristic geometrical property is similar to that of geodesics. The tangent vector is
transported parallel along itself with respect to a full affine connection. However, it does not
share another property of geodesics such as being the shortest curve between two points of the
manifold.

As follows from the comparison of equations (1.2) and (1.1) with= 0, the deviation
of the autoparallel from the geodesic is caused by the torsion fdigg 2'u”. The choice
between the geodesic and the autoparallel motion can either be decided experimentally or on
theoretical grounds following from the compatibility of the postuldite= 0 in (1.1) with other
fundamental principles of physics. In [4] it is argued that the energy—momentum conservation
law of a spinless point particle leads to geodesics rather than to autoparallels. The conclusion
is based on the earlier work by Papapetrou [5] that prescribes a specific relation between
the canonical momentum and the velocity of the particle. In general, the energy—momentum
tensor is defined as the variational derivative of the particle Lagrangian with respect to the
metric tensor. Its conservation law specifies the particle equations of motion that are the usual
Euler—Lagrange equations. Hence, if equation (1.1) admits the Euler-Lagrange form, then the
energy—momentum conservation law may lead to the autoparallels as is shown in appendix A
with an explicit example.

Based on a physical analogy between spaces with torsion and crystals with topological
defects [6], the attention has been brought again to the autoparallel motion in [7], section 10,
where it was also quantized by the path integral method. The approach gives a consistent
(non-relativistic) quantum theory only for a special (‘gradient’) torsion [7], section 11. For a
generic torsion it leads to difficulties with the probabilistic interpretation of the corresponding
gquantum mechanics and does not comply with the correspondence principle [8].

The problem of coupling between matter and the spacetime geometry is undoubtedly of
greatimportance. So far only the principle of minimal gauge coupling has been explored [2, 9],
except, maybe, for the conformal coupling [10]. Based onthe minimal gauge coupling principle
and the conservation theorems it has been argued [11] that in two possible generalizations of
Einstein’s general relativity, known as the tetrad theory and the P@zarge theory, scalar
matter has the same classical equations of motion as in Einstein’s theory. It is noteworthy that
the renormalization arguments in quantum field theory with an external torsion background
have led the authors of [12] to the conclusion thah-minimalcoupling is necessary to make
the theory consistent. The aim of the present work is to approach the problem from a different
and more general point of view, where no assumption about a form of the theory of gravity
with torsion nor about the conservation laws is made. The idea is as follows. All models of
the fundamental interactions are described by quantum field theory. Thus, if the autoparallels
indeed describe the motion of a spinless point particle in a general Riemann—Cartan space,
then they must follow from a local quantum scalar field theory in the semiclassical (eikonal)
approximation. A conventional way to construct a quantum field theory that satisfies the
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correspondence principle is first to quantize the relativistic particle motion, thus obtaining
relativistic quantum mechanics, and then to apply the so-called second quantization procedure
[13].

Consider, for example, the geodesic motion (1.2) which follows from a least action
principle for the action

S, =/Lg dr = —m/.,/glwvﬂv” dr = —m/ds (1.3)

wherev* = dg’/dt. In (1.1) it has been set* = du’*/ds andu* = dg*/ds. To quantize

the system, one goes over to the canonical Hamiltonian formalism by means of the Legendre
transformation fon*. Defining the canonical momentup), = 0L,/dv* we find that the
canonical HamiltoniarH = p,v* — L, = 0 vanishes identically. This happens due to the
local time reparametrization symmetry of the action (1.3). It is not hard to be convinced that
the HessiarH,,, = 3°L,/(dv*dv") is degenerate (in particulak,, v’ = 0) and, therefore,

the system has a constraint. It has the well known form p? —m? = 0. According to Dirac

[14], after promotingp,, andg* to self-adjoint operators satisfying the Heisenberg algebra,
the constrainfI has to annihilate physical states

My = (p> —m?y =0 (1.4)

where—p? is the Laplace—Beltrami operatdr & 1). In doing so, we obtain a relativistic
quantum mechanics that leads to the geodesic motion of the wavepackets in the eikonal
approximation. We remark that there is an operator ordering ambiguity upon quantization
p?2 — P2, and, in general, the operatbr may have corrections (of ordéf) proportional

to the scalar curvature [10]. However, they are not relevant for the leading order of the
eikonal approximation. The canonical Hamiltonian vanishes identically, hence, thid®ygr
evolution b,¥ = I{hp = 0 is trivial. Therefore the constraint (1.4) entirely specifies the
evolution of relativistic quantum particle states. This latter property allows one to construct a
corresponding quantum field theory. Ifall solutions of (1.4) are labelled by a set of paraketers
then a Heisenberg quantum field operator that carries quanta (particles) with quantum numbers
k and wavefunctiong (¢) readsp = >k Yi(@)ay + h.c. wheregy and&,f are destruction and
creation operators of these quanta. The corresponding action of such a field theory in
dimensions is [10]

S = / d"g /g ¢Tlg = / d'q /2(g" 0,3 — m*¢?). (1.5)

Thus the constraint occurring through the time reparametrization (gauge) symmetry specifies
the sought-for quantum field theory obeying the correspondence principle.

The same strategy can be applied to build a relativistic quantum theory for the autoparallel
motion. That is, we need a Lagrangian for equation (1.1). It has to fulfil some additional
physical conditions: (a) to be time reparametrization invariant; (b) to be invariant under general
coordinate transformations (i.e. to be a scalar); and (c) to turninto (1.3) as the torsion approaches
zero (analyticity in torsion). We remark that the autoparallel equation (1.1) Hjtk= O
exhibits the time reparametrization symmetry therefore it is natural to expect the Lagrangian
to fulfil condition (a). Yet, as has been pointed out, the constraint occurring through this gauge
symmetry entirely determines the evolution akéativistic quantum particle interacting with
the spacetime geometry. The second condition is the standard one: physics cannot depend on
the choice of a coordinate system. The third one is natural since we expect a small deviation
from the geodesic motion in the limit of small torsion. Thus, we have reduced our problem to
the well known and, in fact, long-standing problem of mathematical physics. Given a set of
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equations of motion, find out whether they admit the Euler-Lagrange form. This is the inverse
problem of the calculus of variations. Necessary and sufficient conditions for the solution to
exist were first formulated by Helmholtz [15].

2. The Helmholtz conditions for the autoparallel motion

Let the equations of motion be a system of differential equations of second order
G,(0,v,q) = Hy(v,q)v" + B, (v,q) =0. (2.1)

The question arises: does there exist a Lagrangian whose Lagrange derivgficeipcides
with the equation of motion? That is,

2L 3L dL
G, =[L], v+ vW— —. (2.2)
avkavY dvtagY agh
Helmholtz found necessary and sufficient conditions on the functignef theindependent
variablesg, v, v in order for the Lagrangian to exist [15]:

G G,
—.# = (2-3)
avY JuvH
0y , 96, _ 813G, , G, 2
ovY  JuH | dv  OvH
G G, 1d|[aG G,
- =-— - . (2.5)
dqg”  odgt  2dt| v vk
With respect to an arbitrary time parametéhe autoparallel equation (1.1) is
Gy = [Lo] + 25 2 = 0 2.6
"w = [ g]u /w?»ﬁ - ( ' )

The geodesic terni],],, obviously fulfils the Helmholtz conditions. The second term in (2.6)
is the torsion force that causes a deviation of the trajectory from the geodgsigs+ O.
Due to the linearity inG,,, the Helmholtz conditions yield restrictions on the torsion force
only. From the second Helmholtz condition (2.4), the restricfigp,) = 0 on torsion can be
deduced. This implies vanishing of the torsion force in (2.6). Thus, equation (2.2ndbes
have any solution for aon-vanishingorsion force.

The only possibility to find a Lagrangian formalism for the autoparallel is to look for an
equivalentset of equations which may have the Euler-Lagrange form. This can be done by
introducing a multiplier2,,” (v, ¢) with det2,” # 0 which acts as an integrating factor in
equation (2.2). We are then looking for a solution to the equation

[L]u = quGv- 2.7)

The integrability conditions (2.3)—(2.5) become less restrictivedgritself since some of

them can be fulfilled by an appropriate choice of the multipliers. This procedure was first
proposed in [16]. Although there has been much progress in this approach (see [17]) and some
useful technigues have been invented to simplify the Helmholtz conditions, the problem still
remains unsolved in general. Recently, the inverse variational problem for equation (1.1) with
F,, = 0 has been solved in two dimensions [18]. However, in these works the proper time

s in the equation of motion (1.1) has been considered as the Lagrangian tifhe actions
obtained are not time reparametrization invariant. Consequently, it would be difficult to give
them a physical interpretation in the framework of a relativistic theory. However, they might
be useful to study a non-relativistic autoparallel motion on two-dimensional surfaces.
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3. The gradient case

Here we give an example where the Helmholtz integrability conditions are fulfilled for the
generalized problem (2.7). Consider a special case where the trace of the torsion tensor is a
gradient and the traceless part vanishes,

S’ = 3(8, 0,0 — 8 0,0). (3.1)

The corresponding autoparallel equation (2.6) follows from the least action pridSiple= 0
where [19] (see also [20])

Se) :/L(a) dr = —m/e(’(")\/g,wv”v" dr = —m/e"(") ds. (3.2)

Whereas the action (1.3) for geodesics is just an integral over proper time, in (3.2) a scalar
factor €@ occurs. The same Lagrangian was obtained in Brans—Dicke theory [21], where
the masses of particles depend on positior> m(q) = me”@. The scalar field- can also
be interpreted as the dilaton field [22] emerging in the low-energy limit of the string theory
together with the metrig,,, .

The Lagrange derivative df,, reads

vt
[L(a)]u = eg([Lg]//. + (gp.kavo' - gv)ﬁyf’)ﬁ) =0. (33)
It has the form (2.7) with the multiplief2,” = €. Equation (3.3) exhibits the time
reparametrization symmetry. The trajectory can be defined in a gauge-invariant way by
specifying the proper time. Since the theory has an extra scalar functmrailable, the
gauge-invarianttime is not uniques & f(o)./g,»v*v” dr with f (o) being a general positive
function ofo. If we setf = 1, equation (3.3) turns into the autoparallel equation

g’ + (Fxm + 83 0v0 — gv,\aua)u’\u" =0. (3.4)

It should be stressed that the trajectory depends on the definition of the (proper) gauge-invariant
time. For instance, with the choicé = € equation (3.3) turns into geodesicequation.
Indeed, under the conformal transformation,

8uv —> gl(j;) = ezgg;w (3.5)
the action (3.2) goes over to the action (1.3) for geodesics associated with the neV\gmétric
and the new proper timestf’ = € ds. Thus, a violation of Einstein’s equivalence principle
due to the ‘dilaton’ force in (3.4) can be observed, provided there is a possibility to distinguish
experimentally between the measurements of distances and time intervals relative to the metrics
8w andgfg}. We return to this issue later in the conclusions. The metric rescaling (3.5) can be
used to remove the force caused by the ‘gradient’ part of the torsion tensor from the equation
of motion:

Gu(8up- Sapy) = € Gu(€7% gup. Supy + S5 (3.6)

whereSf;;,)y is given by (3.1) and in both sides of equation (3.6) the proper time is defined with
f=1

Now we make use of this symmetry to built up a quantum field theory which in a
semiclassical approximation would lead to the autoparallel motion of the wavepackets in the
‘gradient’ torsion and metric background fields. To this end we go over to the Hamiltonian
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formalism for the action (3.2). The canonical momentgare= L, )/dv"* = —me” v, /v/v?,
so the constraint is

M) = p?> —m?e” =0. (3.7)

To construct the corresponding quantum field theory we can simply take the field action
(1.5) with the new metricg/(fv) and canonically quantize it. The correspondence principle

is automatically fulfilled. Indeed, in the semiclassical approximation for the quantum field
theory associated with the action (1.5) the wavepackets would follow geodesics with respect
to the background metri@fjj [23]. Making use of the symmetry (3.6) we see that the classical
trajectories are autoparallels with respect to the mgtriand the ‘gradient’ torsion generated

by the background scalar fietd Thus the scalar field action that leads to a quantum scalar
field theory compatible with the correspondence principle is

S = / d"q €727 /g (8" 8, 49,0 — m?e* ¢?). (3.8)
It yields the following equation of motion for the scalar fieid
O¢+(n—2)d,00"¢p+m?€¢p=0 (3.9)

where[d is the Laplace—Beltrami operatdri ¢ = («/§)‘l 0.( /g 8" 0,9).

Equation (3.9) can be regarded as the quantum version of the constraint (3.7). Note that
a multiplication of the constraint (3.7) by some function of coordinates would lead to an
equivalent constraint on the classical level. In quantum theory the ordering of operators is
generally not unique. Here we have promolgg, into an operator by multiplying it by &°
and postulating that & 2 is the Laplace—Beltrami operator with respect to the mgmt
This ensures thkermiticity of the constraint with respect to a scalar product with the measure
\/g(T)d”q = €7 /g d"g, thus providing theunitarity of the time evolution.

4. Perturbation theory

Here we come to the conclusion that there is no Lagrangian formalism (subject to the physical
conditions required) for the autoparallel motion, except for the gradient case discussed above.
We make use of our third physical assumption that the Lagrangian, if it exists, should be
analytic in the torsion tensor. So far, no experimental observation of torsion has been made.
Therefore, the torsion force must be small compared with the gravitational force induced by
the metric. This, in turn, suggests solving the integrability conditions for equation (2.7) by
perturbationtheory in the torsion tensor. We shall see that the integrability conditions are not
fulfilled even in the first order of the perturbation theory, thus leading to the conclusion of the
non-existence of the Lagrangian in general. We start with the ansatz

L(v,g,8) = Lg(v,g) + Li(v, g, S) + O(5?%) (4.1)

which contains the Lagrangidlr), (1.3) for geodesics and a perturbatioplinear in the torsion
tensor. From equation (2.7) it follows that the multiplier must also be analytic in torsion, so
we set

(v, 8.8) =8 +w, (v, g, ) +0(5?). (4.2)
In this approximation, the substitution of (2.6) in (2.7) leads to
N vYv?
(L], = 0, [Leln + 2806 —=- (4.3)

2
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The variablesv, v, g are considered as independent variables. The integrability conditions
for (4.3) are still difficult to analyse because of the presence of the general funetjons
Therefore, we first look for the integrability conditions in the velocity space assuming the
configuration space point to be fixed. We gét= g, after calculating all the derivative in

(4.3). Equation (4.3) is covariant under general coordinate transformations as a consequence of
our second assumption. In particular, we may assume a geodesic coordinate systegj[24] at
This has the advantage that the Christoffel symbols are zero at theBjidiyo) = 0. Thanks

to this property, the ternw,*[L,], is proportional to the acceleratiart and must cancel
with the corresponding term contained i],,. This leads to an equation for the multiplier
which is not relevant for the subsequent analysis. For the remaining tergis=atg) we
obtain

3L dL vy?
et St S T (4.4)
dgvovk  ogt oY
Next, in the vicinity ofgo we apply the Fourier transformi(q,v) = [dk e L, (k, v),
similarly for S,,, (k), SO that(‘9L1/8q“|q=qO = [dkik,&*°Ly(k, v). Substituting this into
(4.4), we obtain afirst-order differential equationfark, v) as afunction of*. This equation
can be simplified by the ansatz = k,v*c(k, v), leading to
i dc 2 3 vV’
okt - (k, U)2 [L\)H\/F.
The integrability conditions for equation (4.5) are now easy to derigée/dv*dv’ —
d2c/0v"dv* = 0. After multiplying them by the factof(x, U)\/F)s, they turn into a set
of vanishing linear combinations of the monomiala’v*v?. Sincev* are independent
variables we are left with the equation

(4.5)

2k(u S Nap) + KA SpurtoNap) * Solr)Nap) + SiilapNoyu} = O. (4.6)

Here the indicesvo ) must be symmetrized, while the indices in the square brackefs [
are antisymmetrized.

There are two cases where the integrability condition (4.6) is fulfilled identically and,
hence, the Lagrangian always exists. First, we observeuttfat/dv* = 0 sinceS,,, =
—Swue- Thereforec depends only on the angular variables in the velocity space, not on the
norm+/v2. In two dimensions, equation (4.5) contains only one non-trivial equation which
always has a solution. The Lagrangian can be constructed as proposed in appendix B. The
second case iS,M ~ §"(k), i.e. when the torsion tensor is constant in the coordinate system
chosen. It is easy to obtain a simple recursion relation for an explicit form of all orders of
perturbation theory for the Lagrangidn However, the conditiod,, S,,, = 0 is not covariant
under general coordinate transformations. So, the corresponding Lagrangian is not a scalar
and cannot be regarded as physically acceptable.

The torsion tensor can always be decomposed into a trace, a totally antisymmetric part
and a traceless pa@,,,; which is not totally antisymmetric. The totally antisymmetric part
satisfies (4.6) identically because it does not contribute to the torsion force at all. We set

o 1 o o o
S’ = n—_l(suav — 8,87) + Quy 4.7)
whereS,, = S,,*. Contracting (4.6) witk"k°k*k?, n'*n*f andk*kfn"’ we obtain a system
of linear equations
,3/4}\ + SV;LA =0 2n + 5)“;& +(n+ 1),3;0\ =0

(4.8)
B+ (n+ AP+ (2n + 1Dy, =0
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for e = kiuSiy, Bur = ko (Spug® + S7p,) @ndy,, = ki Sijwokk? /k2. As for every fixed

u anda the determinant of the matrix of the coefficients (@ 2= 2)(n + 1), the system has
only a trivial solutiona,,, = B,,, = yuw = 0 forn > 2. The relationy,, = 0 gives rise to a
restriction on the trac§,

kS =0 hence S,(q) ~ 8,0 (q). (4.9)

That is, in any dimension greater than two the contracted torsion tensor must be a potential
vector field. At this point we may already conclude that fogemerictorsion the inverse
variational problem for the autoparallel equation has no solution. However, we proceed to
analyse the traceless part of the torsion tensor. The ‘gradient’ part of the torsion tensor (4.7)
satisfies (4.6) identically, so that the integrability condition (4.6) applieg i, only. We
investigate it in three and four dimensions. Both cases are treated simultaneously.

The tensorQ,,,, can be parametrized in three and four dimensions, respectively, as

QS\BA = Gﬂva AUA Q;(:B)L = euvopBapA (410)
where A, is a symmetric, traceless 3 3 matrix (sinceQ®’ = 0 ande*” Q% = 0),

nv nvo
and B, satisfiese*?**B,,, = 0 and must be traceles®’*;, = 0 (sinceQ}fv)” = 0 and
ghvio Q(4) = 0). Thus,A,,, contains five independent components, wilijg, has 16. They

vio

are subject to the conditions
k, A" =0 ko, B1o =0 (4.11)

ko AqgdZ, =0 21(apiko BV 1080 + ko Bl 58} = 0. (4.12)
Equation (4.11) is equivalent ¥, = 0, while equation (4.12) stems from the integrability
condition (4.6) wherg,,, = 0 has been taken into account. Itis possible to select five linearly
independent equations fdr,, and 16 forB,,,, out of these equations. Thus, we conclude that

ijv'i) = 0, and the Lagrangian exists only for the ‘gradient’ case.

5. Conclusions

We have proposed a rather general approach to study possible deviations from Einstein’s
equivalence principle due to the coupling between scalar matter and the torsion of spacetime.
Ourapproachis based on the inverse problem of the calculus of variations and general principles
of quantum field theory. It does not use any special generalization of Einstein’s general
relativity, neither does it rely on any specific form of the energy—momentum conservation law.
It is far more general than the minimal gauge coupling principle which is typically used to
construct a coupling between matter and spacetime geometry [2,9]. We have shown that for
a generic torsionno local quantum field theory exists in four dimensions that leads to the
autoparallel motion of spinless (scalar) particles in the semiclassical (eikonal) approximation.
Only when the torsion tensor has a special form, the above problem admits a solution. In this
case the coupling between scalar matter and torsion is described equivalently by the dilaton
field whose existence is predicted by string theory [22].

The Einstein equivalence principle is not violated by the coupling between matter and the
dilaton field if the coupling obeys theniversalityprinciple [25], meaning that it is constructed
by the replacemen,, — gl(f;) = € g, inthe matter Lagrangian. Indeed, there would be no
experiment that distinguishes the motion of test particles in the composite background metric
¢() from that in the background metrig,, and the dilaton field. A deviation from Einstein
general relativity can only be seen in cosmology which is affectedyimamicsof the dilaton
field [25, 26].
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We remark that the minimal gauge coupling principle does not predict the dilaton
and leads only to the coupling between spin and torsion. As has been stressed by some
authors (see the discussion in [27]) such a coupling might pose a consistency problem since
the spin of composed patrticles is not simply a sum of the spins of its constituents, but
also involves the orbital angular momentum. For instance, a spinning particle could be a
bound state o$pinlessparticles (e.g. a vector boson composed of a few scalar bosons, etc).
Therefore, such a spinning particle would not interact with torsion at all. Thus, when applying
the minimal gauge coupling principle, one has always to decide whether a given kind of
particle is truly elementary or composite. Such a drawback could be circumvented either
by allowing for the coupling of torsion to the angular momentum or by simply postulating
that any theory for composite spinning particles should be consistent with the minimal
gauge coupling principle, thus making a restriction on future fundamental theories. Given
the difficulties of describing composite relativistic quantum fields, this latter option does
not seem easy to pursue in practice, neither does it seem to admit a simple geometrical
interpretation.

Here we have explored the first possibility. The autoparallel equation (&,13=(0) can
be rewritten as the matter energy—momentum conservation law [28]

D, T" +25",,T" =0 (5.1)

whereT ,, is the energy—-momentum tensor in general relativity (see also appendix A). The
second term in (5.1) contains an interaction between the torsion and the angular momentum.
We have proved that there exists no local quantum field theory whose dynamics complies with
equation (5.1) except the special case when all the effects of torsion can be interpreted as those
caused by the dilaton. One could also regard this result as an argument supporting the point of
view that the spacetime geometry is specified only by the metric and possibly by the dilaton
field.

We remark that the minimal price of incorporating equation (5.1) into a quantum theory
is to give up locality [29]. This does not seem to us acceptable in quantum field theory of
fundamental interactions, but still may be possible in effective theories describing a quantum
motion of interstitial particles in crystals with topological defects.
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Appendix A. Energy—momentum conservation for the autoparallels

The energy—momentum conservation law follows from the invariance of the action under
general coordinate transformations. As compared with the geodesic action (1.3), the action
(3.2) contains an extra scalar field describing the background spacetime geometry so that its
variation is determined by both the variations of the megyic and the dilatory. Thus, we

obtain

1 5L
0=26S = /d4q \/E{ET’“SgW +TH, 80 + S0 &ﬂ} (A1)
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where, as usual,

SL 1
T (q) = = ds 8*(g — Ry A2
(9) S5m(@) g(q)/ s 8%(q —q(s))p"u (A.2)

is the energy—momentum tensor ah the Lagrangian density defined by= [ d3q £. We
observethar®’ = & T"" whereT"" is the energy—momentum tensor for the geodesic motion.
The difference occurs through thedependence of the particle momentuptt: = —me” @y,

One can easily convince oneself thidl/éoc = T#, = T, which specifies the second term in
(A.1). For the actual motion of the particle the third term in (A.1) vanishes and we obtain the
energy—-momentum conservation law (cf equation (5.1))

D, T +T" 8,0 — To*o = 0. (A.3)

We see two additional terms occurring in the conservation law due to the torsion force.
Integrating this equation over a three-dimensional spacelike hypersyifaegeconstant we
again recover the autoparallel equation for the ‘gradient’ torsion (3.4).

Appendix B. The autoparallel Lagrangian in two dimensions

In two dimensions the integrability conditions (4.6) yield no restriction on torsion because of
the time reparametrization invariance. Indeed, by fixing the galiger the problem becomes
one dimensional. A general solution of the one-dimensional inverse variational problem was
found by Darboux [30]. So, the Lagrangian always exists for the two-dimensional autoparallel
motion. However, the constraint appears to be non-polynomial in the canonical momenta, thus
leading to anon-localquantum field theory.
The torsion tensor can be parametrized in two dimensions by two scalar funtctaonbs
o
Sin® = €0 (%4 + € 950). (B.1)
Let us decompose the velocity vector into the sum of two orthogonal vectots:=
[pkt + (1 — ?))Y2(ek)*] /K2, wherep = (k, u)/~/k2. Solving equation (4.5) for = c(¢)
we find

iL1=vv2(5 +oinfp~" + (o2 — DVAA). (B.2)

The first term is the linear part of the Lagrangian (3.2) for the ‘gradient’ torsion. The second
term is non-polynomial ip. This property of the Lagrangian holds in higher orders of the
perturbation expansion (4.1) as can be seen from a recursion relatidr.folherefore,

the Lagrangian would lead to a constraint which is non-polynomial in all (but leading)
orders of the perturbation theory. The corresponding quantum field theory will be non-local.
We conclude that even in two dimensions only the ‘gradient’ torsion leads to an acceptable
guantum field theory.

It is certainly possible to find a Lagrangian for the generic torsion (B.1). However, a
complete discussion would be too involved and goes beyond the scope of this paper. Such a
Lagrangian does not seem significant for physical applications. Just to give an idea of how
the Lagrangian may look, we calculate it under the simplifying conditgns= n,, and
dor = 0. This latter condition obviously violates the general coordinate invariance, but will
allow us to find arexplicitform of the Lagrangian by a short and simple method. We also set
o = 0 since the gradient case has already been discussed. After fixing the gagfye-by
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(v° = 1) and adopting the notations = v, ;A = 3,1 we obtain one simple equation from
the autoparallel equation (1.1)

b+ 9, A(v —v3) =0. (B.3)

The associated Lagrangian can be found via the Hamiltonian formalism. The first Hamiltonian
equation is set to be = p/\/1+ p? = wd,H. Then the second Hamiltonian equation can
be derived from (B.3) ap = —pd, A = —wd, H. These equations can easily be solved
for the HamiltonianH and the symplectic structure Next, choosing Darboux coordinates

X = xandP sucha$), P = 1, the Lagrangian is obtained by the Legendre transformation
for P: L(v,A) = Px — H. The time reparametrization invariance is restored by the rule
L)@, v, 0) = vOL(vt/v0, 1) [14]. Therefore, the Lagrangian is

Ly = —vv2coshi — vt In W sinha, (B.4)

whereW = |v°/vt+,/(v0/v1)2 — 1]. Itis not difficult to see that the constraint resulting from
u? = 1is not polynomial in the canonical momenia because,, = p, (1) contain InW.
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