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Uncertainty relation for momentum with torsion
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We show that in the presence of the torsion tensor S*
the momentum is given by [ps, p;] = 2ihSkijpk.

i, the quantum commutation relation for

In nonrelativistic quantum mechanics, the operator F'(dx) of an infinitesimal translation by dx acts on a state |x)
according to |1]

F(dx)|x) = |x + dx).

Its unitarity requires that F(dx) = I — iK - dx, where I is the identity operator and K is a Hermitian operator. The
correspondence between unitary transformations in quantum mechanics and canonical transformations in classical
mechanics determines a proportionality relation between K and the momentum operator p: K = p/h. This relation
introduces the Planck constant 7 = h/(27). The commutator [x, F'(dx)] = dx gives the commutation relation between
the position and momentum operators: [x;, px] = hd ;.

For the wave function representing a quantum state |«) in position space, ¥, (2) = (x|a), we have (I —ip,dz/h)|a) =
[ da'F(dz)|z') (2 |a) = [da'|a’ + dx)(2|a) = [da'|a’)(z" — dz|e) = [da'|2’)((2'|e) — dws2 (2'|a)), which gives
Dala) = fd:z:’|x’>(—ih£/ (@'|a)) [1]. Consequently, (x|ps|a) = —ih% (x|a)) and the momentum operator in position
space is a partial derivative with respect to the corresponding conjugate coordinate: p, = —iha%. In flat spacetime,
two infinitesimal translations in two different directions commute: [F(dx), F/(dy)] = 0. Consequently, the momentum
operator components along different directions also commute, [p;, px] = 0, which is consistent with the commutativity
of partial derivatives. This relation is also valid in curved spacetime, where partial derivatives are generalized to co-
variant derivatives. In general relativity, the affine connection is given by the Christoffel symbols which are symmetric
in the lower indices |2]. In curved space, covariant derivatives of the wave function (which is a scalar in nonrelativistic
quantum mechanics) commute.

The conservation law for the total (orbital plus spin) angular momentum of fermions in curved spacetime, consistent
with the Dirac equation, requires that the torsion tensor |3] is not constrained to zero, but is determined by varying
the action with respect to torsion [4]. The torsion tensor is the antisymmetric part of the affine connection:

i =Ly

The simplest and most natural theory of gravity with torsion is the Einstein-Cartan (EC) theory [5, 6], in which
torsion becomes coupled to the spin of fermions and fermions are the source of torsion. The Cartan equation relating
spin and torsion is given by

S — Sjop + Skd; = —%Kosjkl,

where S; is the torsion vector, s;," is the spin tensor of matter, and x = 87G/c* (we use the notation of [6]). This
coupling generates gravitational repulsion at extremely high densities and thus avoids the formation of singularities in
black holes and at the big bang [7]. The collapsing matter in a black hole bounces at a finite density and then expands
into a new, finite region of space with positive curvature on the other side of the event horizon, which may be regarded
as a new universe |§]. Quantum particle production caused by an extremely high curvature near a bounce (which
replaces the big bang) creates enormous amounts of matter and entropy, and generates a finite period of exponential
expansion (inflation) of this universe [9]. EC agrees with all solar system, binary pulsar and cosmological tests of
general relativity, since even at nuclear densities, the corrections from torsion to the Einstein equations are negligible
[5]. EC also modifies the Dirac equation, adding a term that is cubic in spinor fields [10]. That term may solve the
problem of divergent integrals in quantum field theory by providing fermions with spatial extension (about 10727 m
for an electron) and thus introducing an effective ultraviolet cutoff for their propagators [11].

In the presence of torsion, the parallel transports (which define the covariant derivative) do not commute, which

results from the following construction. The parallel transport of an infinitesimal, four-dimensional vector PR = dzt
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from a point P to an infinitesimally close point ) such that Pz) = dx'7 adds to dz’ a small correction:
ddx' = —Fj}'gda:jd:r/k.

After effecting the transport, the vector dz? 4 §da’ points to a point 7. The parallel transport of the vector dz’* from
a point P to an infinitesimally close point R adds to dz* a small correction:

Sda’t = —Fj;; da? da'™.

After effecting the transport, the vector da’® 4+ ddz'* points to a point T”. Without torsion, points 7" and 7" would
coincide and form, together with points P, @, and R, a parallelogram because ddz" —ddz" = T}’ dx’ dz'* —I'd? da't =
0. If the torsion tensor is not zero, however, the affine connection is asymmetric in the lower indices and

da’ — 5dz' = -5 da da'*.

Points 7" and T’ do not coincide, the parallogram is not closed, and the combination of two displacements of point P
(through da* and dx'7) depends on their order. Accordingly, covariant derivatives of a scalar 1) do not commute:

ViVith — V;Vih = 0;Vj1h — T iV — 9;Vip + T EV i = 0,00 — 9,00 + 285, Vip = 287, Vit (1)

Since the momentum is defined in mechanics as a generator of a translation [12] and the translation is described in
terms of the covariant derivative and parallel transport, the four-dimensional momentum operator in position space
is related to the covariant derivative:

Pk = ihVy. (2)
This relation generalizes the standard relations £ = ih% and p, = —ih%. Combining equations () and (@) gives
[piupj] = 2ih5kijpk' (3)

This equation indicates that the four-dimensional momentum operators do not commute.

Since torsion is significant only at extremely high densities or energies (probing the distances on the order of 1027
m and smaller), the right-hand side of (B is nearly zero at the scales currently available, effectively reproducing the
standard commutation relation. However, the integration in momentum space to calculate radiative corrections to the
photon and electron propagators in Feynman diagrams in quantum field theory [13] may be affected. Currently, such
integration (to infinity) involves divergent integrals that are treated by regularization. We argue below that at larger
energies and momenta, the noncommutativity of the four-dimensional momentum (B]) should affect the integration, as
it does for position space |14], and eliminate the divergence of radiative corrections and the necessity of regularization.

For the Dirac fields, the spin tensor is completely antisymmetric, and so is the torsion tensor. Therefore, we can
define the torsion pseudovector:

Ai _ Eijklsjkl7

where €* is the Levi-Civita pseudotensor (in spacetime where the metric tensor is locally flat). If this pseudovector
is timelike, one can find a coordinate frame in which the only nonzero component is the time component A°. The
commutation relation (3) becomes

[pmapy] = _QihAOPm [pyapz] = _2“:“401717 [pzupz] = _2ihA0py7

resembling the commutation relations for the angular momentum: [Lg, L,] = ¢hL,], etc. [1]. Those relations derive
the separation between adjacent eigenvalues of L.; this separation is A. The momentum components commute with
p? and the energy component py, and p? and py commute too. It is reasonable to assume that A° is an increasing
function of p = \/}? Defining C = —2hA° = kp®, where C, k, and o > 0 are constants, n, = p,/C (similarly for y

and z), and n = /n2 +n2 + n? gives

N N
/p4 /p Zp ;Cn_;(nk) -

The last sum is convergent for 0 < o < 1, showing that the logarithmically divergent integrals of form [ dp* /p*
that appear in radiative corrections in quantum electrodynamics should become convergent (in this range of «a) if



the noncommutativity of the momentum is taken into account. The noncommutativity of the momentum, resulting
from torsion, regularizes those integrals. The value of o could be determined from the commutation relations for the
torsion tensor, which we started calculating in [15].

This work was funded by the University Research Scholar program at the University of New Haven. I am grateful
to Gabe Unger for inspiring my research.

[1] P. A. M. Dirac, The Principles of Quantum Mechanics (Oxford University Press, 1930); J. J. Sakurai, Modern Quantum
Mechanics (Addison-Wesley, 1994).

[2] L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields (Pergamon, 1975).

[3] E. Schrodinger, Space-time Structure (Cambridge University Press, 1954); J. A. Schouten, Ricci Calculus (Springer-Verlag,
1954).

[4] F. W. Hehl and J. D. McCrea, Found. Phys. 16, 267 (1986); N. Poptawski, larXiv:1304.0047.

[5] T. W. B. Kibble, J. Math. Phys. 2, 212 (1961); D. W. Sciama, in Recent Developments in General Relativity, p. 415
(Pergamon, 1962); Rev. Mod. Phys. 36, 463 (1964); Rev. Mod. Phys. 36, 1103 (1964); E. A. Lord, Tensors, Relativity and
Cosmology (McGraw-Hill, 1976); F. W. Hehl, P. von der Heyde, G. D. Kerlick, and J. M. Nester, Rev. Mod. Phys. 48, 393
(1976); V. de Sabbata and M. Gasperini, Introduction to Gravitation (World Scientific, 1985); K. Nomura, T. Shirafuji,
and K. Hayashi, Prog. Theor. Phys. 86, 1239 (1991); V. de Sabbata and C. Sivaram, Spin and Torsion in Gravitation
(World Scientific, 1994); A. Trautman, Encyclopedia of Mathematical Physics, ed. J.-P. Francoise, G. L. Naber, and S. T.
Tsou, vol. 2, p. 189 (Elsevier, 2006).

[6] N. J. Poptawski, larXiv:0911.0334l

[7] W. Kopczynski, Phys. Lett. A 39, 219 (1972); Phys. Lett. A 43, 63 (1973); A. Trautman, Nature (Phys. Sci.) 242, 7
(1973); F. W. Hehl, P. von der Heyde, and G. D. Kerlick, Phys. Rev. D 10, 1066 (1974); B. Kuchowicz, Gen. Relativ.
Gravit. 9, 511 (1978); M. Gasperini, Phys. Rev. Lett. 56, 2873 (1986); N. J. Poplawski, Phys. Lett. B 694, 181 (2010);
Phys. Lett. B 701, 672 (2011); Gen. Relativ. Gravit. 44, 1007 (2012); N. Poptawski, Phys. Rev. D 85, 107502 (2012).

[8] I. D. Novikov, J. Exp. Theor. Phys. Lett. 3, 142 (1966); R. K. Pathria, Nature 240, 298 (1972); V. P. Frolov, M. A.
Markov, and V. F. Mukhanov, Phys. Lett. B 216, 272 (1989); Phys. Rev. D 41, 383 (1990); L. Smolin, Class. Quantum
Grav. 9, 173 (1992); W. M. Stuckey, Am. J. Phys. 62, 788 (1994); D. A. Easson and R. H. Brandenberger, J. High Energ.
Phys. 06, 024 (2001); J. Smoller and B. Temple, Proc. Natl. Acad. Sci. USA 100, 11216 (2003); N. J. Poptawski, Phys.
Lett. B 687, 110 (2010).

[9] N. Poptawski, Astrophys. J. 832, 96 (2016); S. Desai and N. J. Poplawski, Phys. Lett. B 755, 183 (2016).

[10] F. W. Hehl and B. K. Datta, J. Math. Phys. 12, 1334 (1971).

[11] N. J. Poplawski, Phys. Lett. B 690, 73 (2010); Phys. Lett. B 727, 575 (2013).

[12] L. D. Landau and E. M. Lifshitz, Mechanics (Pergamon, 1976).

[13] J. D. Bjorken and S. D. Drell, Relativistic Quantum Fields (McGraw-Hill, 1965); F. Mandl and G. Shaw, Quantum Field
Theory (Wiley, 1993); M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory (Addison-Wesley,
1995); C. Itzykson and J.-B. Zuber, Quantum Field Theory (Dover, 2006).

[14] 1. E. Segal, Ann. Math. 57, 401 (1953).

[15] N. Poplawski, Phys. Rev. D 89, 027501 (2014).


http://arxiv.org/abs/1304.0047
http://arxiv.org/abs/0911.0334

	 References

