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Nonequilibrium effective action for a charged
particle coupled to quantized electromagnetic
fluctuations in general covariant gauge
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Abstract

The nonequilibrium effective action for a charged particle interacting with the quantized electromag-
netic fields is derived within the context of the closed-time-path formalism by integrating out field variables
in general covariant gauge. The reduced density matrix of the charged particle is then obtained, thus en-
abling us to explore quantum decoherence phenomena of the charged particle in terms of the decoherence
functional 7 by an interference experiment under the influence of electromagnetic quantum fluctuations.
The issue of gauge invariance of the decoherence functional is discussed.

PACs numbers: 03.65.Yz, 05.40.a, 42.50.Lc

1 Introduction

The interaction of the charged particle and the electromagnetic fields has been studied
quantum-mechanically in an open system approach [1]. If we focus on the dynamics of the charged
particle, we may treat the charged particle as the system of interest, and the degrees of freedom
of the electromagnetic fields as the environment. The influence of fields on the particle can be
obtained by integrating out field variables within the context of the closed-time-path formalism
[2,3]. One way of observing these effects is via the interference experiment of the charged par-
ticle beam [4]. In the previous article [5], we employed the method of influence functional, and
obtained the evolution of the reduced density matrix of the charged particle with self-consistent
backreactions from the quantized electromagnetic fields. Under the classical approximation with
prescribed trajectories of the charged particle, it was shown that the modulus of the exponent in
the influence functional describes the change of the interference contrast in term of the decoher-

ence functional, and its phase results in an overall shift of the interference pattern. However, the
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gauge in the previous study is the Coulomb gauge. In this paper, we would like to discuss the
issue of gauge invariance of the decoherence functional. This gauge invariance can also be illus-
trated by explicitly computing the decoherence functional in general covariant gauge, and then
comparing it with the result obtained in Coulomb gauge. Unless specified otherwise, the metric
of the Minkowski space-time takes the convention of N*¥ = diag (1,—1,—1,—1), and the spatial

components of a four-vector are denoted in bold-face.

2 Influence functional formalism

Gauge invariance for a charged particle that is minimally coupled to the electromagnetic fields

requires the Lagrangian of the form [6]
L= %qz —V(q)+ /d3x [—%F”VFW — At .1)
where q describes the position of the charged particle, and j* is the current density,
F) =e / dtud® (x— q(1)), 2.2)

with u* = dg*/d7 being the four-velocity of the particle. In addition, V(q) is an external poten-
tial. The field strength tensor F*V is defined by F*¥ = d“AY — 0YA*. However, gauge invariance
allows infinite copies of redundant degrees of freedom of vector potentials, related by the gauge
transformation in the configuration space of the field. Some of this redundancy can be eliminated
by introducing the gauge-fixing term [7],

1
3

in general covariant gauge where & is an arbitrary real parameter. With the gauge-fixing term

Lor = — o5 (9,4")7, (2.3)

included, the Lagrangian then becomes

1 1
Lia A= 54 V(@) + [ [~ 1 FVEn — 5 (041 ] o4

Let p, and p,4 be the density matrices of the charged particle and the fields, respectively. We

assume that the initial density matrix of the full system at time ¢#; can be factorized as

P(ti) = pe(ti) @pal(ti) . (2.5)

The fields are initially assumed in thermal equilibrium at temperature 7 = 1/ with the density
matrix p4(f;) given by
paln) = P, (2.6)



where Hy is the Hamiltonian of the free electromagnetic fields. Then the zero-temperature limit,
which corresponds to the initial vacuum state, can be reached by taking T — 0. The particle-field

system evolves unitarily according to

plty) =Ultp,t;) p(ts) U (t7,1:) 2.7

with U(t7,t;) the time evolution operator of the full system. Thereafter, the state at later times
becomes entangled due to the interaction between them. We further assume that the interaction
between the charged particle and fields is adiabatically switched on in the remote past with #; —
—oo, and then switched off in the remote future with #; — oo. We then employ the closed-time-path
formalism to describe the evolution of the density matrix of the charged particle and fields. In
the context of the interference experiment, the effects of the quantized electromagnetic fields on
the charged particle can be realized with the help of the diagonal elements of the reduced density
matrix p, after tracing out electromagnetic fields. The more detailed derivation can be found in
Ref. [5]. Here we summarize the main results. In the coordinate basis the diagonal elements of

the reduced density matrix p, become

pr(ar,qs,tr) = /dS(ll dqo J(Qr.qr,t5:91,92,1) Pe(di, 92, ), (2.8)

where the propagating function J(qys, s, 7;q1,92,%) is defined as
. a [ + _ -
J(qf,qf,tf;ql,qz,t,-):/ @q/q Dq~ exp l/t dt(Le[q ]—Lelq ]) Fliu-ivl, 29
qi 2 i

and the Lagrangian L,[q] of the charged particle is given by

1
L[q] = quz —V(q). (2.10)

Here we denote the quantities in the path integral running forward (backward) in time with the +

(—) sign in the superscript. We introduce the influence functional 7 [j,;, j |,

which contains full information about the influence of the quantized electromagnetic fields on the

charged particle, and is a highly nonlocal object. The Green’s functions of the vector potential are



defined by
(AT()AT () = (AH()AY () B(r — 1) + (A ()AY (x)) B(' —1),
(A () ATV () = (A (X)A*(x)) B(t — 1) + (A (x)AY (') ) O (' — 1),
(AT (AT () = (AY(Y)A¥ (x)) = Tr {pa, AY (')A (x) } |
(ATH(x)AMY () =(A"(x)AY(x')) = Tr {pa, A*(x)AY (¥) } (2.12)

and can be explicitly constructed as long as the electromagnetic fields are quantized in general

covariant gauge. The retarded Green’s function and Hadamard function of vector potentials are

defined respectively by
Gy (x—x) :ie(t—t/)<[A“( ),AY ()], (2.13)
Gy (x—x') = 7<{A“ )} (2.14)
Here the influence functional can be expressed in a more compact form in terms of its modulus
and phase by
Fligdv) =exp{ WLjf iy | +i0lis v} @.15)
with
Wik i) = /d4xd4 i sa) =y (a0 G (=) [ (W0 ) = s (a0
(2.16)
oy ] . - - . _
@il =5 /d4xd4X’ i (e = (e a) | GF (=) [id (sa) + s (¥5a0)]
(2.17)

Thus, the nonequilibrium effective action can be obtained as

Snoneq[q",q "] = {/t:f dt (Le[qﬂ —Le[q’]) } —iln T[] (2.18)

Although the nonequilibrium effective action of the charged particle is apparently gauge-
dependent, any measurable effect obtained from this action must be invariant under the gauge
transformation when the charged particle is in its on-shell condition.

Following Ref. [5], let us now consider the initial state vector "P(tl)> of the charged particle
to be a coherent superposition of two localized states |\y1> and ‘\|12> along worldlines (| and &,
respectively,

(W(1)) = w1 (1)) + [wa(r)) (2.19)

after they leave the beam splitter at the moment ¢#;. Its initial density matrix is then given by

D)= [W)(P@)|
=p11(t) +p22(ti) + p21 (t:) +p12(ti) s



where P (1) = [Win (1)) (Wa(5;)|. The terms py; + p12 account for quantum interference. Then,
at time 77, when the partial waves of the charged particles are recombined at the location qy, it
is seen that the interference pattern is described by the diagonal elements of the reduced density
matrix p-(qr,qyr,?¢) in Eq. (2.8).

The expression (2.8) of the reduced density matrix at time f7 accounts for the full quantum
effects of a nonrelativistic charged particle, but the corresponding path integral can not be car-
ried out without invoking further approximation [4]. Now we consider the charged particle as a
well-defined wave packet where its mean trajectory follows the classical path constrained by an
appropriate external potential V(q). Since the finite spread of the particle’s wave packet, due to
uncertainties on both position and momentum, can be legitimately neglected when its de Broglie
wavelength, Agg is much shorter than the characteristic length scale associated with the accuracy
of the measurement /. Thus, as long as [ >> Agp, the wave packet can be viewed as sharply peaked
in the position and momentum of the charged particle, and thus its intrinsic quantum effects can
be safely ignored [4]. As such, the leading effect of the decoherence can be obtained by evalu-
ating the propagating function (2.9) along prescribed classical paths of the chagres. Thereby, the

diagonal components of the reduced density matrix p.(qy,qys,?s) becomes

2 2 . . l. . ‘. %
pr(ar.ar.tr) = |Wi(ay, )|+ |walay, )| +2e™ 007 9"‘9{6 q)[“'”]%(qf,tf)‘lfz(qfvtf)},
(2.20)

where the W and @ functionals are evaluated along the classical trajectories, C; and C;. The jj 2
are the classical current along the respective paths. Thus, we find that the interference contrast
is modified by the presence of the functionals W/[ji, j»]. Explicitly, the decoherence functional
W, determined by the Hadamard function of vector potentials, reveals loss of coherence between
charged particles, while the phase functional ®, related to the retarded Green’s function, causes
an overall phase shift of the interference pattern. Both effects arise from the interaction with the

quantized electromagnetic fields.

3 Gauge invaraince of the decoherence functional

The role of the gauge fixing term is most obvious if we express the Green’s function in the

momentum space,

(A'AY(y) = GV(x-y)

&k .
_ / s G* (k) e~k ) 3.1)




In general covariant gauge, the Green’s function is given by

1 kMY
()= (- -5 ). 62)

where k is the four-momentum. For the special choice of the gauge fixing parameter & = 1, it
reduces to the form in Lorenz gauge [8]. We note that if the charged particles are sufficiently

localized in space, then the current will be conserved,
duj!'(x) =0, or kyj (k) =0. (3.3)

This is known as the on-shell condition. It is straightforward to see that the decoherence functional
W reduces to the expression derived in Ref. [4], where the momentum-space Green’s function is
given in Lorenz gauge.

We may further reduce the result to the one derived in Ref. [5]. Let us expand the vector

potentials by the creation and annihilation operators in Lorenz gauge,

AH(x) = / Ak 1 i & (K)ay (k) e®* " L H.C. (3.4)
2n)3 V2o

with @ = [k|. The polarization vectors €, obey the condition,

3
Y Mg (k) (k) =™ (3.5)
A=0
Then, the Hadamard function in Lorenz gauge, denoted by D’;IV , can be explicitly given by

Dy = S0/ {A"(0), 4% () }0))

=™ / d'k e ) 512, (3.6)
(2m)* '

However, we observe that, from Eq. (3.5),

2 KKV — (k-n)[k*n¥ + n*k] K>ntn¥
uv M Kk Vv Kk
TI 7\;8}\,( )E}L( )+ (k-l/l)z—kz +(k'l’l)2—k27

where n is some time-like vector. The polarization vectors in Lorenz gauge include the transverse
components of the electromagnetic fields in the first term, as well as the longitudinal and the scalar
components in the last two terms [9]. It is immediately seen that the second term, proportional to
k*, will not contribute to the decoherence functional due to charge conservation. In addition, the
third term also vanishes since

d*h ey a2y KRR
_“/(275)4 ¢ ) r—e =




because for a regular function f(k), it is true that

/ dk f(k)k*8(k*) = 0.

Therefore, we explicitly reduce the decoherence functional (2.16) into the form obtained in
Coulomb gauge, where only the transverse photons, as the physical degrees of freedom of the
electromagnetic fields, contribute.

To further illustrate gauge invariance of the decoherence functional, we plug the explicit ex-
pression of the currents (2.2) into the decoherence functional (2.16), and carry out the integrals.
Since the two worldlines ; and & form a closed loop C = (C; — (& by moving along (i in the
forward direction and ( in the backward direction instead, the decoherence functional W can be

re-written as
W = —*ezjl{dqy dgy, DY (q,4). 3.7)
c C

With the help of the Stokes theorem, we may write the loop integral into the form of the surface

integral,
1 )
W = —gez/daw/da;)c, DZV pc(q,q'), (3.8)

where day,y is the area element of the time-like two-surface enclosed by C, and

D a.d) = 5 (1P (@) P, 39

Thus, the decoherence functional is expressed in a gauge-invariant way.

4 Evaluation of the 7/ functional

As a simple example, let us compute the decoherence functional ‘U when the electromagnetic
fields are initially in the vacuum state [4, 10]. The motion of the charged particles can be dictated
by an external potential along the prescribed paths. The motion of the charged particle along the
x direction is assumed to be constant, while the motion in the z direction varies with time. Thus,
their respective worldlines are given by 2 = (#,v,,0,£{(¢)). Since the decoherence functional
W in Eq. (3.7) reveals manifest Lorentz invariance, it proves more convenient to boost to a frame
comoving with the velocity u = (1,vy,0,0) at x = vyt and y = z = 0, in which the charged particles
are seen to only have sideway motion in the z direction. Then, the W functional (3.7) depends only
on the z—z component of the vector-potential Hadamard function. With the help of the Hadamard
function in Lorenz gauge (3.6), the straightforward algebraic manipulation shows

&Pk 1 K> 2
=2 2/ —|1-=
w ¢ (2m)3 20 [1 0)2]

, 4.1

/ dt {cos (k.C) ™




where C = d{/dt. We then end up with the same expression of the decoherence functional as in
Ref. [5]. We further simplify the calculation by applying the dipole approximation, cos (k;{) ~ 1,

consistent with the non-relativistic limit. Using the path function of the form
2

L) =Re 77, 4.2)

where 2R is the effective path separation and 27 is the effective flight time, we have the decoher-

ence functional given by

Pk 1 2 o
~ 02 R .
W o~ 2e /(2%)320) {1 O)ZZH/dtC,e’wt
202 R? /1
T T2 <c2) “.3)

which is finite without the ultraviolet divergence. The absence of the potential ultraviolet diver-
gence can be seen from the corresponding Fourier transform of the path function (4.2) where the
contribution from the high frequency modes with @ = O(1/T) is exponentially suppressed. The
result free of ultraviolet divergence is quite general for the smooth path function with the finite
flight time.

In the nonrelativistic limit, since the transverse component of particle’s velocity v, ~ R/T is
about 10~ 2¢ in a typical interference experiment, the decoherence functional %/, proportional to
vg, will be of the order of 107> to 107°. Therefore, the loss of the interference contrast due to
vacuum fluctuations of quantized electromagnetic fields may be still far from being measurable.

5 Concluding remarks

The aim of this paper is to present a field-theoretic approach to investigate decoherence be-
tween charged particles due to the quantized electromagnetic fields by the method of Feynman-
Vernon influence functional. We have shown that the influences of the quantized electromagnetic
fields on particle’s interference are manifested in both modification of the fringe contrast and shift
of the interference pattern. Both effects arise from the interaction of the quantized electromag-
netic fields with the charged particle. We also have explicitly shown that the incorporation of the
gauge-fixing term in general covariant gauge, which is used to remove some of gauge redundancy,
has no contribution to the decoherence functional owing to charge conservation. Furthermore,
the equivalence between the expressions of the decoherence functional in general covariant gauge
and the Coulomb gauge is demonstrated. Finally, we rewrite the decoherence functional into the
gauge-invariant form in terms of the field-strength tensor.

The extension of the above study involving thermal fluctuations within the same formalism is

in progress.
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