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Particle production by a spatially homogeneous time-dependent electric field
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We discuss the mechanism of production of positrons and electrons by a spatially homogeneous time-dependent electric field whose amplitude
vanishes for large values of time. Using the Hamiltonian diagonalization technique, we compute the density of particles created as a function
of time. We show that, as the time parameter goes to infinity, the distribution of pair created by the electric field reduces to the result
calculated via the Bogoliubov coefficients.

Keywords: Particle production; Dirac equation.

En este articulo se discute el mecanismo de produade electrones y positrones debido a un campateto homo@neo y dependiente del
tiempo cuya amplitud se anula para valores grandes del tiempo. Haciendo useateda tle diagonalizami del Hamiltoniano calculamos
la densidad de pddulas creadas como una fuanidel tiempo. Se muestra que, cuando el tiempo tiende a infinito, la distibdeipares
creados por el campoésitrico se reduce al resultado obtenido aésaste los coeficientes de Bogoliubov.

Descriptores: Produccdn de paficulas; ecuadin de Dirac.
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1. Introduction whereA(t) is given by the expression:

In the last years a lot of work has been done on the problem A(t) = —(E/ko) tanh(kot). (3)
of particle production by strong electromagnetic fields [1-3].
After the publication of the pioneering articles of HeisenbergThe corresponding electric fiel&(t) has the form
and Euler [4] and Schwinger [5], spontaneous pair produc-
tion in the presence of strong electromagnetic fields has been E(t) = E/ cosh®(kot). (4)
widely discussed in the literature [1, 2,6-9]. Different meth- . . . )
ods have been applied in order to compute vacuum effects 1+'h|sibac_kground permits one to discuss the mechanism
in strong static and homogeneous electric fields. Among th8f ¢ ¢~ pair production by a time-varying electric field. In
different approaches and techniques applied in the analysfgd€r to compute the dependence on time of the density of
of quantum effects on stable vacua, we should mention th_gart]cles crea_lted by the electric field, we apply the diagonal-
proper time technique, the imaginary time method [7, 8], thd2&tion technique [2].
complex multiple reflection approach [10, 11], the diagonal-
ization method [2, 12, 13], and the complex path approach?2, The diagonalization technique
and tunnelling [14, 15] among others.

Using a proper time technique, Schwinger computed thd'he proper time technique [1, 2] can be generalized to ar-
persistence of the vacuum in the presence of a constant eleitrary electromagnetic and gravitational backgrounds but is
tric field. Using the natural system of units whére- c = 1, this an uphill task since it is not at all convenient to regularize

the imaginary part of effective action takes the form: the effective Lagrangian in all such cases. For to these rea-
- sons many workers in this field turn to the Bogoliubov trans-
o Ime /2 — (¢Eo)? Z iefnfrm2/eE0. 1) formation technique [2]. In order to apply the Bogoliubov

eff 473 n2 transformation technique, one needs to solve the wave equa-

n=1

tion associated with the particle and identify the “positive”

The result (1) shows that pair production in the presence o&nd “negative” frequency modes. The adiabatic approach’ as
a constant electric field becomes important when the eleayell as the WKB method, in most cases gives a recipe for
tric field intensity is comparable to the criticél., value:  constructing approximate solutions of the basis; nevertheless
E.. =m?/e~ 1.32 x 10'°V /em. The formula (1) has also  this technique neglects those effects associated with multiple
been used in modelling particle production in the central rareflections and transmission resonances.
pidity region in high-energy nucleus-nucleus collisions. [16]  In order to study particle production in time-dependent

We are interested in studying the phenomenon of particlelectric fields and to describe how the density of particles
creation in the presence of a spatially homogeneous electrigreated by an electric field evolves trough time, we are go-
field associated with the vector potential (2) ing to use the diagonalization method. This method was pro-
posed by Griket al. [2] and developed by different authors,

Al = A(t)dy, (2)  who have shown its usefulness in discussing particle creation
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processes in the presence of strong electromagnetic and grasubstituting (10) into (9) we obtain thgt satisfies the fol-

itational fields. lowing second order differential equation
Recently Dolby and Gull [12,13] have introduced a mod- - s
ification in order to free it from the problems exhibited by 74w +ieds) f~ =0, (12)

the old diagonalization method. In Ref. [13] the authors - .
show that their new approach is gauge invariant, and therefo?@here the frequenay satisfies the relation
time independent vector potentials do not require a barrier- 2 9 2 2
approach interpretation. Among the advantages of the diag- wi=m 4 pl+(ps —eds)” (13)
onalization method we should mention that it permits one toag ¢+ —, oo positive and negative frequency modes in
discuss the evolution of the particle creation process througlq. (12) satisfy the asymptotic behavior
time and it reproduces the results obtained with the adiabatic
approach in those cases where it is possible to define adia- fE(p,t) = {4w7(p)(w7(p) +p° = eAi)] -1/2
batic asymptotic states [2, 9]

The standard diagonalization procedure proposed by Grib x exp[+iw_(p)t].  (14)
et al. is equivalent to the particle definition developed by
Gull and Dolby, at least in those simple electromagnetic con
figurations admitting an asymptotic Killing vector. Since the
electromagnetic fieldE(t) (4) is obtained via the time de-
pendent vector potential(¢) (2), we do not have to appeal
to any tunnelling interpretation [14, 15]. Nevertheless our re- 4
sult should be expected coincide with those of Padmanabhan +m} Xpr () (15)
et al.[14, 15] in the quasiclassical limit.

The Dirac equation in the presence of an electromagneti

A complete system of solutions of the Dirac equation (5) can
be expressed as

Pk (2) = (27) 72 [puy” + 007" + eA3(t)7

Where the spinor solutionﬁﬁ(z) are normalized according
to the product:

potential is

[iv" (0, — ieA,) —m] ¥ =0 (5) / Uiy (@), () d*z = 6 (p — D)6y (16)
where we have adopted the natural system of unitsc = 1, . '
and the metric signaturg*” = diag(+ — ——). The Dirac The spinor field operatof () has the form
matrices satisfy the anticommutation relations:

W U(x) = Z /d3p [\Pg,;)(m)az(,;) + \I/(_er))ral(j;) a7

{7H7 ’YV} = ZQMV (6) r=1,2
In order to apply the diagonalization method, we proceed-ollowing the diagonalization approach [2, 9], we obtain that

as follows [2, 9]: We introduce the auxiliary spingr the time dependent Hamiltonian has the form

U = [iv"0, — ey A ' 7 - -

[Z,‘Y " 67 " + m] X ( ) H(1/2) (t) = Z / d3p |:A’$‘,S’ )(pv t)ap:_aps

Substituting (7) into the Dirac equation (5), we obtain:
+ Ag;’ﬂ(p, t)asta®

pr ——ps

[iv"0, — ey Ay —m] iVt 0, —ey' Ay +mlx =0 (8)
+ Agfs’f)(p,t)a*_ a’.

and inserting the electromagnetic potential (2) in (8) we get —prps

the second order differential equation: +A§fg*+)(p,t)a"_;rafps}, (18)
OF — 0;0; + 2 A%(t) — 2ieAs(t)0s S
where the coefficientsAg.,f)(p,t) of the Hamiltonian

+ie(Dp Az (t))y°y® + mQ} =0 (9 H2(t)can be expressed as:
Following Ref. 2, we look for solutions of Eq. (9) in the form AL (p,t) = i)t iy, (19)

xr =P f(p,t)R,, (10)  Substituting the spino:tupir(:c) into (19), it is not difficult to
verify that A&‘ff)(p,t) = 0 for r # s. The non-zero coeffi-

whereR,. are the eigenvectors of the matrj&y?, satisfying cients in Eq. (19) are

Y'Y R, = Ry, Rf Ry = 20, 4,7, = 1,2.
A7) =457 = wE,

Ry = (12) AT = A4S =wF,

0
1
0 ) R2:

O = O =

! AT = A (20)
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FIGURE 1. Particle density as a function 9f,;/m, for E/E., =1, ko = 0.1 p = 0, 0.5 and1, and fortm=-5, 0, 5, andx.

Using (11), (10), and (15), one obtains

E(p,t) =

and

m* +p?)
w

E?(

p,t) +|F(p,t)[

Im {f<+>*f(+)} _

=1

p3 — eAs
w

where the Bogoliubov coefficients,, 3, satisfy the relation:

(D) + 18, (1) = 1.

In terms of the creation and annihilation operatgyst) and
b,-(t), the Hamiltionian (23) reduces to the form

(21)

(22)

(26)

W=y [ tpato.0) [0 -0 ] @)

Taking into account Eg. (20) and Eqg. (21), we obtain that the
Hamiltonian (18) takes the form
(18) where the coefficients,, (¢) and g, (¢) satisfy the relations:

H/2)( d*pw(p, “ta Ay — ai;,rafp,.
0= 3 [ erwolreae ) W 0Bl e @)
+ F(p.t)ayral,, + F(p,t)a’,a,,|. (23) 16,(1)]* = (1 — E(p,1))/2. (29)

The diagonalization of the Hamiltonian (23) can be carriedExpression (29) gives the density of particles created by the
out with the help of the Bogoliubov transformations electric field. The density of particles created per unit of vol-

ume is
a;,.:a () () 61)() —pr() 3 2
ai = o, (b (1) — Bop(Hb*, (1), / )

(24)
(25)

12 _ 2
(2m)3

(30)

n
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The exact solution of Eq. (12) with the vector potential (3),they are accelerated by the electric field. The peak at the ori-
having an asymptotic behavior associated with positive fregin corresponds to particles created at late times and there-
guency modes can be written in terms of the Gauss hypergédere with less linear momentum than those produced at early
ometric functionF'(u, v, v, z) [17] as: times.

f<(t) = Ne=H(1 4 20 71 F(p, 1,7, —e*"). (31)

Requiring thatf- (¢) have the asymptotic behavior given by 3: Concluding remarks

Eq. (14), we determine the value of the constant ) ) o )
We have applied the standard diagonalization technique ap-

N = [dw_(p)(w_(p) + p® — eA%)]71/2, (32)  proach in order to compute pair production by a hyperbolic
field (3). The computation of the time dependent particle den-
sity with the help of the adiabatic asymptotic positive and

o (w+ tw- ) o (w— — w4 ) negative frequency modes shows that, the Hamiltonian diag-
=1 al, v=i +al| (33) e ) X . .
2kg 2k onalization gives reliable results if one chooses asymptotic

modes computed via the the adiabatic method. The depen-
dence on time of the quasiparticle distribution created by the
hyperbolic field (3) shows that the results obtained in the adi-

abatic field case can be extended to other electric field con-

The asymptotic limit ot]ﬁp(t)|2, ast — +o0, reduces to the figurations.

expression (34). This result shows that, for the vector po-

tential (3), the density of particles created obtained via the

diagonalization method reduces to that derived with the helpAcknowledgments

of the standard adiabatic approach.

Figure 1 shows the evolution of the particle creation pro-This work was supported by FONACIT under project G-
cess. The particles are created with small momentum, an2001000712.

and

o sinh {w (a— w?,;:j‘ )} sinh {w (OH' w+2—1:(:u_ )} (34)

sinh(%) sinh(%)
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