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We investigate electron—positron pair production in single- and double-
pulse Sauter-type electric fields, focusing on how temporal separation and
field symmetry govern both momentum spectra and entanglement entropy.
Using the quantum kinetic approach, we identify a universal three-stage
evolution of the entanglement entropy: quasiparticle excitation, a tran-
sient oscillatory regime, and residual stabilization. Overlapping pulses
produce broadened, irregular spectra with reduced final entropy, whereas
well-separated pulses generate regular, high-contrast fringes and enhanced
entanglement. This effect is particularly pronounced for antisymmetric
configurations. We establish, for the first time, a quantitative link between
momentum spectra and entropy: sharper, periodic spectral interference
corresponds to stronger correlations between particle-antiparticle modes.
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1. Introduction

The creation of particle—antiparticle pairs from the quantum vacuum
in strong electric fields, commonly known as the Schwinger effect, is one
of the most striking non-perturbative predictions of quantum electrody-
namics (QED) [1-3]. Originally formulated in the seminal work by Julian
Schwinger in 1951, the theoretical framework provided an exact calculation
of the vacuum decay rate in a constant electric field [4]. This phenomenon
revealed the inherent instability of the vacuum under extreme conditions
and opened new avenues for exploring quantum field theory (QFT) in back-
ground fields beyond perturbation theory. While the original formulation
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addressed constant fields, subsequent investigations have extended the anal-
ysis to time-dependent and spatially inhomogeneous configurations, reveal-
ing a rich structure of non-equilibrium dynamics [5-11].

Over the past two decades, advances in high-intensity laser technol-
ogy [12, 13] have revived interest in the Schwinger mechanism. This is
particularly true for scenarios where dynamically assisted or multipulse elec-
tric field configurations can reduce the exponential suppression of pair pro-
duction rates [14-18]. In parallel, the study of quantum entanglement in
relativistic QFT has gained considerable traction due to its fundamental
importance and its practical applications in areas such as quantum informa-
tion processing, condensed matter systems, and black hole physics [19-24].
A particularly important quantity in this context is the entanglement en-
tropy — a measure of quantum correlations between subsystems — which
has emerged as a key diagnostic for understanding quantum coherence, de-
coherence, and thermalization in field-theoretic settings [19, 21, 23, 25-27].

Entanglement entropy in the context of particle creation lies at the inter-
section of quantum information theory and non-equilibrium quantum field
dynamics. In vacuum pair production, the external field interacts with the
vacuum state to create particle—antiparticle pairs. It is well-established that
particle—antiparticle pairs are always produced in an entangled state. The
external electric field acts on the vacuum to generate these entangled pairs.
Measures of quantum entanglement effectively characterize quantum corre-
lations in quantum states and are independent of any specific observable.

For the Schwinger effect in Dirac or Klein—Gordon fields, the entangle-
ment entropy between a subsystem and the rest — specifically, the entropy
between particles in a produced pair, derived from the reduced density ma-
trix — has been calculated [28-30]. Over the past decade, entanglement
has been investigated for various field configurations, including uniform and
time-dependent electric fields [31-35]. These studies have linked the en-
tanglement to the number of produced particles or antiparticles and the
degree of classicality in the resulting quantum state. For instance, Ebadi
and Mirza [36] established that both constant and pulsed electric fields gen-
erate measurable entanglement between scalar and fermionic modes, demon-
strating the dependence of the entropy per mode on field strength, momen-
tum, and mass. However, such analyses were largely restricted to asymp-
totic (late-time) entanglement, leaving the integrated behavior over momen-
tum modes and full time-dependent evolution unexplored. Furthermore,
although the fundamental relationship between pair production and entan-
glement is established, the precise connection between field configuration
parameters and the resulting entanglement patterns remains not completely
explored. For example, a recent study on the entanglement entropy between
left- and right-movers (equivalently between the positive- and negative-
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frequency modes) examined its time evolution for a specific electric pulse
profile [34]. That work also showed the equivalence between the statistical
Gibbs entropy of the pairs and the entanglement entropy between the right-
moving particles and left-moving antiparticles. A systematic investigation of
how pulse shape and field symmetry collectively govern entanglement gen-
eration has not been fully addressed. Beyond single-pulse configurations,
multi-pulse field trains have attracted significant attention as a promising
setup for experimental pair creation [37, 38|. This feature makes multi-pulse
configurations particularly interesting for studying entanglement generation
and for understanding how the well-known oscillatory momentum spectrum
in multi-pulse setups relates to quantum entanglement measures.

Motivated by these developments, we present a comprehensive investi-
gation of the real-time evolution of entanglement entropy during electron—
positron pair production driven by sequences of electric field pulses. The
novel aspects of this work are:

(i) A systematic comparison of symmetric versus antisymmetric double-
pulse configurations in both overlapping and well-separated regimes,
revealing how field symmetry controls entanglement generation —
a comparison not previously reported in the literature.

(i7) Establishment of a direct, quantitative link between the sharpness of
interference fringes in the momentum spectrum and the final satura-
tion value of entanglement entropy. This provides a new experimental
signature that connects measurable momentum spectra with quantum
information measures.

(#7) Identification of a universal three-stage evolution of entanglement en-
tropy (quasiparticle excitation, transient oscillation, residual stabiliza-
tion) across different field configurations, extending beyond previous
studies that focused primarily on asymptotic entanglement.

Our primary focus is to determine how pulse symmetry and temporal
separation affect both the momentum distribution function and the gener-
ation of quantum correlations. To study the momentum distribution func-
tion, we employ the Quantum Kinetic Equation (QKE), derived from the
Dirac equation via a canonical Bogoliubov transformation [39]. This trans-
formation is used to derive the single-particle distribution function from a
set of three first-order coupled differential equations that are equivalent to
the QKE. This approach yields a direct relation between the entanglement
entropy and the distribution function.
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We study the time evolution of the distribution function and entropy in
time-dependent single- and double-pulse fields. This allows us to track the
entropy through the three characteristic stages of vacuum pair creation:

(1) the quasiparticle stage driven by the external field,
(2) the transient regime dominated by quantum oscillations, and

(3) the asymptotic freeze-in phase where the momentum spectrum stabi-
lizes and entropy saturates.

By resolving entropy for individual momentum modes, we can quantitatively
connect spectral interference patterns to entanglement generation. Our re-
sults reveal that while the entropy dynamics follow the overall trend of the
particle distribution function, the relationship is nonlinear in the transient
regime, where interference effects are most significant. Symmetric pulse
sequences tend to produce broader momentum spectra and higher final en-
tropies, reflecting stronger entanglement across momentum sectors. In con-
trast, overlapping pulses suppress spectral coherence and reduce entropy gen-
eration, while well-separated pulses yield highly regular interference fringes
correlated with enhanced final entanglement.

This paper is organized as follows: In Section 2, we introduce the the-
oretical formalism based on the Refs. [9, 40]. In Section 3, we analyze the
results. In the last section we provide a brief conclusion.

Throughout the paper, we use natural units and set A = ¢ =m = |e| = 1,
e < 0, and express all variables in terms of the electron mass unit.

2. Theoretical framework

The kinetic equation employed here has been derived by various meth-
ods [8, 39-42|. Here, we follow the formalism of [9], retaining only the
elements essential for our analysis. The basic formulation of pair produc-
tion can be derived from the Dirac equation for a fermionic field ¥(z) in an
external electromagnetic field

(iv'Oy — eyt Ay, —m)¥(x) =0. (1)

We consider a spatially homogeneous, time-dependent electric field along
the z-axis, described by the vector potential in temporal gauge

A* =(0,0,0, A(t)), (2)

which generates the electric field

B — A0

3 (3)
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We seek solutions to the Dirac equation in the form of momentum eigen-
states [39]

P (@) = [11°00 + Y ks — er®At) + m] xB (K, )R, 2 (4)

where j = 1,2,3, and the superscript (£) denotes positive- and negative-
frequency solutions, and R, (r = 1,2) are eigenvectors of the matrix %3

0 1
1 0

Rl = 0 s R2 = -1 ) (5)
-1 0

satisfying RIRS = 20,5.
The functions x(*)(k, t) satisfy an oscillator-type equation 7]

K (k) = = w2k, 1) + ieA(t)] X (k. 1), (6)
where the instantaneous energy is
w?(k,t) =3 + P*t), & =mi+ki, P{t)=k. —eAlt). (7)
The field operators can be expanded in this basis as

V@) = 3 [0 @ber(to) + v (@)%, (t0)] - (®)

r.k

The operators by, (to), er (to) and dg,(to), dLr (to) describe the annihila-
tion and creation of electrons and positrons in the initial vacuum state |0iy,)
at t = ty. They satisfy the anticommutation relations

{brr(t0), b (t0) } = {dir(t0), d}f) , (t0) } = O Oppe - 9)

The time evolution in the external field mixes positive- and negative-energy
states, leading to pair creation. This mixing is implemented through a time-
dependent Bogoliubov transformation that diagonalizes the Hamiltonian at
each instant

ber (t) = ()b (to) + Br(t)d ™y, (to), (10)
dir(t) = a_g(t)drr(to) — B_r(t)bTy, (to) , (11)

with the normalization condition

ok (t)* + [Be(t)* = 1. (12)
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The field operator can be re-expanded in the instantaneous basis
@) = 3 [ @) + 2 (@), ()] (13)
r.k

where the new basis functions are related to the original ones by

v (@) = ar(®)Py, ) (x) - Brt) T () (14)
(@) = ap(P) (@) + Bty (@) (15)

The new basis functions have the form
e (@) = [17°00 + 7k — ey A(t) + m] o7 (1) Ry FOKD = (16)

with the dynamical phase
t
O(k,t) = /dt’w (k,t) . (17)
to

The time evolution of the system is governed by the dynamics of the
Bogoliubov coefficients, which follow from the Dirac equation and the Bo-
goliubov transformation

eE(t)e )

ag(t) = mﬁi(t) e2Okt) (18)
B0 = ~ 5oy pranlye kD, (19)

These equations reveal a rapidly oscillating phase factor, eF210(k:t)  which
complicates both numerical analysis and physical interpretation. To iso-
late the slower, physically relevant dynamics from these fast oscillations, we
transition to the adiabatic particle number basis [43]. This is achieved by
defining new creation and annihilation operators that absorb the dynamical
phase

By (t) = b (t) e O®1) (20)
Dkr(t) = dkr(t) e—i@(k,t)‘ (21)

We obtain the equations of motion

d By (1) _ eE(t)eL Dt

At 2w2(k,t) R

() + i[H (1), Ber(t)], (22)
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with the quasiparticle Hamiltonian

H(t) =Y w(k,t) (B (1) Brr(t) — D_gr(t) DT (2)) - (24)
r.k

One can define the particle number, or distribution function, for elec-
trons with momentum k and spin r as the expectation value of the number
operator in the time-dependent basis, evaluated in the initial vacuum state

Jo(le,t) = (01| BE, (4) By (£)|01) - (25)

This expression can be evaluated directly using the Bogoliubov transforma-
tion that relates the time-evolved operators to the initial ones

fr(k,t) = [B(t)]* (26)
Similarly, the distribution function for positrons is defined as
Fr(=k,t) = (Oin DL, () D (£)[0n) (27)

which, upon evaluation, also yields |8k (t)|>. This demonstrates the charge

conjugation symmetry of the pair production process,

fr(k7t) - fTT(_kvt) > (28)

confirming that electrons and positrons are produced in perfectly correlated
pairs. Therefore, |Bx(t)|? serves as the fundamental distribution function in
the quasiparticle representation [43].

The time evolution of this distribution function is derived from the
Heisenberg equations of motion, leading to

dfy(k,t)  eB(t)ey
dt w2(k,t)

Re{C,(k,t)} . (29)

where the particle-antiparticle correlation function
Cr(k,t) = (Oin| D—ker () Bier ()| Oin) (30)

encodes the quantum coherence of the created pairs. This complex function
evolves according to

AC,(k,t)  eE(t)es |
i = e g k) 1 = 2i(k 0C (k). (3D)
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To formulate a system amenable to both numerical solution and phys-
ical interpretation, we separate the correlation function into its real and
imaginary parts

Co(ke,t) = up (K, t) + iv, (K, 1) (32)

where u,(k, t) = Re[C,] represents vacuum polarization effects, and v, (k,t) =
Im[C,| denotes some kind of countering term to the pair production.

Substituting this decomposition yields the final, closed set of quantum
kinetic equations

df(k,t) _ eE(t)es

- — 2w2(k,t)u(k7t)7
do(k,t)
= 2wk tyulk,t), (32)

where the spin index r is omitted due to spin independence. This system
provides a complete dynamical description of vacuum pair production, where
the Pauli exclusion principle is manifest in the [1 —2f(k, t)] factor, suppress-
ing production as states become occupied. This set of coupled differential
equations for f(k,t), u(k,t), and v(k,t) possesses a first integral of motion
given by

(1=2f(k, 1)) + u(k, t) + v*(k,t) = 1. (34)

It may be noted here that this system of equations can be equivalently
expressed as a single non-Markovian integral equation [39]

, eE(t)
w? (k,t")

df(k,t eE(t)e?
S0 QWZ((;;) / 12 (k, )] cos [20 (k. t,7)]

(35)
where O(k,t,t') = O(k,t) — O(k,t’). This form explicitly demonstrates
the memory effects and quantum coherence inherent in the pair production
process |44, 45].

The quantum kinetic equations (33) form the basis for our numerical
investigation of entanglement entropy generation during vacuum pair pro-
duction in time-dependent electric fields.

For the remainder of this work, we simplify the analysis by setting the
transverse momentum to zero (k; = 0) and denote the longitudinal momen-

tum simply by k (i.e., k, = k).
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2.1. Entanglement entropy

The primary measure of quantum correlations in this work is the entan-
glement entropy between the left-moving and right-moving particles, a nat-
ural bipartition induced by the directional electric field [34, 36]. For a pure
initial vacuum state, the entanglement entropy, for a given momentum mode
k is defined in terms of the Bogoliubov coefficients

S(k,t) = — [Jaw(t)* log [ax(t)[* + |8(1)* log [ B (t)[?] - (36)
Using the relation f(k,t) = |Bx(t)|?, which defines the particle distribution
function, and the normalization condition |ay()]? + |Bk(t)|> = 1, which

implies |ax(t)|?> = 1 — f(k,t), the entanglement entropy can be expressed
directly in terms of the distribution function obtained from the quantum
kinetic equations. The resulting expression

S(k7t) == [(1 - f(kvt)) log(l - f(k,t)) + f(k7t) log f(k7t)] (37)

reveals itself as the Shannon entropy of a binary probability distribution. In
this interpretation, f(k,t) represents the probability that a specific momen-
tum mode k is occupied by a particle, while (1 — f(k,t)) is the probability
that it remains unoccupied (i.e. in the vacuum state). This formulation
makes the profound connection between particle dynamics and information
theory explicit: the act of pair production from the vacuum directly injects
quantum information into the system, and the distribution function f(k,t)
serves as the complete repository of this information. The total entangle-
ment entropy is then obtained by integrating over all momentum modes

S(t) = / %S(lﬂ,t) . (39)

This formulation reveals a profound connection: the distribution function
f(k,t), which governs particle production, also encodes complete informa-
tion about the quantum entanglement generated by the external field. A key
result, established in [34], is the equivalence between this entanglement en-
tropy and the Gibbs entropy of the final-state particle distribution, bridging
quantum information theory and thermodynamics.

The quantum kinetic equations (33) for f(k,t),u(k,t),v(k,t), coupled
with Eq. (35) for S(t), form the complete set of equations that we solve nu-
merically in the following section to investigate the dynamics of pair creation
and entanglement generation.

2.2. Numerical implementation

The system of coupled differential equations (35) was solved numeri-
cally using a variable-step, variable-order Adams—Bashforth—-Moulton PECE
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solver (implementation ode113 in MATLAB) [46], chosen for its high effi-
ciency in handling the non-stiff, oscillatory nature of the equations. Initial
conditions were set at a time tj;, = —107, 7 is the pulse duration of the
time-dependent Sauter-pulsed field, sufficiently before the pulse activation
to represent the vacuum state

10716
V2 o
The conservation of the first integral, Eq. (34), was monitored throughout

the evolution. Computations were performed with stringent relative and
absolute error tolerances of 10~ and 10715, respectively.

f(k, tin) = 10716, u(k, tin) = v(k, tm) = (39)

3. Results

In this section, we present the evolution of the single-particle distribution
function, f(k,t), and the entanglement entropy, S(t¢), during vacuum pair
production. All results are obtained by numerically solving the quantum
kinetic equations (33) for the Sauter-type pulses with a field strength of
FEy = 0.2E., using the methods detailed in Section 2. Throughout this
section, all quantities are expressed in natural units based on the electron
mass m; thus, time has units of m™', and the critical Schwinger field is
E.=m?/|e|.

Our analysis proceeds in two stages. First, we establish a baseline by
identifying a universal three-stage dynamical evolution using a single-pulse
field. Second, we systematically investigate how this evolution is controlled
and enhanced using double-pulse sequences, focusing on the critical roles of
temporal separation and field symmetry.

3.1. Single-pulse

To demonstrate a baseline, we first analyze pair production driven by
a single-pulse electric field of the Sauter type. The electric field is given by

E(t) = Egsech? (:) : (40)

where Ejy denotes the field amplitude and 7 characterizes the pulse duration.

Figure 1 shows the time evolution of the distribution function, f(¢) and
entanglement entropy S(t) for pulse durations 7 = 5 and 7 = 10 with fixed
momentum k = 0. The virtual electron—positron pairs in the initial vacuum
state interact with the electric field (40). Initially, the pairs are off-shell.
As time progresses, they acquire energy from the field and approach an on-
shell mass configuration [47]. During this process, the distribution function
exhibits three distinct dynamical stages [43, 48, 49|.
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Fig.1. Evolution of f(t) (left) and entanglement entropy S(t) (right) for Sauter
pulse electric field with 7 = 10 (red), 5 (blue), and Ey = 0.2, and all the units are
taken in electron mass unit.

In both the long- and short-pulse cases, the system begins in the vacuum
state at t — —oo with f(¢) ~ 0. As the electric field increases, the vacuum
becomes unstable, exciting virtual pairs and causing f(¢) to rise rapidly.
It peaks near ¢t = 0, where the field strength is maximal. In Fig. 1, this
behavior is clearly visible: for both pulse durations, the rise in f(¢) indicates
that pair creation occurs predominantly during the central part of the pulse.
After the peak, f(t) declines rapidly, followed by a transient regime with
strong oscillations. The extent and persistence of these oscillations depend
strongly on the pulse duration. For the longer pulse (7 = 10), the transient
oscillations are more prominent and decay more slowly, reflecting stronger
coherence and interference across the extended interaction time. In contrast,
for 7 = 5, the transient stage is shorter-lived and f(t) stabilizes more quickly.
In both cases, f(t) asymptotically approaches a constant value at late times
(t > 7), representing the final yield of real particles.

The time evolution of f(¢) can thus be interpreted in terms of three
distinct dynamical stages:

1. Quasiparticle stage: At early times, the growing electric field excites
virtual pairs from the vacuum. The increase in f(t) is smooth and the
system remains highly coherent.

2. Transient stage: Around the field peak, rapid oscillations appear in
f(t), reflecting the interplay between particle production, annihilation,
and interference between modes with different production times.

3. Residual particle stage: Once the field has diminished, the system
enters a stationary state with a fixed particle number.
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The final value of f(¢) depends on the pulse duration, with longer pulses
generating more particles. The pronounced difference in oscillatory behav-
ior between the two pulses illustrates how longer field durations enhance
quantum coherence and permit richer dynamics during the transient stage.

To characterize the quantum correlations, we compute the entanglement
entropy using Eq. (38), performing the momentum integration numerically
via trapezoidal method (MATLAB trapz function) [50]. The entanglement
entropy S(t), shown in the right panel of Fig. 1, starts from zero, consistent
with the initial pure vacuum state. It increases steadily as the field drives
particle production, reaching a maximum around the pulse peak — the
point of maximal entanglement. Unlike f(¢), the entropy evolves smoothly
through the transient regime, showing no pronounced oscillations. This
indicated that S(t) is an integrated measure of quantum correlations, less
sensitive to fine-grained phase coherence than the distribution function. This
smoothing is expected since entropy is a nonlinear function of f(¢) and
inherently averages over microscopic quantum phases. At late times, S(t)
saturates to a residual value, which is higher for the longer pulse 7 = 10,
consistent with the larger particle yield and confirming that longer field
exposure generated greater entanglement. The simultaneous examination of
f(t) and S(¢) confirms, we observe a universal three-stage behavior.

In the quasiparticle stage, the electric field distorts the vacuum, causing
a monotonic rise in both f(¢) and S(t), with particles still largely virtual
and strongly entangled. The transient stage occurs near ¢ = 0, when f(¢)
oscillates while S(t) saturates near its maximum. Finally, in the residual
particle stage, as the field vanishes, the system settles into a stationary mixed
state with constant f(¢) and S(¢), effectively freezing the entanglement.

3.2. Double-pulse interference and entanglement

We now consider two sequential Sauter-type pulses to explore how field
structure controls pair production and entanglement. The electric field is
modeled as

EL(t) = Fo [sech2(t+T/2> + sech2<t_T/2)] , (41)

T T

where FEj is the peak field strength, 7 is the pulse width, and T is the
temporal separation. The plus and minus signs correspond to symmetric
(S) and antisymmetric (A) configurations, respectively.

We examine both overlapping (7" = 17) and well-separated (T' = 68)
regimes (in units of m~!). Figure 2 shows f(t) and S(t) for the symmet-
ric configuration. For overlapping pulses (green), the pulses merge into a
single broadened profile. The distribution function f(¢) rises smoothly to
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a peak, exhibiting only weak oscillations before saturation. In contrast,
for well-separated pulses (magenta), f(t) develops two distinct plateaus —
one for each pulse. The second pulse acts on a pre-excited vacuum, in-
ducing strong oscillations that signal temporal interference between the two
creation events. The entropy S(¢) mirrors this trend smoothly. For over-
lapping pulses, S(t) grows monotonically to a saturation value. For well-
separated pulses, S(t) exhibits a clear two-step growth, reaching a higher
final value, which demonstrates that multi-pulse interference enhances en-
tanglement generation.

S0 W a0 2 0 2 @ w8 0w w0 w0 2 a0 e s
Fig.2. Evolution of f(¢) (left) and entanglement entropy S(t) (right) for particles
for two pulses in the symmetric configuration with T' = 17 (green) overlapping
pulses and 68 (magenta) well-separated pulses.

Figure 3 shows the results for the antisymmetric configuration. For over-
lapping pulses, destructive interference between the oppositely signed fields
suppresses the net vector potential, resulting in slow growth of f(¢) with min-
imal oscillations. For well-separated pulses, the first pulse increases f(t), but
the second pulse partially reverses the excitation, leading to non-monotonic
behavior and oscillations. The final particle yield is lower than in the sym-

1051

S(t)

10"

S 4 2 0 2 w0 @ % S 4 20 0 20 4 e w10
Fig. 3. Evolution of f(t) (on the left) and entanglement entropy S(¢) (on the right)
for particles for two pulses in the antisymmetric configuration with T = 17 (green)
overlapping pulses and 68 (magenta) well-separated pulses.
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metric case, underscoring how field symmetry controls vacuum excitation.
The evolution of entropy is also suppressed. For overlapping pulses, S(t)
grows modestly to a low saturation value. For well-separated pulses, S(t)
shows two growth stages, but the second is weaker, suggesting the second
pulse partially decoheres the state created by the first.

The connection between spectral interference and quantum correlations
is revealed in the asymptotic momentum distributions (Figs. 4 and 5). For
the symmetric configuration (Fig. 4), overlapping pulses produce a broad,
featureless spectrum, while well-separated pulses yield two distinct, sharp
peaks. For the antisymmetric configuration (Fig. 5), overlapping pulses gen-
erate irregular, asymmetric fringes, whereas well-separated pulses produce
a high-contrast, periodic interference pattern — a clear signature of coherent
pair creation at two distinct times. This coherent momentum-space struc-
ture is directly linked to the quantum correlations between the produced
pairs.

x107 x107

10

f(k)

Fig.4. Spectra of produced particles for two pulses in the symmetric configuration.
Left: Overlapping pulses. Right: Well-separated pulses.

X
=
=

x107

E

f(k)

L L L L L L L L
-0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
k k

Fig.5. Spectra of produced particles for two pulses in the antisymmetric configu-
ration. Left: Overlapping pulses. Right: Well-separated pulses.
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This link is quantified in Fig. 6, which compares the time-evolution of
the total entanglement entropy S(t¢) for symmetric (brown) and antisym-
metric (blue) configurations. In the overlapping regime, the antisymmetric
field produces a rapid entropy rise followed by a secondary peak, while the
symmetric field leads to a smoother evolution and a lower final entropy. In
the well-separated regime, both configurations exhibit a two-stage entropy
growth, but the antisymmetric case achieves a higher final value, correlating
with its sharper momentum-space interference fringes.

0k

-80 -t;ll -h;il -2(] ;l 2‘0 4;() 6‘0 I‘;() 1;)() -!;l! -6‘0 -4;0 -2() ;) 2‘0 4;() (;l) ?;0 1(;0
Fig.6. Entanglement entropy as a function of time for antisymmetric (blue) and
symmetric (brown) configurations of two pulses configuration. Left: Overlapping
pulses T' = 17. Right: Well-separate T" = 68.

These results establish a clear correspondence: sharper, periodic momen-
tum-space fringes are associated with stronger mode correlations and higher
final entanglement entropy. Conversely, broader, irregular spectra corre-
spond to weaker correlations and lower entropy. Thus, the entanglement
entropy S(t) serves as a sensitive, time-resolved probe of spectral coherence
in strong-field QED, providing a unified framework that links observable
interference phenomena to quantum information measures.

4. Summary

We have investigated the generation of electron—positron entanglement
during vacuum pair creation driven by sequences of the Sauter-type elec-
tric field pulses. Within the quantum kinetic framework, we tracked the
simultaneous evolution of the distribution function and the entanglement
entropy S(t), establishing a direct connection between spectral interference
patterns and quantum correlations. Our study compared symmetric and an-
tisymmetric pulse configurations across both overlapping and well-separated
temporal regimes. In all cases, the entanglement entropy S(t) exhibits a uni-
versal three-stage evolution:
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1. A quasiparticle excitation stage, where the external field triggers pair
creation and entropy growth.

2. A transient stage, characterized by oscillations in the distribution func-
tion that are mirrored by modulations in S(t).

3. Residual particle stage, where both quantities saturate to final values
that characterize the resulting entangled state.

The temporal separation 1" between pulses is a key control parameter. In
the overlapping regime, the pulses merge into a single broad interaction, pro-
ducing smooth momentum spectra with weak, irregular oscillations, reduced
mode selectivity, and lower final entropy. In contrast, the well-separated
regime produces spectra with strong coherence, featuring high-contrast, reg-
ularly spaced fringes whose spacing decreases with increasing 7'. For anti-
symmetric pulses, these fringes are especially sharp and symmetric, resem-
bling a two-slit interference pattern in momentum space. This configuration
also produces two distinct stages of entropy growth — one for each pulse.
The antisymmetric, well-separated case yields the highest final entangle-
ment, demonstrating that field symmetry is a powerful tool for enhancing
or suppressing quantum correlations.

Our results establish a definitive link: sharper, periodic momentum
spectra correspond to stronger mode correlations and higher final entangle-
ment, whereas broader, irregular spectra indicate diluted correlations and
reduced entropy. As momentum spectra are experimentally accessible in
high-intensity laser facilities and analogue platforms, they serve as a practi-
cal and observable indicator of quantum entanglement in strong-field QED.
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National Institute (HBNI) for carrying out this research work.
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