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We investigate the quantum correlation effects between electrons and positrons produced via Schwinger
tunneling in localized supercritical electric fields. Using the framework of computational quantum field
theory, we calculate the two-particle correlation functions in both momentum and real space. Our results
demonstrate that the generated electron-positron pairs exhibit strong mutual correlations that evolve
dynamically. In momentum space, the correlation function increases in magnitude over time while
maintaining its characteristic profile. In real space, the correlation function undergoes spatial spreading
without a reduction in peak amplitude. This persistence indicates that the correlation strength remains
robust even as the pairs propagate beyond the localized interaction region. These findings suggest that
quantum correlations in the Schwinger process are experimentally accessible, offering new opportunities to
probe many-body effects under extreme field conditions.
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I. INTRODUCTION

In classical physics, correlations represent the statistical
or dynamical relationships between measurable quantities
arising from shared causal origins or deterministic inter-
actions [1]. Governed by continuous laws of motion and
local causality, classical correlations serve as fundamental
descriptors in statistical mechanics for fluctuations and
transport phenomena [2,3]. In electrodynamics and optics,
they characterize coherence, quantifying how field ampli-
tudes and phases maintain order across space and time
to produce interference and diffraction [4,5]. Similarly, in
fluid dynamics, velocity correlation tensors are essential
for quantifying the evolution and interaction of turbulent
structures [6,7]. Overall, classical correlation analysis
bridges microscopic dynamics with macroscopic observ-
ables, providing a window into how local interactions
generate collective behavior.
Quantum correlations, by contrast, describe connections

between measurement outcomes that often defy classical
intuition [8]. Beyond simple statistical dependence, these
correlations manifest as quantum entanglement, where the
state of a particle remains inseparably linked to its partner
regardless of spatial separation [9]. Arising from the
superposition principle and the structure of the quantum
wave function, these correlations lead to joint probability
distributions that violate Bell’s inequalities, precluding any
explanation based on local hidden variable theories [10].

Beyond entanglement, quantum correlations are central
to phenomena such as quantum coherence [11], squeezing
[12], and quantum discord [13], each representing unique
modalities of information sharing within quantum systems.
A particularly frontier regime for quantum correlations

is found where electromagnetic fields approach or exceed
the Schwinger limit Es ¼ c3 [14]. Henceforth, we adopt
atomic units (a.u.) with ℏ ¼ m ¼ −e ¼ 1, unless stated
otherwise. In these extreme conditions, such as ultra-
intense laser pulses or near astrophysical objects like
magnetars, interactions become highly nonlinear and
electron-positron pairs are generated directly from the
vacuum via the nonperturbative Schwinger mechanism.
Because these particles originate from the same quantum
event, they are intrinsically correlated [15–20]. While
such correlations offer a rigorous test of fundamental
quantum electrodynamics (QED) predictions, the existing
studies have focused almost exclusively on spin and
polarization degrees of freedom [21–23].
Despite the progress in correlated spin and polarization

degrees of freedom, the correlations of electron-positron
pairs in real space and momentum space remain largely
unexplored. They are critical, as they directly reflect the
localization characteristics of the production process and
the subsequent dynamical evolution of the pairs in super-
critical fields. In this work, we establish a theoretical
framework to describe these correlations using the com-
putational quantum field theory (CQFT) approach [24–26].
By systematically deriving the spatial and momentum
correlation functions, we provide a new perspective on*Contact author: qzlv@gscaep.ac.cn
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the physical mechanisms underlying field-induced vac-
uum decay.
The paper is organized as follows. In Sec. II, we detail

the CQFT framework used to calculate the temporal
evolution of the field operators and determine the particle
distributions. In Sec. III, we derive the electron-positron
correlation functions. We demonstrate that while the
momentum-space correlation increases in magnitude over
time, the real-space correlation undergoes spatial spreading
without loss of peak amplitude—indicating a robust per-
sistence of the correlation strength. In Sec. IV, we evaluate
the reduced correlation functions and compare them with
single-particle distributions, discussing the correlation
effects caused by the virtual pairs in the vacuum. We close
with a conclusion and a discussion of future problems
in Sec. V.

II. COMPUTATIONAL QUANTUM FIELD
THEORY FRAMEWORK

The dynamics of the electron-positron field operator
Ψ̂ðr; tÞ are governed by the time-dependent Dirac equation

[27,28], i ∂Ψ̂ðr;tÞ
∂t ¼ Ĥ Ψ̂ðr; tÞ, where the Hamiltonian Ĥ in

the presence of an external electromagnetic field is given by

H ¼ cα ·
h
p̂ −

e
c
Aðr; tÞ

i
þ βmec2 þ eVðr; tÞ: ð1Þ

Here, α ¼ ðα1; α2; α3Þ and β denote the set of standard
4 × 4 Dirac matrices. To study the Schwinger process, we
consider a localized supercritical electric field where the
potential VðrÞ varies only along the x axis and Aðr; tÞ ¼ 0.
Consequently, the transverse canonical momenta py and pz

are conserved and there is no dynamics in the y- and z
directions. Therefore, we restrict our analysis to the
py ¼ pz ¼ 0 sector. In this (1þ 1)-dimensional system,
the z component of the spin commutes with the Dirac
Hamiltonian and is therefore conserved. The two spins thus
decouple from each other and do not influence the spatial
and momentum correlations of interest. In this case,
the Dirac field can be effectively described by a two-
component spinor. The reduced Hamiltonian simplifies to

H ¼ cσ1px þ σ3c2 − σ0VðxÞ; ð2Þ

where σi denote the set of the 2 × 2 Pauli matrices that
satisfy the anticommutation relations fσi; σjg ¼ 2δij, and
σ0 is the identity matrix.
In the CQFT framework, we expand the time-evolved

field operator Ψ̂ðx; tÞ in terms of the field-free energy
eigenfunctions fφp;φng of the Dirac Hamiltonian,

Ψ̂ðx; tÞ ¼
X
p

b̂pðtÞφpðxÞ þ
X
n

d̂†nðtÞφnðxÞ; ð3Þ

where p and n denote the positive and negative energy
states of the continuum, respectively. The operators b̂pðtÞ
and d̂†nðtÞ represent the time-dependent electron annihila-
tion and positron creation operators. Following the
Heisenberg picture, the time-dependent operators can
be expressed as a linear transformation of the initial
operators (t ¼ 0),

b̂pðtÞ ¼
X
p0

b̂p0Gðp; p0Þ þ
X
n0
d̂†n0Gðp; n0Þ; ð4Þ

d̂†nðtÞ ¼
X
p0

b̂p0Gðn; p0Þ þ
X
n0
d̂†n0Gðn; n0Þ; ð5Þ

where b̂p0 and d̂†n0 fulfill the anticommutation relationship
for fermions. The dynamics are entirely encapsulated in
the transition matrix elements Gðξ; ζÞ ¼ hφξðxÞjϕζðx; tÞi,
where ϕζðx; tÞ is the solution to the time-dependent Dirac
equation with the initial condition ϕζðx; 0Þ ¼ φζðxÞ.
These coefficients satisfy the unitarity relationP

k∈ fp;ngGðξ; kÞG�ðζ; kÞ ¼ δξ;ζ, ensuring the preservation

of the fermionic anticommutation relations: fb̂pðtÞ;
b̂†p0 ðtÞg ¼ δp;p0 and fd̂nðtÞ; d̂†n0 ðtÞg ¼ δn;n0 .
Adopting the Dirac hole theory, the initial vacuum state

jvaci is defined by a completely filled negative-energy sea.
The momentum distribution of the created electrons at time
t is obtained by taking the expectation value,

ρðp; tÞ ¼ hvacjb̂†pðtÞb̂pðtÞjvaci ¼
X
n

jGðp; nÞj2: ð6Þ

The total number of created pairs is then

NðtÞ ¼
X
p

ρðp; tÞ ¼
X
p;n

jGðp; nÞj2: ð7Þ

The electronic component of the field operator is
defined as Ψ̂eðx; tÞ ¼

P
p b̂pðtÞφpðxÞ, where φpðxÞ are

the field-free positive-energy eigenfunctions of the Dirac
Hamiltonian. Then the spatial distribution of the created
electron density is given by the expectation value of the
density operator,

ρðx; tÞ ¼ hvacjΨ̂†
eðx; tÞΨ̂eðx; tÞjvaci

¼
X
n

����
X
p

Gðp; nÞφpðxÞ
����
2

: ð8Þ

While defining particle species within a strong interaction
zone is non-trivial due to vacuum polarization, our local-
ized field allows for a clear asymptotic definition of
particles as they propagate into the field-free regions.
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The transition matrix Gðξ; ζÞ is obtained by numeri-
cally evolving the field free energy basis states under
Hamiltonian Eq. (2) on a space-time lattice. We utilize a
split-operator method [29,30], which provides high accu-
racy and efficiency for solving the (1þ 1)-dimensional
Dirac equation. In the simulations, the localized super-
critical electric field is modeled by a Sauter-type potential
[31] VðxÞ ¼ V0=2½1þ tanhðx=WÞ�. This potential is
chosen because its corresponding electric field EðxÞ ¼
− dV

dx ¼ − V0

2W sech2ð xWÞ is spatially localized and vanishes
as jxj → ∞. The localization of the field is crucial for the
present study: it allows for a well-defined asymptotic
regime where free particles can be identified. By employ-
ing this potential, we capture the key dynamics of the pair
production process in a finite-sized system, which is
essential for the analysis of quantum correlations, which
is a central goal of this work. This choice of localized
field is also consistent with a standard approach in strong-
field QED and Schwinger effect studies [32–36], where
spatially varying external fields are commonly employed
to model realistic experimental conditions.
We set the potential height V0 ¼ 2.5c2 and the width

W on the order of the Compton wavelength λc ¼ 1=c,
ensuring the field strength E ∼ V0=ð2WÞ reaches the
supercritical regime. Throughout this work, all numeri-
cal simulations are performed within a unified spatial
domain with box length L ¼ 64πλc, discretized into
Nx ¼ 2048 spatial grid points, yielding a spatial reso-
lution of dx ¼ λc π=32. Periodic boundary conditions
are adopted to satisfy the fast Fourier transformation
required in the split-operator spectral method. All
simulations use a fixed time step dt ¼ πτc=300, ensur-
ing identical temporal resolution across all runs. We
define the Compton time as τc ¼ λc=c, which represents
the characteristic time scale of the electron-positron pair
production process.

The mechanism for pair production is illustrated in
Fig. 1. The external potential VðxÞ distorts the energy
spectrum of the Hamiltonian, tilting the energy bands and
causing an overlap between the positive and negative
energy continua. This overlap creates a finite tunneling
barrier, allowing fermions in the negative-energy sea to
transition into positive-energy states. This process, known
as Schwinger tunneling, results in the simultaneous crea-
tion of a real electron and a corresponding hole (positron) in
the negative-energy sea. In the limit of a uniform field, the
tunneling rate Γ is exponentially suppressed according
to the Schwinger law, Γ ∝ expð−πEs=E0Þ. Consequently,
significant production occurs only when the field strength
E0 approaches or exceeds the critical limit Es.
We investigate the influence of the electric field widthW

and the interaction time t on the pair production process
while maintaining a constant potential amplitude V0.
Figure 2 depicts the temporal evolution of the average
number of created pairs, NðtÞ, for two field widths:
W ¼ 0.3λc and W ¼ λc. At early times, NðtÞ exhibits a
characteristic quadratic growth (NðtÞ ∝ t2), driven by the
nonadiabatic “turn-on” of the external field [37]. At later
times, the system enters a steady-state tunneling regime
where the particle number increases linearly, defined by the
constant rate Γ ¼ dNðtÞ=dt.
A comparison between Figs. 2(a) and 2(b) reveals that

increasing the field width W while keeping V0 constant
leads to a decrease in the effective field strength
E0 ∼ V0=2W, thereby reducing the production rate. Our
numerical results yield ΓðaÞ ≈ 328 and ΓðbÞ ≈ 49 for W ¼
0.3λc and W ¼ λc, respectively.
To analyze the space and momentum distribution of the

created particles, we selected two snapshots during the
linear growth phase (t ¼ 8πτc and t ¼ 16πτc), as indicated
by the markers in Fig. 2. The corresponding momentum
and real-space densities are plotted in Fig. 3.
As shown in Figs. 3(a) and 3(c), the electronic momen-

tum density ρðp; tÞ features a distinct peak. ForW ¼ 0.3λc,
the peak remains centered near 0.8c, whereas forW ¼ λc it
is similar. The stationarity of this peak position over time
suggests it is primarily determined by the field parameters

FIG. 1. Sketch of the energy spectrum for Hamiltonian Eq. (2)
under the influence of the supercritical localized field EðxÞ.
Because the distortion of the energy spectrum caused by the
external fields, the positive and negative continuum is overlapped
and triggers the pair creation.

FIG. 2. Average number of particles NðtÞ for different electric
field widths as a function of time. The total evolution time is
20πτc. Here, τc ¼ λc=c represents the typical time scale of the
electron generation process. Panel (a) is for W ¼ 0.3λc, while
panel (b) is for W ¼ λc. For this simulation, Nx ¼ 2048 spatial
grid points and Nt ¼ 6000 temporal grid points are adopted.
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E0 and V0 rather than the duration of the interaction. The
peak magnitude grows linearly in time, consistent with the
growth in Fig. 2. Moreover, a broad high-momentum tail
(1.5c − 4c) is observed. These high-momentum particles
are generated during the initial field onset and propagate
with constant velocity thereafter.
The real-space distributions ρðx; tÞ [Figs. 3(b) and 3(d)]

exhibit a primary maximum at the center of the potential
(x ¼ 0), where the electric field is largest. Following the
interpretation in Ref. [38], these correspond to “ghost
states”—virtual particles that remain localized at the inter-
face of the positive and negative energy continua.
A second prominent peak in the spatial density prop-

agates away from the interaction zone. These peaks
correspond to particles created at the beginning of the
interaction, which relate to the high-momentum tail seen in
panel (a) and (c). As time progresses, these peaks broaden
but the position keep the same for different field width. This
is because that these electrons acquire the momentum
during the onset of the field, which is independent of
the electric field width. Notably, the spatial density
decreases as the field width W increases, consistent with
the reduction in the total production rate.
While the single-particle distributions ρðp; tÞ and ρðx; tÞ

provide insights into the localization and transport of the
created flux, they treat electrons and positrons as indepen-
dent entities. However, in the Schwinger process, pairs are
created at the same space-time region, suggesting that
intrinsic quantum correlations are inevitable.
Such correlations represent an additional degree of

freedom that remains largely unexplored in the context
of supercritical tunneling. In the following sections, we
move beyond single-particle observables to derive the
mutual correlation functions in both real and momentum

space, providing a more complete description of the
correlated nature of the vacuum decay.

III. THE SPACE AND MOMENTUM
CORRELATIONS BETWEEN ELECTRONS

AND POSITRONS

To quantify the mutual dependence between the cre-
ated electrons and positrons, we define two-particle
correlation functions in both momentum and real space.
The electron-positron correlation operator in momentum

space is defined by an antisymmetrized product of the time-
dependent creation operators,

Ôðp; q; tÞ ¼ 1

2

h
b̂†pðtÞd̂†qðtÞ − d̂†qðtÞb̂†pðtÞ

i
; ð9Þ

where p and q denote the momenta of the electron
and positron, respectively. The mutual correlation function,
representing the anomalous pair-correlation density
in momentum space, is obtained from its vacuum expect-
ation value,

ρðp; q; tÞ ¼ jhvacjÔðp; q; tÞjvacij2: ð10Þ

Utilizing the expansion of the time-dependent operators in
terms of the transition matrix Gðξ; ζÞ [Eqs. (4) and (5)], the
correlation function can be expressed as,

ρðp; q; tÞ ¼
X
p1;p2

Gðq; p1ÞG�ðp; p1ÞG�ðq; p2ÞGðp; p2Þ.

ð11Þ

This equation quantifies the statistical relationship
between electrons and positrons created with specific
momenta. A nonvanishing ρðp; q; tÞ indicates that the
detection of an electron with momentum p is intrinsi-
cally linked to the presence of a positron with momen-
tum q.
Analogously, we can define the spatial correlation

operator to investigate the relative localization of the
created pairs. First, we identify the electronic and posi-
tronic components of the field operator Ψ̂†

pðxp; tÞ ¼P
p1
b̂†p1

ðtÞφ�
p1
ðxpÞ and Ψ̂†

qðxq; tÞ ¼
P

q1
d̂†q1ðtÞφ�

q1ðxqÞ,
respectively. The spatial correlation operator for the elec-
tron-positron pair is then defined as,

Ôðxp; xq; tÞ ¼
1

2

h
Ψ̂†

pðxp; tÞΨ̂†
qðxq; tÞ− Ψ̂†

qðxq; tÞΨ̂†
pðxp; tÞ

i
;

ð12Þ

FIG. 3. (a) and (b) show the momentum distribution ρðpÞ and
spatial distribution ρðxÞ for the two points in Fig. 2(a), while (c)
and (d) display the corresponding momentum and spatial dis-
tributions for the two points in Fig. 2(b).
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where xp and xq denote the position of the electron and positron, respectively. The vacuum expectation value of this
operator yields the joint spatial distribution

ρðxp; xq; tÞ ¼ jhvacjÔðxp; xq; tÞjvacij2

¼
X
q;q0

�X
q1

Gðq1; qÞφq1ðxqÞ
��X

p1

Gðp1; qÞφp1
ðxpÞ

���X
q2

Gðq2; q0Þφq2ðxqÞ
���X

p2

Gðp2; q0Þφp2
ðxpÞ

�
: ð13Þ

These formulations allow for a systematic analysis of
the correlation effect in pair production processes. The
momentum correlation function ρðp; q; tÞ reveals the
underlying energy-momentum conservation laws gov-
erning the tunneling process. Since electrons and posi-
trons are accelerated in opposite directions by the electric
field, their momenta possess opposite signs. Under the
condition of a constant potential height V0, the total
energy available for the pair is constrained by the
effective relation Ep þ Eq ≈ V0. Using the relativistic
energy-momentum relation E2 ¼ ðpcÞ2 þ c4, we can
predict the correlation peaks.
For a potential height V0 ¼ 2.5c2, the maximum

probability occurs when the energy is partitioned equally,
Ep ¼ Eq ¼ V0=2 ¼ 1.25c2. This yields a characteristic

momentum p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1.25c2Þ2 − c4

p
=c ¼ 0.75c, which is in

excellent agreement with the numerical results shown in
Fig. 4, where the correlation peak is centered at
p ≈ −q ≈ 0.75c. Furthermore, while the peak position

is determined by V0 , we observe a significant spectral
broadening in the positron momentum for a fixed
electron momentum. This broadening indicates that the
momenta of the individual particles in a pair are not
strictly entangled in a delta-function sense but exhibit a
quantum mechanical uncertainty inherent to the localized
production volume.
The influence of field parameters are also evident.

Comparing Figs. 4(a) and 4(b), an increase in W (which
corresponds to a decrease in E0) results in a sharp reduction
in correlation density, consistent with the exponential
suppression predicted by the Schwinger formula. As shown
in Figs. 4(a) and 4(c), extending the interaction time leads
to a cumulative increase in the joint probability density,
with the correlation profile concentrating within the kin-
ematically allowed regions.
The spatial correlation function ρðxp; xq; tÞ provides a

direct visualization of the spatial separation and mutual
influence of the particles as they emerge from the super-
critical field region. A primary feature of these results is the
strong central aggregation at the heart of the electric field
(x ≈ 0), where the coupling between the vacuum and the
external field is maximal. This region serves as the “hot
zone” for pair production, exhibiting the highest probability
of simultaneous electron-positron occurrence.
The spatial correlation is also highly sensitive to the field

geometry and interaction duration. Increasing the field
widthW from 0.3λc to λc [Figs. 5(a) and 5(b)] significantly
reduces the peak correlation probability. This suggests that
a wider, less intense field weakens the spatial coupling
between the nascent electron and positron.
A key finding of this work is the evolution of the

correlation over time. As seen in Figs. 5(a) and 5(c),
extending the interaction time does not diminish the
maximum correlation amplitude. Instead, it significantly
expands the spatial range—the correlation length—over
which the pairs remain linked. Even as the particles propagate
away from the interaction region into the asymptotic field-
free zones, the correlation strength remains robust. This
confirms that the pair correlations generated at the moment
of creation is preserved during the subsequent dynamical
evolution. This persistence is crucial for potential experi-
mental detection, as it implies that correlation signatures can
survive long enough to be measured by distant detectors.

FIG. 4. Correlation function of the created electrons and posi-
trons in momentum space. (a) W ¼ 0.3λc, t ¼ 8πτc; (b) W ¼ λc,
t ¼ 8πτc; (c) W ¼ 0.3λc, t ¼ 20πτc; (d) W ¼ λc, t ¼ 20πτc. The
other parameters are the same as in Fig. 2.
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IV. MARGINAL SPACE AND MOMENTUM
CORRELATION FUNCTIONS

FOR PARTICLE PAIRS

To further elucidate the nature of the electron-positron
correlation, we compute the marginal momentum and
spatial distributions. These reduced distributions are
obtained by integrating the joint correlation functions over
the states of the partner particle, allowing us to compare the
correlated pair yield with the total single-particle densities
derived in Sec. II.

The marginal momentum distribution for the created
electrons is obtained by integrating the joint probability
ρðp; q; tÞ over all positronic momentum q,

ρmargðp; tÞ ¼
X
q

ρðp; q; tÞ

¼
X
q

jGðp; qÞj2 −
X
p0

����
X
q

Gðp0; qÞG�ðp; qÞ
����
2

:

ð14Þ

In this equation, the first term represents the standard
single-particle occupation probability at momentum p. The
second term acts as a many-body correlation correction,
arising from the intrinsic structure of the vacuum.
Following a symmetric derivation, the marginal momentum
distribution for positrons is given by summing over the
electronic states p,

ρmargðq; tÞ ¼
X
p

ρðp; q; tÞ

¼
X
p

jGðq; pÞj2 −
X
q0

����
X
p

Gðq0; pÞG�ðq; pÞ
����
2

:

ð15Þ

These reduced distributions quantify the portion of the
momentum spectrum that is specifically tied to the pro-
duction of entangled pairs, excluding the background
fluctuations of the vacuum.
The spatial localization of individual particles within the

correlated pairs is analyzed by integrating the joint spatial
density ρðxp; xq; tÞ. The marginal spatial distributions for
electrons and positrons are defined, respectively, as,

ρmargðxp; tÞ ¼
Z

dxqρðxp; xq; tÞ ¼
X
q

����
X
p1

Gðp1; qÞφp1
ðxpÞ

����
2

−
X
p0

����
X
p1;q

Gðp0; qÞG�ðp1; qÞφp1
ðxpÞ

����
2

; ð16Þ

ρmargðxq; tÞ ¼
Z

dxpρðxp; xq; tÞ ¼
X
p

����
X
q1

Gðq1; pÞφq1ðxqÞ
����
2

−
X
q0

����
X
q1;p

Gðq0; pÞG�ðq1; pÞφq1ðxqÞ
����
2

: ð17Þ

As compared with the single-particle distribution in
Sec. II, the integrated correlation functions ρmarg are strictly
smaller than the corresponding single-particle distributions
ρðx; tÞ and ρðp; tÞ. This discrepancy is a direct consequence
of the vacuum correlation between virtual pairs. In the
supercritical regime, the field does not only create real,
asymptotic particles but also induces a significant
modification of the vacuum. The correction terms in
Eqs. (14)–(17) effectively “filter out” the contributions
from virtual processes and ghost states that do not result in

the simultaneous detection of a correlated pair.
Consequently, the reduced distributions provide a cleaner
signature of the correlation effects induced by the
Schwinger mechanism in quantum vacuum, highlighting
the particles that are genuinely born from the same
quantum tunneling event. Our results indicate that while
the single-particle density is dominated by the localized
field center, the correlated portion of the density exhibits
the most robust propagation characteristics, facilitating its
potential identification in high-intensity laser experiments.

FIG. 5. Correlation function ρðxp; xq; tÞ of the created elec-
trons and positrons in real space. The parameters are the same
as in Fig. 4.
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A salient feature of the numerical results is the perfect
mirror symmetry between the electronic and positronic
distributions. This symmetry is an expected consequence of
charge conjugation in the Schwinger process, reflecting the
interdependent kinematic signatures of the created pairs.
The momentum distributions are consistently symmetric
relative to the center of the electric field (p ¼ 0 in the
center-of-mass frame), underscoring the collective nature
of the vacuum decay.
The strength of the correlation effect varies significantly

across the spectral range, see Fig. 6. In the high-momentum
tail (1.5c − 4.0c), the correlation between species is rela-
tively weak, and the marginal distribution ρmargðp; tÞ
closely follows the total single-particle density ρðp; tÞ.
However, near the distribution peaks (p ≈ 0.75c), the
density accounting for correlations is significantly lower
than the uncorrelated single-particle density. This discrep-
ancy highlights the role of the many-body correction term
in Eq. (14), which effectively filters out vacuum fluctua-
tions that do not constitute a real particle pair.
The degree of momentum conservation is strictly tied to

the spatial extension W of the potential barrier. For narrow
barriers, the momentum conservation condition is relaxed
due to the high degree of spatial localization (consistent
with the uncertainty principle). In this regime, a single
negative-energy state can transition into a broad spectrum of
positive-energy states. This leads to a significant divergence
between the marginal correlation (blue) and single particle

distribution (black) curves, as many-body effects are
enhanced. As the barrier width increases, the field tends
to the uniform case. Consequently, the momentum con-
servation law becomes increasingly stringent. In this limit,
the kinematic constraints force a one-to-one mapping
between the electron and positron momenta, causing the
correlated and uncorrelated distributions to converge.
The correlation effects in the spatial domain exhibit a

distinct dependence on field geometry, as shown in Fig. 7.
Within the interaction zone, there is only a slight
deviation between the total spatial density and the
correlated marginal distribution. This is due to the high
degree of wavefunction overlap between electronic and
positronic states during the tunneling process, which
significantly amplifies quantum correlations. In contrast,
outside the potential well, these two distributions diverge
sharply. In these field-free regions, the particles behave as
quasi-independent entities; meanwhile, the correlations
induced by virtual pairs in the vacuum remain, which
markedly suppresses the marginal spatial density relative
to the total density.
Increasing the field width W tends to reduce spatial

localization and weaken wave function overlap. As the
production zone broadens, the peak density diminishes, and
the spatial “coupling” between the nascent pair is diluted.
Consequently, the correlation strength across different
spatial regions is reduced as the field becomes more diffuse.
Our analysis suggests that the most prominent signatures of
quantum correlation emerge in highly localized, supercriti-
cal pulses, where the field intensity maximizes many-body
corrections.

V. SUMMARY AND OUTLOOK

In conclusion, we have presented a comprehensive
analysis of the quantum correlations between electron-
positron pairs generated via the Schwinger mechanism in
localized supercritical electric fields. By employing the
computational quantum field theory framework, we suc-
cessfully mapped the evolution of these correlations in both
the momentum and spatial domains.
Our investigation has yielded several key insights into

the many-body dynamics of vacuum decay. First of all, for
a fixed potential height V0, increasing the field width W
reduces the effective field strength, leading to an exponen-
tial suppression of the quantum correlation, while the total
correlation grows linearly with the interaction time. This is
consistent with the single particle distribution. Secondly, a
central finding is that the momentum and position of a
created particle do not dictate definite values for its partner.
Instead, the associated particle is characterized by a joint
probability distribution. This reflects the intrinsic quantum
uncertainty and entanglement born from the nonperturba-
tive tunneling process. In real space, the correlation
function exhibits a robust persistence. While the distribu-
tion undergoes spatial spreading as the pairs propagate

FIG. 7. Comparison of single-particle spatial distributions
(black curves) with the marginal correlation functions (blue
curves) in real space. Remaining details are the same as in Fig. 6.

FIG. 6. Comparison of single-particle momentum distributions
(black curves) with the marginal correlation functions (blue
curves) in momentum space. Solid lines represent electrons
and dashed lines represent positrons. (a) W ¼ 0.3λc,
t ¼ 20πτc; (b) W ¼ λc, t ¼ 20πτc.
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away from the “hot zone,” the correlation amplitude
remains stable. This indicates that quantum correlations
are not merely transient artifacts of the interaction but are
preserved as the particles enter the asymptotic, field-free
regime. Finally, we found that the correlation effect is most
pronounced in highly localized fields. As the electric field
widthW increases and the field approaches a uniform limit,
the marginal distributions converge toward the single-
particle densities. This suggests that the spatial gradients
of the field are essential for enhancing the many-body
corrections to the vacuum response.
These results provide a new theoretical perspective on the

structure of the quantum vacuum under extreme conditions.
By identifying the specific field parameters that maximize or
suppress correlation effects, our work points toward potential
experimental strategies for regulating pair production in
high-intensity laser-matter interactions. Furthermore, the
robustness of these correlations suggests that two-particle
coincidence measurements could serve as a high-fidelity

diagnostic tool for verifying the nonperturbative Schwinger
process in future experimental facilities.
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