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Abstract: The Schwinger effect, a non-perturbative mechanism for particle production in strong fields, plays a cru-
cial role in understanding quantum vacuum decay and high-energy phenomena, including heavy-ion collisions
(HIC). Although holographic quantum chromodynamics (QCD) models have been widely used to study this effect,
most treatments assume isotropy or consider only a single type of anisotropy, neglecting the interplay between spa-
tial and magnetic anisotropies that arise in realistic HIC scenarios. A unified framework accounting for both aniso-
tropies is needed to accurately model particle production. We investigate the Schwinger effect in a twice anisotropic
holographic QCD model incorporating both spatial and magnetic anisotropies. Using the anti-de Sitter/conformal
field theory correspondence, we compute the total potential of a particle-antiparticle pair to quantify how these an-
isotropies influence pair production. Our results show that the magnetic field (parameterized by cp and ¢3) en-
hances the Schwinger effect by lowering and narrowing the potential barrier, while increasing spatial anisotropy
(controlled by v) suppresses the process by raising and widening the barrier. These findings demonstrate that mag-
netic and spatial anisotropies exert competing effects on particle production, emphasizing the necessity of treating
both concurrently in holographic models. This work advances the theoretical description of the Schwinger effect in
anisotropic environments, with implications for understanding non-equilibrium dynamics in HIC and other strongly
coupled systems.
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I. INTRODUCTION

In high-energy physics, heavy-ion collisions (HIC)
conducted at facilities such as the Relativistic Heavy Ion
Collider (RHIC) and Large Hadron Collider (LHC) offer
a unique opportunity to study physical phenomena under
extreme conditions. These experiments are designed to
create and investigate the quark-gluon plasma (QGP), a
strongly coupled fluid composed of deconfined quarks
and gluons [1, 2]. Within this extreme physical environ-
ment, one particularly compelling non-perturbative phe-
nomenon is the Schwinger effect: the production of
particle-antiparticle pairs from the quantum vacuum un-
der a strong external electromagnetic field. The intense
electromagnetic fields generated in HIC provide a prom-
ising environment for its observation, making the study of
this effect crucial for understanding particle production
mechanisms and the quantum structure of the vacuum.

Anti-de Sitter/conformal field theory (AdS/CFT) cor-
respondence provides a natural framework for studying
Schwinger pair production at strong coupling [3—5]. In
the holographic context, the Schwinger effect was first
formulated for N =4 super-Yang Mills (SYM) theory by
Semenoff and Zarembo and has since been extended to
many gravitational backgrounds [6]. The Schwinger ef-
fect in a confining phase was analyzed by Sato and
Yoshida through a potential analysis of the correspond-
ing holographic D3-brane and D4-brane backgrounds [7].
The influence of higher-derivative Gauss-Bonnet terms
on the holographic Schwinger effect was studied in a con-
fining AdS soliton background [8]. A holographic calcu-
lation of the rate of vacuum decay due to the Schwinger
effect in confining gauge theories was presented in [9].
[10] investigated the Schwinger effect in a strongly
coupled plasma, focusing on the influence of a moving
D3-brane and analyzing test particle pair production for
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motion both transverse and parallel to the plasma wind.
The influence of black hole spin on the potential barrier
for Schwinger pair production was investigated holo-
graphically in Myers-Perry spacetime in [11]. The com-
bined effects of higher derivative corrections and a string
cloud background on the holographic Schwinger effect
were investigated across both confined and deconfined
phases in [12]. Relevant and insightful works can be
found in [13-35].

Off-central HIC create extreme early time conditions
due to the rapid, oppositely directed motion of the collid-
ing nuclei, which in turn produces strong transient mag-
netic fields (107" -m? ~ 15-m?) [36, 37]. Concurrently, ex-
perimental data from HIC indicate an early stage local an-
isotropy in the QGP, as the system expands predomin-
antly along the collision axis and this anisotropy lasts for
several fm/c [38, 39]. The presence of these anisotropies
in realistic HIC scenarios motivates investigations of the
Schwinger effect within various anisotropic holographic
models to capture these characteristics. Previous studies
have typically examined the influence of a single source
of anisotropy, either spatial or magnetic, on the holo-
graphic Schwinger effect. In [30], the authors employed a
top-down holographic approach to systematically ana-
lyze the Schwinger effect and associated electric instabil-
ities in the dual anisotropic gauge theory. [40] investig-
ated the holographic Schwinger effect in an anisotropic
background and found that anisotropy suppresses pair
production compared to that in the isotropic case. [32]
systematically analyzed the holographic Schwinger ef-
fect in the presence of weak and strong magnetic fields at
RHIC and LHC energies and demonstrated that magnetic
fields reduce the potential barrier to favor pair creation.
To simultaneously capture the spatial and magnetic aniso-
tropies observed in realistic HIC, this work employs a
five-dimensional Einstein-Maxwell-Dilaton model with
three Maxwell fields. The Schwinger effect is investig-
ated within this twice anisotropic holographic model by
calculating the total potential of a particle pair.

The remainder of this paper is organized as follows.
Sec. II briefly reviews the anisotropic holographic model
used in this study. Sec. III presents the detailed potential
analysis for the Schwinger effect and our numerical res-
ults. Finally, Sec. IV summarizes our findings and dis-
cusses potential extensions.

II. ANISOTROPIC HOLOGRAPHIC MODEL

In this section, we briefly review the anisotropic holo-
graphic QCD model introduced in [41—44], which has
been used to study hot dense anisotropic QCD in the
presence of an external magnetic field. The five-dimen-
sional Einstein-Maxwell-dilaton gravity action with three
Maxwell fields is given by

S = 7z |R- foi@Fg ~ f12¢)F12_ f32¢)F§
1
_Eaﬂ‘pa”(ﬁ_ Vig)| - (1)

In this model, the first (Fy), second (F;), and third (F3)
Maxwell fields are responsible for establishing a finite
chemical potential, inducing spatial anisotropy, and
providing an additional anisotropy sourced by the mag-
netic field, respectively. Following [43], the holographic
anisotropic background is described by a metric ansatz of
the form

1? z
ds? = = b(z) | - g(z)d +dx? + 7 dax?

2-3
) < 5 de
+e* [ — dxs+—1, )
L 8(2)
b(z) =9, ¢ =¢(2),
AO :At(z)’ AiZO’ i= 192’3747
Fi=qdxX* Adx®, F3=gsdx' Adx®. 3)

In this framework, z is the holographic radial coordinate,
L is the AdS radius (set to one), b(z) is the AdS deforma-
tion factor, g(z) is the blackening function, v is the aniso-
tropy parameter characterizing primary spatial aniso-
tropy, cp is the magnetic coefficient of secondary aniso-
tropy induced by a magnetic field in the x; direction, and
g1 and g3 are constant charges. Here, ¢; quantifies the
magnitude of the magnetic field source, while cp governs
the magnetic field's back-reaction on the geometry
[41-44].

We adopt A(z) = —cz?/4 — (p—cpq3)z*, with the para-
meters ¢ =4R,/3, R, =1.16, and p=0.273,t0 repro-
duce specific QCD phenomena [45]. In accordance with
[43], solving the equations of motion yields the follow-
ing expressions for the blackening function:

L(x) 12 (2Rg+ (g3 = 1)) L(z)

— i =+ 2\ 2
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(2 = / ) e(zkwacg)§+3(p,cﬁq3)§4 SH% dz, (5) u denotes the chemical potential, which is holographic-
0 ally identified with the boundary value of the temporal
X ) component of the gauge field. Accordingly, the Hawking
2Rye+ep(B-2) ) 2 43(p—cpqz)e* 1 .
L= / an(§ )2 -cre g " v de. (©) temperature and entropy can be written as follows:
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where z;, is the black hole horizon. determinant of the induced metric on the string world-
sheet. The Lagrangian density derived from the Nambu-
III. SCHWINGER EFFECT IN ANISOTROPIC Goto action is given as
BACKGROUND @
— _ ™ cpz? 2—% 22
Because the x; and x, directions can be considered L= \/detgqs = 22 erT ()T + 27 (10)

simplified special cases of the x; direction when cp =0

and v = 1, in the following, we take the x; direction as an  Because the action is independent of the worldsheet co-

explicit example for the derivation by aligning both the - 4inate ¢, the associated Hamiltonian is conserved and
particle pair and external electric field along the x; direc- given by

tion. The coordinates are parameterized by

oL,
H=L-—>2= Constant. 11
=17, x3=0, x=x=0, z=z0). 8) L BZZ Constan (11)

Derived from the classical string action, the Nambu-Goto ~ Under the boundary condition

action is

dz
z= 72 :O’ =12 (Z()<Z¢-<Zh)a (12)

S =Tr / dodtL=Tp / dodr \/—detg,gs, ) dor

wherein the probe D3-brane is located at the radial co-
where Ty represents the string tension, and detg,; is the ordinate z,, one obtains the differential equation

dz \/ e g0z (b22e gyl ~ bz g2z )
Sl : 13
o b(z) V2@ (13)

Integration of Eq. (13) directly provides the separation length x for the test particle pair, which is expressed as

/ b(z:) V8(z.)
x=2/ dz .
\/ e g0z (b2 =gz ~ blz)g()2 )

(14)
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Calculation of the combined Coulomb potential and static energy is performed according to

b(2)b(z.) Vg(z.) \/

b(z)262c322—c5ﬁg(z)2z— vz
b(z.)*g(z.)

Vicpsse) = 2TF / dz

The critical electric field, E., is determined from the
Dirac-Born-Infeld (DBI) action, given by

1
—_— 4 =
Sper = —TD3/d X/ —det (G’”+T‘”)’ Tos = W'
(

16)

Requiring the Spp; action to be free of singularities de-
termines the critical field E.:

2

E.=TrbGoe ™ \/3Go)z " (17)

E
By defining the dimensionless parameter @ = £’ the total
potential V,,, of the pair can be formulated as

Viot = Vicpase) — EX. (13)

The calculation for the x; direction (perpendicular to the
magnetic field) is analogous to that for the x; direction
(parallel to the magnetic field). Within this framework,
we investigate the Schwinger effect in the presence of
two sources of anisotropy, one originating from spatial
anisotropy and the other from an external magnetic field.
Considering the numerical results, we refer to Fig. 1,
which shows how the total potential V,, varies with sep-
aration length x for various electric field strengths at
T =0.6 GeV.

Observations indicate that the external electric field
strength critically influences the rate of Schwinger pair
production. The potential barrier diminishes with increas-
ing field strength and disappears at the critical point
(a=1). When a < 1, pair production occurs via quantum
tunneling through the barrier. For @ > 1, the suppression
is removed and pair production becomes explosive, lead-
ing to vacuum instability. The influence of the magnetic
field on the Schwinger effect is characterized by evaluat-
ing the total potential V,, versus separation length x over
ranges of the magnetic coefficient ¢z and magnetic
charge ¢;. Figure 2 illustrates the impact of magnetic
charge ¢; on the potential barrier by plotting the total po-
tential against the separation distance with « fixed at 0.8.

As shown in Fig. 2, an increase in magnetic charge
reduces both the height and width of the potential barrier,

—.
\/‘36"‘L @)z b(zf)zg(zc)z“% +b(z)ze‘?ﬂ‘zz‘zf)g(Z)ng)

(15)

[
thereby increasing the tunneling probability of virtual
particle—antiparticle pairs and consequently enhancing the
Schwinger effect. To reveal the effect of the magnetic
coefficient, Fig. 3 presents the total potential versus sep-
aration distance, wherein we increase the absolute mag-
nitude of the magnetic coefficient ¢z while maintaining a
fixed magnetic charge.

As depicted in Fig. 3, the height and width of the po-
tential barrier diminish with increasing absolute mag-
nitude of the magnetic coefficient ¢y, which in turn facil-
itates the Schwinger effect.

Collectively, these findings underscore that the poten-
tial barrier is significantly influenced by both magnetic
field parameters, namely the magnetic coefficient ¢z and

T T T T T
1 -/\-
0

— a=0.6

-1}k - p

- a=0.8
2F — a=1 ]
a=1.1
-3F -

1 1 1 1 1
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Fig. 1.
separation length x for various electric field strengths at
cg=-0.1,v=1.1,¢g3=1,u=0.1,and T =0.6.

(color online) Total potential Vi, as a function of

= =

0.40F

0.39F

Vit
1
Q
w
Il
=]

03sf - =S
- q3=10
0.37F
0.36 > L > >
0.10 0.12 0.14 0.16
X
Fig. 2.  (color online) Total potential Vi, as a function of

separation length x for various magnetic charges ¢; at
cg=-0.1, v=1.1, u=0.1, and T =0.6. The solid (dashed) line
corresponds to the case where the particle pair and external
electric field are parallel (perpendicular) to the magnetic field.
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magnetic charge g;. As revealed in Fig. 2 and Fig. 3, in-
creasing the absolute values of the magnetic parameters
cp and g; consistently lowers and narrows the potential
barrier. This directly translates to an enhanced Schwing-
er effect, indicating that stronger magnetic fields facilit-
ate pair production. It is also observed that the Schwing-
er effect is more pronounced in the parallel case. This is
because the magnetic field dependence enters the metric
mainly in the x3 component, thereby lowering the poten-
tial barrier more effectively in the parallel case than in the
transverse case. These results from the potential analyses
are in qualitative agreement with the results presented in
[32, 33].

Turning to the influence of spatial anisotropy, para-
metrized by v, the potential barrier is also noticeably af-
fected. Here, we focus on the x; direction, as the x; met-
ric component contains no explicit v dependence. Figure
4 examines the role of spatial anisotropy in the Schwing-
er effect by plotting the total potential V,, versus separa-
tion distance x across varying anisotropy parameter v,
with all magnetic parameters fixed.

In contrast to magnetic parameters that reduce the
barrier, Fig. 4 indicates that, as v increases, correspond-
ing to greater spatial anisotropy, the potential barrier’s
height and width both expand significantly. In turn, this
suppresses the pair production process, thereby weaken-
ing the Schwinger effect, which is consistent with the cal-
culations presented in [40].

IV. CONCLUSION AND DISCUSSION

In this work, we investigated the Schwinger effect
within an anisotropic holographic QCD model, focusing
on the influence of two distinct sources of anisotropy:
spatial anisotropy (parameterized by v) and external mag-
netic field (characterized by the magnetic coefficient cp
and magnetic charge g;). By utilizing the AdS/CFT cor-
respondence, we calculated the total potential of the
particle pair and analyzed the behavior of the potential
barrier that governs the pair production phenomenon un-
der the influence of these anisotropic parameters. We first
summarize our numerical findings and their physical im-
plications, and then we discuss potential extensions for
future work.

The influence of the magnetic field parameters, cp
and ¢;, was found to consistently enhance the Schwinger
effect. As demonstrated in Fig. 2 and Fig. 3, increasing
the magnetic charge g; or the absolute magnitude of the
magnetic coefficient ¢y leads to a reduction in both the

Viot

Fig. 3.
separation length x for various magnetic coefficients cp at
v=1.1,qg3=1,u=0.1,and T = 0.6. The solid (dashed) line cor-
responds to the case where the particle pair and external elec-

(color online) Total potential Vi, as a function of

tric field are parallel (perpendicular) to the magnetic field.
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X

Fig. 4. (color online) Total potential Vi, as a function of
separation length x for various anisotropy parameter v at
cg=-01,q3=1,u=0.1,and T = 0.6.

height and width of the potential barrier, thereby promot-
ing the Schwinger effect. These findings are in qualitat-
ive agreement with previous studies [32, 33] and suggest
that stronger magnetic environments facilitate pair pro-
duction. In contrast to the magnetic case, increasing the
spatial anisotropy, characterized by the parameter v, res-
ults in a significant increase in both the height and width
of the potential barrier, consequently weakening the
Schwinger effect, which aligns with earlier findings [40].
Physically, this behavior arises because a stronger mag-
netic field reduces the string tension, thereby facilitating
pair separation, whereas spatial anisotropy counteracts
this effect [46, 47].

In realistic HIC, both the magnetic field and spatial
anisotropy evolve rapidly in time. A natural extension
would be to generalize our analysis to a time-dependent
holographic background that incorporates the evolution
of both of these effects.
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