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Holographic Schwinger effect in a rotating strongly coupled medium
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Abstract: We perform a potential analysis on the holographic Schwinger effect in a rotating deformed AdS black-

hole background. We calculate the total potential of a quark-antiquark (QQ) pair in an external electric field and

evaluate the critical electric field from Dirac-Born-Infeld action. It is shown that the inclusion of angular velocity de-

creases the potential barrier, thus enhancing the Schwinger effect, which contrasts with the effect of the confining

scale. Moreover, increasing the angular velocity decreases the critical electric field, above which these pairs are pro-

duced freely without suppression. Furthermore, we conclude that QQ pair production would be easier in a rotating

medium.
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I. INTRODUCTION

An interesting phenomenon in quantum electro-
dynamics (QED) is pair production in a strong electric
field, known as the Schwinger effect [1]. The production
rate of charged particles, such as electrons and positrons,
was first computed by Schwinger for weak-coupling and
weak-fields [1] using

2

F~exp(_ZZ; ), )

where E, e, and m are the external electric field, element-
ary electric charge, and electron mass, respectively. There
is no critical field in this scenario. Subsequently, Affleck
et al. extended the calculation of I' to the case of arbit-
rary-coupling and weak-fields [2],
—ﬂm2 62
cE Z)’

I~ exp( )

for which there is a critical field at E, = (4n/e’)m?* ~
137m?/e. However, this critical value does not satisfy the
weak-field condition, that is, eE < m?. Therefore, it
seems that E. cannot be obtained under the weak-field
condition. Furthermore, to verify the existence of E,., one
must work beyond the weak-field condition.

The Schwinger effect is not restricted to QED but a
universal aspect of quantum field theories (QFTs)
coupled to a U(1) gauge field. However, studying this ef-
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fect in a QCD-like or confining theory using QFTs is dif-
ficult because the (original) Schwinger effect is non-per-
turbative. Fortunately, the AdS/CFT correspondence
[3-5] provides an alternative approach. Semenoff and Za-
rembo pioneered the holographic Schwinger effect using
this method and found [6]

«/i\/E \/fz _27Tm2
F~exp[—7( - E—C)], EC_W’ 3)

where 4 is the 't Hooft coupling constant, and m denotes
the mass of the fundamental scalar fields in the W-boson
supermultiplet, for example, W-bosons or quarks. Inter-
estingly, the critical value agrees with the Dirac-Born-In-
feld (DBI) result [7]. Since then, there has been growing
research interest in the holographic Schwinger effect in
this direction [8-22] (for a recent review see [23]).

Here, we extend the study of the (holographic)
Schwinger effect to a rotating medium using potential
analysis. It has been argued that [24—-28] the quark gluon
plasma (QGP) produced in (typical) noncentral heavy-ion
collisions may carry a nonzero angular momentum (re-
lated to colliding nuclei) of the order of 10*—10° 7 with
local angular velocity in the range of 0.01-0.1 GeV. Most
of the angular momentum is removed by spectator nucle-
ons, but some might remain in the medium [29-31]. Cer-
tainly, there is little hope of obtaining a significant cor-
rection owing to the angular velocity in current experi-
ments; however, this may be observed in the near future.
Moreover, AdS/CFT can be as insightful within this is-
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sue, and various observables and quantities have already
been studied, such as drag force [32—34], the jet quench-
ing parameter [35, 36], energy loss [37-39], phase trans-
ition [40], and free energy [41]. Inspired by this, we in-
vestigate the effect of angular velocity on the Schwinger
effect in a deformed AdS black-hole background. In par-
ticular, we study how angular velocity affects the produc-
tion rate in this scenario. This study could be regarded as
an extension of [8] with a confining scale and angular ve-
locity.

This paper is structured as follows: In the next sec-
tion, we briefly review the rotating background con-
sidered in this study. In section III, we perform potential
analysis on the Schwinger effect in this background and
analyze how angular velocity affects the production rate.
Moreover, we determine the critical field from DBI ac-
tion. Finally, the results and directions of future research
are discussed in section IV.

II. SETUP

Holographic QCD models, such as hard wall [42, 43],
soft wall [44, 45], and improved holographic QCD
[46—51], have achieved considerable success in describ-
ing various aspects of hadron physics. Here, we adopt a
type of soft wall model [45],

R2h(r)

3 rzh(r)
r2f(r)

2
ds” = R

|- £ +dx +dy? +d2? | + ar?, (4)

with
4

f=1- %, h(r) = e“RI7. ()

where R is the radius of AdS (hereafter, we set R =1 for
convenience), and 7 is the radial coordinate describing the
fifth dimension. The horizon is r=r,, defined by
f(r) =0, and the boundary is r=co. Moreover, h(r)
refers to the warp factor, which determines the character-
istics of the soft wall model, and ¢ denotes the deforma-
tion parameter (or confining scale), which determines the
deviation from conformality.

According to [52—54], we can extend (4) to a rotating
case by performing a Lorentz boost in the 71— ¢ plane,

t = y(t+wl¢), ¢ — y(¢+ wlp), (6)

with

1
N @)
1 -2

where ¢ is the angular coordinate describing the rotation,

w represents the angular velocity, and / denotes the radi-
us of the rotating axis. Here, we focus on qualitative res-
ults; therefore, we simply take /=1GeV~!, similar to
[40].

Hence, the corresponding transformation of (4) gives

ds® = —m(r)df* + r*h(r)(dx* + dy*)
h(r)

O PO, (8)
with
h(r) f(r)r*(1 — w?)
m(r) =
1 - f(rw?
n(r) = h(Nry*(1 - f(Hw?),
pr) = [~ (e 9)

The Hawking temperature of a black hole is ex-
pressed as

T="1-02 (10)

T

Note that for w =0, (8) returns to (4), whereas for
w = ¢ =0, it recovers to the AdS black hole.

III. POTENTIAL ANALYSIS OF THE (HOLO-
GRAPHIC) SCHWINGER EFFECT

Next, we study the behavior of the Schwinger effect
in the background (8) following [8]. Because the trans-
formation (6) is a boost on the t—¢ plane, we consider
the QQ pair located on the x—y plane. For example, the
Q0 axis should be aligned in the x direction,

t=1, x=0, y=0,

=0, r=r(o). (11

The Nambu-Goto action is given by

1
S ZTFdedO'LZTFdedO'\/g, TFZ%, (12)

2

. . R .
where o’ is related to A via — = V4, and g is the determ-
a

inant of the induced metric

0X* 0X¥
808 = 8 Gt b ()

with g,, and X* denoting the metric and target space co-
ordinates, respectively.
Under the ansatz (11), the induced metric can be writ-
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ten as
oo =—m(r)+n(rp’,  go1 = g0 =0,
g = rffz )r) 2+ () (14)
which yields
L= VA + B2, (15)
with
A(r) =[m(r) = n(r)p*(N1rh(r),
B0) =[m(r)—:§?(1ij(r)]h(r)’ 16)
where 7= 3

o
Note that £ does not explicitly depend on o; hence,
the Hamiltonian is conserved.

L- a;{:i’ = Constant. 17
or
By imposing the boundary condition
ﬂz 5 r=re (ry <re <rp), (18)
do
we obtain
dr _ |20 -A0ACY. (19)
do A(r.)B(r)

with A(r.) = A(r)ly=r., Where r = ry is an intermediate posi-
tion in the bulk, which can yield a finite mass [6]. The
configuration of the string world-sheet is shown in Fig. 1.

From (18) and (19), the inter-distance between QQ is

obtained as
=2 f "o /M.
. A2(r)—A(NA(re)

(20)

—m(r)+n(r)p*(r) 2n’E 0

—2na’E
0
n(r)p(r)

Gy +Fuy =

yielding

Probe Boundary

r r r o

Fig. 1. String configuration.

Substituting (15) and (19) into (12), the sum of the
Coulomb potential and static energy is obtained as

_ " / A(r)B(r)
VCP+E = ZTFL dr m

Next, we calculate the critical field. The DBI action is
given by

@1

Sper = —1Tp3 f d*x \/-det(Gyy + Fr)s (22)
with
— 1 _ ’
TD3 = m, 7‘-#1, = 271'(}’ FHV’ (23)
where Tps refers to the D3-brane tension.
The induced metric reads
Goo =—m(r) +n(r)p*(r),
G11 =G = r*h(r),
Gs3 =n(r),
Gos =G4 = n(r)p(r). (24)

If the electric field is turned on along the x direction

(8],

n(r)p(r)
2hir) 0 0 (25)
0 r2h(r) 0 ’
0 0 n(r)

det(G  + Fpuy) = r*h(r)n(r)[(2na’ Y E* = P h(rm(r)].  (26)
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Inserting (26) into (22), and setting the probe D3-
brane location at r = ry, we get

SDBI = —TD3}”0 \/hol’lo fd4x \/V(%h()m() - (271'(1/')2E2, (27)

with iy = h(P)lr=r,» mo = m(r)l;=y,, etc.
To avoid action (27) being ill-defined, we have

rZhomo — 2na’)? E? > 0, (28)
which results in

E< % \/homo =Tkro \/l’lol’l’lo. (29)
T
As a result, the critical field is

E. = Trro \homy, (30)

and we can check that E. depends on T, ¢, and w.
Moreover, it is useful to give the mass of fundament-
al matter as

m= TF[ \—detga, = Tr(ro — 1), (€29)

with m = mg + Am, where mg = Tgry is the mass in the sys-
tem without 7 and w, and Am = —Tr; depends on T and
. Then, we can rewrite E. as

_ 2nM? Am\? fo(l - w?)
A L e G

where E. is well defined for T and w with fixed ry.

Now, we calculate the total potential. For conveni-
ence, we introduce the following dimensionless paramet-
ers:

r

re
, a=—, b
re ro

IS

1]
SIS

<

1]

I (33)
o
Then, the total potential becomes

Viet(x) =Vepie —Ex

B Va AG)B(y)
‘2‘”°TFf1 Y\ A -400

1/a
—2argTrary \Vhomy f dy\/
1

A(yo)B(y)
A2(y) = AAQ.)
(34)
where

A®y) =(m(y) - n(y)p> (")) arey)*h(y),
B(y) =(m(y) — n(»)p*(2)h()/(aroy)* £ (),

A =(m(ye) = n(ye)p>(ve))aro*h(ye), (35)
with
) = h(y) f ) (argy)*(1 - w?)
1- f(w?
n(y) =h()(argy)*y*(1 - f()w?),
_w(1-£()
Py T’
me) = h(ye) f(ve)arg)*(1 — w?)
1- f()’c)wz ’
n(ve) =h(ve)arg)y*(1 - fro)w?),
_w(1-£(.))
pOe) T fona?

h(y) = /laroy)’ ,
h(ye) =e /€,

4
f(y>=1—(3) ,
ay
b 4
f(yc)=1—(5) . (36)

and note that by setting ¢ =w =0 in (34), the result of
SYM [8] will be recovered.

Before proceeding, we discuss the values of several
parameters. First, for comparison purposes, we take
Te=1 and b=0.5/V1-w? [8]. However, because the
range 0<c¢/T <2.5 is most relevant for a comparison
with QCD [55], we choose a value of ¢ in that range.

In Fig. 2, we plot Vi, (x) as a function of x for various
cases, where the left panel is for ¢/T = 0,w =0, whereas
the right is for ¢/T =2.5,w =0.2 GeV (other cases with
different values of ¢/T and w result in similar plots).
From both panels, we can see that for a < 1 (or E < E,.),
the potential barrier Vi (x) is present, and pair produc-
tion can be described as a tunneling process. As E in-
creases, Vio(x) decreases gradually and vanishes at a = 1
(or E=E.). When a > 1 (E > E.), pair production is cata-
strophic, and the vacuum becomes catastrophically un-
stable. These findings are in accordance with [8].

To investigate how angular velocity affects the
Schwinger effect, we plot Vi,(x) against x with fixed ¢/T
for different values of @ in Fig. 3, where the left panel is
for ¢/T =0, and the right panel is for ¢/T =2.5. In both
panels, from top to bottom, w =0, 0.2, 0.6 GeV, respect-
ively. At fixed ¢/T, the height and width of Vi, (x) de-
crease with increasing . It is known that the higher or
wider the potential barrier, the more forcefully the pro-
duced pairs escape to infinity. Therefore, we can draw the

104107-4



Holographic Schwinger effect in a rotating strongly coupled medium

Chin. Phys. C 46, 104107 (2022)

Via®) 0=0.8
0.10 ¢=0,0=0 a=0.9
— a=1.0)
—a=1.1
0.05
0.00 . ) . X
0{0 1.0 1.2 1.4

-0.05

-0.10 H

Fig. 2.
a=0.8, 0.9, 1, 1.1, respectively.

Vio®) a=0.8
0.15 ¢/T=2.5,0=0.2 0=0.9
—a=1.0

0104 —a=1.1

0.05

0.00

-0.05

-0.10

-0.15

(color online) Viei(x) versus x. (left) ¢/T=0, w=0. (right) ¢/T =2.5,0=0.2 GeV. In both panels, from top to bottom,

Vie®) ——0=0 ViX) —— 0=0
0.10 ¢=0,0=0.8 [—— 0=0.2 ¢/T=2.5,0=0.8 [—— ©=0.2
— 0=0.6 0.12 1 — 0=0.6
0.08
0.10
0.06 0.084
0.04 0.06
0.02 4 0.04 1
0.02
0.00 —TT——— 77— X
0jo 0.2 04 0.6 0.8 1.0 1. 14
0.00 f——F—F—F—"—TF—"—T—"—T—"—T—"—TN T X
-0.02 4 0[0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-0.02 -

Fig. 3.
w=0,0.2, 0.6 GeV, respectively.

conclusion that the inclusion of angular velocity de-
creases the potential barrier, thus enhancing the Schwing-
er effect, that is, producing QQ pairs would be easier in
the presence of angular velocity. Furthermore, by com-
paring the left and right panels, we find that ¢ has the op-
posite effect, that is, increasing ¢ increases Vi, (x), thus
reducing the Schwinger effect, consistent with the find-
ings of [14].

Moreover, to observe how angular velocity modifies
the critical electric field, we plot E./E.y versus w in Fig.
4, where E represents the critical electric field of SYM.
We find that E./E. decreases as e increases, implying
that the inclusion of angular velocity decreases E., thus
making the tunneling process easier, which is in agree-
ment with the potential analysis. Meanwhile, ¢ has the
opposite effect. In addition, E./E.o can be smaller or lar-
ger than 1, which means that the model considered in this
study could provide a wider range for the Schwinger ef-
fect in comparison to SYM.

IV. CONCLUSION

In this paper, we investigate the effect of angular ve-

(color online) Vio(x) versus x with @ =0.8 and fixed ¢/T for different values of w. In both plots, from top to bottom,

EJ/E, —— =0

1.20 4 ¢/T=1.0

c/T=2.5
1.154
1.10
1.05
1.00
0.95
0.90
0.85 4
0.80

T T T T T T T T T 1 O

0.0 0.2 0.4 0.6 038 1.0
Fig. 4. (color online) E./E, versus . In both plots, from

top to bottom, ¢/T =2.5, 1, 0, respectively.

locity on the Schwinger effect using potential analysis in
a deformed AdS black-hole background. We calculate the
total potential of a QQ pair in an external electric field
and determine the critical electric field from DBI action.
It is found that the inclusion of angular velocity enhances
the Schwinger effect, in contrast with the effect of the

104107-5



Yi-Ze Cai, Rui-Ping Jing, Zi-Qiang Zhang

Chin. Phys. C 46, 104107 (2022)

confining scale c¢. Moreover, with several chosen values
of w and ¢/T, E. can be smaller or larger than its coun-
terpart in SYM, indicating that the model considered here
could theoretically provide a wider range for the
Schwinger effect in comparison to SYM.

Interestingly, the holographic Schwinger effect has
previously been discussed in a moving medium [13], and
the results showed that the presence of velocity increases
the Schwinger effect. Taken together, we may summar-
ize that translation and rotation have the same effect on
the Schwinger effect. Furthermore, the production of Q0
pairs would be easier in a moving or rotating medium.

One likely explanation for this is that in moving or rotat-
ing backgrounds, virtual pairs may not only gain energy
from the external electric field but also from the kinetic
energy associated with translation and rotation. However,
the exact mechanism is not yet clear and requires further
investigation.

Finally, it is interesting to note that rotating QGP may
also be described by means of a five-dimensional Kerr-
AdS black hole [56], and one may also study the
Schwinger effect in that rotating frame. We hope to re-
port our progress on this in the near future.

References

[1T  J. S. Schwinger, Phys. Rev. 82, 664 (1951)
[2] I K. Affleck and N. S. Manton, Nucl. Phys. B 194, 38
(1982)
[3] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)
[4] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys.
Lett. B 428, 105 (1998)
[5] O. Aharony, S. S. Gubser, J. Maldacena et al., Phys. Rept.
323, 183 (2000)
[6] G. W. Semenoff and K. Zarembo, Phys. Rev. Lett. 107,
171601 (2011)
[71 Y. Sato and K. Yoshida, JHEP 04, 111 (2013)
[8] Y. Satoand K. Yoshida, JHEP 08, 002 (2013)
[91 Y. Sato and K. Yoshida, JHEP 09, 134 (2013)
[10]  S. Chakrabortty and B.Sathiapalan, Nucl. Phys. B 890, 241
(2014)
[11] M. Ghodrati, Phys. Rev. D 92, 065015 (2015)
[12] K. B. Fadafan and F. Saiedi, Eur. Phys. J. C 75, 612 (2015)
[13] Z.-q. Zhang, D. f. Hou, and G. Chen, Eur.Phys.J.A 53(3), 51
(2017)
[14] Y. Ding and Z.-q. Zhang, Chin.Phys.C 45(1), 013111
(2021)
[15] Z.-q. Zhang, X. R. Zhu and D. f. Hou, Phys. Rev. D 101,
026017 (2020)
[16] L. Shahkarami, M. Dehghani, and P. Dehghani, Phys. Rev.
D 97, 046013 (2018)
[17]  Z.R.Zhu, D. f. Hou, and Xun Chen, Eur. Phys. J. C 80, 550
(2020)
[18]  W. Fischler, P. H. Nguyen, J. F. Pedraza et al., Phys. Rev.
D 91, 086015 (2015)
[19] K. Hashimoto and T. Oka, JHEP 10, 116 (2013)
[20] K. Hashimoto, T. Oka, and A. Sonoda, JHEP 06, 085
(2014)
[21] X. Wu, JHEP 09, 044 (2015)
[22] K. Ghoroku and M. Ishihara, JHEP 09, 011 (2016)
[23] D. Kawai, Y. Sato, and K. Yoshida, Internat. J. Modern
Phys. A 30, 1530026 (2015)
[24] L. Adamczyk et al. (The STAR Collaboration), Nature 548,
62-65 (2017)
[25] Z. T. Liang and X. N. Wang, Phys. Rev. Lett. 94, 102301
(2005); 96, 039901(E) (2006).
[26] F. Becattini, F. Piccinini, and J. Rizzo, Phys. Rev. C 77,
024906 (2008)
[27] X. G. Huang, P. Huovinen, and X. N. Wang, Phys. Rev. C
84, 054910 (2011)

[28] L. G. Pang, H. Petersen, Q. Wang et al., Phys. Rev. Lett.
117, 192301 (2016)

[29] M. 1. Baznat, K. K. Gudima, A. S. Sorin et al., Phys. Rev. C
93, 031902 (2016)

[30] D. E. Kharzeev, J. Liao, S. A. Voloshin et al., Prog. Part.
Nucl. Phys. 88, 1 (2016)

[31] Y. Jiang, Z. W. Lin, and J. Liao, Phys. Rev. C 94, 044910
(2016); 95, 049904(E) (2017).

[32] L Ya. Arefeva, A. Bagrov, and A. Koshelev, JHEP 07, 170
(2013)

[33] I Ya. Arefeva, A. A. Golubtsova, and E. Gourgoulhon,
JHEP 04, 169 (2021)

[34] A.N. Atmaja and K. Schalm, JHEP 1104, 070 (2011)

[35] J. Sadeghi and B. Pourhassan, Int. J. Theor. Phys. 50, 2305
(2011)

[36] B. Mclnnes, arXiv: 1710.07442 [hep-ph]

[37] K. B. Fadafan, H. Liu, and K. Rajagopal, Eur. Phys. J. C 61,
553 (2009)

[38] M. Atashi and K. B. Fadafan, Phys. Lett. B 800, 135090
(2020)

[39] D. f. Hou, M. Atashi, K. B. Fadafan et al., Phys. Lett. B
817, 136279 (2021)

[40] X. Chen, L. Zhang, D. Li et al., JHEP 07, 132 (2021)

[41] J. Zhou, X. Chen, Y-Q Zhao et al., Phys. Rev. D 102,
126029 (2020)

[42] J. Erlich, E. Katz, D. T. Son et al., Phys. Rev. Lett. 95,
261602 (2005)

[43] J. Polchinski and M. J. Strassler, JHEP 05, 012 (2003)

[44] A. Karch, E. Katz, D. T. Son et al., Phys. Rev. D 74,
015005 (2006)

[45] P. Colangelo, F. Giannuzzi, and S. Nicotri, Phys. Rev. D 83,
035015 (2011)

[46] J.P.Shock, F. Wu, Y-L. Wu et al., JHEP 03, 064 (2007)
[47] A. Stoffers and 1. Zahed, Phys. Rev. D 83, 055016 (2011)
[48] D.n.Liand M. Huang, JHEP 11, 088 (2013)

[49] D.n.Li, S. He, M. Huang et al., JHEP 09, 041 (2011)

[50] S. He, M. Huang, and Q. S. Yan, JH EP, Phys. Rev. D 83,

045034 (2011)
[51] S.He,S.Y.Wu,Y. Yang et al., JHEP 04, 093 (2013)
[52] M. B. Gaete, L. Guajardo, and M. Hassaine, JHEP 04, 092
(2017)
] C. Erices and C. Martinez, Phys. Rev. D 97, 024034 (2018)
] A.M. Awad, Classical Quantum Gravity 20, 2827 (2003)
[55] H. Liu, K. Rajagopal, and Y. Shi, JHEP 0808, 048 (2008)
1 S. W. Hawking, C. J. Hunter, and M. Taylor-Robinson,
Phys.Rev. D 59, 064005 (1999)

104107-6


https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1016/0550-3213(82)90511-9
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1103/PhysRevLett.107.171601
https://doi.org/10.1103/PhysRevD.92.065015
https://doi.org/10.1140/epjc/s10052-015-3839-1
https://doi.org/10.1140/epja/i2017-12244-3
https://doi.org/10.1088/1674-1137/abc240
https://doi.org/10.1103/PhysRevD.101.026017
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1103/PhysRevD.97.046013
https://doi.org/10.1140/epjc/s10052-020-8110-8
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1103/PhysRevD.91.086015
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1142/S0217751X15300264
https://doi.org/10.1038/nature23004
https://doi.org/10.1103/PhysRevC.77.024906
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005
https://doi.org/10.1103/PhysRevLett.117.192301
https://doi.org/10.1103/PhysRevC.93.031902
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1016/j.ppnp.2016.01.001
https://doi.org/10.1007/s10773-011-0713-2
https://doi.org/10.1140/epjc/s10052-009-0885-6
https://doi.org/10.1016/j.physletb.2019.135090
https://doi.org/10.1016/j.physletb.2021.136279
https://doi.org/10.1103/PhysRevD.102.126029
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.83.035015
https://doi.org/10.1103/PhysRevD.83.055016
https://doi.org/10.1103/PhysRevD.83.045034
https://doi.org/10.1103/PhysRevD.97.024034
https://doi.org/10.1088/0264-9381/20/13/327
https://doi.org/10.1103/PhysRevD.59.064005

	I INTRODUCTION
	II SETUP
	III POTENTIAL ANALYSIS OF THE (HOLOGRAPHIC) SCHWINGER EFFECT
	IV CONCLUSION

