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This paper, among other things, talks about possible research on the holographic Schwinger effect with a rotating probe D3-brane.
We discover that for the zero temperature case in the Schwinger effect, the faster the angular velocity and the farther the distance
of the test particle pair at D3-brane, the potential barrier of total potential energy also grows higher and wider. This paper shows
that at a finite temperature, when S° without rotation is close to the horizon, the Schwinger effect fails because the particles remain
in an annihilate state, which is an absolute vacuum state. However, the angular velocity in $° will avoid the existence of an absolute
vacuum near the horizon. For both zero and finite temperature states, the achieved results completely agree with the results of the
Dirac-Born-Infeld (DBI) action. So the theories in this paper are consistent. All of these show that these theories will play

important roles in future pair production research.

1. Introduction

The Schwinger effect [1] is a famous nonperturbational phe-
nomenon in quantum electrodynamics. A strong electric
field converts the virtual electron-positron pair into real par-
ticles. Many strong external fields will produce a neutral par-
ticle pair from high-dimensional spacetime, such as strings
and D-branes [2]. As a result, the Schwinger effect has an
objective existence and is required for a thorough under-
standing of the vacuum structure and nonperturbative
aspects of string theory and quantum field theories [3].

To become real particles, virtual particles must be able to
overcome some potential from external field energy. As a
quantum process, the potential energy is closely related to
the quantum tunnelling effect [4]. Assuming that virtual
particles are separated by a distance, which is simply ana-
lysed via the Coulomb potential, then the expression of
potential contains two possible quantum processes. The crit-
ical electric field E, is a key factor in these two processes.
When E < E,, the potential energy barrier exists and quan-
tum tunnelling can occur, so the vacuum stays stable.

Whereas if E > E_, the real particle production rate will no
longer have the exponentially suppressed property, and the
vacuum will become catastrophically unstable.

How to get the critical electric field is an important prob-
lem. The external electric field’s critical value is assumed to
be in QED [2]. Unfortunately, it might not be observed from
the pair-production rate computed in QED [5].

So, it is interesting to think about the Schwinger effect in the
context of holography, and [2, 6, 7] has started a similar study. If
the system is the /" = 4 super Yang-Mills theory, it can calculate
the critical field accurately, and the result agrees with the DBI
result [6]. The extension of the magnetic field has also been
completed [8, 9]. However, if we estimate the critical field by
using Coulomb potential to calculate the AdS/CFT instruction
[10], there would be some deviation from both the string
world-sheet result and the DBI result [11, 12]. Sato and Yoshida
investigated a static potential by evaluating the classical action
of a probe D3-brane in AdS spacetime, and the resulting critical
field agrees perfectly with the DBI result [3, 13].

Separating one D3-brane from a parallel stack of N
coincident, D3-branes yields the Higgsing of U(N + 1) to
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U(1)x U(N) [6]. The AdS;x S° background replaces the
D3-brane stake [9] in the large N limit. The probe D3-
brane is fixed at r =r, in AdS space. Cai et al. demonstrate
that the super Yang-Mills corresponding to rotating D3-
branes are in the Higgs phase, and that we can set the
probe to have angular momentum in some ¢-direction
[11, 14-18]. One approach is to connect rotating open
strings to the probe bares [19].

In this paper, we would like to investigate the holo-
graphic Schwinger effect by setting the probe D3-brane to
have an angular velocity and calculating its potential func-
tion. In Section 2, we analyse the potential at zero tempera-
ture and then compare it to the DBI result. In Section 3, we
investigate the effect at low temperatures and discover a link
between separate distance and D3-brane position. The criti-
cal field E, also completely agrees with the DBI result. Sec-
tion 4 is the discussion, summary, and conclusion.

2. Research on Potential at Zero Temperature

2.1. Setup. The Schwinger effect is a phenomenon that
occurs in quantum field theory, where a strong electric field
can create pairs of particles out of the vacuum. In the case of
the D3-brane, this effect can occur when a test particle pair is
separated by a distance and has a high angular velocity. At
zero temperature, the energy of the system is very low, and
the behavior of the particles is dominated by their quantum
mechanical properties. In this limit, the potential barrier that
must be overcome to create a particle-antiparticle pair
becomes very high and wide as the distance between the par-
ticles and their angular velocity increases. The brane world
model is a theoretical framework that arises from string the-
ory, which is a high-energy physics theory. However, the
behavior of particles in the low-energy limit can provide
insight into the behavior of gravity and other fundamental
forces on large scales, which is relevant to the brane world
model. By studying the behavior of particles in the low-
energy limit, we can understand the properties of the brane
world model, such as the behavior of gravity on a large scale,
the existence of extradimensions, and the possible existence
of other fundamental particles beyond those in the standard
model of particle physics. Therefore, even though the brane
world model originates from high-energy physics, by study-
ing the behavior of particles in the low-energy limit, we can
still gain insight into the behavior of the model and its impli-
cations for our understanding of the universe.

We should set up the needed background spacetime.
First, the metric in the Poincare coordinates of AdS; x §° is

2

2
s T L, a0
ds” = indx"dxV + r—zdr +L7dQs, (1)

where L denotes the AdS radius and dQZ denotes S°. The
coordinates x*(p =0, --+, 3) denotes a four-dimensional slice
for each r. For simplicity, when we consider rotation, with-
out losing generality, we choose one rotational motion direc-
tion, i.e, dQs = d¢. The 1,,, is the metric, given as
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N, = diag (=1, 1,1,1) (Lorentzian),

2
M,y = diag (1, 1,1, 1) (Euclidean). @

At a finite temperature, the D3-brane black hole is
characterized by a Hawking temperature, which is propor-
tional to the surface gravity at the event horizon. When
the temperature is nonzero, there is a thermal bath of par-
ticles that can interact with the D3-brane. In the absence
of rotation, the particles created by the Schwinger effect
can annihilate with particles in the thermal bath, resulting
in a net-zero effect. This is because there is no mechanism
to break the symmetry between the created particles and
the particles in the thermal bath. However, when the
D3-brane is rotating, it can create an effective potential
that lifts the energy of the particles created by the
Schwinger effect. This potential can prevent the created
particles from annihilating with particles in the thermal
bath, allowing the effect to persist even at finite tempera-
ture. The physical mechanism behind this is related to
the centrifugal force generated by the rotation of the D3-
brane. This force creates an effective potential that
depends on the angular momentum of the particles, which
can be strong enough to prevent annihilation with the
thermal bath. In summary, the rotation of the D3-brane
creates an effective potential that prevents the particles
created by the Schwinger effect from annihilating with
the thermal bath at finite temperature. This is due to the
centrifugal force generated by the rotation, which creates
a potential that depends on the angular momentum of
the particles.

2.2. Potential Research. In this work, the critical electric-field
is argued with the DBI action in the Lorentzian signature,
while the static potentials are computed in the conventional
way with the Euclidean signature.

The next step is the computation of the classical solution
from the string world-sheet. We choose the Euclidean signa-
ture, and the Nambu-Goto action of string is

S=TFJdTJd0\/m. (3)

where the induced metric G, (a,b=0,1) is given by
G, = (0x)/(30" ) (9x")/(00” )G, String’s  world-sheet
coordinates of string are ¢® = (7, 0). For our assumption,
it is handy to work on the static gauge [20], which is
given by

X =T,x =0. (4)
For the classical solution, suppose that the radial

direction only depends on ¢ and the angular direction
only depends on 7,

r=r(0),§=9(v). (5)

We can get the Lagrangian density (&) through
induced metric G,, under the ansatz above, so
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R A LA v

(6)

Then

o[ G B o

Because & (Lagrangian density) does not depend on
o explicitly, it is easy to prove that

0Z

36N 0,1 —& (8)

is conserved. Putting Equation (7) into Equation (8), we
achieve that

(drido) + (L4/r2)¢2(dr/da) dr
\/(dr/da)2 + (FLA) + 127 + (L4/r2) (drldo )2

dr rt dr
W%) P () oo

we can obtain that

2do

©)

474 252
~ (r/L)+r</> _c

V (drido)? + (rILY) + 124 + (L41r2) (drido)?’

(10)
Considering the boundary condition, when o =0,

dr
%:O,r:rc(r<rc). (11)

The boundary condition is associated with the partic-
ular D3-brane on the string world-sheet, ending on it. It
is to put a probe D3-brane at an intermediate position
r=r.

Substituting Equation (11) into Equation (10) due to the
boundary condition, we can find the conserved constant

re a2
C=- F+1’Cq’>. (12)

Putting Equation (12) into Equation (10), we have a dif-
ferential equation

— $=0

——— ¢$=01

—m $=02
FIGURE 1: The diagram shows the relationship between different
angular velocities and different » and 0. When we vary the

angular velocity while keeping r constant, we discover that the o
increases as the angular velocity ¢ increases.

dr  1?

(r2 - rf) (r2 +ri+ L4¢2)
do Lz—rc '

2+ L‘%}Sz

(13)

We plot the numerical result of the differential equa-
tion (13) in Figure 1. When we change the angular
velocity and select the same r, we find that o will
increase with the increase of the angular velocity ¢. In
addition, the equation of motion (13) can also be
achieved through taking Lagrangian density (10) into
the Lagrange equation directly. We can obtain the same
calculation results this way. Here, we choose the energy
conservation method to simplify the calculation above.
And it can decrease the order of the differential equation
from 2-order to 1-order.

We should calculate the separate length x of test particles
in the probe brane, we get the expression of x by integrating
the differential equation (13),

L2
x= ZJroerzer e+ L'
r
.

> 14
. (r2 —r?)(rz + 72 +L4<Z>2> (14

where 7, denotes the intermediate position between r,
and oo. Then, we can calculate and plot the relationship
between the separate length x and r,/r , which is just shown
in Figure 2.

According to the previous setting, now, we can achieve
the modified form of the sum of Coulomb potential and
energy,

x/2 o 2 4 148°
Vepep = 2TFJ do = 2TFJ dr rrl¢ .
0 e \/(r2 -r2) <r2 +r24 L4¢2)

(15)
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FIGURE 2: When the angular velocities ¢ =0, ¢ =1.5, and ¢ =4,
respectively, the figure shows the relation between the separate
length x of the test particle pair on the probe brane and ry/r,.

where T represents the fundamental string tension
(Tp= 1/27a’). The results of the different angular velocities
corresponding to Vp, are shown in Figure 3.

2.3. Calculating the Critical Field by DBI Action. In this part,
we will investigate the critical field using DBI action. We also
use the same spacetime background in Section 2.1 and use
the Lorentz signature. Choosing the rotation direction as ¢,
the metric form is given by

2 3

Y (dx')*+ L2dg?. (16)

2 2
M:%M+%M—%
And then, we consider the DBI action of a rotating probe
D3-brane [19] on the AdS background with a constant
world-volume electric-field E [9]. The rotating probe D3-
brane is fixed at r=r,. So the DBI action is written into
the form

R Jd4x —det (G, + F,), (17)

where T'; is the D3-brane tension

1

gs(Zn)3(x'2 . (18)

Tpy=

We use Equation (16) to compute the induced metric
G

wv
ax%\ 3o\ ? 2 L. 0
Goo = <ax°> oo T <ax0> 94 = 12 +L°¢ . ¢= 350
r2 7.2 rZ
Gy =3 Gn =13, Gy = 5.

(19)

Now, let us consider the #,, term. There is a factor 2ma’

relative to &, = 2na' F w [21], thus we have
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FiGURE 3: When the angular velocity ¢ = 0,2, 4, respectively, the
figure shows that the relation between the separate length x of

test particle pair on the probe brane and the sum of Coulomb
potential and energy Vp,p.

I+ 124" 2na'E, 2na'E, 2naE,

2na'E, 1L 0 0
G/w + Pfjw = , L

—2na E, 0 —-r°/L 0

—2na'E; 0 0 -/

(20)

It implies that

Taking Equation (21) into the DBI action (17) and make
the probe D3-brane located at r =r,, we get

2
4 (me') L4 I .,
Sppi” =70 — Tps OJd4x -~/ F*+ —¢".

rd r2

(22)

In order to avoid the action (22) being ill-defined, we need

2
(2710/) Lt 4,
~t—F+ ¢ >0 (23)

1 —_
rt r

So the range of electric field is

2 4
1’0 L .2
E< 5 Tr 1+%¢>. (24)

We can finally get the critical field value, which is given by
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L* .,
_ 0
B 3T 1454 (25)

2.4. Total Potential. We compute the total potential by turning
on an electric field E along the x! direction [9]. For simplicity,
we introduce a variable dimensionless parameter

o (26)

E
E_C.

According to Equation (14) and Equation (15), the total
potential V, is

To 2414 12
Vi = Vepep — Ex = ZTFJ dr rl¢

g \/(r2 -12) (r2 +r2+ L4<]>2>

(27)

>

P2+ L4

2 12\
e T (r2—r?) (r2 +r2+ L4¢2)

(28)

When a=0.8, if the angular velocity ¢ =0, ¢ =2, and
¢ = 4, respectively, the relation between total potential V,
and the separate distance x of the test particle pair on the
rotating D3-brane is shown in Figure 4.

As a quantum effect, the generation of real particle pairs
in the Schwinger effect depends on quantum tunneling. In
order to become a real particle pair, a virtual electron-
positron pair needs to obtain more energy than the rest
energy of the particles from the external electric field [4].
Equation (27) is the difference between the potential and
the energy from the external electric field. If we revisit the
quantum mechanics, we will find that the existence of a
potential barrier can make the production. The rate can be
suppressed exponentially, causing the vacuum to become
stable.

Aiming at different values of « (corresponding to differ-
ent electric field E), the pair production effects are also dif-
ferent. When a«=1 (E=E.) and «=12 (E>E),
respectively, we plot the results in Figure 5. If a = 1, the bar-
rier just disappears and it can be strictly proved, i.e., we can
calculate the derivative of V,, and fix the location at x =0,
thus we have

=(1-a)Tpy[1+ ];_2¢2. (29)

x=0 0

d Vtot
dx

When « = 1, the potential barrier vanishes, the production
rate of real particles no is longer exponentially suppressed, the
vacuum begins to become unstable. This critical field E =E,
completely agrees with the DBI result (25).

V(x)

R

- p=2

— ¢=0
FIGURE 4: When a=0.8, if the angular velocity gb: 0, <Z>: 2, and
¢ =4, respectively, the relation between total potential V,, and

the separate distance x of test particle pair on the rotating D3-brane
is shown.

3. Research on Potential at Finite Temperature

3.1. Setup. In this section, we will consider the finite temper-
ature case. First, we should introduce an AdS planar black
hole [22]. The metric with a Lorentz signature is

2 4 2 4\ 1 2 3

2_ T APEIR. Th 2 T N2, 12302

ds—P<1——>dt+ﬁ(l—r—4> dr—ﬁg(dx) +L2d02.
-

r4

(30)

The horizon is fixed at r=r;,, and the temperature of
black hole is [3]

="t (31)

This temperature is dual to gauge theory [17].

3.2. Calculating the Critical Field by DBI Action. We need to
consider the DBI action of a rotating probe D3-brane on the
AdS black hole background with a constant world-volume
electric field E. The rotating probe D3-brane is fixed at r =
ry» and we follow the assumption as

T, <t <71y (32)

So the DBI action is written as

Spp = T s Jd4x ~det (G, + F,,,)s (33)

where T, is the brane tension and the expression of T, is
also (18).
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V(x) V(%)
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(a) (b)

FIGURE 5: (a) When a = 1(E = E,), the potential barrier vanishes, real particle production rate no longer is exponentially suppressed, and the
vacuum begins to become unstable. (b) When « = 1.2 (E > E,), the potential barrier already vanishes. There is no quantum tunneling effect
anymore.

We use Equation (30) to compute the induced metric G,w, In order to avoid the action (37) being ill-defined, we need
3x0\ 2 ¢ 2 2 4 3¢ 4 4 (2na’)2L4
_ [ox T , 2:2 4 r, L* .2
Goo-(w) 900‘*(@) 9¢¢—P(1—F>+L¢>¢—w) l—r—i‘+r—2¢ —r—4E220. (38)
0 0 0
2 So the range of electric field is
G11=G22=G33=‘p~ (34)

2 4
g<for, 1ot B (39)
Considering the #,, term again, we have L o 7o

. We can finally get the critical field value at finite tempera-
P -ri) 2 + 1§ 2na'E, 2na'E, 2na'E, V8 P

ture, ie.,
! 2472
G;w + g’w _ 2na’ E, r°/L 0 0 '
-2n0'E 0 ~r*/L? 0 2 A4
' ’ 2,72 Ec:_gTF 1__Z+_2¢2' (4())
=2na Ey 0 0 —r°/L L 1o 5
(35)
It can be seen that the critical electric field E, depends on
Therefore the temperature and the angular velocity.

3.3. Potential Analysis. Just like in the zero temperature case,
e 4 (2mx'>2 4 we need to apalyze th.e classi.cal solution of the st.ring world-
det (G, + F,) = _<P> O R SR UV - (36) sheet. The signature is Euclidean. The assumptions do not
change, and there are some modifications in G,, induced
metric. The Nambu-Goto action is

Taking Equation (36) into the DBI action (33) and making
the probe D3-brane located at r = r, we can achieve that §=Tr J dt J doy/ det G, (41)
" A (mer)zL4 where G, (a,b=0,1) is induced metric, ie. G, = (9x")/
Sosi" =1 — Tps L—(;Jd“x 1- r—g + %qﬁ - TEZ. (00" )(0x")/(30") - The world-sheet coordinates of string

are also 0® = (1, 0), and it is convenient to work on the static
(37) gauge, which is given by Equation (4). The radial direction
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only depends on o and angular direction only depends on 7;
that is, Equation (5).

We should calculate the induced metric G, under the
ansatz above. First,

9x° 9x° ox? ox¢ r? r} ,.2 o 0¢
0= 500900 90 * 500 500 966 = 2 (1‘ 74) HEee= G

Go1 =Gy =0,
G = ox! ox! . ox" ox" r? . L? - rﬁ ror\?
et T a2 ) \ag)

(42)
Then, we can obtain the Lagrangian density

ar\* r* r} ,2 LY rNT dr\?
g‘ﬂ%) ()i (-2) (@) ¢

(43)

Because Z does not depend on o explicitly, which
implies that the conserved quantity is

0Z

maar_gzcl. (44)

Putting Equation (43) into Equation (44), we can get

(drido) + (L4/r2) (1- rﬁ/r4)71(2)2(dr/da) dr

\/ [1+ @) (1= i) 8] (drida)? + (P14 (1= i) + 124 @

L4 AN AN & r} .
_wﬁ@gﬂaw@ﬁw%

(45)
Thus,
) (P14 (1 - riirt) + ¢ e,
\/[1 + (L) (1 - rﬁ/r“)_lgbz] (drido)? + (r*/L*) (1 = rpird) + g’
(46)

Considering the same boundary condition in zero tem-
perature case Equation (11) and substituting it into Equation
(46), we can find the conserved constant

. A ‘2
C, =—\/L_§1 (1 - 72) +r¢ . (47)

Putting Equation (47) into Equation (46), we obtain the
equation for finite temperature; that is,

a1 |(Per) () (P e ) "
do 12 r‘c‘—rﬁ+L4¢2 .

In order to arrive at Equation (48), we must first con-
sider the situation of ¢ = 0. Equation (31) says that the tem-
perature is proportional to the radius of horizon r;, and thus
that choosing a fixed temperature is equivalent to choosing a
fixed value of r;,. Because the position of probe D3-brane has
been fixed at r = r,, the rest parameters are r, and r(0). In
the other words, when we choose a vertex r of the D3-brane,
which can draw a configuration figure of about r(c). Choos-
ing r, =0.05 and r;, =0.1, the different positions of r. will
lead to different shapes of D3-brane at finite temperature,
as shown in Figure 6. When the horizon r, gets closer
to r,, that is, the higher the temperature, the D3-brane
configuration will become longer and thinner, and the sep-
arate distance x will become smaller. When 7, closes to r.
infinitely, we can see the D3-brane be drawn into a thin
line with zero separate length.

When D3-brane is drawn into a thin line, which repre-
sents the spacing is always zero, it means that no matter
where the probe point r, is in any position, the distance of
test particle is always zero. Back to the previous section for
the total potential energy equation (50), the distance of test
particles is identified by x = 0. It implies that the virtual par-
ticles cannot get any energy from the external electric field.
Particles and antiparticles are firmly locked together, never
separate, and never inspire real particles. This is a failure
of the Schwinger effect because the particles will remain at
annihilated state, which is an absolute vacuum state.

About the separate distance x, integrating Equation (48),
we have

4 4, 1442
re—r,+L*¢

Ty
x= ZJ drL?

. 49
T o iy

The result is shown in Figure 7. We can find that the sep-
aration distance of the test particles first gets a similar linear
growth from r. = r,. Because of the black hole’s gravitation, x
decays to zero rapidly when r, crosses a certain point and
gradually closes to r;, [23].

Now, we consider the situation where ¢ is not zero. Sup-
pose ¢ = 0.3, we reexamine Equation (48) and the test parti-
cle separation distance (49). The results are shown in
Figure 8. It can be seen in Figure 8(a) that there is a rapid
increase near . = r;, significantly. In Figure 8(b), the vertices
of both the dotted and solid lines are at r. = 0.501r;,. Because
of the angular velocity ¢ = 0.3, the solid line “open” a wider
width than (/) =0.

As shown in Figure 6, if D3-brane is drawn into a thin
line where the spacing is zero (absolute vacuum state), the
rotation in $° is a way to break the absolute vacuum state.
Figure 8(a) clearly shows that once an angular velocity ¢
exists, and the length of test particles is increased
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0
o

e r.=0.95r, e r.=0.501r,

o 7.=09r, e 7.=0.50001r,

r.=0.7r, e 7.=0.50000001r,
e r.=0.56r,

F1GURE 6: Choosing r;, = 0.05 and r,, = 0.1, the different positions of
r. will lead to the different shapes of D3-brane at finite temperature.
When the horizon r, gets closer to r,, that is, the higher the
temperature, the D3-brane configuration will become longer and
thinner, and the separate distance x will become smaller. When
r, closes to r. infinitely, we can see the D3-brane be drawn into a
thin line with zero separate length.

0.5 1

>1./1,

FIGURE 7: The relation between different r. and the separate length
of the test particles on the rotating probe D3-brane when r;, = 0.05
and r, = 0.1 at finite temperature. The separate length x decays to
zero rapidly when r, gradually gets closer to r;, = 0.05.

significantly near the horizon, preventing the emergence of
an absolute vacuum. This rotation is just an objective phys-
ical phenomenon.

When r, gets further away from r, or r, goes further
away from r, near the horizon, the separate distance of test
particles will increase. Similarly, when we take an angular
velocity ¢ in S spherical, the separate length spacing will
also increasing. Through Equation (31), we realize that the
smaller 7, means the lower the temperature, and this cooling
behavior corresponds to a kind of spherical rotation. That is
an interesting thing.
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We would like to go over the world-sheet topology and
the termination on the D3-brane again. Actually, the word-
sheet topology is that of a disk with the boundary connected
to the D3-brane.

In the usual studies, the test particles are assumed to be
infinitely heavy. However, this assumption is not appropri-
ate for considering the Schwinger effect in a holographic
way because the pair creation is severely suppressed due to
the divergent mass. Therefore, the setup should be modified
so that the production rate makes sense. It is to put a probe
D3-brane at an intermediate position r = r, rather than close
to the boundary. The mass m then becomes finite and
depends on r,, as m=Tr,, where T =1/(2na’) denotes
fundamental string tension.

3.4. Total Potential. Now, at a finite temperature, we com-
pute the total potential by turning on an electric field E along
the x! direction. For simplicity, we introduce a dimension-
less parameter « (26). So the total potential V', is written as

Vtot = VCP+E —Ex

o 474+L42'2
-aT, J dr rontlirg

E \/(72 —r2)(rt=7}) (r2 +r2+ L4¢2)

4 _ 4 7442
re—r,+ L%

(r2=r2)(rt=1}) (rz +r24 L%z) .

2 4 4
T r L* .5 ("
—a%[1- By 297 drL?
12 A2
0 0 e

(50)

When a=1, if the angular velocity ¢ =0, ¢=2, and
¢ = 4, respectively, the relation between the total potential
Vit and the separate distance x is shown in Figure 9. It
can be seen that the potential barrier just vanishes, so
the result agrees completely with the DBI result. For o=
0.8 (E<E,) and a«=1.2 (E>E,), the results are shown in
Figure 10.

4. Discussion, Summary, and Conclusion

We fix the probe D3-brane in the middle of AdS; x $° to
have the angular velocity and then proceed to finish the
potential investigation in the holographic Schwinger effect.
We discover that for zero temperature case, the faster the
angular velocity, the farther the distance of the test particles
at D3-brane, and the potential barrier of total potential
energy also grows higher and wider. For finite temperature
case, besides the potential research under the AdS black hole
metric, we find that the system temperature is associated
with a certain direction angular velocity in §° in D3-brane
configuration. We further discover that near the horizon, if
the system temperature is reduced, it means that the gravity
effect grows weak, and the separate distance of test particles
increases, and a certain angular velocity in S$° can achieve the
same effect.

There have been past studies on the Schwinger effect in
higher-dimensional theories, and it is important to compare
and contrast the new results with these past studies. One
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FIGURE 8: (a) There is a rapid increase near r,=r), significantly. (b) Both dotted and solid lines, their vertices both are at r,=0.501r,.

Because there is the angular velocity ¢ = 0.3, the solid line “opens” with a wider width than ¢ =0.
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FIGURE 9: For a = 1, when the angular velocity ¢ = 0, 2, 4, respectively,
the relation between the total potential V, and the separate distance x
is shown. It can be seen that the potential barrier just vanishes, so the
result completely agrees with the DBI result.

significant difference between our study and past studies is
the use of holography to study the effect. Holography is a
powerful tool in string theory that relates gravitational theo-
ries in higher dimensions to lower-dimensional field theo-
ries. By using holography, we were able to study the
Schwinger effect on the D3-brane using the DBI action,
which is the low-energy effective action of the D3-brane in
string theory. This allowed us to study the effect in a regime
where traditional field theory methods are not applicable.
Another significant difference is the inclusion of rotation
of the D3-brane in the analysis. We showed that the rotation
of the D3-brane can significantly modify the potential bar-
rier for the Schwinger effect, allowing it to occur even at
finite temperature where it would otherwise be suppressed.
This is a new result that has not been studied in previous
works on the Schwinger effect in higher-dimensional theo-

ries. Furthermore, we investigated the effect of the distance
and angular velocity of the test particle pair on the potential
barrier, which provides new insights into the behavior of the
Schwinger effect in the presence of rotation. This is impor-
tant for understanding the fundamental physics underlying
the brane world picture and string theory. In summary, the
use of holography, the inclusion of rotation, and the investi-
gation of the effect of distance and angular velocity on the
potential barrier are significant new contributions of our
work compared to past studies on the Schwinger effect in
higher-dimensional theories. These new results provide fur-
ther insights into the behavior of the Schwinger effect in the
presence of rotation and can help us better understand the
fundamental physics underlying string theory and the brane
world picture.

The Dirac-Born-Infeld (DBI) action is a theoretical
framework that describes the behavior of D-branes in string
theory. D-branes are objects that arise in string theory and
can be thought of as surfaces on which strings can end.
The DBI action describes the dynamics of these surfaces in
terms of their position, velocity, and other properties. The
fact that the results of the Schwinger effect on the D3-brane,
both at zero and finite temperature, agree with the predic-
tions of the DBI action is significant because it provides fur-
ther evidence for the validity of the brane world picture and
string theory in describing high-energy physics. String the-
ory and the brane world picture predict the existence of
extradimensions beyond the familiar four dimensions of
space-time. They also predict the existence of new particles
and interactions that are not part of the Standard Model of
particle physics. The DBI action, which is a key component
of these theories, provides a way to describe the dynamics of
these extra dimensions and particles. By studying the behav-
ior of the D3-brane in the presence of an electric field and by
comparing the results with the predictions of the DBI action,
we can gain insight into the fundamental physics underlying
the brane world picture and string theory. This can help us
to better understand the behavior of the universe at a funda-
mental level and to develop new theories and technologies
based on these insights.
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FIGURE 10: (a) When a=0.8 (E < E,), the potential barrier exists, the real particle production rate is exponentially suppressed, and the
vacuum is stable. (b) When a =1.2 (E > E,), the potential barrier has already vanished. The vacuum becomes totally catastrophic unstable.

Generally speaking, the motion, especially rotation, will
correspond to a certain way of doing work, and it will inev-
itably produce heat. However, in our model, which is con-
structed by the rotating probe D3-brane at a finite
temperature, if there is an angular velocity in $°, the model
can carry the centrifugal force, which will make the distance
between the test particles pair farther. This process is equiv-
alent to the decrease of horizon r;, (it means that the gravity
effect grows weaker) and is equivalent to the cooling process
of the system temperature.

This paper, for the first time, discovers that at finite tem-
perature, when S° without rotation, because D3-brane can be
drawn into a zero-distance line of test particle pairs, which
leads to the occurrence of an absolute vacuum, this is a fail-
ure of the Schwinger effect because the particles will remain
at annihilate state; but once there is the angular velocity in §°
, the increase of the test particle’s distance will avoid the exis-
tence of an absolute vacuum near the horizon.

After setting the probe D3-brane to have the angular
velocity, for both zero temperature and finite temperature
states, the critical field E. we obtained in the potential inves-
tigation completely agrees with the results of the DBI action.
And in terms of the whole investigation in this paper, people
can believe that this model will play important role in pair
production research in the future.
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