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Abstract

The experimental efforts in testing the QED vacuum properties such as the
Schwinger pair production in the presence of a strong electric field have so far not
been successful. This raises a potential possibility regarding if the usual QED vac-
uum picture is a complete one. In this paper, we address this possibility by taking
our own (1 + 3)-dimensional world as a visible D3 brane with a nearby (hidden) D3,
placed parallel at a separation, in Type IIB superstring theory and by considering
an analogous open string pair production process. This setup can be taken as a sim-
plified version of the underlying QED resulting from the particle physics standard
model constructed from the intersecting D-branes. We will use this simple setup to
demonstrate that the stringy pair production rate in the weak-field limit, though
as expected to equal to the corresponding QED rate from the braneworld picture,
contains far more important information than the QED one and as such the future
detection of the Schwinger pair production can teach us lessons about the existence

of extra dimension(s) and a potential source of dark matter among other things.


http://arxiv.org/abs/2405.02558v2

1 Introduction

The great success of quantum electrodynamics (QED) appears to make nobody doubt
its underlying vacuum picture. There are ways to test such a picture. For example, by
applying a constant strong electric field to the vacuum, we expect the Schwinger pair
production to occur [I]. Tt is generally believed that if the applied constant electric field
reaches its threshold value which can be estimated as eEp ~ m? — Er ~ 10'® Volt/m
with m, the mass of electron or positron, one would detect such pair production. The
null direct experimental detection of this pair production so far is largely attributed to
the smallness of the electric field which can be realized in laboratoryﬂ. Even in the case
in which there is a large enough electric field such as in quark gluon plasma (QGP)
experiment, there is no direct experimental evidence for this pair production though it is
believed to occur and the lack of its detection is attributed to the large background which
overtakes this pair production.

Attaining this threshold electric field in laboratory relies on ever evolving laser tech-
nologies. Though feasible eventually, it appears hardly experimentally accessible in the
not too distant future. An alternative approach is to use heavy nucleﬂ as a source of
strong electric field based on the pioneering work [2] 3, 4]. The basic idea is that when
the nuclear charge Z > Z, = 137, the energy E(Z) for the 1s state of hydrogen-like ions
from the relativistic quantum mechanical Dirac equation decreases to the negative region
and eventually crosses the value —m.c? at the critical Z., ~ 173 [2, 3, 4 [ [6, [7, §]. After
this crossing, this level “dives® into the negative-energy Dirac continuum and becomes
a resonance. If this supercritical resonance state is initially vacant, it can then be oc-
cupied by two electrons from the negative-energy continuum with the emission of two
positrons[3, 4, [, [0, [7]. The superheavy nuclei with Z > Z, can be formed via two heavy
colliding ions. The observation of the electron-positron pairs spontaneously produced dur-
ing the collision would be the direct evidence of vacuum decay, therefore a test of QED
vacuum picture. However, no sign of this has been found [7, [@]. There are proposals for
investigating the supercritical collisions at the upcoming accelerator facilities [10, [11], 12],
allowing to perform experiments on an entirely new level. New theoretical efforts for this
purpose have also been put forward recently (see, for examples, [13| [14] and references

therein).

!The largest constant electric field which can be realized in laboratory is believed to be on the order
of 101° Volt/m. We learned this from our experimental colleague Zhengguo Zhao. The strongest direct-

current magnetic field generated is on the order of 50 Tesla, see [15], for example.
2The author would like to thank Xu-Guang Huang for bringing his attention to this.



Given what has been said, however, the null direct detection of the electron-positron
pairs so far could also imply the other possibility regarding if the usual QED vacuum
picture is a complete one since after all from the modern view, QED is just an effective
description of the low energy physics of the underlying UV complete fundamental the-
ory. We will explore this possibility using the open string pair production in Type II
superstrings studied recently by the present author and his collaborators in this paper.

For this, we consider our (1 + 3)-dimensional world as a D3 brane. Unlike in QED,
an isolated Dp brane in oriented Type II superstring theories, even it carries a constant
electric flux, cannot in general give rise to the open string pair production as discussed
in [10, 17, 18] and further elaborated recently in [19, 20] by the present author and his
collaborators. The reason is simple that the applied electric field can only stretch the
two ends, carrying equal but opposite charges, of each of the virtual open strings unless
the field reaches its critical value, breaks the open string and makes the Dp brane itself
unstableH. This critical electric field is hardly possible in practice and further we don’t
want the brane or the world we live itself unstable.

The simplest system that can give rise to the open string pair production, in the spirit
of Schwinger pair production in QED [I], consists of two Dp branes in Type II superstring
theories as pursued in [16] 17, 25, 26]. Here the two Dp-branes are placed parallel at a
separation with each carrying a constant worldvolume electric fluxty. In this paper, we
specify to p = 3.

Though this system is not a realistic one, it captures the essential featureH of the under-
lying QED vacuum picture obtained from the particle physics standard model constructed
from the intersecting D6 branes (for examples, see [28] 29, [30]). Note that the intersecting
D6 branes in this construction have a common large (1 + 3)-dimensional world while the
other two spatial dimensions are compact and intersecting. The massless fundamental
matters including the chiral fermions are all from the open strings connecting different

D6 branes at the interesting points before the spontaneous symmetry breaking. After the

3However, this is not the case for un-oriented bosonic string or un-oriented Type I superstring and
the corresponding open string pair production was discussed a while ago by Bachas and Porrati in
[21L 22]. In the holographic case, the Schwinger effect had been discussed firstly in [23] 24] for which the
strong coupling can be studied using AdS/CFT and in the second reference discussed was an interesting
phenomenon that the suppression exponential in the pair production rate disappears when the applied

electric field reaches beyond the critical one.
4 Adding a worldvolume magnetic field on either of the D3 branes [25] [16] (17, 27, [I8] can enhance the

rate and in certain cases [27, [I8], a sizable one can be achieved.
5The author would like to thank Tianjun Li for discussion and for explaining the spontaneous sym-

metry breaking from the perspective of the intersecting branes.



symmetry breaking, some of these open strings become massive. So we can model the
relevant features of the vacuum picture from the perspective of this brane construction as
two D3 put on top of each other before the symmetry breaking, having a U(2) gauge sym-
metry. When the two D3 has a separation, this in spirit corresponds to the spontaneous
symmetry breaking. Note also that we can only apply the electric and magnetic fields on
the large (1 + 3)-dimensions in the brane construction. This is consistent with that we
apply the electric and magnetic fields on one of the D3 branes, taking as the visible (1 +
3)-dimensional world.

In this paper, we will demonstrate, using the simplified system of two D3, that though
the stringy computations agree, as expected, with the corresponding QED computations
in the weak-field limit, the former reveals far more information than the latter, such as
the existence of extra dimension(s) and a source of dark matter, if the intersecting D6
brane construction of particle physics standard model is indeed relevant to our real world.
If this is true, the QED Schwinger pair production can provide a means to detect the
existence of the extra dimension(s) and at the same time gives rise to a source of dark
matter.

This paper is organized as follows. In the following section, we will provide the basic
setup for the discussions of the following sections and in particular we will discuss the
condition to validate the pair production rate computations. In section 3, we will move
to demonstrate explicitly that the the non-perturbative stringy rate computed agrees
completely with the corresponding QED rate in the weak-field limit. We will further spell
out the remarkable implications of this agreement. We will conclude this paper in section
4.

2 The basic setup

In order to compute the non-perturbative open string pair production rate, we need first
to compute the open string one-loop annulus amplitude between the two D3 branes. We
start with considering each D3 carrying a colinear electric and magnetic fields. In other

words, we will consider the following fluxes on each of the D3 first
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where both F?fa) are dimensionless with @ = 1,2, defined via F@ = 270/ F® with F(@
the usual field strength tensor.
The open string one-loop annulus amplitude can then be computed following [25], 26,

BEHH as
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with |z| = e~™. In the above, the parameters 1y € [0,00) and v}, € [0,1) are determined

via A A

tanh 7y = |f1 _ A|, tan Ty = L—AgAﬂ (4)
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Note that vy — oo when either |f,| — 1, the critical value of electric flux, which can
be determined from the Born-Infeld factor used in the boundary state representation of
D-brane carrying worldvolume flux, for example, in [31]. The value of this critical electric
field depends on the actual situation. For example, in the holographic case, this was
determined from the corresponding Born-Infeld action in [24].

For large ¢, the integrand of the above amplitude behaves like e~ Fmar (W7 2 1g) /t which
vanishes when y > W\/W but blows up when y < W\/W if v # 0, indicating
a tachyonic instability at this separation. Note also that this amplitude vanishes as
expected when fl = f2 and g; = go or in the absence of the electric and magentic fluxes
since the underlying system is 1/2 BPS. In general, we have I'53 # 0 and the system
breaks all supersymmetries due to the presence of the fluxes.

It is clear that the above amplitude has an infinite many simple poles occurring when
sinmypt = 0, vy # 0 or sinwygt = 0, cosmgt # 1, ) = 0 along the positive t-axis. For
the former case, these poles can be determined at

k
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0

6We actually use the boundary state representation of a D-brane to first compute the closed string
tree cylinder amplitude and then express the amplitude in terms of modular forms. After that, we use
the Jacobi transformation of various #-functions to convert this amplitude to the open string one-loop
annulus one.



while for the latter, the poles occur at

2k —1
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The system will relax itself or decay to a stable 1/2 BPS one by producing open string
pairs at these poles to lower its excess energy due to the presence of electric fluxes or
via tachyonic condensation in the presence of pure magnetic fluxes under the attractive
interaction. For the pair production case, the presence of an infinite number of simple
poles implies that the amplitude has an imaginary part and this will give the decay rate
of the underlying system. This decay rate can be computed as the sum of the residues of

the integrand in (2)) at these poles times 7 per unit worldvolume following [21] as

2Iml

W = 7

8f1 — follgn — ol i he1
(-)
k=1

(8m2a)?2

where

/ 4 / 4
~ (1—(—)k e——QZ’S"“—Z—%)) (1_(_)ke‘2’5’5”<1+§—2>)
Zi(vo, V) = .
(o 10) }:[1 (1 — 6_2Z§W>6 (1 — e_QZSW(l_Vé/n)) (1 — e_QZSW(1+V6/"))

(8)

The open string pair production rate is however differentEI and happens to be given as the
k =1 term of the above decay rate, following [33] (see the recent discussion in [19]). It is
h az 2
. 8A_AA_A_2[COSV—O+1}
yisuing _ 8 = Pollor =l iy L7 — L gy, )
(8m2a)? sinh =
Vg

where

_2nm ! _dnn 4
[I—I—Qe ) coshy—oo—l—e ”0]

Zl(l/o, V/) =
0 T]L;[l |:1 - 6_2:0#]6 [1 B e_’%r(n_y(’))] [1 B 6_'273(n+1j6)i|

;72
= 1—|—4{1+cosh%] e e (10)
Yo

7 After the pairs produced, certain fraction of the pairs will annihilate afterwards and only the average
pairs produced per unit time and per unit volume are more relevant for detection and give to the so-called
pair production rate [33].



It is clear that when f; = fo and §; = §» (now vy = 0,24, = 0 from (@), Z1(0,0) = 1
and the rate W8 vanishes as expected. This counts also the case of an isolated D3
mentioned in the introduction since the two ends of the virtual open string experience the
same electric and magnetic fields.

In practice vy < 1, we only need to keep the leading term contribution of Z; (v, 1)

to the rate from its expansion given in ([I0). The resulting rate is then

2
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In other words, we need to consider the lowest modes of the open string along with
the corresponding ones from the anti open string, which consist of eight massive bosonic
degrees of freedom (DOF) 85 and eight massive fermionic DOF 8 from the 10-dimensional
view. For the open string, each of the modes is charged, say, with a positive unit charge
with respective to the U (1) of the visible D3 and a negative unit charge with respective
to that of the hidden D3. For the anti open string, we have the opposite for the charge
carried by each mode with respective to the visible D3 and to the hidden D3. Note that all
these modes have the same mass given by m = Tyy = y/(2ma’) due to that in the absence
of the brane fluxes the system is 1/2 BPS. So we have in total 16 charged/anti-charged
pairs to give rise to the pair production rate ([I]). These 16 pairs consist of 5 massive
scalar pairs, one massive vector pair and 4 massive spinor pairs from either the visible or
the hidden D3 worldvolume view.

As stressed in the introduction, the system considered in this paper is a simplified
version of the realistic QED constructed from the intersecting D6 branes. Our intention
here is to show the key features of such a D-brane construction of particle physics standard
model, which cannot be learned from the usual (1 + 3)-dimensional QED. We will show
these features in the following section. Before closing this section, we need to keep in
mind that the string coupling needs to be small to validate the computations for the
open string one-loop annulus amplitude and also the rates computed. This is to say that
the gauge coupling ¢g2,; = 2mg, is also small which is consistent with the QED charge
e = VAra = gym with o = 1/137 the fine structure constant. So for our purpose here,

we will not have a strong coupling issue as in the holographic case discussed in [24].

3 The stringy rate vs the QED rate

We have no control on the electric and magnetic fields on the hidden D3 and also for

simplicity, we set fg = 0 and g, = 0. We now express fl = 2nd’eF and §; = 2wd/eB in

7



terms of the usual electric field £ and magnetic field B on the visible D3. So we have
from ()
2(6E) (63) (Cosh ﬁ + ].)2 7rm2(y)
e (12)
(2m)? sinh %=
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where we have used ([#]) to express 1y and v, in terms of F and B noticing fl < 1 and
g1 < 1 in practice and the mass scale m

m(y) = Try = (13)

2mal’

as given earlier. The rate formula ([I2]) is our starting point in what follows.

Note that this rate is a non-perturbative one which can be seen from the appearance
of the coupling e = gyn = v/27gs in the exponential factor in the formula (I2). In other
words, any perturbative expansion of this formula around e = 0 gives a null result.

The QED non-perturbative rates for a scalar charged pair and a spinor charged pair,

respectively, with the same applied electric and magnetic fields were given long time ago
by Nikishov [33] (see also [34]) as

qep _ (eE)(eB) TBY _m? qep _ (eE)(eB) TBY w2
Wscalar - WCSCh f € <k, Wspinor - WCOth f € B, (14)

while for a vector pair, it is [35]
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Given that the stringy rate (I2]) is due to the contributions from five scalar pairs, four
spinor pairs and one vector pair from the viewpoint of observer on the visible D3 brane,
one expects that this rate should be identical to the following QED one

WARED = 5 WD L AWED + Wik, (16)

scalar spinor

if we set the mass m here to be the same as the mass m(y) as given in (I2). One happily
finds that this is indeed true, i.e.,

W(String) _ WQED‘ (17)

This identity, though expected, is remarkable in the following sense. The stringy rate
Wstng s computed non-perturbatively using the stringy description of D-branes and in
particular its non-vanishing value needs the presence of a second (hidden) D3 (for an

isolated D3, this rate is zero). Further the modes contributing to this rate come from

8



the open string/anti open string pair connecting the two D3 branes under consideration,
therefore along the directions transverse to both of the two D3 branes, i.e., along the
extra dimension(s) from the worldvolume viewpoint. In other words, a non-vanishing
rate implies the existence of extra dimension(s) and also the existence of the hidden
brane nearby our visible D3 brane. On the other hand, the QED rate W®EP needs only
our (1 + 3)-dimensional world and the corresponding pairs contributing to this rate. It
says nothing about the hidden D3 and the existence of extra dimension(s).

In other words, the low energy effective quantum field theory can give correct com-
putations if the low energy modes are correctly identified, but cannot reveal more than
the visible (1 + 3)-dimensional world physics. So if the intersecting D-brane construction
of particle physics standard model is indeed relevant to our real world, a detection of
the QED Schwinger pair production provides a means to detect the existence of extra
dimension(s) and also a means to detect the existence of dark matter as a form of hidden

branes (not in the form of particles) nearby our visible branes in the extra dimensions.

4 Conclusion and discussion

In this paper, the null detection of the electron-positron pair production in QED so far and
the upcoming experiments for such a detection motivate us to check if the QED vacuum
picture is complete or not. There is a certain rationality for posing such a question
since from the modern view, QED, though very successful, is just a low energy effective
description of the underlying fundamental theory and so is its underlying vacuum.

For this, we use a simplified version of the intersecting D brane construction of particle
physics standard model by considering a system of two D3 placed parallel at a separation.
One of the two D3 is taken as the visible (1 + 3)-dimensional world, mimicking our own
(1 4+ 3)-dimensional one, while the other D3, dark to observers in the visible one, is a
hidden one. This simplified system captures the essential features of the QED vacuum
from the brane construction. The presence of the hidden D3 is a must for having a non-
vanishing pair production (as discussed in Introduction an isolated D brane cannot have
a non-vanishing pair production if the applied electric field is below the critical one).
The open string/anti open string pair produced, though only the pairs coming from their
lowest modes contribute in the weak-field limit, is from the one connecting these two D3.
In other words, if there is any pair production, it must come from this kind of open string
/anti open string pairs, signaling the existence of extra dimension(s). While for QED
computations, the same rate can be obtained for the same low energy pairs resulting from

the quantum fluctuations of the corresponding QED vacuum but here we need only the



(1 4+ 3)-dimensional world, nothing else.

So there is a clear difference regarding the underlying vacuum picture between the
stringy description and the QED one. This provides us a means to detect the existence of
extra dimension(s) and gives rise to a source of dark matter (the hidden branes), not in
the form of particles, if the intersecting D brane construction of particle standard model
is indeed relevantd.

So a future detection of the QED Schwinger pair production can teach us potential
lessons about the existence of extra dimension(s) and a source of dark matter. If on the
other hand, we still have a null detection even for a large enough laboratory electric field
E > Ep, this must imply that the QED vacuum picture has a serious problem. Though
the isolated D brane appears to give an explanation of this qualitatively, one has to explain

where the fundamental matter comes from in the brane construction.
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