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ABSTRACT: We study the behaviour of fermions localized on moving kinks as these collide
with either antikinks or spacetime boundaries. We numerically solve for the evolution of
the scalar kinks and the bound (i.e. localized) fermion modes, and calculate the number
of fermions transfered to the antikink and boundary in terms of Bogoliubov coefficients.
Interpreting the boundaries as the brane on which we live, this models the ability of fermions
on branes incoming from the bulk to “stick” on the world brane, even when the incoming
branes bounce back into the bulk.
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1. Introduction

Fermions coupled to inhomogeneous background bosonic fields can become localised, in
the sense that the fermion spectrum contains localised bound states [fl-f]. In particular
in the presence of scalar kinks, fermions prefer “living on” the kinks rather than populate
higher energy (delocalised) radiation modes. This phenomenon is ubiquitous in condensed
matter systems with impurities and where external magnetic (gauge) fields provide the
inhomogeneities. The case of scalar fields acquires particular interest, if one allows kinks
to represent higher dimensional domain walls or branes in string theory [fj]. The localisation
of fermions on inhomogeneities then becomes reminiscent of brane world scenarios, where
the Standard Model fields are expected to “live” on one particular three dimensional brane.

In the presence of extra dimensions, additional branes may exist (in the “bulk”), each
with their localised fermion states. As such branes collide, one may envisage fermions
being transfered from one brane to another. Such a scenario was studied in [ff], building
on earlier work in [ff] where the authors considered the behaviour of scalar modes bound



to the walls. One should also consider the effects of self gravity in such scenarios [§] given
that, depending on the model, one may generate curvature singularities in the collision [J].

Another picture of braneworlds emerges from the work of Horava and Witten [[[(],
where it was realized that spacetime boundaries can play an important role. In that par-
ticular case it was discovered that each of the two boundaries supported an E8 gauge theory.
This braneworld model then places our Universe at the boundary of some larger spacetime.
The question of what happens as bulk branes collide with our boundary-Universe is what
this paper addresses, as well as extending the calculation of Gibbons et al [ff]. In such a
setup a baryogenesis scenario is possible where fermions carried by branes are scattered off
“our” braneworld. If the interactions are not CP conserving, it is possible that particles
and anti-particles are less likely to be transfered to the braneworld. We can consider the
present work as a step towards modelling this.

In order to model a 3+1 Universe as a boundary of a 4+1 spacetime we could start
with an action of Dirac fermions, and scalar fields that support domain walls to model the
branes. However, if we employ a planar symmetry along the walls this model reduces to a
141 model with a boundary. And for our particular initial conditions (domain walls with
just a bound zero mode) the equations for the Dirac fermion reduce to the equations for
a Majorana fermion. So, while we in practise simulate a Majorana fermion in 1+1, this
can be lifted to a 4+1 spacetime with Dirac fermions, a scalar field for the branes, and a
boundary.

We study the fermion transfer numerically, treating the scalar as classical and the
fermions in terms of a set of quantum modes.

2. Scalar-fermion model in 14+1 dimensions

We consider a model of a real scalar ¢ and a single fermion species ¢ in 1+1 dimensional
space-time. In our simulations we shall be considering situations both with and without a
boundary, in either case the bulk action we use is

St = [ dtds | 30,00% — G0, + 3 (6 -1 —igoe], (21)

with the bosonic boundary action being

Sboundary = :F/dt [ % <é¢3 - ¢>] ) (22)

Our choice of conventions is

" = diag(—1,1), {7} = 20w, ¥ = V0. (2.3)

At this point, the couplings A and g are free and we have chosen the boundary to lie at
z = 0. The boundary action for the scalar may seem unnatural at first but, as we shall see,
such a term means that there is no force between the boundary and a (static) kink, (or
antikink if the + sign is chosen). We also note that such a term would be required if we



were interested in imposing supersymmetry (g2 = 2\ with Majorana fermions), however,
we shall not be restricting ourselves to this case. The corresponding equations of motion
in the bulk are

(V¥ 0u + 9¢(2,1)) ¥(2,t) = 0, (2.4)
[QL@“ —A (¢2(z,t) — 1)] (2, t) = —ig(z,t), (2.5)

By choosing a real representation of v,

w=(20) == (1) 26)

the equation of motion for the complex two-component fermion splits up into two uncoupled
real (Majorana) copies,

v =i+ (2.7)

The equations of motion for 1&{‘4 and 1/15\/[ are identical, and we will from now on think in
terms of a single, two-component Majorana fermion 1&{‘4 , ignore the superscript, and write
it as

M [ (2, t) + 42 (z,t)
et = (Zf)l(z’t) - %(%t)) ' -

The equations of motion then read !

¢1(z7t) - - sz(Zat) +9¢1/12(Z7t)7 (29)
712)2('2’ t) = =0, (Za t) — g1 (Z’ t)’ (2'10)
P(z,t) = 2p(2,t) — M (¢?(2,t) — 1) $(2, 1) (2.11)

We discretise these in a straightforward way and solve them numerically using a standard
Runge-Kutta algorithm, 4th. order accurate in time with 2nd order spatial derivatives.
The boundary condition was satisfied using a Newton-Raphson iteration [[L1].

The boundary conditions coming from the action are

0:plo = qﬁ\/g (¢* —1) o, (2.12)

and for the fermions we will be using

Y1lo = Filo, Y2lo = £1b2lo, (2.13)

which can be derived from a boundary action of :I:% f dt[{1)],—o. We shall call these the
F Boundary Conditions, FBC. We see therefore that at the boundary either 1y or 1o
vanishes, depending on the choice of sign of boundary conditions, with the —BC' giving

!These equations are equivalent to those of the 4+1 system in [E] if we take ¥1 = Wb+ and Yo = Y_.
This explains why the authors see an additional phase of /2 between 14 and ¥_.



¥1lo = 0 and the +BC giving 12]p = 0. As we shall see later, these boundary conditions
allow for a normalizable fermion condensate on the boundary to co-exist with a kink or
antikink.

The scalar field equation can be thought of as concerning a classical field, but as
fermions are quantum, the right hand side source term in (R.§) should be replaced by
—ig(11p). The resulting equations amount to a quantum fermion in a classical scalar
background.

For the purpose of this paper, we will make the approximation of neglecting the fermion
back-reaction on the scalar. The upshot of this approximation is that whereas the solution
of the mode equations (see below) are independent of the initial state (i.e. particle content)
of those modes, the back-reaction term (7)) is a quantum average over some density
matrix. In the present context, we are more interested in the behaviour of the fermion
modes as the scalar background changes than the exact details of the kink evolution. It
is however clear that with many fermions present, in particular when including all the
non-localised modes, the back-reaction may be sizeable, and may even drive the system to
a high-temperature thermal state. Then the setup of a solitary kink or kink-antikink pair
may no longer be realistic.

In our simulations we monitor the conservation of energy and we give here the expres-
sion of the energy in the scalar field,

0= [ [;@s)? s ()

Where W is integrand of (R-4). In particular we see that the boundaries have an energy

+ W(z = 0). (2.14)

associated with them. In the case where the scalar field is in the vacuum at the boundary
we see that the boundary has an associated energy of

2 2
B(o=1)=F:VA2 B6=-1)=+/Af2 (2.15)
This boundary energy will be important in understanding the dynamics of kink-boundary
collisions.
2.1 Kinks and boundaries

The static scalar equation of motion has a kink and an antikink solution ¢x and ¢4,

¢ (z) = tanh <Z Z)Z()) , ¢a(z) = —tanh (z ;)Z°> , D= \/g (2.16)

where zg is the center of the (anti-)kink. We will use A = 2, D = 1 throughout 2. Note
that these static solutions obey

0.9 = :F\/é (¢ -1), (2.17)

2This amounts to using dimensionless quantities given by rescalings in the original action (@) of ¢ — no

and r — n%x, g — g\/2/\. Because we are neglecting the back-reaction of the fermions, this is sufficient.

Had we not done so, we would need to rescale the fermion field ¥ as well, and we would get into conflict with
the normalisation of that field. As v is quantum, its normalisation is fixed by the commutation relations
and hence it cannot be rescaled.



so that there is no force between a kink and a —BC'. Similarly there is no force between
an antikink and the +BC'. In the case where the coupling constants take the supersym-
metric values, g? = 2, the (anti)kink and the (+BC)—BC break the same half of the
supersyminetry.

When colliding kink with antikink we shall employ periodic boundary conditions.
When colliding single kinks onto a boundary, these are placed at z = 0, with the kink
coming in from the left (z < 0). Note that there is no loss of generality by choosing to send
in kinks but not antikinks, while using both boundary conditions. The system of kink and
—BC is equivalent to antikink and +BC, while kink and +BC' is equivalent to antikink
and —BC'; this covers all the possibilities.

3. Bound states

3.1 Static kinks

An interesting facet of topological defects such as kinks is that they often allow for bound
states in the particle spectrum. In the case at hand there are bound states for both the
scalar and fermi fields. Indeed, the existence of the scalar bound state was the motivation
behind the work of Rubakov and Shaposhnikov [[[J], asking whether we live on a domain
wall. To study the scalar spectrum we consider perturbing the scalar equation of motion
in (2.5) around a kink

(b(z,t) = ¢kink(2) —+ 5¢(Z,t), (3.1)
then by writing
0¢ = exp(iwt)F(z), (3.2)

we solve the resulting eigenvalue equation to find the frequencies of the bound states [[[J, [9].
Taking the change of variables [f]

Z = tanh(z/D), (3.3)
we arrive at an associated Legendre equation with [ = 2,
d*F dF (4 —w?D?)
1-2°)— —2Z— +22+1)F —~————F = A4

for which there are three solutions, P%(Z), P4(Z), PY(Z), corresponding to m? = 4 —
w?D? = 2, 1, 0. These give frequencies w = 0, v/3/D, 2/D. The first of these modes,
the zero mode, corresponds to the translation of the kink, the second is a true bound state
while the third is not normalizable and so is not considered to be in the physical spectrum.
We also note that this last solution is right on the boundary of the continuum states, which
have mass v2\ = 2/D.

As well as these scalar bound states there are fermion modes localized to the kink
which we now describe. First there is the zero-mode [

T[gD + 1/2] 1
2D /7T [gD] cosh|[(z — z)/D]9P’

i (2,0) = ¥y (2,0) =0, (3.5)



where we have normalized too unity according to the inner product

¥, x) = /dwa- (3.6)

Now recall that the scalar field of the kink can happily co-exist with the -BC, and that
these boundary conditions required the vanishing of ¥9(z = 0). So we see that the -BC
also have no effect on the fermion fields of the static kink.

In addition to the zero mode we also find that there is an excited fermion mode given
by

KB(, 1) = —NwD [ciih((DD)])gD cos(wt — ), (3.7)
KB(ot) = N o (z:zo)}gm sin(wt — ), (3.8)
with

Recall that this model, with a Majorana fermion, is supersymmetric when g = v2\ = 2 /D.
In this case we see that the frequency of the excited fermion mode matches that of the scalar
bound state, w = v/3/D, as is expected for supersymmetry. We also expect, given that
there are no more scalar bound states, that there will be no more fermion excited states.
We note that this does not hold true as we change couplings away from the supersymmetric

case.3

3.2 Moving kinks

As we are interested in kinks colliding with each other and against boundaries we need to
know what kinks and bound states look like when they are moving, that is, we need to
boost the kink.

The scalar field of a kink (antikink) moving at speed v simply involves a Lorenz con-

traction by v = 1/v1 — v2,

K/A(2,0) = + tanh [7 (Z Z)ZOH . (3.10)

An isolated, moving kink or antikink has an energy of

4
Eantikink = Ekink = g V )\/27 (311)

We note that the energy of a static kink, v = 0 coincides with the difference in energy
between a — and a + boundary, AE}, = %\/)\/2, from eq. (B-17).

$We would like to thank Kei-ichi Maeda for informing us of his calculation showing that there is a tower
of bound states with frequency w? = n&%, for integer n subject to 0 < n < gD.



Figure 1: The incoming kink profiles before, during and after a kink-antikink collision. The curves
are equally spaced in time, with dashed lines before the collision and full lines after.

The fermion modes also transform in the usual way, and in terms of the 1, 2 components

we have
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3.3 Boundaries

Just as kinks support bound states, so does a boundary. To describe these we consider the
scalar field to be in one of its vacuum states at the boundary, ¢(z = 0) = +1, then we see
from the spinor equations of (.9) that the boundary carries a single localized, normalisable

fermion
0:01(2) = —gd(2)¢n1(2),  Dtba(2) = g(2)2(2). (3.14)
For ¢(z = 0) = +1 the normalisable solution is given by
Ui(2) =0, ¥3(z) = gexp(g2). (3.15)
For ¢(z = 0) = —1 we instead have
UP(2) = Vgexp (92), ¥5(2) = 0. (3.16)

Note that the condition of normalisability imposes that one fermion component is zero in
each case. For example, if we have a single kink in the bulk (which allows a condensate of
1) then at the boundary we will have ¢ ~ +1 which allows a boundary condensate of 1,
consistent with the -BC.

4. Kink dynamics

Before discussing the behaviour of fermions on kinks we first want to describe how kinks in-
teract with antikinks, and also how they interact with the + BC boundaries. The dynamics



Figure 2: The incoming kink profiles before and after the collision with a —BC boundary (left).
The curves are equally spaced in time, dashed before the collision, full after. The kink enters the
boundary and comes back out unscathed. In contrast, the +BC boundary (right) decays straight
away and emits an antikink which prevents the incoming kink from reaching the boundary.

of kink-antikink collisions have been studied by a number of authors [[4—[L7, [ revealing
the rich structure of behaviour at small impact speeds, v. At large speeds, v 2> 0.2, the
kinks simply collide a single time and bounce away to infinity. As we go to smaller speeds
then the kinks may have multiple collisions before travelling off to infinity, or they may
simply annihilate. While extending the analysis of [f]] for the fermions involved in such col-
lisions we shall concentrate on the simplest range of speeds where there is a single collision,
figure [l

In order to capture the dynamics of brane-boundary collisions, Antunes et al [
modelled the system with a scalar field and, in our language, collided kinks against £+ BC-
like boundaries. They discovered that the kink is temporarily absorbed into the boundary,
but re-emerges having lost a (model-independent) fraction of its kinetic energy of ~ 63%.
The boundary conditions used were in fact slightly different from ours, in that they made

Wi(o) = /26 -1) — /2@ - (1)

hence having —BC between the two potential minima and +BC outside. This fix is

the replacement

responsible for the reported energy loss at collision.

In our simulations we shall be re-visiting this scenario, but using strict +BC' bound-
aries. Then energy is conserved at collision, taking into account changes in boundary
energy. For —BC', the kink reemerging from the boundary has equal and opposite velocity
to the incoming one, figure ] (left). In the case of +BC the vev ¢(z = 0) = 1 at the bound-
ary is unstable to decay via the emission of an antikink, figure ] (right). This because the
energy difference between +1 and —1 on the boundary is exactly the energy of an antikink.
In the absence of an incoming kink (or with a kink very far away), the boundary could
remain in the unstable vacuum, but as the kink approaches, the exponential tail hits the
wall and causes the vacuum to decay. In practice, this means that before the kink reaches



the boundary, an antikink will be emitted and collide with the incoming kink. Hence we

cannot realise a kink/+BC' collision.

5. Particle number and Bogoliubov coefficients

5.1 Kink-antikink modes

The general philosophy to calculating particle numbers is to identify the correct vacuum
and creation/annihilation operators. For example, when colliding a kink and antikink we
consider the system in the asymptotic past to be in a vacuum state and we can therefore
expand the fermi wave operator as

U = af + oKEPEE 1 gApd + aAPYAE 4 continuum. (5.1)

Where the a are the particle operators for: the fermi zero mode on the kink (K); fermi zero
mode on the antikink (A); first excited fermi mode on the kink (K E); first excited fermi
mode on the antikink (AE). And the 5, are the (normalized) mode functions found in
section [] corresponding to kinks and antikinks with the requisite position and velocity. If
there is more than one excited fermion mode then they may also be included in an obvious
way. To an observer in the asymptotic future there will be a similar expansion, only now
they will use a different set of particle operators,

U =K L pREYEE L pAyd 4+ bAEYAE o continuum. (5.2)

out out

Again, the mode functions 1,y are the mode functions corresponding to the kink, antikink
with the appropriate position and velocity of the outgoing defects.

JFrom the original action we see that the momentum conjugate to the wave operator
U is i¥' so by using the standard equal-time anti-commutation relation

{Wa(t,z), Uhi(t,y)} = da pd(a —y), (5.3)
we see that the particle operators obey
{a,a™} = {b,b'} =1, (5.4)

with other anti-commutators vanishing.

Now that we have our wave operator in the asymptotic limits, we need to relate the
particle operators in order to understand how particle numbers are affected. To do this we
introduce the Bogoliubov coefficients in the standard way, which relate the mode functions
Yin t0 Yoyt in the asymptotic future. In the following expressions the mode functions i,
are the time-evolved mode functions from (B.1)) evaluated in the asymptotic future,

1/1{5 = angit + ﬁKT/&ﬁf + 7K¢(1)4ut + 51(7/1?15 + continuum, (5.5)
BE = appl, + BrpvBE + yeppds + oxpvlE + continuum,

VA = aaE, + BavEE £ y402 + 040AF 4 continuum,

AE K KE A AE :
in — aAE¢out + BAEwout + YAEYout + 5AE71Z)0ut + continuum,



The oy, B;, vi, 0; are the Bogoliubov coefficients, which can be extracted by taking the
inner products according to (B.6)

ag = (E, 08, Br = (W, pED), (5.6)

vk = (W i), Ox = (Ui, vak), (5.7)

and similarly for ¥xg, ¥a, Yar, ¥p. In this way we are able to calculate all of the
Bogoliubov coefficients for a given simulation.
The number operator takes the standard form,

.1
N = §/dx(\IfT\If —wuh), (5.8)

which we may write, using (5.1)), (.9), (F-4), in terms of the particle operators

N = + afE A 4 pAE, (5.9)
1 1

B (5.10)

AEKE _ 0KEtoKE _ %’ AAE — OAEtOAE _ %’ (5.11)

where O represents either the a or b particle operator depending on whether we are looking
at the past or future respectively. We define the vacuum relative to the initial state as

Vi, j, a'l0)=0, (5.12)
and the particle states as

|K000) = aT|0), |0400) = a?7|0), [00K E0) = a®FT|0), |000AE) = a”FT|0). (5.13)

We can see from this that, as described in [f[], the vacuum states have fermion number —%

whilst the excited states have fermion number —{—%.
We are now in a position to express the asymptotic-future particle operators, b, in terms
of the asymptotic past particle operators, a, by comparing (p.1) and (5.9) and using (5.3),

bE = aKaK+aKEaKE+aAaA+aAEaAE, (5.14)
bF = Bra® + Brpa™ P + Baa® + Bapa™”, (5.15)
bt = yga® + ykpa™? + a0t + yapat”, (5.16)
bAP = SraX + S paP + 640" + Gapatt. (5.17)

For simplicity, we will focus our interest on evaluating the expectation values in the
state corresponding to a kink with a zero mode fermion colliding with a vacuum antikink.

n = (K000|6% 6% | K000) — 1/2, (5.18)

and similarly for n® %, n4, n4¥ nB. These then represent the fermion occupation num-

bers in the respective modes after the collisions, assuming that the initial state has only

,10,



excitations (particles) in the kink fermion groundstate. This state is annihilated by all the
oK E/A/AE eaving us to calculate only

n® +1/2 = (nff +1/2) |a (5.19)
P 4172 = (nf +1/2) |ﬁK| (5.20)
n+1/2 = (nf +1/2) |y (5.21)
P 1 1/2 = (nf +1/2) |5K| (5.22)

where we have generalised to an initial state with fermions only in the K mode, but with
an arbitrary particle number “0 We will not be concerned with the normalisation of the
state, but simply compute the Bogoliubov coefficients ax, Or, 7ix, 0x. Below we will
suppress the label K.

5.2 Kink-boundary modes

For the collision of a kink on a —BC, we now expand the wave operator as

U = ol + o EPEE 1 BB 4 continuum. (5.23)
and

U = pBypE, + pBEYEE L pByB . 4 continuum, (5.24)

where the index B refers to the boundary zero mode. The expansion of the mode functions
proceeds as before, with the addition of a boundary mode function,

1/15 = aKT/J(ﬁt + ﬁnglth + SKwit -+ continuum, (5.25)
i?l = aBQzZ)out + Bquz)out + ngzZ)out =+ contlnuum (526)

and if we send in a kink with non-vanishing occupation number n(l){ for the zero-mode
fermion, then we find that the boundary number operator in the asymptotic future is

n®+1/2 = (nf +1/2) |52 (5.27)

6. Kink-antikink collisions

The first set of results that we shall present is an extension of the study in [ff], where the
Bogoliubov coefficients of the fermion zero mode were calculated for kink/antikink colli-
sions. Here we also present data for the excited fermion bound state, as well as observing
the dependence on collision speed.

The collisions were performed by initially placing a kink and a antikink a distance 30Dv
(c = 1) apart. We then boosted them with velocity v and —wv respectively, as described
above. Figure [ (left) shows the profile of the scalar field and fermion modes before and
after the collision, for the case of v = 0.6, g = 2. Both before and after the collision, the
fermion modes are well localised around the kink and antikink.

— 11 —
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Figure 3: Left: The scalar field (black) and the fermion K mode components ¢ (red) and )y
(blue) before (dashed) and after (full) the collision. The initial velocity was v = 0.6, and the
coupling g = 2. Right: The overlap of the incoming K mode after the collision with the outgoing
kink K and antikink A modes (a and ), and the KE and AK modes (8 and 9).
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Figure 4: Left: The velocity and coupling dependence of the Bogoliubov coefficients of the incom-
ing K mode with the outgoing K mode. Right: The same for the overlap on the A mode. Errorbars
reflecting the residual oscillation (see text) are roughly the size of the symbols.

We then calculate the Bogoliubov coefficients in time, figure [] (right). Before the
collision at t/D =~ 15 the fermion mode is the kink K mode, and so |a|? = 1. during the
collision all bets are off; in particular we are not able to assign velocities to individual
kinks. Already at time t/D = 20, the kink-antikink pair have disentangled themselves,
and a final Bogoliubov coefficient had been established. Although there is some residual
oscillation even at late times, we assign final values at ¢/D = 50.

It is worth noting, that because the phase ¢ in egs. (B7), (B-§) is undetermined, we
instead keep the whole time-dependence wt 4 ¢ fixed when computing the overlap. This
means that the computed § and § are oscillating functions in time, figure f§ (right), and
we should use the amplitude of this oscillation as the Bogoliubov coefficient. Taking this
into account, the Bogoliubov coefficients can be read off with an accuracy of in most cases
better than 0.01. figure f] shows the ¢ and v dependence of a? and +2, the overlap with

- 12 —



T
021 [xxv=04 7
*xv =05
v =0.6
*xv =07
0.15+ v=08 -
v =09

0.05

Figure 5: Left: The velocity and coupling dependence of the Bogoliubov coefficients of the K mode
with the outgoing kink KE mode. Right: The same for the overlap on the antikink AE mode.

Figure 6: The sum of Bogoliubov overlaps on all the bound states |«|? + |3]2 + |y]|*> + |§]?. The
deviation from 1 is the amount of fermion number carried away as radiation.

the outgoing K and A modes.

As noted in [f], the coupling dependence approximately follows a a -+ bsin(cg+d) form,
although the amplitude decreases somewhat with g, especially for a. We will not attempt to
fit this behaviour numerically, but simply note some qualitative points of interest. o and
72 are anti-correlated with the same period in g, and the bulk of the fermion number ends
up in these lowest energy modes after the collision. However, as v is increased, fermion
number is lost from these modes, in particular from o?. For small g, the Bogoliubov
coefficients take a very long time to settle and seem to decrease continuously until they
do so. Figure || shows the corresponding overlap with the KE and AE modes, (3% and
82. These are strongly correlated with each other and seem to have the same period in
g as K/A mode coefficients, but with a phase shift of w/2. The fermion number taken
away in these modes is much smaller, but it is interesting that up to 10 to 20 percent
can end up here. There is a mild increase with v consistent with the decrease in a? and
72. Any missing fermion number must then be transfered to modes which we do not take
into account, radiation or additional time-dependent bound states. We quantify this by
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Figure 7: Left: The scalar field (black) and the fermion K mode components ¢ (red) and )y
(blue) before (dashed) and after (full) the collision. The initial velocity was v = 0.6, and the
coupling ¢ = 2. Note the non-zero boundary mode contribution to the far right. Right: The
overlap of the K mode after the collision with the outgoing kink K and KE modes (« and ) and
the boundary mode B (&).

calculating the sum of the coefficients |a|? +|3]2 +|v|? +|6|?, shown in figure f]. The loss to
radiation has some non-trivial dependence on g, and increases with v, presumable because
there is then energy available to excite higher energy modes. It is striking that up to 60
percent of the fermion number can be lost to radiation in this way.

7. Kink-boundary collision

The second set of results in this paper are those associated with a brane colliding into a
boundary, rather than another brane. as such, we now collide a single kink onto —BC
boundary and see to what extent a fermion originally localised on the kink will stick to the
boundary. figure [j (left) shows the field profiles initially and at late times after the collision.
Again, the fermions remain nicely localised around the kink, but after the collision also at
the boundary.

We shall again consider only the case where the kink starts with a fermion zero mode,
and calculate the Bogoliubov coefficient for finding a fermion in the outgoing K (|a|?), the
outgoing KE (|3]?) and the boundary B (|£|?) modes. Figure [ (right) show the coefficients
in time, again with a? = 1 until the collision at /D ~ 15. After another transient collision
stage, the coefficients take on definite values, and we end the simulation at ¢t/D = 50.
The results concerning fermions radiating into the bulk are somewhat different to the
kink/antikink collisions. As shown in figure ] we see that the sum representing bound
state fermions, |a|? + |B]? + |€|?, is very close to unity. This implies that very little of the
fermions end up in the bulk, with larger collision speeds producing more bulk fermions as
one would expect. We again determine the dependence on g and v, shown in figure §. In

2

this case o2 is almost exactly anti-correlated with £2. Most fermion number is transfered

to the boundary for small and large values of g, with the maxima moving down and up
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Figure 9: The sum, |a|? + |8]? + |£|?, representing the fraction of fermions that end up in bound
states.

, respectively as v is increased. For v = 0.9, the kink retains its fermion, at least in the
range of couplings used here.

In order to understand the kink/antikink results we repeat the approximation devel-
oped in [f]. The approximation is a way of solving (B.5), (B.10) which writes the fermi field

during the collisions as

YP(1,2) ~ A(1,2)f(2)7 (7.1)

where f(z) is some even, normalized function, and the total amplitude is normalized by

A%l) + Aé) = 1. We then find that (2.§), (.10) may be integrated along the z axis to give
1 .
A%M) =~ (14 sin(2g¢.At)) . (7.2)

In this expression we have a representative value for ¢ during the collision, ¢., and a collision
timescale At. In this way Gibbons et al were able to explain the sinusoidal behaviour of
the Bogoliubov coefficients when a kink collides with an antikink. Unfortunately, the case
of a kink colliding with a boundary does not succumb to the same analysis, largely because
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the fermion mode functions have rather different z-dependence owing to one of them being
forced to vanish at the boundary. However, from the form of the Bogoliubov coefficients it
is tempting to speculate that a relation similar to (f.9) holds. A possible explanation for the

4

longer “wavelengths” in figure f| could then be that during the kink/boundary collision the
value of ¢ changes very little from its vacuum value, while in the kink/antikink collisions

one finds that ¢ overshoots the vacuum by some amount depending on collision speed.

8. Conclusion

In summary, we have performed a detailed numerical study of fermion transfer in kink-
antikink and kink-boundary collisions.

In kink-antikink collisions, we confirm the findings of Gibbons et al [|] that although
the scalar field kinks bounce off each other in an elastic way, fermions initially in the K
mode on the kink will be distributed on the K, A, and radiation modes. As an extension
of their work we also included the first fermion excited modes, KE, AE, finding that these
modes also gets excited, and presented data for a wide range of collision speeds. The
distribution is very sensitive to the value of the coupling g, and hence the mass of the
fermions g¢. For small incident velocities v, most of the fermion number ends up in the
K and A modes, and these are anti-correlated in g. As the velocity is increased, more
and more fermion number is transfered from the K/A modes to the KE and AE, but also
delocalised radiation modes, and up to 60 percent can be “lost” to the bulk.

When colliding kinks on a -BC boundary, we found again that the kink is reflected
elastically, but that a significant amount of fermion number can stick on the boundary. In
this case, the K and B modes are anticorrelated in g, but in contrast to the kink-antikink
collisions, very little fermion number is transfered to the KE mode or radiation. For the
values of g employed here, low v favours transfer to the boundary, whereas for high v the
fermions stay on the kink and are carried away from the boundary again.

We in fact also solved for the evolution of the initial B, A, KE, and AE modes, and
unsurprisingly found that fermions initially in these modes are also distributed on all modes
after collision. In particular, a fermion localised on the boundary can be carried away by
a kink bouncing on this boundary. For brevity and to focus on our main aim, we did not
carry out a detailed exposition of all mode combinations. It is however straightforward to
do so.

We found that the numerical implementation of the + BC boundary conditions require
some care, and that discretisation errors can be significant. We dealt with this by using
iterative methods, higher order derivatives and rather fine lattices, dr/D = 0.0025.

One could consider including more and more fermion modes in the spectrum, in order
to track the “lost” fermions. In the end, this would lead to a full quantum (Hartree)
treatment [[I§], and one would be able to include the back-reaction on the scalar self-
consistently. For the purpose of this paper, we found the K, A, KE, AK and B modes to
be sufficient.

We started by arguing that our 1+1 model could be lifted to give results for a 4+1
spacetime. While this is true, we have ignored any effects that depend on the directions

,16,



within the brane. In particular we have not presented any results about the k& dependence
of the Bogoliubov coefficients (where k refers to the wave-number in the brane world-
volume.) While our kinks do not annihilate it is interesting to note that a calculation
of the particle spectrum coming the tachyon condensation of brane-antibrane annihilation
has been performed [[J], along with the consequences for reheating. We hope to present
results on the braneworld fermion spectrum due to a collision in a future publication.

As mentioned, another natural extension of this work is to consider more than one
species of fermions and/or more scalars to include effects like C and CP violation in the
scalar-fermion interaction. Then fermions of different chirality would no longer have the
same aflinity to stick on the braneworld.

In a broader sense, simulations of fermions on domain walls could also be relevant to
electroweak baryogenesis, where at a first order phase transition, a domain wall sweeps
through a plasma, reflecting fermions off it in a CP-violating way.
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