Vol. 39 (2008) ACTA PHYSICA POLONICA B No 12

NEGATIVE RADIATION PRESSURE
IN THE CASE OF TWO INTERACTING FIELDS*

ToMASZ ROMANCZUKIEWICZ

Institute of Physics, Jagiellonian University
Reymonta 4, 30-059 Krakoéw, Poland

trom@th.if.uj.edu.pl
(Received November 6, 2008)

The new mechanism of an interesting phenomenon of the negative ra-
diation pressure is presented. Force exerted by radiation on the kink in
a simple toy model is calculated using perturbation scheme. The results
are compared with numerical calculations. The interaction of vortices and
radiation is discussed and possible explanation of the negative radiation
pressure is examined.

PACS numbers: 11.10.Lm, 11.27.+d

1. Introduction

Among many other features, some topological defects reveal a very in-
teresting phenomenon which we have called the negative radiation pressure
(NRP). When exposed to some kind of radiation most topological defects are
pushed by the radiation in a process which is very similar to the radiation
pressure known from electrodynamics. However, certain defects in certain
theories behave in a completely different way. They accelerate towards the
source of radiation. The importance of the negative radiation pressure is
not yet well understood, however we believe that it may be very important
in many processes including stability of systems of topological defects. The
explanation of the phenomenon is rather simple. During the scattering pro-
cess incoming wave are transformed into waves which carry more momentum
than the initial ones. The surplus of momentum is passed on the defect.

Currently we know three mechanisms responsible for the appearance of
the NRP. The first mechanism was discovered in the very well known and
studied model of ¢* scalar field [1,2]. The theory exhibits a static kink
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solution. Linear analysis of small excitations around this kink solution shows
that the kink is transparent to the waves (this is a very rare feature of so
called reflectionlessness). However, higher order corrections show, that some
parts of the waves are transformed into waves with twice the frequency of
the initial wave. They carry away more momentum. The surplus of the
momentum must be compensated with kink’s motion. The kink experiences
a force which pulls it towards the source of radiation. This phenomenon is
purely nonlinear and the force is proportional to the forth power of amplitude
of the wave. The phenomenon was proved to be robust with respect to small
perturbation of the field-theory potential.

The second mechanism requires two interacting fields with different
masses. During scattering of more massive field over the defect some en-
ergy is transformed into waves of less massive field. These waves carry more
momentum and, in favourable conditions, again the surplus of momentum
can be observed and the motion of kink must compensate it. This can hap-
pen even in the linear approximation and the force is proportional to square
of amplitude of incoming wave. This situation does not require full trans-
parency of a defect and seems to be more common. It was numerically seen
in case of vortices in Goldstone and Abelian Higgs models.

The third process does not involve static objects but rather oscillating
in time. Our preliminary numerical results show that the negative radiation
pressure exists also for oscillons. In 1 + 1d theories oscillons can be treated
as a bound state of two kinks [3]. They are similar to breathers in integrable
model described by sine-Gordon equation. In contrary to the breathers they
radiate and finally decay to vacuum, but their lifetime is extremely long.
When a wave interacts with a localized oscillon, waves with frequencies
equal to sum and difference of an oscillon and wave frequencies are created.
Sometimes this can also lead to creation of surplus of momentum and NRP.

In the present paper we will focus on the second mechanism which in
our opinion should be the most frequent.

The paper is organized as follows. First we introduce a simple toy model
on which we show how the mechanism of NRP works. Because of its simplic-
ity it is quite easy to obtain some perturbative analytic results which can be
compared with numerical solutions of the full partial differential equation.
In the fourth section we discuss our preliminary results in case of vortices.
We point out the similarities to the toy model and present the numerical
results.

2. A toy model

As we stated in the introduction there are at least three different mech-
anisms leading to the negative radiation pressure. One of them, which we
believe is the most common, is the one involving two scalar fields with differ-
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ent masses: mj; > ms. An intuitive picture can be following. Suppose that
the object (i.e. topological defect) is hit with a wave with the larger mass.
During scattering process some part of the energy is transferred to the field
with smaller mass. Reflection always pushes the object but sometimes more
radiation goes through the defect and reflected part is negligible.

The incoming wave caries energy and momentum, flow of which can be

expressed as:
; Lo 2 2 : Lo 9 2
51:§Aw w2 —m7, 731:§A(w —mj). (1)

For simplicity let us assume that the whole energy goes to the field with
smaller mass, mo. After scattering the flows are following:

. 1 . 1
& = §B2w\/w2 —m3, Py = 532(“’2 —m3). (2)

Because of energy conservation law & = & which gives the square of the
amplitude of the scattered wave

2 _ o2
B =[S T2, (3)

Note that if the kink is stationary at the beginning (v = 0) we do not need

to take its kinetic energy to account E = % (%mv2) = mvv = 0. Now we
can compare the momentum flow:

Py = o (w? —m3) (w? —m}) A%, (4)

If m1 > mo then 752 > 751 and the surplus of momentum will be seen as
a force exerted on the defect. In this case the force will be pushing the
defect towards the direction from where the radiation came. This is a case
of the negative radiation pressure. If the defect would be hit with a wave
with smaller mass (in case when m; < mg) it would be simply pushed by
radiation and ordinary positive radiation pressure could be observed.

Now let us discuss a full field-theoretic toy model example where the
above situation appears. This is a model of two interacting scalar fields in
141 dimensions [4]. Without interaction one of them describes the stan-
dard ¢* theory and the second is governed by Klein-Gordon equation. We
add the interaction term which couples the two fields. Lagrangian can be
written as:
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or equivalently

- %(qzs% R (P 1)2) L LR =2 —m2?) — r(@ - Do, (6)

where m is the mass of 1 field and « is the coupling constant. For small
values of k< 'm, vacuum consists of merely two disconnected points (¢==+1,
1 =0) revealing Zy symmetry and domain walls (in general) or kinks (in one-
dimensional models) are possible.

The equations of motion are:

but — uw + 20(? — 1) + 269 = 0, o
Yt — Yue + m*p + k(¢? — 1) = 0.

The ¢-part of static solution with non-zero topological charge is a kink which
is very similar to the one in ¢* theory. The 1-part is a bell-shaped function
similar to Gauss function (see Fig. 1). However, for x # 0 no analytic
solutions are known.

Kink profile for x =0.1 and m= 3.0
Fieldo

Field v

-5 0 5 10 15 20

Fig. 1. Static solutions (numerical) for the kink for x = 0.1 and m = 3.0.

Let us consider a process when the kink is hit with a -field wave with
frequency w coming from +oco. In order to calculate the leading contribution
to the radiation pressure we do not need to know the full kink solution. All
we need is the perturbative series in the coupling constant x:

¢ e ¢(0) _|_ K/qb(l) _|_ /{2¢(2) _|_ ce. and 'l/) — 1/)(0) _|_ /{qﬁ(l) _|_ /4/21/)(2) _|_ e,
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In the order O(x°) the equations take the form:

o — o + 200 (4O 1) =0, (82)
O — Q4 m2© = 0. (8b)

We choose the special solution to the above equations which satisfy our
conditions: the static kink plus a travelling wave:

) = tanhz, O = Acos(kx + wt), 9)

where A is an amplitude of the wave and k = vw? — m? is a wave number.
The first order equations are:

o) gl 4o < 3007 _ 1) oM + 2600 = 0, (10a)
oD Z ) | m2p0 4 <¢(0)2 _ 1) — 0. (10b)

The equation (10b) has only static inhomogeneous part so it gives only
correction to the static solution of the kink.

Since () = %ei“’Hkm + c.c. the solution to the equation (10a) can be
sought in the following form:

¢(1) — %ei“t&_(az) + %G_thg_(m) , (11)

where &4 is a solution to

d? 6 ,
= 2A46%% tanh 12
<dm2 ta +cosh2:£> S+ e tamnz, (12)

with ¢ = w? —4 and £_ = 1. Fortunately we already know the solution 7,
to the homogeneous part of the above equation (see [2])*

3tanh?z — 1 — ¢® — 3igtanh z
V@ + 1) +4)

and we can use the Green function technique to construct the solution:

e (13)

ng(x) =

x o0

&) = =L [da'ny (o) £ (@) = {2 [da' g (@) F (@) (14)

—00 T

! Note that there is no reflected part proportional to e 9%,



3454 T. ROMANCZUKIEWICZ

where W = —2iq is Wronskian and f(z) = Ae** tanhx is the r.h.s. of the
equation (12). The solution for large values of x can therefore be written as:

elkx

{+(z — +00) = R(q, k)n—q(z) — 22 (15)

where
T (3k? — ¢* — 4)
R(q, k) = 16
(@) 2¢+/ (¢ + 1)(¢% + 4) sinh <#ﬂ'> 16)

is a reflection coefficient. For  — —oo similar procedure leads to the fol-
lowing solution

elkx

k‘2 _q2 ) (17)

§+(z — —o00) =T(q, k)n—q(x) +
where T'(q,k) = R(—q, k) is a transition coefficient. One can see that for
qg = k < m = 2 the transition coefficient becomes infinite. Of course, this
means that our perturbation scheme fails in the vicinity of this point.

Another important observation is that for ¢* = 3k? — 4 & w? = 3m?/2
the numerator vanishes and the kink becomes transparent.

2.1. The force

Having the asymptotic form of solution representing travelling wave

T Arelt (R(q, k)yn_q(z)— kgl—fzz) +c.c. for z— — 400

: ik (18a)
S Abrke! <T(q, k‘)nq(:n)—l—kg—iﬁ) +c.c.  forz— — —o0

¢($,t) =

Acos(wt + kx) for z — 400

Vi, t) = {Ab cos(wt + kx)  for x — —o0 (18b)

we can calculate the force which is exerted on the kink by this wave. In the
second equation we changed the amplitude from A to Ab. Actually as we
will shortly show b = 1+ O(k?) so this correction is not visible at this point
of perturbation series but it is necessary to fulfil the energy conservation
law. If the kink is initially at rest, the rate of energy flowing into a large
box containing the kink is given by

|

(B), = (0nde +ouadr| = wA? (ca’ R 4k~ —gw’T?) . (19)
-L

and since energy must be conserved ((E) = 0) we obtain

b =1 w2 (R4 17 . (20)
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This correction to the amplitude of ¥ wave would be obtained after cal-
culating next step in our perturbation series but since the energy must be
conserved we obtained this result as a consistency condition. (Similar result
was discussed in more details in [2].) The force exerted on the kink can be
calculated using the momentum conservation law:

1
F= <P>T = A2 (K — KR + DR + 5°T7) (21)

or using (20): .
F =A% (T%g k) = R*(q +K)) . (22)

The above force is proportional to A? (contrary to A* in ¢* model [2]).
Moreover, it can be positive (kink accelerates towards the source of radiation
— negative radiation pressure) or negative (the kink accelerates with the
wave due to the positive radiation pressure). Note that when ¢ < k i.e.
m < 2 the force is always negative (or at most zero) whatever the coefficients
R and T are. When m > 2 the direction in which the kink accelerates can
be determined only after substituting the values of R and T'. The negative
radiation pressure appears for all ¢ > k > 0.

3. Numerical calculations

As we have stated before, even in this simple model we do not know the
exact analytical form of static solutions. Therefore, they have to be obtained
numerically. We have done this using collocation Chebyshev spectral method
in the variable s = tanh . In this way we obtained the solutions ¢¢(x) and
1o(x) depicted in the Fig. 1.

The next step was to find the initial condition representing the travelling
1) wave. Obtaining a solution satisfying all assumptions of the travelling
wave is rather cumbersome. Therefore, we have decided to use only the
approximation:

P(x,t =0) = ¢o(x), (;S(x,t:()) =0, (23)
and
Y(z,t =0) = o(z) + Acos(kz), Y(z,t =0) = —Awsin(kz). (24)

Disadvantage of the above initial data is that at the very beginning the kink
has a no-zero initial velocity. This is due to the fact that the above initial
conditions are combination of many eigenstates of the linearized equation
around the kink, including a translational mode. However, this type of
conditions show how robust and generic our considerations are.
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We solved our PDE equations (7) using five-point discretization of the
second spatial derivative and integrating the obtained system of ODEs with
4-th order Runge-Kutta method. The example trajectory of the kink is
presented in Fig. 2. The trajectory of the kink is very similar to parabola
(as expected) and we can fit it with a function in the form X (t) = Jat*+vt+c
obtaining its initial velocity v and acceleration a.

1
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Fig. 2. Trajectory of the kink along with fitted parabola X (t) = %atQ + vt + ¢ for
k=01 m =25 A =01 and w = 3.5. The fitted values: a = (7.57898 +
0.00069) x 1076, v = (3.23 £ 0.18) x 10~5 and ¢ = (1.1 + 1.9) x 10~

Measured acceleration of the kink
as a function of m for w=3.5
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Fig. 3. Fitted acceleration compared with the analytical prediction as a function
of m. w =35k = 0.1, A = 0.1. The smaller figure shows a plot around
m = /2/3w = 2.86 where the force vanishes.

In Fig. 3 we have depicted the measured acceleration as a function of
mass parameter m together with theoretically predicted functions (the force
from equation (22) divided by kink mass for £ = 0: My = 3). This figure



Negative Radiation Pressure in the Case of Two Interacting Fields 3457

shows that analytical predictions are quite precise (outside the shaded region
— vicinity of m = 2, when our perturbation scheme fails). Except this low
frequency limit and the vicinity of m = 2 our theory coincides with numerical
simulation with average error of a few percent which is satisfying having in
mind all the assumptions and simplifications we used. We also confirmed
that the leading term is proportional to A%x?

4. Vortices

The toy model discussed in the previous sections showed that the nega-
tive radiation pressure appearing in the mechanism of two interacting field is
quite easy to find. In contrary to the mechanism in ¢* model, discussed in [2]
where the transparency of kinks was needed, in our toy model it was suffi-
cient that there were two interacting fields with different masses. Of course,
not all theories of two fields reveal negative radiation pressure. Sometimes
the reflection from the defect is simply too large. However, we can point
out at least two theories which are of much physical interest were the NRP
exists. Let us consider vortices in 2 + 1 Goldstone’s model of complex field

¢ — Ad+2¢(pp™ — 1) = 0. (25)

As usual the vortex solution has the form

os(r,0) = f(r)eiNg, (26)

where N is a winding number. Vortices with winding number larger than 1
are unstable so we will consider only the case N = 1.

Let us consider a small perturbation d¢ of the field around the static
vortex solution ¢,. An equation describing the small perturbation of the
vortex has the form

0¢ — NS + 2 (2f% — 1) 6 + 222 N05¢* = 0. (27)

One can seek the solution in the form:

5¢ _ Z ei(N—H)@ (eiwtsil— _|_e—iwtsl—) ) (28)

l=—

It is more convenient to introduce the following variables:

(s +s7), (29a)
(s —s7") . (29b)

a; —

NI N[

g =
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The equations for new functions are

D, ZLN[ « ] 2[ a }
T = s 30
[ L D, } [ g “|a (30)

where
A 1 N?2 472

D, = -0, — ;ar + T‘; +2(3f2-1), (31a)

. 1 N2 42 9
D, = -0, — ;8r+ = +2(f7-1). (31b)

The physical interpretation is now clear: a; describes a field which far away
from the vortex core looks like a field with mass m2 = 4 and g; describes
a massless field (the Goldstone’s mode). The massive field is responsible for
amplitude change and the Goldstone’s mode changes only the phase of the
field.

It is possible that with this conditions the negative radiation pressure
can appear. And indeed, our numerical calculations for the full 2 4+ 1d non-
linear equation ([5]) show that the vortex starts to move towards the source
of radiation when hit with, what we call, the amplitude wave. The phase
(Goldstone’s) wave pushes the vortex away. The initial conditions are re-
spectively:

Gamp(z,y,t =0) = f(r)(1+ Acos(ky + wt))e? (32)
Ot amp (T, y,t = 0) = —Awf(r)sin(ky + wt)el’ (33)

for the amplitude wave and

Pgola(,y,t = 0) = f(r)(1+ Aicos(ky +wt))e, (34)
Ordgold (T, y,t =0) = —Aiwf(r)sin(ky + wt)el? (35)

for the Goldstone’s mode.

In order to calculate the force which radiation exerts on the vortex we
first try to construct a travelling wave plus outgoing scattered wave as a com-
bination of solutions of the linearized equation for different angular mo-
menta. This procedure is very similar to finding a scattering cross-section.
However, the linearized equations behave very badly both at the origin and
in the limit of large r. Our preliminary results suggest that the partial
cross-section for small angular momenta for scattering amplitude to Gold-
stone’s mode (0ae) are larger than cross-sections for scattering amplitude
to amplitude mode (0,,). This fact would support our hypothesis that the
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surplus of momentum is created due to the transfer of energy from mas-
sive field to massless Goldstone’s mode. However, for large angular mo-
menta (I > 10) the cross-sections o,s tend to zero very quickly whereas o,
decrease very slowly. This would suggest that the total cross-section for
amplitude-amplitude scaterring is dominant. For large angular momenta,
eigenfunctions are mostly flat for small values of r (similar to Bessel func-
tions with large index), therefore their influence can seen only far away from
the vortex. This gives the following picture. The vortex core experiences
the negative radiation pressure but the “asymptotic cloud” undergoes the
positive radiation pressure. This creates an extra force (or a stress). After
a while the positive part prevails and the whole vortex is pushed by radia-
tion. This is possible because the vortex in Goldstone’s model is a global one
and its field approaches vacuum very slowly, and the energy density is never
negligible. In fact the total mass of a global vortex is infinite. The situation
described above can be seen in a trajectory of topological zero of a global
vortex which is depicted in Fig. 4. One can see that at the beginning the
topological zero (and so the maximum of energy density) moves towards the
source of radiation (NRP) and after a (quite long) time the vortex core is
pushed by radiation. This is a very complicated process. The vortex does
not interact with the radiation as a rigid body.

Path of the vortex
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Fig.4. The path of topological zero for Goldstone’s model. The vortex core starts
to move towards the source of radiation. The increasing oscillations of its motion

indicate interaction between the core and the asymptotic cloud. Next the vortex
changes its direction.

Another very often studied model, also with vortices, is the Abelian
Higgs model. Here, complex scalar field is coupled to a vector field. Vortices
in this model are much more compact. They approach the vacuum expo-
nentially fast. Therefore, large angular momentum cross-sections should
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disappear quickly enough and the pure NRP should be visible. This fact
was confirmed by numerically integrating the appropriate system of partial
differential equations. The negative radiation pressure was observed when
the amplitude or vector wave hit the vortex. When the phase wave hit the
vortex positive radiation pressure was observed.

Another interesting model revealing the negative radiation pressure of
the same type is halfcompacton described by Lagrangian ([6]):

L=136" =367 — 31— gl +1)°. (36)

Small perturbation around ¢ = —1 vacuum can be described by simple
Klein—Gordon equation with finite mass. The perturbation around the sec-
ond vacuum ¢ = 1 cannot be described by any linear equation. The second
derivative of the potential is infinite, and hence the mass of the field is,
formally, infinite as well [7]. The defects interpolating between these two
vacua are called halfcompactons since they approach vacuum ¢ = 1 at finite
distance.

If a wave from the strange vacuum hits the halfcompacton it transforms
into waves with finite mass on the other side of the defect. This is very
similar to the mechanism described upon our toy model. In this model
the interaction is not symmetric and when the halfcompacton is hit with
the wave coming from the normal vacuum there is only positive radiation
pressure. This asymmetry leads to the fact that radiation can push the
halfcompacton quite easily only towards the strange vacuum.

5. Conclusions

In the present paper we have shown the mechanism responsible for the
negative radiation pressure in the case of two interacting fields. When
a topological defect is hit with the more massive field, in favourably condi-
tions, the scattered wave can carry away more momentum the initial wave
brought in. We have introduced a simple toy model where we could study
this phenomenon both analytically and numerically. The mechanism is more
general and can be present in many other field theories. Two such exam-
ples are Goldstone’s model and Abelian Higgs model. We have performed
the numerical calculations for the full partial differential equations and we
have found NRP in both cases. However, the Goldstone’s model, although
described by simpler equations has one difficulty. The vortices described by
this model approach vacuum very slowly and they possess infinite energy.
This results in a complicated interaction between the vortex and the radi-
ation. The vortex core experiences the NRP while the “asymptotic cloud”
feels the positive radiation pressure. This creates an extra force and after
a while the positive radiation pressure becomes dominant and the whole
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vortex is pushed by the radiation. Abelian Higgs vortices are much more
localized objects and in certain conditions they experience a simple negative
radiation pressure.

The presented mechanism of the NRP should be quite general and if only
the reflections from the defect is not too large, should be observed in many
physical systems.

REFERENCES

[1] T. Romanczukiewicz, Acta Phys. Pol. B 35, 523 (2004).

[2] P. Forgacs, A. Lukacs, T. Romaiiczukiewicz, Phys. Rev. D77, 125012 (2008).
[3] A.B. Adib, M. Gleiser, C.A.S. Almeida, Phys. Rev. D66, 085011 (2002).

[4] T. Romanczukiewicz, arXiv:0807.2314 [hep-th].

[5] P. Forgacs, J. Karkowski, A. Lukacs, T. Romariczukiewicz, in preparation.
[6] C. Adam, J. Sanchez-Guillen, A. Wereszczynski, J. Phys. A40, 13625 (2007).

[7] See, e.g., H. Arodz, P. Klimas, T. Tyranowski Acta Phys. Pol. B 38, 2537
(2007).



