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Abstract. We estimate the one loop quantum correction to the kink-antikink potential by
computing the vacuum polarization energy as a function of the kink-antikink separation.
This energy is calculated from scattering data for fluctuations about the static kink-antikink
configuration. To construct a well-defined quantum theory for these fluctuations an additional
constraint must be implemented.

1. Introduction

Non-linear field theories may produce classical solutions that have a localized energy density.
These solutions are called solitons or solitary waves [1]. In many cases these solitons have
particle properties. The most prominent example is the Skrymion as a model for baryons [2, 3]*.
In these identifications the integrated energy density is the mass of the particle. Typically
this integral overestimates the actual mass of the particle because quantum corrections are
omitted. This is not problematic when investigating properties of a single particle. However,
the quantum corrections may become important when comparing configurations with different
particle numbers as it occurs, for example, when computing binding energies of compound
objects. The leading quantum correction to the soliton energy is the vacuum polarization
energy (VPE). The VPE is the renormalized sum of the shifts of the zero point energies of
the quantum fluctuations due to their interaction with the background configuration generated
by the soliton. Being a quantum field theory calculation a proper renormalization must be
applied. In the present study we therefore calculate the VPE of the soliton-antisoliton potential
in a renormalizable model with a quartic self-interaction in one time and one space dimensions.

2. VPE and spectral method

The calculation of the VPE from scattering data is by now a well established endeavor in the
framework of spectral methods [5]. To apply these methods we call the soliton solution to the
field equation ¢g(x). Then we introduce time dependent fluctuations n(x,t) = n,(x)e”“! and
linearize the full field equation. This gives rise to a relativistic wave-equation

(o) = [—dd - U[¢o<m>]] (@) (1)

where Ulgpo(z)] is the potential for the fluctuations generated by the background soliton. This
wave-equation is a standard problem in potential scattering [6]. The background polarizes the

! For a recent review see Ref. [4].
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quantum fluctuations n,(x) in two aspects. First, it creates bound states with energies w; and
second, the density of the scattering states is distorted. The scattering states have energies
w = Vk? +m? where k is the momentum and m the mass of the fluctuating field. Then the
distortion of the density of scattering states is measured by the derivative of the scattering phase
shift (k). Weighting the contribution from the scattering states to the VPE accordingly yields

; dk d5
Eac = | + / ) (2)
Zj 2 pZ: < Jo 2" dk

renorm.

since in one space dimensions there are two scattering channels when the potential is reflection
invariant. These two channels are characterized by symmetric (p = +) and anti-symmetric
(p = —) wave-functions when x — —zx.

Renormalization is accomplished in two steps. First the divergent contributions to the
momentum integral in Eq. (2) are identified from the Born series. They are subtracted under
the integral and added back to the VPE as Feynman diagrams. In the second step the
divergences of the Feynman diagrams are removed with the help of standard counterterms
whose coefficients are universal for a fixed renormalization scheme. For the current problem
with boson quantum fluctuations in one space dimension this procedure is quite simple because
only the first order tadpole diagram is divergent. This diagram is local and can be fully removed
under renormalization. Applying Levinson’s theorem to the formal expression and integrating
by parts yields the VPE

Evac = 5 Z Z / {5 (k) - 51()1)(]@} ’ (3)

k:2 + m?2
where 5,(,1)(,14:) is the Born approximation to the phase shift in channel p.

3. Kink-antikink configuration
To be specific we consider the ¢* model in one space and one time dimension. This model is
defined by the Lagrangian

2 2
= L0u00"6— [¢> - ] (4)

where A is a coupling constant. The corresponding field equation contains a static solution,
the so-called kink, ¢o(x) = (m/v2X\)tanh(ma/2). The antikink solution is obtained by spatial
reflection. These solutions build the soliton-antisoliton (or kink-antikink) configuration

brlz) = \/% {tanh ( " R)) _ tanh ( S+ R)) } , (5)

for which we want to compute the potential as a function of the fixed separation 2R. There are
classical and VPE contributions.

The classical potential is obtained by substituting the parameterization, Eq. (5) into the
Lagrangian, integrating over the coordinate x [7] and subtracting twice the kink mass:

Rm + (6)

_ 243Rm n 2Rm
tanh(Rm)  tanh?(Rm)  tanh®(Rm)

To compute the VPE contribution we need to solve Eq. (1) for U[¢r(z)]. However, this does
not lead to a well-defined quantum theory for the fluctuations as can be seen from the following
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argument. When the kink and antikink are widely separated, i.e. R — 0o, each possesses the
translational zero mode w? = 0 as well as the breather bound state with energy w? = 3m?/4 [1].
When reducing R, the two zero mode solutions split with one bound state energy squared turning
negative. This produces an imaginary energy eigenvalue [9] and must be avoided. We do so by
recalling that the distance R is fixed and no fluctuations in this direction should be admitted.
This induces the constraint [0 dzn.,(z)z(z) = 0 with

+(2) :N%dm(w} and  N-2— [ O:o dx (ngqu(x))z . (7)

This constraint turns the wave-equation into an integro-differential equation that describes a
non-local interaction

o0

(@) = Kna(@) — (Ulor(@)] - m*) nue) +2(2) [ Ay o) (Ulon()] = m?) = 2" ()] no(y).

(8)
Here primes denote the derivative with respect to the spatial coordinate. Since z(x) vanishes
asymptotically, this equation represents a well-defined scattering problem from which phase
shifts and their Born approximations can be computed. We also note that the constraint only
affects the symmetric (p = +) channel. It does not take effect for large separation R where z(x)
parameterizes two independent translational vibrations that, by construction, are orthogonal to
the remaining fluctuations.

4. Scattering data

To compute the phase shift 6, (k) in the symmetric channel from the integro-differential
equation (8) we introduce u(z) = U[pg(x)] —m? and parameterize 1,,(z) = e cos[kz +ds(x)].
This leads to coupled differential equations

dés(z) 1 e
) 53(0 | = —? c(x) [u(x)c(x) — az(z)e Vst )}
Sx = 7 s(x) {u(m)c(w) — az(x) 67”5(1)} , (9)
where c(z) = cos[kx + ds(z)] and s(x) = sin[kx + dg(x)]. Furthermore « is a Lagrange

multiplier that is iteratively adjusted such that [°° dzz(z)c(x)e’® = 0. This system of
equations is solved with the initial conditions dg(0) = 0 and v(0) = 0 for a given value k.
Then 64 (k) = lim,; 00 d5(z). In the antisymmetric channel we similarly parameterize n,(x) =
eA(@) sin[kx + d4(z)]. Since the constraint is not active in that channel, the wave-equation
simplifies to an ordinary differential equation

doa(zx)
dx

= _u(kx) sin?[kx + 04 ()] . (10)

The initial condition dg(0) = 0 then produces 6_(k) = lim,;_,oc d4(x). The Born approximations

55_3 )(k) are similarly obtained from the linearized versions of equations (9) and (10) with a = 0
since in the renormalization process we need to resemble the full Feynman diagram?.
As it is the case for the scattering data, cf. Egs. (9) and (10), the bound state wave-functions

are either symmetric or antisymmetric under spatial reflection. Of course the discrete sum (Z j)

2 The two functions are related by c(z)dvs(z)/dx = s(x)dds(x)/dz [8].
3 Of course, formally we could compute the diagram subject to the constraint, but this would unnecessarily
complicate matters.
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) and antisymmetric (OJ(-i)) channels for various

Table 1. Bound state energies in the symmetric (w ;

values of the separation distance R.

bound state | R=0.25 R=05 R=075 R=10 R=30 R=40

wi™ 0 0 0 0 0 0

w§™ — 1.905  1.719 1592 1723 1.731
w! ™ 1.815 1350  0.927 0.606  0.012  0.002
w$™) — — 1.999 1.955  1.740  1.733

in Eq. (3) comprises these channels. We obtain the bound state energies by first constructing
a set of basis states via implementing boundary conditions on the non-interacting solutions
(U = m?) at a distance L representing spatial infinity. Within this basis we compute matrix
elements of the operator on the right-hand-side of Eq. (1) and find its eigenvalues. Those
below m? are the bound state energies (squared). Since the bound state wave-functions decay
exponentially at large x, the corresponding energies are not sensitive to the particular value of
L as long as it is large enough. For the symmetric channel with the constraint we diagonalize
the operator from Eq. (1) after sandwiching it between the projector 1 — |z)(z|. Note that this
always causes a zero mode to appear for the solution, |z) that is annihilated by the projector.

With these solutions to the constraint wave-equation we compute the VPE from Eq. (3) for
distinct values of the distance R. Subtracting twice the VPE of a single (anti)kink yields the
leading quantum correction to the kink-antikink potential as a function of R.

5. Results
To produce numerical results we redefine the field and the coordinates such that m = 2 and
A=2

In table 1 we list the bound state energies as a function of the kink-antikink separation R
that result from the wave-equation (8). A zero mode always appears in the symmetric channel
(=)

because of the projection. As R — oo the lowest bound state, w; ’ in the anti-symmetric channel

also turns into a zero mode. In the same limit the second bound state, W)
breather energy at v/3m,/2.
We also note that the resulting phase shift for the constraint scattering problem reproduces

Levinson’s theorem

approaches the

04(0) = (n+ - ;) s and 0_(0)=n_m (11)

for scattering in one space dimension [10, 11]%. Here ny and n_ are the number of bound states
in the symmetric and anti-symmetric channels, respectively. Note that n also counts the zero
mode from the constraint. This statement can readily be verified for R = 0.5 for which we plot
the phase shifts in figure 1.
In figure 2 we compare our main result for the quantum energy of the kink-antikink system
relative to the quantum energy of two independent kinks
Viac(R) = Evac(R) — 2E\(zl;icnk) (12)
to the classical counterpart from Eq. (6). While the latter is indeed known to be attractive
we find that the quantum correction is repulsive. However, in magnitude it is not enough to

4 A formal proof of the theorem for non-local interactions is presented in Ref. [12].
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Figure 1. (color online) Phase shift in Figure 2. (color online) Quantum
the symmetric (04 ) and antisymmetric (6_) correction to kink-antikink potential as a
channels for separation distance R = 0.5. function of the separation R defined in

Eq. (12). Also shown is the classical
potential from Eq. (6).

turn the whole potential into being repulsive. On the contrary, we find that (in absolute value)
the VPE is significantly smaller than the classical potential. This, of course, is consistent with
the VPE being a mere correction. Nevertheless, we see from figure 2 that the total potential
Vel(R) 4+ Viac(R) produces a small barrier at an intermediate distances. Hence the quantum
corrections indeed have the potential to stabilize a classically unstable configuration.

Though we have circumvented the fundamental problem of dealing with imaginary frequencies
by introducing a constraint, this leads to an inconsistency that still needs to be resolved. A closer
look at figure 2 shows that Vi,. approximates 0.36 in the limit R — 0. This is actually the trivial
configuration which has zero VPE so that Viuc — —2E\(,1;(i:nk) which in our units is 0.94. In this
limit the non-zero result for the VPE originates purely from the constraint.

6. Conclusion and open problems

We have estimated the one-loop quantum correction to the kink-antikink potential. This is a
prototype calculation of quantum corrections that require the comparison of soliton energies for
different particle numbers. This will eventually shed more light on the predictions for classically
stable configurations with large particle numbers such as nuclei [13], for example.

We observe that the quantum correction mitigates the strong attraction seen in the classical
kink-antikink potential. Our findings are consistent with the VPE being just a correction to
the classical energy. Interestingly enough, though, the quantum correction produces a mild
repulsion at intermediate separation suggesting that these corrections stabilize a classically
unstable configuration.

We have already mentioned the inconsistency of our VPE result for the trivial configuration
R — 0. We note that ¢r(z) is actually not a solution to the field equations and therefore a static
source term in the wave-equation (1) must be added. Currently we investigate how this source
term contributes to the kink-antikink potential. There may be both, a direct contribution and
an indirect one as a modification of the constraint may turn out inevitable.

Acknowledgments
This project is supported in part by the NRF (South Africa) under grants 77454 and 109497.
7.L. appreciates a NITheP bursary.

SA Institute of Physics ISBN: 978-0-620-77094-1 516



Proceedings of SAIP2016

References

[1] R. Rajaraman, Solitons and Instantons, North Holland, 1982.

[2] T. H. R. Skyrme Int. J. Mod. Phys. A 3 (1988) 2745. Article reconstructed by I. Aitchison.
[3] G.S. Adkins, C. R. Nappi, and E. Witten, Nucl. Phys. B 228 (1983) 552.

[4] H. Weigel, Lect. Notes Phys. 743 (2008) 1.

[5] N. Graham, M. Quandt, and H. Weigel, Lect. Notes Phys. 777 (2009) 1.

[6] R. G. Newton, Scattering Theory of Waves and Particles. Springer, New York, 1982.

[7] T. Sugiyama, Prog. Theor. Phys. 61 (1979) 1550.

[8] F. Calegero, Variable Phase Approach to Potential Scattering. Acad. Press, New York and London, 1967.
[9] N. Graham and R. L. Jaffe, Phys. Lett. B 435 (1998) 145.

[10] G. Barton, J. Phys. A 18 (1985) 479.

[11] N. Graham, R. L. Jaffe, M. Quandt, and H. Weigel, Annals Phys. 293 (2001) 240.

[12] Z. Q. Ma and A. Y. Dai, J. Phys. A 21, (1988) 2085.

[13] D. T. J. Feist, P. H. C. Lau, and N. S. Manton, Phys. Rev. D 87 (2013) 085034.

SA Institute of Physics ISBN: 978-0-620-77094-1 517



	Division G - Theoretical and Computational Physics
	Quantum corrections to the kink-antikink potential




