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ABSTRACT: We present the saddle-point approximation for the effective Hamiltonian of the
quantum kink in two-dimensional linear sigma models to all orders in the time-derivative
expansion. We show how the effective Hamiltonian can be used to obtain semiclassical soliton
form factors, valid at momentum transfers of order the soliton mass. Explicit results, however,
hinge on finding an explicit solution to a new wave-like partial differential equation, with a
time-dependent velocity and a forcing term that depend on the solution. In the limit of
small momentum transfer, the effective Hamiltonian reduces to the expected form, namely
H =~/P?+ M2, where M is the one-loop corrected soliton mass, and soliton form factors are
given in terms of Fourier transforms of the corresponding classical profiles.
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1 Introduction and Motivation

The description of soliton states in quantum field theory—the foundations of which were laid
out in the mid *70s—is a beautiful subject where basic notions of quantum field theory operate
in the background of exact solutions to nonlinear differential equations; for popular reviews
see [1-3]. Two-dimensional models possessing kink solitons hold a privileged position: one
can do more analytically, owing to the relative simplicity of working in one spatial dimension
and the absence of gauge fields.

For example, in a class of linear sigma models, including ¢* theory and other non-
integrable models, the exact canonical transformation of phase-space path integration vari-
ables from the perturbative sector to the one-soliton sector of the theory is known. This



is a transformation (¢(x);m(x)) — (X, p(p); P,w(p)), which extracts the soliton collective
coordinate X and its conjugate momentum P as a single degree of freedom in the field theory.
The remaining field-theoretic degrees of freedom are collected in a field ¢ and its conjugate w
containing fluctuations around the soliton, in such a way that the transformation preserves
the phase space measure. The coordinate p = z — X(t) is co-moving with the soliton. The
Hamiltonian, when expressed in the new variables, is nonlocal in space and possesses an infi-
nite set of higher order vertices for the fluctuation field, depending on the background soliton
solution [4-11]. The fluctuations can be expanded in creation and annihilation operators, and
the vacua of the one-soliton sector, which are annihilated by all of the annihilation operators
and labeled by the eigenvalues of P, are the one-soliton states of the theory.

In order to make use of the soliton-sector Hamiltonian for practical computations, one
typically employs two approximations: the semiclassical approximation and the adiabatic ap-
proximation. The semiclassical approximation is the usual small coupling expansion, where
the coupling, g, is a parameter in the potential controlling cubic and higher order interaction
terms. By a scaling argument, g2 can be identified with . The adiabatic approximation,
meanwhile, treats time derivatives of the soliton collective coordinate as small. It is the im-
plementation in quantum field theory of Manton’s approximation for time-dependent soliton
solutions [12] of classical field theory. In fact, it is common to tie these two approximations
together by assigning a particular g scaling to time derivatives, 9; ~ O(g).!

One can formally define the soliton effective Hamiltonian H.g[P] by path integrating
over the field-theoretic fluctuations. In principle the Hamiltonian can then be computed
perturbatively in both expansion parameters. At lowest order in both one recovers the stan-
dard relativistic energy \/P? + Mg, where My is the classical soliton mass.? In this language
the adiabatic expansion is a small momentum transfer expansion, P <« 1, while the small ¢
expansion provides quantum field-theoretic corrections.

With a few notable exceptions [13-15], and excluding integrable theories where other
techniques are available, almost all work on solitons in quantum field theory has been in the
adiabatic or small momentum transfer limit. For example, in supersymmetric theories where
the solitons are BPS states one can sometimes use nonperturbative techniques in g to recover
the quantum-exact mass M (g) = Mo+O(g?). Classic references include [16, 17], and a recent
review may be found in [18]. However, very little is known about solitons in non-integrable
theories in the opposite limit of high momentum transfer but small g.

Understanding the behavior of solitons in the high momentum transfer regime, AP ~

!There is good reason to do so. The static-soliton profile with a time-dependent collective coordinate
does not solve the time-dependent field theory equations of motion. Keeping 0; ~ O(g) ensures that the
resulting tadpole for the quantum fluctuation field can be grouped with the interaction Hamiltonian and
treated perturbatively.

2This is the result in the simplest two-dimensional models where the only soliton collective coordinate is
the position degree of freedom, X.



My, is extremely important for certain foundational questions in quantum field theory. For
example, should one consider soliton-antisoliton virtual pairs running in loops when one
computes quantum corrections to ordinary processes involving perturbative particles? Naively
the answer is yes, since the optical theorem instructs one to sum over all intermediate states.
Less naively the answer is no, since arguments based on a coherent-state picture of the soliton-
antisoliton pair indicate such contributions will be exponentially suppressed in the coupling
and hence beyond the regime of applicability of the asymptotic series in g, which perturbation
theory provides for any given observable.

However, other arguments [19, 20] suggest that the exponential suppression is governed
not by the coupling g2 per se, but by the ratio of the soliton’s Compton wavelength to its size.
For many theories this ratio is essentially the same as g2 but there are notable exceptions such
as instanton-solitons in five-dimensional gauge theories and small black holes in supergravity.
In such cases one should ask: Is it possible that the contributions of small-sized solitons
running in loops are important for perturbative processes? Recent computations suggest that
this is indeed the case [21, 22].

The idea of [19] is to employ crossing symmetry to relate the creation of a virtual soliton-
antisoliton pair to an (off-shell) process in the one-soliton sector of the theory in which a
soliton absorbs or emits a high-momentum perturbative particle.> The amplitude for the
latter process is captured by a form factor—that is, a matrix element of the scalar field
between soliton states, (Pf|o|P;)). Reference [20] improved on previous work by making the
Lorentz invariance of the form factor manifest, a result achieved by working with the boosted-
soliton profile and the relativistic effective Hamiltonian, Heg[P]. However the computation
in [20] still assumed a small momentum transfer compared to the soliton mass, thus leaving

speculation about the regime of high momentum transfer open.*

In this paper we demonstrate that one can access the high momentum transfer regime
of solitons in two-dimensional linear sigma models, by working directly with the exact field-
theoretic soliton-sector Hamiltonian obtained in [10, 11]. By carrying out a saddle point
approximation of the path integral over (¢,w) in g—but working exactly with the nonlocal
terms—we will obtain a saddle point equation for the fluctuation field ¢ in the soliton sector.
With V(¢) the field theory potential, this reads as

(0 - BLP, 10,)%p - 8% + % - 1Pyl (1.1)
©

where the generalized velocity 5 and forcing term f are functionals of the soliton momentum

3A cautionary remark is in order. Crossing symmetry is a symmetry of the exact quantum field theory.
Due to the possibility of Stokes phenomena, the semiclassical limit might not commute with the analytic
continuation to the crossed channel.

*Indeed, the authors of [20] did not fully realize this in the earlier versions of the work. Clarifying this point
has been a significant motivation for the current paper. The authors of [20] thank Sergei Demidov, Dmitry
Levkov and Edward Witten for early related discussions.



P and the field ¢:
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Here g = ﬁ(b(’) is the normalized zero-mode fluctuation around the static soliton solution,

(1.2)

®o(p), while dots and primes are used to denote derivatives with respect to t and p respectively.
In the limit of zero momentum transfer, so that P is constant, the forcing term vanishes, and
this integro-differential equation reduces to one obtained already in [10]. It is solved by
the boosted soliton profile: ¢ = ¢o(p/\/1-?), with  the soliton velocity related to the

momentum via P = MyB3/+/1 - 2.

In (1.1), which we will refer to as the forced soliton equation, P(t) should be viewed as
a given function of time, and therefore the solution ¢ is a functional of P. Inserting this
solution back into the field-theoretic soliton-sector Hamiltonian then yields Hog[P] at tree-
level in the coupling g, but to all orders in the time-derivative expansion. A solution ¢ to
(1.1) can be thought of as a nonlinear soliton analog of the Liénard-Wiechert potential in
electromagnetism. A key difference is that the soliton degree of freedom X (t) is not external
to the full theory but is governed by the effective Hamiltonian Heg[P].

Quantum fluctuations around a solution to (1.1) can be treated in the usual perturbative
manner.” Integrating out these degrees of freedom results in the one-loop and higher order
contributions to the soliton effective Hamiltonian, viewed as an expansion in g. In this paper
we restrict ourselves to the one-loop analysis. We manage to carry out the relevant path
integral over fluctuations in closed form, giving the result in terms of classical data associated
to the quadratic fluctuation Hamiltonian. However we eventually must restrict to the case of
constant P, where the saddle-point solution to (1.1) is known, to carry the computation to
completion.

Even in this case, we find a rather nontrivial quadratic Hamiltonian to diagonalize for the
fluctuations. Doing so requires an extension to an approach presented in the appendix of the
classic paper by Christ and Lee [9], and we couch the analysis in the language of Williamson’s
Theorem [23]. One output, which will be useful for higher order perturbative computations,
is the explicit form of the normal-mode fluctuations around the boosted soliton; these satisfy
an orthogonality condition with respect to the zero-mode of the static soliton.

Finally, we use the soliton effective Hamiltonian to define semiclassical soliton form fac-
tors. These capture the leading-in-g behavior of the corresponding soliton form factors and
are valid at arbitrary momentum transfer. We are able to carry out the quantum mechanical
path integral for these semiclassical form factors and express the result in terms of a gener-
ating functional. The generating functional uses the soliton effective Hamiltonian, evaluated

®One degree of freedom associated with the zero-mode must be eliminated from the fluctuation field Je.
There are standard techniques for doing so, as we will review.



on a time-dependent solution to the forced soliton equation determined by a source. The dif-
ferential operator that acts on the generating functional to produce the semiclassical soliton
form factor is constructed from a constant P background solution and is thus known in terms
of the classical soliton profile. We demonstrate that our formula reduces to the expected
result, in terms of a Fourier transform of the classical profile, in the low momentum transfer

regime.

The rest of this paper is organized as follows. In Section 2 we recall the canonical
transformation of the phase-space path integral that separates the soliton collective coordinate
and its conjugate momentum from the remaining set of field-theoretic degrees of freedom,
and we recall the form-factor computations that motivated this investigation. The resulting
soliton-sector Hamiltonian is analyzed in Section 3, where it is shown that (1.1) arises as the
saddle-point equation for the fluctuation field around an accelerating soliton with phase-space
trajectory (X (t), P(t)). In Section 4 we set up and evaluate the saddle-point approximation
for the path integral over the field-theoretic fluctuations around a solution to (1.1). In Section
5 we apply our machinery to semiclassical soliton form factors. An investigation of solutions
to (1.1) beyond small momentum transfer is left to future work, and we outline some potential
approaches at the end of Section 5.

2 Canonical Transformation to the One-soliton Sector

We begin our discussion by setting up notation and conventions, as well as briefly reviewing
some of the necessary background material.

2.1 Preliminaries

We consider the class of 2D linear sigma models with classical action
1
s= [ d%(—ﬁamaw—vo(mo;gﬁ)) . (2.1)

We assume that the minima of Vy(mg; ¢) are gapped and associated to a spontaneously broken
discrete symmetry. The parameter mg controls the mass gap to the perturbative spectrum.
Spacetime points are labeled by z# = (¢,x), and we work in signature (—,+).

If Myae == {¢ | Vo(mo;¢) = Vinin} has multiple components then there exist classical
solitons called kinks. These are finite-energy time-independent solutions to the equation of
motion,

9?9 dVp(mo;¢)
oz dp

that asymptote to different vacua as x - +oo. We denote such a solution by

0, (2.2)

¢ = go(mo;z - X) . (2.3)



The free parameter X is the center-of-mass position of the kink. Prototypical examples within
this class, along with their static classical solutions, are c.f. [3]

1 1 5)\? m m
4 2,2 2 0 0
theory: Vz—( ——m) , :—tanh(— a:—X) ,
¢ Yy 0 92 g (ZS 4 0 ¢0 2g \/5( )
2
4

sine-Gordon: Vo= m_20 (1-cos(go)) , ¢o = — arctan (emo(x_x)) . (24)

g g

In the ¢* model there are two classical vacua at ¢ = +mq/2g, while in the sine-Gordon model

there is an infinite sequence at ¢ = 2”7", n € Z. Expanding around these vacua, one finds that

the tree-level masses of the fundamental particles, the “mesons,” are v/2mg and mg in the ¢*
and sine-Gordon models respectively.

Note that both of the above potentials have the scaling property Vo(mg; ¢) = g%%(mo; ?),
where the function Vj(mg;z) does not depend on g, and é = gé. Tt is common in the soliton
literature [1, 3, 6] to make the additional assumption that the potential is of this form, in
which case, the action can be written

S=g—12 [ e (~50,50F - To(m: ) (2.5)

Thus the g-expansion can be thought of as the (semiclassical) h-expansion. We assume the
potentials we work with in this paper have this scaling property.

In the quantum theory, bare and renormalized parameters must be related through ap-
propriate counterterms. Perturbative sector computations in these models reveal logarithmic
divergences only, which can be eliminated through mass renormalization. The coefficient of
the mass counterterm, Am?, can be computed order by order in perturbation theory once a
renormalization prescription is given, and the one-loop contribution, ém?, participates in the
evaluation of the one-loop correction to the soliton effective Hamiltonian.

A standard renormalization prescription can be made for the class of linear sigma models
discussed above where the effect of the counterterms is such that the renormalized potential,
V(#) = Vo(¢) + Vet (¢), has the same form as Vp, but with m2 replaced with m?+Am?, where
m? is a finite renormalized mass, and the condition fixing Am? is that the tadpole for the
fluctuation field around the vacuum vanishes to all orders in perturbation theory. See [24]
for a fuller discussion. In the case of ¢* theory, for example, this condition implies that the
quantum vacua are at (@) = +m/2g. Using this condition, we will write the renormalized

potential as

V(¢) = Vo(mo; @) + Ver.(¢)
= Vo(m; ¢) + Vam2(¢)
= Vo(m; @) + V2 (9) + -+, (2.6)



where the ellipsis denotes two-loop and higher contributions. Thus the relevant background
configuration for a perturbative analysis of the quantum kink is

¢ =do(m;z-X), (2.7)

This is the classical kink solution where the bare mass parameter, mg, has been replaced with
the renormalized parameter, m. Henceforth, any appearance of Vy(¢) or ¢o(x — X)), without
the mass parameter made explicit, will refer to Vo(m; ¢) and ¢o(m,x - X).

2.2 Soliton States

Soliton states are elements of the one-particle Hilbert space and are labeled by momentum
P [6]. They carry a conserved topological charge, associated with the current J,, = €,,0" ¢,
and are orthogonal to the perturbative-sector states. They are defined through a three-step
process:

Step 1: One begins with the renormalized Hamiltonian arising from (2.1), corrected by
perturbative sector counterterms, and given by

o= fda;{%ﬂ ; %(am)? +V(¢>)} . (2.8)

In terms of this Hamiltonian, the phase-space path integral for the transition amplitude takes
the form

zge= [1onmluslotirol wlotsoeso i [V | [asin-n]}. o)

Here VU, ¢[¢] are wave functionals for the initial and final state of the field at times ¢; and
tr=t;+T, and Z; = (¥ f|Z|¥;) is the matrix element of the evolution operator.

Step 2: Next, a canonical transformation on (infinite-dimensional) phase space (¢;7) —
(X, x; P,w) is performed by considering the coordinate transformation

o(t,z) = po(x - X (1)) + x(t,z - X(1)) . (2.10)

The modulus X has been promoted to a dynamical variable (a collective coordinate) and x
represents field fluctuations around the soliton. Then one makes the following ansatz for the
momentum variables :

w(t,x) =m[ X, x; P,w]0pp0(x — X (1)) + w(t,z— X (t)) . (2.11)

In order to preserve the number of degrees of freedom, constraints must be imposed on the new
fields x,w. Since 0,¢¢ solves the linearized equation of motion around the soliton solution,



the constraints are chosen to eliminate this zero-frequency degree of freedom from the new
fields

/ dxx0yd0 =0, [ dxw0y¢0 =0 . (2.12)

The quantity 7y is determined by demanding that the transformation be canonical—i.e.
by requiring that the standard Poisson bracket of ¢, 7 implies {X, P} = 1 and the standard
Dirac bracket for ¢, w, and vice versa. This leads to [10, 11]

P+ [dpwyx’
__ 2.13
™0 MR+ (1) | dpai] (2.13)
with
- [ ani 2

the classical soliton mass. Here we have introduced the kink-comoving coordinate p = z—X ().
Derivatives with respect to p are denoted with a prime.

As integrals over p, like those in (2.13), will appear quite often, we will sometimes employ

a bra-ket notation:%

(flg) = [oo dpf(t,p)"g(t,p) - (2.15)
Thus My = (¢|¢(), and (2.13) can also be expressed more compactly as
P+ (wlx')
o= — , (2.16)
(¢olog +X')

In terms of the new variables, (2.10) and (2.11), the Hamiltonian (2.8) is

_ My (P + (w|x))* 1 o 1 Lo n
H = Mo+ 26090 + )2 +/dp ST X +7§25V0 (G0)X" + Vam2(do +x) ¢, (2.17)

where V(") denotes the n'" derivative of the potential with respect to ¢. We will refer to this
as the soliton-sector Hamiltonian. It is important to note that the canonical transformation
(2.10), (2.11), with (2.13), is a transformation of classical phase-space variables. In the
canonical formalism, though, it is straightforward to extend it to a transformation of operators
that preserves the quantum commutator [11]. This requires a choice of operator ordering for
(2.11). Upon choosing the Weyl prescription, for example, one is led to an additional term
in the Hamiltonian beyond (2.17).” This “quantum potential” can also be obtained from the
path integral formalism through a careful treatment starting from the discretized definition,
(where Weyl ordering corresponds to the midpoint prescription for the momenta) [26]. In
terms of scaling in g, the quantum potential is an O(g?) correction, or two-loop effect, and

5To minimize confusion we use a double bra-ket for quantum field theory inner products.
"See also [25] for a discussion in the context multi-component scalar theories.



hence will not be relevant for us in this paper. However, the quantum potential should be
understood to be included in any expression appearing below that utilizes the exact soliton-
sector Hamiltonian.

In order to write the transition amplitude (2.9) in the new variables we must give a
precise description of how the constraints (2.12) are to be implemented in the path integral.
For this purpose it is useful to introduce an orthonormal basis of modes for the fluctuations
around the classical static solution, ¢g(p). These modes solve the eigenproblem

( 9% 4%V

- 8_,02 + W )ll)n(f)) = W?zll)n(p) ) (2.18)

%o

which arises from a linearization of (2.2) around the static soliton solution, (2.3), with the
replacement mgy — m as explained under (2.6). The modes {1, } are known explicitly for many
field theory potentials of interest, but we will not need their detailed form; we only wish to
emphasize a few key points that hold for the class of models we consider. The spectrum is
positive, and there is a unique zero-mode given by

1
Vv Mo

In terms of this zero-mode the constraints take the form

(Wolx) =0,  (Wolw)=0. (2.20)

bo = —~—dth - (2.19)

Depending on the details of the potential there might, or might not, exist additional discrete
L2-normalizable modes corresponding to excited states of the kink. These will be followed by
a continuum for the theory defined on p € (—o0, 00), representing perturbative particle states
in the presence of the kink.

For later purposes—especially the one-loop computation of Section 4—it will be essential
to regularize the theory by putting it in a box of size L with appropriate boundary conditions
imposed at p = £L/2, so that the spectrum of fluctuations around the kink is discrete. We
make a brief digression here to explain this in some detail, since having the basic framework
in place now will prove convenient later.

The boundary conditions at p = +L/2 must ensure that the operator in (2.18) is Hermitian
and should maintain a well-defined variational principle for (2.1). In subsection 4.5 where we
review the one-loop computation of [5, 27], we will take periodic boundary conditions and
employ mode number regularization as in the original works. Other choices are possible and
yield the same results provided that the regulators in the soliton and perturbative sectors are
chosen consistently.® This point has been nicely emphasized in recent work by Evslin [29].

8The questions of boundary conditions and regularization are subtler for supersymmetric kink solitons in
theories with fermions, and this led to a flurry of activity on the subject in the late '90’s and early 2000’s. See
e.g. [28] for a review with references. In contrast, for the simple bosonic models of (2.4), the original approach
and results of Dashen, Hasslacher, and Neveu [5] have been validated many times.



As long as the size of the box is taken much larger than any length scale in the potential,
the square-normalizable bound states of (2.18) will continue to exist with box eigenvalues,
wn(L)?, and box wavefunctions that differ from those of the theory on R by corrections in L
that are exponentially small at large L. Furthermore, although the spectrum is made discrete
by the box regularization, one can still distinguish those eigenfunctions corresponding to
bound states in the theory on R from those eigenfunctions corresponding to scattering states
by the value of w,(L)?, at least when L is large enough. Specifically, if w, (L)? < %(%(p))
for all |p| > L/2, then 1, corresponds to a bound state of the potential while those modes
with wy, (L)% > %(%(P)) for all |p| > L/2 correspond to scattering states. Strictly speaking,
the previous comment assumes that 557‘2/

one can easily modify the statement to account for the different behaviors of ‘fl%/((ﬁo(p)) at

(b0(p)) is a symmetric function of p. If it is not,

p ==+L/2. We thus have the orthonormality and completeness relations for the theory in the

box:

n
Our conventions are that n =0,1,...,ny — 1 correspond to the bound states of —83 + %|¢0
on R with n = 0 the zero-mode, while n = ny,np, + 1,... correspond to the scattering states.

In the box, the equality (2.19) is no longer true. The relationship given there will receive
corrections that are exponentially small in L at large L. Furthermore, the eigenvalue wg will
not be zero. Our goal is to study the theory on R, and we are only using L as a regulator.
Thus we have some freedom in how we choose to define the transformation to the soliton sector
when L is finite. Rather than using ¢(, for the constraints, we will use 1. Again, these agree
when L — co. However the choice g seems more appropriate at finite L since this way we are
exchanging the lowest energy eigenmode around the static kink for a collective coordinate.
The phase space coordinate transformation will be canonical with the g constraints at finite
L provided (2.11) and (2.16) are written as

__ (B =g x) ) .
m(t,x) = ( [oldh ') )Il)g(x X(t))+w(t,z—X(t)) . (2.22)
Now the soliton sector Hamiltonian is
(P + (@l +x'))? L/ P
S L e R Ve 0} )

and it is equivalent to (2.17) in the L — oo limit.

Returning to the main thread of the discussion, then, we can write mode expansions
X(t,0) =2 xn (W Wn(p) . w(t,p) = Y m(t)bulp) , (2.24)
n n

and the constraints (2.20) set xo(t),mo(t) to zero. It will be convenient for us to work with
a real basis {1\, } , and therefore the modes x,,, 7, are real-valued. We emphasize that the
basis {1, } does not diagonalize the quadratic Hamiltonian in x,zo unless P = 0.

,10,



With the soliton sector Hamiltonian, (2.23), the transition amplitude (2.9) is expressed
as an integral over the new variables with delta functionals enforcing the constraints:

2= [(DXDP) [ [DxDw]5((boh)((bolez)) s [X . ()] WK ) )
xexp{i ftitf dt (PX+(w|>’<)—H)}
- [[DXDP]f[DwaD)\Du]\lif[Xf,X(tf,x)]*\lfi[Xi,X(ti,x)]x
xexp{iﬁtf dt(PX+<w|5<>—A<¢01X)—y<¢o\w)—ﬂ)} . (229)

In the second form of the expression the delta functionals have been represented by functional
integration over Lagrange multipliers \(¢),v(t). We denote by

Hr = H + Mo|x) + v{o|e) (2.26)

the total Hamiltonian, which includes the Lagrange multipliers.

Step 3: Now that the transition amplitude has been expressed in appropriate variables, we
can define the soliton states. A soliton state of momentum P has the form [Up)) = |P)®|¥¢ p)
with position-basis wavefunctional

L ipx
XaX\IIP :\I’P XvX =——c¢' \IIO,PX ) 2.27
(X XWp) = Wp[Xx] = = [ (221)
where Wq p is the normalized ground-state wavefunctional of the x-w theory—that is the
theory defined by the Hamiltonian (2.26), where P is treated as a (generally time-dependent)
background parameter. The notation ¥( p is meant to emphasize the dependence of this
ground-state wavefunctional on P, but we will often omit the P subscript for brevity.

The wavefunctional ¥y can be computed perturbatively in the semiclassical expansion.
If x = X +9dx, where X is a solution to the classical equations of motion following from
(2.26) and d0x is the fluctuation field, then at leading (one-loop) order the wavefunctional
takes the form of a Gaussian in the fluctuation field dx. If the fluctuation field is written in
terms of creation/annihilation operators a' and @ that diagonalize the quadratic part of the
Hamiltonian, then the ground state |¥y)) is the state annihilated by all of the annihilation
operators.

The ground-state wavefunctional is used to define the soliton effective Hamiltonian,
Heff[P]7 via

@7ifdtHeH[P] = f[DXDWDADV]\IJO[X(tf,x)]*\I/O[X(tla‘T)]elfdt((W|X>7HT) . (228)

The main goal of this paper is to construct the saddle-point approximation to Heg[P]
for general time-dependent P(t); we will present these results in Section 3. In Section 4 we

— 11 —



will construct the one-loop ¥q in terms of a symplectic transformation that diagonalizes the
part of Hp that is quadratic in fluctuations.” We then use the wavefunctional to complete
the saddle-point computation of (2.28). The construction is fully explicit in the case of
constant P. Before we turn to that technical analysis, we will describe an important physical
application where Heg[P] will be useful.

2.3 Motivation from Soliton Form Factors

One of the main motivations behind this work is the study of soliton form factors to leading
order in the perturbative expansion and beyond the regime of small momentum transfer. Soli-
ton form factors are simply matrix elements of operators between soliton states: (¥ p, 0|Wp,).
For example, one of the most basic and important form factors is the matrix element of the
original scalar field, O = a(t,x). By crossing symmetry, this form factor determines the
amplitude for a perturbative particle to create a soliton-antisoliton pair [19, 20, 31].

At leading order in the semiclassical approximation, any polynomial in the original fields
¢, ™ restricts to a function of X and P obtained by evaluating (2.10), (2.11) on the saddle-
point solution:

Olm,¢] = O[7[ P, X],6[P, X]] (1+0(g)) , (2.29)

where
(?5=¢0(x—X)+>_<(t,1:—X), 7?:WU[Xa)_C;Pvﬁ]aIQSO(‘T_X)+5(t7I_X)7 (230)

with (X,@) a solution to the classical equations of motion stemming from the soliton-sector
Hamiltonian, (2.26). It follows that the leading semiclassical approximation to the soliton
form factor reduces to a matrix element in the collective-coordinate quantum mechanics'”

with Hamiltonian Heg[P]:

(U, |O1Wp,) = f [DXDP] f [DXDwDADV| U}, Up,e'] HPXHEO-HT) O, ]
= [ [DXDP]ziei(PiXi—Pfo)eif d(PX-Ha[P) O[7 3] (1+O0(g)) . (2.31)

™

As we will see, Hog[ P] has an expansion of the form
He = HGY + HY +0(g) , (2.32)

where the superscripts indicate the order in g. The first (tree-level) term arises from evaluating
Hrp, given in (2.26), on the background solution ¥, @, while the second (one-loop) term comes
from integrating out the fluctuations around this solution via saddle point approximation. It

9The wavefunctional for the static soliton, o, p-o, has been discussed recently in [30], where it was obtained
by acting on the perturbative sector vacuum with an appropriate displacement operator.
Y Corrections can be computed perturbatively in the x-o field theory. See e.g. [10].
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follows from (2.31) that it is sufficient to keep only these first two terms in order to capture
the leading semiclassical behavior of soliton form factors.

This discussion also allows us to highlight when and why it is important to go beyond the
usual adiabatic/small momentum-transfer limit. First, if there is no X-dependent insertion
in (2.31), then the soliton momentum is conserved. This can be seen explicitly from (2.31)
by first carrying out the path integral over X, resulting in a delta functional setting P equal
to a constant. The overall matrix element then carries a factor of 6(Py — P;). For example,
in the case where there is no insertion one has

<<\ijf|\IJPi >> _ (5(Pf _ B)e—iHefr[Pf]T _ 5(Pf _ Pi)e—iHeff[Pf]tfHHeff[Pi]ti ’ (233)

where T' =ty —t;, and Heg[Pf] can be evaluated perturbatively in g under the restriction that
Py is constant. The Lorentz invariance of the theory dictates that

Hg[P]=VP2+M?, (constant P) , (2.34)

where M = My(1 +O(g?)) is the exact quantum mass of the soliton. The verification of this
relativistic energy to one-loop accuracy (in non-integrable models) is a classic result going
back to [9, 27]. However, as far as we are aware it has not been demonstrated directly from
the path integral formalism of [10], as we will do in Section 4.

Ultimately, we are interested in matrix elements of operators that do carry X-dependence,
which means that the soliton momentum is not conserved. Let us return to the example of
the scalar-field form factor, (¥ pf|$|\11 p,). If one works to leading order in the derivative
expansion of Heg (by treating P as constant), then to leading order in both the derivative
and semiclassical expansions this form factor is given by the Fourier transform of the clas-
sical soliton solution, ¢g, expressed as a function of k = Py — P;, [6]. This is the answer if
P; ; are also assumed to satisfy Py << M. More generally, if P; ; are relativistic, but the
transfer is still small, then the leading semiclassical form factor at small momentum transfer
is given by the Fourier transform of the boosted soliton profile, ¢o(p/\/1 - 3?), where the
velocity § is determined by the usual relativistic relationship to a momentum P = %(PZ +Py):
MyB/\/1- 2= %(PZ + Py), [20]. These results, however, can only be trusted to leading order
in k/M, as they are obtained by dropping the higher-derivative terms in Heg[P].

In order to probe the soliton-antisoliton pair creation amplitude related to (¥ pf|$|\Il P
by crossing symmetry, for example, we must understand the behavior of the form factor for
momentum transfers of order the soliton mass, Py — P; ~ O(M). This means that a derivative
expansion of Heg[P] is not under control and the all-orders result, obtained from a saddle-
point approximation to (2.28) for general P(t), is required. We will return to this discussion
in the final section, where we will obtain an expression for semiclassical soliton form factors
in terms of a certain generating functional built from the first two terms in (2.32).

,13,



3 Saddle-point Equation for General P(t)

We will now evaluate, by saddle point approximation, the effective soliton Hamiltonian, (2.28)
for general soliton momentum P(t). It is worth recalling how this is done in the small-velocity
approximation before tackling the general analysis.

Small Velocity: If one assumes small soliton velocities, X = O(g) then, since My = O(g~2),
$o = O(g™1), while x,w = O(1), we have the following for the second term in the Hamiltonian
(2.17):

(PefelD)” P o (3.1)

2 2M,
2Mo (1+ g (ohh))” 20

In this approximation, all field-theory interactions containing fluctuations coming from this

term are higher-order in the coupling, compared to the quadratic-order terms coming from
the remaining part of the Hamiltonian,'! leading to

2

P 1
H =M+ BT t5 f dp {w2 + X2+ VO (o) + V;;mz(gbo)} +0(g) . (3.2)

The O(1) part of the Hamiltonian can be diagonalized by employing the basis of modes
(2.24). Inserting these expansions back into (2.28) and working perturbatively in g, one
derives explicit Feynman rules for carrying out field-theoretic computations in the soliton
sector [10]. These rules include one-point vertices in the fluctuation fields contained in (3.1),
as well as an infinite series of higher-point vertices. The reason the one-point vertices are
present is that ¢o(t,x — X (¢)) is not a solution to the classical equations of motion.

Constant Velocity: The authors of [10] also demonstrated how one can find the true saddle
point of the soliton-sector Lagrangian when the soliton velocity is not small, but constant. In
that reference it was shown that

1- 32

solves the equations of motion following from (2.26) when P is time-independent. The param-

X(p) = ¢0 (L) - ¢0(p) ) with P = —= ) (3'3)

eter (8 is interpreted as the soliton velocity and has the correct relativistic relationship with
P. The solution (3.3) is quite nontrivial from the point of view of the equations of motion for
(x,w) following from (2.26), which are nonlocal. It is anticipated from Lorentz invariance of
the theory, though, since by (2.10) it corresponds to the boosted-soliton profile in terms of
the original field-theory variable

(3.4)

¢(t,m):¢o(w) |

i-7

"Note also, however, that the quadratic terms coming from the remaining part of the Hamiltonian are of

the same order in g as P2/2M0 in this approximation. Therefore it is inconsistent to ignore them while keeping
the P2/2M0 term. They lead, in particular, to the one-loop correction to the soliton mass.
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In fact, one could imagine implementing the canonical transformation from the perturbative-
sector variables directly to variables adapted to the boosted-soliton background from the very
beginning; this has indeed been carried out in [9, 32, 33].

Our goal in this section will be to generalize the analysis of [10] to the case where P(t) is
a generic time-dependent function. This will furnish the effective Hamiltonian of the soliton,
H.g[P], that is appropriate for processes involving changes in the soliton momentum that
are not small, such as soliton form factors with arbitrary momentum transfer. Our approach
will follow that of [10]. That is, we will first transform to static-soliton variables using (2.10),
(2.11) leading to (2.25), (2.26), and then find a nontrivial saddle-point solution in those vari-
ables. It is natural to ask why we do not directly perform the canonical transformation using
a time-dependent soliton background. It turns out that one runs into technical difficulties
at the quantum level when attempting to construct a canonical transformation that utilizes
a soliton background depending on both a time-dependent collective-coordinate position and
momentum. As briefly discussed under equation (2.17), the resolution of operator-ordering
ambiguities in a canonical formalism leads to additional, quantum contributions to the po-
tential. For a generic (X (), P(t))-dependent soliton background these might not be under
control.

3.1 Time-dependent Equations of Motion

We now begin our discussion in earnest. In this subsection we are simply analyzing classical
equations of motion and therefore we work with the theory on R. We find it convenient
however to use the form of the soliton sector Hamiltonian given in (2.23). This is identical
to (2.17) for the theory on R, utilizing (2.19) and the constraints. We work with the shifted
field?

o(t,p) =x(t, p) + ¢o(p) - (3.5)
The transformation (x,w) ~ (p,w) is canonical, and (2.23) takes the form
et WP [ [DoDwDAD W[ (¢, )] Walip(t, )] A

Hr = Mbolp — ¢o) + v{o|w)+

I\ 2
+%+[dp{%w2+%Wuvo(@)wmz(@)} . (3.6)

Treating P(t) as a background variable, the equations of motion following from Hr are'?

(Wolp) = (Wolgo) ,  (Wolw) =0, (3.7)

121t might seem that we are in effect undoing the canonical transformation. This is not the case. Unlike the

original field ¢, the field ¢ satisfies a constraint and is independent of the soliton collective coordinate.
13We do not vary Vam2 when constructing the saddle point solution because terms in Va,,2 are suppressed
by O(g?) relative to their counterparts in Vp.
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and

: P+ (=le')
p=mrrho+ =l
(Wol¢')?
: P+{@le) , @ (P +(wle")?
w= - Mo+ ———5w +¢ -Vy (@) - —F———5Vg . 3.8
(bole? U T E 35)
At this stage, it is convenient to introduce the “soliton velocity functional”
P+ (wly')
Ble,w; Pli= ———5~ 3.9
[ ] ol )2 (3.9)

so that the equations of motion (3.8) can be recast into the form

o=+ + Py,
@ = = A+ B + " - VD (0) = h B (Wol¢') - (3.10)

The quantity § is appropriately named since Hamilton’s equation for X in the full theory
gives X = OHp/OP = B.

Let (\,7,5,%) denote a solution to these equations and § := 3[®,; P] the velocity
functional evaluated on the solution. The v constraint implies that % is orthogonal to Yy,
and decay properties of the zero mode imply that {j, is orthogonal to o as well. Thus, the
Lagrange multipliers on the solution are determined to be

p=-Bold),  A=B{bolE)+ (Wl (@ - V(@) - (3.11)

By inserting the equation for 7 back into the % equation and integrating both sides against
@', we can solve for the quantity (|@’) and hence determine the velocity 3 purely in terms
of &:
- P+(3|p
B = —_fgf’,w : (3.12)
(#'e")
We can now use the % equation to solve for % in terms of . It is convenient to introduce

P., the linear operator that projects onto functions orthogonal to Vg

PL(f) = f=bo({flbo) , (3.13)
in terms of which the solution for @ is
@ =5 -BPUP) - (3.14)

We note that P, () = , which follows from acting with a time derivative on the A constraint.
Therefore this expression for z is indeed orthogonal to V.

With (3.14) in hand, one can compute %, @', and express the 7 equation in terms of &
only. The result can be put in the form

P, (5-28% - B - (1-B)%" + ViV (9)) =0 , (3.15)
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which implies that

5-28¢ - 57 - (1- 37" + V(@) = CL](t)bo(p) (3.16)

for some p-independent functional C of . To find an expression for C, multiply both sides
of (3.16) with @' and integrate over p:

d2 1 __ 900 - d T = T 1 = — &8 —\ |00 —

5 (570) -B5 @R - B+ 5(1-F) 77, + (@I = Clbolp) - (3.17)
dt? \2 dt 2

We can employ (3.12) to get some cancellations in the second and third term resulting in
2‘00

L. - o0 S —
SA=B B+ @ - P57 = Clble) (3.18)

At this point, we impose the usual soliton boundary conditions on ¢: it should approach

values in the vacuum Vy(%) = Viuin as p - +oo and should have finite energy. The latter
requires that @' and % should go to zero as p - +oo. Armed with this information we arrive

at .
P
C=-—", (3.19)
{Wol")
through which (3.16) takes the form of the forced soliton equation
(01~ 30,5 - 022+ UO(@) =~ (3.20)
{Wol@’)
Once a solution to (3.20) is found, we must still ensure that it satisfies the A constraint
_ 1 o
(ol2) = {Wolgo) = -—== &f|", . (3.21)

2/ Mo

where we used (2.19) in the second step.

Given a solution @ to (3.20) and (3.21), equations (3.11) and (3.14) then determine 7, A
and 7. The expression for A can be further simplified using (3.14) and (3.20), leading to

I I e - P d

B=p-BPP),  peBdE), A= d

Wol?) (B{wol@")) - (3.22)

As a simple check of these equations, consider the case of constant P. In that example
the forcing term on the right-hand side of (3.20) vanishes, and it is consistent to assume that
@ is time independent. From (3.12) 3 is then constant, and (3.20) reduces to

(1-p5*3" - Vo(l)(gB) =0, (constant P case) . (3.23)

After changing variables to p = p/v/1 - 2 in (3.20), one recognizes the standard equation of
motion for the soliton, and a solution is

2

o(p) = gbo( P pE ) , (constant P case) . (3.24)
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The integration constant py must be chosen so that the constraint (3.21) is satisfied. In ¢*
theory, for example, one can take pg = 0. Remembering from (2.14) that (¢g|¢)) = Mo, we
deduce (@'|@’) = Mo/\/1 - 32. Replacing the latter in (3.12) yields the expected relativistic
relationship between momentum and velocity, as in equation (3.3). Since the solution is time
independent, we see from (3.22) that A = 0. Meanwhile 7 and % can be expressed in terms
of @’ and the integral (Pg|@’). We are unaware of any simple expression for the value of
this integral, which is essentially an overlap between the static zero-mode and the boosted
zero-mode.

3.2 Tree-level H.g[P]

Having established the saddle-point equations for general P(t), and the corresponding back-
ground solutions as functionals of p, we next expand in fluctuations by writing

M\ v, p,@) = (A + 06\ T+ 60,3+ 0p, @ + 6w) , (3.25)

and
/ [DADvDpDw] = f [DOADSv DS D] . (3.26)

Before pressing on, let us first verify that this expansion is under control when g is small,
by arguing that all background fields are O(g~!). We begin by noting that (3.20) is consistent
with @ = O(1/g). Since the soliton mass (i.e. on-shell Hamiltonian) is O(1/¢?) by the scaling
argument above (2.5), and we are not assuming that the velocity is small, then both P and P
are O(g~2). Then every term in (3.20) will scale as O(1/g) as long as  does, implying that
f =0(1). It then follows from (3.22), and the fact that g is normalized, that %, 7, and X
are also O(g™!). Thus, by treating the fluctuations in (3.25) as O(1) variables, the expansion
of the field theory action in fluctuations is an expansion in g.

Having established the consistency of the expansion (3.25), we can now revisit (3.6). The
leading-order effective Hamiltonian for the soliton, He(ff) [P]=0(g7?), is given by

a2 = (HT— [ deAmr(wI«ﬁ))

_(P+{mp)’
2{\ol’)?

where the Lagrange-multiplier terms in the first line of (3.6) vanish since the solution satisfies

\p,p,m)

1 1 .
+ f dp{§752 + 5@’2 + V() - w@} , (3.27)

the constraints. We have explicitly subtracted out the mass counterterm from Hyp in the
first equality of (3.27) since it carries a coefficient that is O(g?) and therefore only begins
contributing to Heg[P] at O(g°). Utilizing (3.9), (3.14) as well as the fact that ({|@) = 0,
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we obtain the following expressions for the various terms in (3.27):

(P+ (@) _ 1
S 20 (WY
(@) = S (6~ BPU@)6 - BP.(P))
= (Bl - 2B + BHFIR) - LB ol
(@15) = (B - PP )e) = (@lB) - B(&P) - (3.28)
Hence the tree-level soliton effective Hamiltonian takes the form
HGP1= [dp{50459% - 58 + V(@) (329)

where f is given by (3.12), and @ should be viewed as a functional of P, defined by the
solution to (3.20) and (3.21), in which P(¢) appears as a background variable.

Without a time-dependent solution to these equations we cannot be more explicit regard-
ing the form of the tree-level H.g, but we can check that our result reduces to the correct
expression for the case of constant P where the solution for © is given by (3.24). This follows
from two results. First, (3.23) implies a virial theorem [ Vp(p) = %\/1 — 52 My. Second,

(@'|7') = Mo/\/1 - B2, and putting these observations together we obtain

Mo

\/1- ‘2 2 V1- 32

=\/P?+ M}, (constant P case) , (3.30)

Héf}”[Ph—(l B —=2 + 2\/1-B2My =

as expected.

3.3 The Semiclassical Correction

Our next task is to expand (3.6) in the fluctuations introduced in (3.25). The linear terms
vanish'® by virtue of (\,7,%,%) extremizing the action [ dt({w|@) -~ Hr). We therefore
examine the quadratic-order terms, setting the stage for the one-loop computation in the
following section.

Using (3.9), and working still on all of R, the quantity to be expanded can be written as

(1)~ Hr = () - (<1|)0|<P)

=t} ) )—V(1P0|w>+

- 5Bl - [ dp{5= +;o Vo) + Vi ()} +O(g) - (3:31)

My, 2 was not included in the extremization and therefore may contain terms linear in the fluctuations.
Indeed, the presence of such terms is necessary to cancel tadpoles generated by cubic interactions in dy, [10].
Such terms will be suppressed in the coupling expansion and do not affect our one-loop analysis.
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Therefore the terms that are second order in fluctuations are

((w|@) - Hr) = (6w|0ip) — SN(Wold) — dv(Wo|dw)+
0(62)
02

- S (bolp)? + 28551 bolHhld) - - (whld) >+

(3eld) - 2 (8l(-32 + Vi @)d) + Og) (332)

N | =

where the vertical bar appearing on the right side represents evaluation on the background
solution: | = |(X,z7,¢,ﬁ)' Since

626% =236%3 +2(68)* , (3.33)
the greatest challenge in this computation lies in obtaining the expansion of 5 to quadratic
order in fluctuations. Equation (3.9) yields

(i) (wle) 2P+ ()
A R K TV A
s 2dle) | A((Ble!) + (i)
T e T ()P

and evaluating the above on the background gives

(517} + (B100') | 2BGwilde)
(Pol)? (ol
2swldy') | A(IwIE) + (B16¢)

(bol7')? (Pol7')?

6(P +(=l¢"))
(bole')?

(Wolde) + (Wolow)* ,  (3.34)

0| =

6B (il

524 =
A Wol7)?

{Woldp) + (3.35)

With these expressions in hand, the middle line of (3.32) can be put in the form

2

- 5 (30281 + (351)%) (Wol')? + 258 (ol (Whldg) - - (wiloe)? =

_ _1{ (9=[7") + (=1o¢'))” 4B((6wlp’) + (T16¢'))
2 (bole")? {(Wolz")

; 3BQ<1|)6I5¢>2} . (3.36)

+2B(5w|0p’) + (Wolop)+

Inserting this back into (3.32) and collecting terms, we find that

= (6w(00) — SA(Woldep) — v (oldw)+
5@

((wl¢) - Hr)

- %(6w|/\/l(5w) —(0w|Bdgp) — —(dp|Kdp) + O(g) , (3.37)

1
2
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where the linear operators M, B, and K are given by

12" )@l
M = L
T ol
— BWBE -%| . BIE )W
B:= B0
S T = ER T =
e’ -2z -] B (P - ¥)wil + [b) (B - 71)
(Wole’)? (Wol@") '

K= -2 +VP (@) +
(3.38)

Here we used (3.22) to set @' = 5 — 3@ + B (Wol@’) in several places.

In order to arrive at (3.38) we integrated by parts on various terms in (3.36) that involve
@’ integrated against the fluctuations. Thus for the theory in the box, we have neglected
terms in (3.38) of order @'(t,+L/2). We expect, for all ¢, this quantity to be exponentially
suppressed in mL when L is large, and therefore we will not concern ourselves with these
terms.

We can now use (3.37) to determine the O(1) semiclassical correction to Heg[P], (3.6),
which we denote by HW[P]. We find

ot (0)
e ML) 2 [ [DaADSY DR D@ Wo[Se (1, )] WolSi (11, )]
t .
X eXp {z f ! dt((5w|5g0) ~ M Woldg) — S|+
t;

1 1 _
- J{6alMI=) - (51850) - L56lKEe) - Voo ) )| . (239)
The form of the Lagrange-multiplier terms in this expression strongly suggests that we should
expand the fluctuation fields in the orthonormal basis {\,, }:

3p(t,p) =D (O Walp) . dw(t,p) = Y pu(t)n(p) - (3.40)

We recall from (2.18) that these modes diagonalize the fluctuation operator around the static
soliton. While they certainly do not diagonalize the quadratic Hamiltonian under current
investigation (unless P = 0), they do allow us to cleanly dispose of the constraints: integrating
over 0\ and dv produces the product of Dirac delta functionals 6(qo(t))d(po(t)). Since

[Ds¢Déw] = [[DaaDpn] . (3.41)

n=0

one can then soak up the delta functionals by integrating over gy and pg. This effectively
removes qo,po from the mode expansions (3.40), so that the problem only depends on the
restriction of the operators M, B, K to the orthogonal complement of Span{j\g)}.
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It will be useful to put the remaining integrations into a standard form. We define column
vectors g, p with components ¢y, p, and matrices M, B, IC with real components®®

n = <1bm‘M1|)n> ) an = <1|)m|Bll)n> ) Kmn = <1|)m|K:1|)n> ) (342)

16

for m,n =1,..., N, where N is the total number of modes we consider.”® We also collect

these matrices into a 2N x 2N symmetric real block matrix

H::(g’} ’lz) , (3.43)

and we write [DgDp] = [T1Y_[Dg.Dp,] for the phase space measure. Then

t
exp{ f atH Q[P }: exp{—iffdﬂ/;;m2(¢)}I[P;tf,ti], (3.44)
ti

where
Z[P;ty,ti] =:f[Dqu]‘Ifo(Qf)*\I’o(qi)exp{i ftitf dt (pTiJ—%(pT qT)H(g))} , (3.45)

with q; ; = q(t; s). The P dependence of Z comes through the quadratic form #, which de-
pends on P through the background solution . The next section is concerned with analyzing
this quadratic path integral in detail.

Recall that Vj,,2(@) is the one-loop mass counterterm from the perturbative sector, eval-
uated on the soliton background. In the case of constant P it was shown in [27], generalizing
the classic computation of [5], how this counterterm renders the one-loop correction to the
relativistic soliton energy finite in ¢* theory. We will review, clarify, and expand on this
computation at the end of the next section.

4 One-loop Correction

Starting with the field theory path integral of the previous section, we obtained a finite-
dimensional quantum mechanics by working in a system of fixed spatial size L and imposing
a cut-off on the mode number. Since the resulting action is quadratic in coordinates and
momenta, the path integral can be evaluated explicitly. However, the Hamiltonian we have
obtained is slightly unusual: it has a term linear in coordinates and momenta. Fortunately,
much of the technology, even if unfamiliar, was developed long ago. We will collect and
review the pertinent results and then apply them to the quantum mechanics of the discretized
fluctuation path integral of our field theory.

1511 the following, boldfaced quantities will always refer to the matrix representation of that quantity with
respect to the basis {[{Vn)}n=o-

6 The relationship between N and the UV cut-off employed for mass renormalization in the perturbative
sector will be discussed in subsection 4.5 below.
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The quantum mechanical path integral we are after, (3.45), can be expressed in terms of
the standard transition amplitude, or propagator,

(I(tf):(If . Ly . 1
Z(qs,qisty,ti) :=fq [Dqu]eXp{th dt(qu—g(pT qT)’H(z))}, (4.1)

(ti)=q;
via
I[P;ty,t;] = /qu]‘quZ‘\IJO(qf)*Z(Qfaql'§tf7ti)\110(Qi) : (4.2)
Hence there are two pieces to the calculation: the propagator and the initial and final state
wavefunctions. In the next three subsections we will reduce (4.2) to a finite-dimensional
determinant. The result is quite general and does not utilize the detailed form of H. In
subsection 4.4 we diagonalize our explicit H in the case of constant P, and in subsection 4.5
we put all these results together to obtain the expected form of the one-loop correction to
the relativistic soliton energy.

4.1 The Propagator

Consider the quantum mechanics of the N degrees of freedom with conjugate momentum and

position operators P and § and quadratic Hamiltonian'”

_ L or a7y 4, (P
=5 (@ qT)H(a) : (4.3)

T)

and corresponding time evolution operator

—~ t —~
Oty b)) =T {exp [—i [ dtH(t)]} , (4.4)
t;
with T the time-ordering operator.

We will need to recall some details of the path integral computation of the propagator
for this system, i.e. the matrix element

o~ ‘I(tf):flf
Z 5 ’L’t ,ti = U t ;t’i 4 :f
(ap asity ti) = (aslUC t)laih =

We will implicitly work with the mid-point prescription for the phase-space path integral,

[DgDp]e™ . (4.5)

where the time interval t; <t <ty =t; + T is divided into T'/e segments of step size €, with
the coordinate variables defined on the end-points of the intervals, while the momenta are
defined at the midpoints of the intervals. We refer the reader to standard references such as
the modern and thorough text [34] for results, history and references on quantum-mechanical
path integrals. In particular, for any action S quadratic in q and p, possibly with time-
dependent coefficients, the path integral can be evaluated in closed form as

1 \NV/2 025 '\
Z(Qfaqi§tfyti):(2_m) gfﬁ(_aq;%—aqn)es ; (4.6)

1"We will use hats to distinguish quantum mechanical operators from the corresponding classical quantities.
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where S = S(qy,q;;ts,t;) is the action evaluated on the classical solution to the boundary
value problem q(;) = q; and q(ty) = q;. (See subsection 6.2 of [34] for an extensive list of

references.)

To evaluate the classical action in a useful form, we recall some key points from classical
mechanics with quadratic Hamiltonians. Letting

0-1
7-(3 ) @)

denote the symplectic structure, the equations of motion for the quadratic Hamiltonian,

(r" q )H(p) , (4.8)

q

()-ont))

Given some initial data q; = q(¢;) and p, = p(t;), the solution takes the form

(2;) ZT{eXp[Atf dtj%(t)]}(fZ) _ (4.10)

We note that all the usual Hamilton-Jacobi manipulations simplify for quadratic H.

H-=

l\')lv—\

are

Quite generally, we have

s 1d

' 1 oH | ,OH
= _ __ = —— — . 4.11
pa=5-('a)-; (" q)J(q) 2dt( 2223( aj) (4.11)
We used the equations of motion in the second equality. Thus,
OH  ,0H
T.
-H==-— — —|-H 4.12
P a 2dt(p q) + Z(p’ap] 8(1]) : (4.12)

and the last two terms cancel when H is homogeneous of degree 2 in the p and q. The
classical action is therefore simply

by : 1
5= ft dt(p"q-H) =3 (pra;-pia) - (4.13)
To apply this to the path integral in (4.6), we need to use the general solution (4.10) to

express the p; and p; variables in terms of the gq; and g,. Writing the classical evolution
operator in N x N block form as

{exp[/ dtj%(t)]} (ﬁl ﬁi) (4.14)
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we have

py=Mip;+ Mg, , qp=Mjsp,+ Muq, . (4.15)
Assuming that M is invertible,'® we obtain
(Pf):(M1M51 MZ‘M1M§1M4) (qf) (4.16)
b; M?_,l ‘M§1M4 q;
Plugging this into the action, we obtain
1 q St Sy
S(qr,qiitr,t:) =~ (g% ¢")S|*F] , here S=[<1 </ | 4.17
(a5 qiits ti) = 5 (a7 qi) (q@- where 5%, 5, (4.17)
and the blocks of the 2N x 2N symmetric matrix & are
Sy =5(M M3+ (M3 M),
Sji=3(Ma- M M5 My—(M35)")
Si= 5(M5'My+ M{(M5")") . (4.18)

Then the Morette—Van Hove determinant is read off as
0?8
det | - =+/det(-8¢;) . 4.19
m?n( aq?ﬁqg‘) Vet (=5 ) (4.19)

The classical time evolution operator is a symplectic transformation on the phase space

(this holds even when the Hamiltonian is time-dependent), so that the matrices My, M,
M3, and M satisfy the Sp(2N,R) identities that the products MT Mz, MM, MIM,,
and M4M 3T are symmetric, and

MIM, -MIM;=1, MMT - MsMT =1 . (4.20)

This leads to

Sii=M;'My=M] (MM, Sjr=MM;' = (M) M7 | (4.21)
and we also obtain

Spi=2(My- M M3 "M, - (M3")") = 3(MsM5 - M M35'M,;M3 - 1)(M3")"

= §(M2 M7 - M1 M] - 1)(M5')"

Y (422
Putting these results together, we obtain

1

N/2 1

L iS(apautsti) 4.23
(& ’ '
V/det M3 .

21

with the classical action given in (4.17).

18We expect this to hold for generic T, and will at any rate see that the expressions we obtain for our path
integral will not be affected by this assumption: all factors of M3" will cancel in the final expressions.
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4.2 The Fluctuation Path Integral for Constant P

The next step is to determine the ground state wavefunctions, \Ilo(qi’ f), and use them with
(4.23) to compute (4.2). It is useful to do this for the case of constant P first, before tackling
the general case in the next subsection.

We are assisted by one more piece of machinery from the classical mechanics of quadratic
Hamiltonians. (See, for instance, Appendix 6 of [35] for a discussion of normal forms of
quadratic Hamiltonians.) Assuming that # is positive definite,'? it was shown by Williamson
in [23] that there exists a symplectic transformation C € Sp(2N,R) such that

0
CTHC =N = (” ) , (4.24)
0v
where v is a diagonal matrix, v = diag(vy,vs,...,v,), with v, > 0.2° In general both v and

C will be functions of time, and in this case it is still not straightforward to evaluate the
evolution operator, (4.14), in a more explicit form. However, when # is time-independent,
as is the case for constant P, we can use the symplectic transformation to recast the initial
value problem in terms of the new variables p’, ¢’ defined by

(1;:) -c! (z) . (4.25)

Given initial values p} = p'(t;) and q; = q'(t;), we find at time ¢;

(pr(t f)) i (Cos vT —sin VT) (pg) ' (4.26)

q'(ty) sinvT cosvT ) \q;

=R

Finding either the explicit form of C or of v is not straightforward, even if one has a complete
solution to the problem, (3.43), with B = 0,2! but these results will allow us to evaluate (4.2)
in a simple and useful closed form.

The Williamson transformation gives us a simple way to describe the soliton ground state
|Tp)). The Williamson transformation

C, Cy
C-= 4.27
(C’g 04) (427)

19The explicit diagonalization in subsection 4.4 will justify this assumption.

20 An elegant proof of this result is given in [36]: the matrix M = H2FTH V2 is invertible and anti-
symmetric, and therefore there exists a transformation R € SO(2n,R) and a positive diagonal matrix A/, such
that RTMR =N1T; C=H Y*RNY? is the desired symplectic transformation.

2t is easy to see that detr = v/det 2, but the individual eigenvalues are not related to those of A in any
transparent fashion.
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relates momentum and position operators in the quantum mechanics to canonically conjugate
operators P’ and §’ via

p=Cip +Cxq , G=C3p' +C4q (4.28)
with the Hamiltonian operator given by

—_

= N
H=-(p"q")H (g) = % > v (PP +7°77) (4.29)

N | =

The creation and annihilation operators
1
a=— (P -iq) , a'=— (P +iq) , 4.30
% (P -iq') % (P +iq) (4.30)
satisfy the usual relations
-~ X 1
[@ @] -0, (@, = o | T=3 v (a*azﬂ ; 5) . (4.31)
a=1

The ground state |¥y) is then defined to be the normalized state annihilated by all @®.

With that preparation, we interpret the fluctuation path integral, (4.2), as a matrix
element of the time evolution operator in the quantum mechanics and conclude

(1) = [ d¥a;d¥ao(as) Vo(a)Z(ap st t)

f ™ qzd" a;(olay)(asU(ty, ti)la:) (gl Po)

P i N
(Wo|U(T)|Wo) = (Wole )W) = exp {_§T 2—21 Va} : (4.32)

The eigenvalues v, will be determined in subsection 4.4.

4.3 The Fluctuation Path Integral for General P(t)

More generally, when Pz 0, we face a more complicated evolution problem, but we can
nevertheless reduce (4.2) by applying the ideas developed above.

First, we observe that the Williamson transformation that allowed us to recast the Hamil-
tonian operator in diagonal form can still be performed in the time dependent case: the results

in (4.28), (4.29), (4.30), and (4.31) continue to hold, with the crucial difference that now C(¢),
P'(t), §'(t), as well as the creation and annihilation operators, are time-dependent,?? as are

22In the general case it is difficult to assess whether H(t) is positive-definite at generic t. However the final
result we obtain will only depend on the Williamson transformation at initial and final times. Restricting to
P(t) that is constant at early and late times, the background @ will be constant at early times, and hence the
results of the next subsection will demonstrate that #(¢;) is positive definite. At late times, the background
solution will approach a superposition of the kink and a spectrum of traveling waves [2]. We also expect
positive definiteness in this case.
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the corresponding eigenkets, e.g. the “position” eigenkets [, (¢))) that satisfy

qleq (D) =dlEg(®)) - (4.33)

As explained in [37], since the symplectic transformation (4.28) preserves the commutation
relations of the ¢ and P’, there must be a unitary transformation V that relates the operators:

P -V'pV, q-Vigv, (4.34)

so that the time-dependent eigenkets |§;,(t))> can be expressed in terms of the eigenkets of g,
which we denote as |q)):

e (D) =Vid') . (4.35)

Similarly, we can still define the ground state of the time-dependent Hamiltonian as the
normalized state annihilated by all the @®(t):

a(t)[To(t)) =0 . (4.36)

This state is no longer time-independent, nor does it solve the Schrédinger equation, but it
does minimize the energy expectation value, and we can write it explicitly in terms of the
eigenkets £, (1)) of §'(t):

o) = [ A q W@ ), Vola) =7 exp[-Tq 2] (4.37)

where the latter expression is the normalized N-dimensional Gaussian. The fluctuation path
integral, (4.2), can now be expressed as

I[P§tf7ti]:fdN(Ide(Ii<<\IIO(tf)|Qf>>Z(Qf7Qz‘Stfvti)«Qz‘N/O(ti)»- (4.38)

The general form of the propagator Z(qy, q;;ts,t:) is given above in (4.23), but to use it
to evaluate Z[P;ts,t;] we need to express the states [¥o(t; r)) in the position basis of the g.
This is accomplished by using the unitary transformation V.

Wo(a.t) = (al¥o () = [ d¥a'(aley (D)¥o(a) = [ d¥aifalV la)wo(a) . (4:39)

The matrix element (q|V|q’) can be evaluated explicitly in terms of the symplectic trans-
formation relating the two sets of variables [37]. When the C3 block of the Williamson

transformation is invertible, the relation is??

1

laley ) = e

exp{i (g7 Cl(CY)'q' -24"(CY)q' +q"(CE)'CTq)} .

(4.40)

23We will see shortly that the invertibility assumption will not affect our final result for Z[ P;ty, t;].
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Carrying out the Gaussian integral, we then obtain

exp(-3q” Bq)

Uo(q,t) = : 4.41
o(4-£) /4 Jdet(iC3 A) (4.41)

where
A=1-iC5'Cy, B:=(cH*ta'c;' -ic,c5t . (4.42)

Since C is symplectic, A and B are both symmetric (in general time-dependent) matrices.

Applying this to our matrix element, and using the wavefunctions (4.41) and the propa-
gator (4.23), we find

ﬂ.—n/Q

\/det(ng'C;),fAiA})\/ (27Ti)N det M3

I[Pty t;] = fdNQz‘dNQfeXp{iS,(Qf7Qi§tfati)} :
(4.43)

where M3 is a block of the classical evolution operator, (4.14), and S’ is a modification of
the action S(qy,q;;ty,t;) from (4.17):

(af af) s’ (?f ) : (4.44)

(2

N |~

S,(qquzatfvtl) =

where the 2N x 2N matrix 8’ is analogous to the & matrix we met before. A convenient
expression for it is

S-_7 1 (M7 +iB;M)\ (M3 0 (4.45)
M, +iB} M3 -1 0 (M) '
Carrying out this Gaussian integral, we conclude
1
I[Pty ti] = ——— where
V g[Pa tfa tz]
G[P;ts, ;] = det (-5 CyCar M3 A; AL ) det S . (4.46)

The convenient form of &', together with C € Sp(2N,R) allow us to reduce det S’ to an
N x N determinant:

det 8’ = det(My +iB} My +iMB; - BLM3B;)(det M3)™" (4.47)
so that

G =det {—%A}Cgf (M2 + ZB}M4 +i1MB; - BJ}M:),B@) CgZAZ} . (448)
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We observe that C € Sp(2/N,R) implies

CsiA; =C3 —iCy; , ATfC3Tf =Cj+iCy;
BZC&Al = _(CQZ' + zCh) s A}C%}B} = _(Cgf - ZC{f) s (449)

so that, as promised above, all factors of Cgl and M 51 disappear from the final expression.

The final result can be elegantly written in terms of the complex time-dependent matrices
Dy, =C1+iC> D3, =C3+iCy (4.50)
which are invertible and satisfy
D!,D,,-D,D3, =0, D!, D}, - D,D}, = 2i1 . (4.51)
The result is
G =det {~4 (D34yM2Dj3y; - D1y M D3y + D3y M1 Dly; - D1, p M3 D)} . (452)

This N x N determinant is then a complete solution to the regularized path integral over the
fluctuations around the soliton in the time-dependent case. Notice that it depends only on
the blocks of the classical evolution operator, (4.14), and on the blocks of the Williamson
transformation at the initial and final times, C(¢; f).

We can give a nontrivial check of the result by considering the P =0 limit. In this case the
symplectic transformation is time-independent, and the components of the evolution operator
are determined in terms of the matrix R appearing in (4.26):

M, M, 1 cosvT —sinvT\ ,_ 4
=CRC " =C c . 4.53
(Mg M4) sinvT cosvT ( )
Writing these out explicitly in terms of e**7, we find

2iMy = —-D}pe T D, + D1ye ' D1, |

2iM, = -D3,eT DY, + D3e T D1, |

2iM; = +D}e T DI, - D1y T DY, |
2iM3 = +D3,eT DI, - D3, T D, . (4.54)

Finally, plugging these expressions into G and using (4.51), we find G = /)T in agreement
with (4.32).

4.4 Computation of the Spectrum for Constant P

In the previous three subsections we reduced the regulated path integral over the fluctuations
to a finite-dimensional determinant. We were able to obtain fairly general results that did
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not rely on the particular properties of the quadratic action. In this subsection, after some
preliminary discussion, we will restrict to the case of constant P, where we can get an explicit
solution to the spectrum of the v, and therefore give a complete solution for the regulated
one-loop effective Hamiltonian.?* This computation serves as a check of our methods and
will also be of great utility when these methods are extended to computations of nontrivial
matrix elements that contain insertions of the fields.

The computation is based on applying the Ansatz given in the appendix of [9] to our
quadratic Hamiltonian, and it hinges on finding the normal modes of the generator of the
classical evolution operator, which appears in the equations of motion, (4.9). Thus we are
interested in the eigenproblem

(TH)" = —ivan® (4.55)

for the eigenvectors n® with normal mode frequencies v,.

We begin with some general observations on the eigenvalue problem for the operator
A =iJH , (4.56)

for a positive-definite symmetric . As the Williamson transformation shows explicitly, this
operator is similar to the invertible Hermitian operator

_ 0 —iv

A=CcrAC= ( ) . (4.57)
w0

Thus, the eigenvalues of A’ are real and come in pairs +v,, v, > 0, with complex conjugate

eigenvectors n'® and ’**, where n'® is the eigenvector corresponding to +v,. These eigenvec-

la*

tors are given by n’* = Cn® and n'** = Cn®*, where n® is the eigenvector of A with eigenvalue

+g.

The monic polynomial Q(v) = det(v—iJH) can be factored as Q(v) = R(v)R(-v), where
R(v) has positive real roots v,. While Q(v) is obtained algebraically once H is known, it
is not so simple to determine R(v). So, even though our path integral only depends on the
sum of the eigenvalues Trv, we cannot evaluate this sum in a simple algebraic fashion from

Q).

Moreover, we saw that in the time-dependent case the form of G(T) in (4.52) explicitly
depends on the details of the symplectic transformation (at initial and final times, in neigh-
borhoods of which P is assumed to be constant), so it would be useful to have expressions
for components of C in terms of the solution to this eigenvalue problem. To obtain such an
expression, we note that our original coordinates on the phase space use the real basis vectors

24 As discussed under (3.38), we are neglecting terms in # that are exponentially suppressed in mL at large
L. Thus the spectrum we obtain here is expected to receive corrections that are analogously suppressed at
large L.
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7" and €7, given explicitly by

n _ q)n n _ 0
e (¥) en(n) -

where ™ are our orthonormal basis vectors: (Pp™),, = 6%. Then any vector z € R can be
written as

N
z= 2_:1 (™ + ¢ €") . (4.59)

This is simply a rephrasing of (3.40) with the mode sum restricted to 1 <n < N. The phase
space basis vectors satisfy

jﬂ-n = En ) Jgn =-n" ) (460)

and (w™)Tx" = (€™)T€" = 6™, while (7™)T¢™ = 0. In terms of this real basis, the normal-

ized eigenmodes of A, (4.57), are simply

n'= s (xt+i€?) . n™ =5 (n-ig") | (4.61)
corresponding to eigenvalues +v, and —v, respectively.

The eigenvectors of A’, (4.56), are then given by the Williamson transformation: n'® =

Cn® and n'** = Cn®*. Introducing the new basis 7'* and £&’* such that
=5 (n'vig®) . m = g5 (n"-ig) (4.62)
we have
Cp” Cap*”
' = , ¢ = , (4.63)
Csp*” Cp*”

in terms of the block components of the Williamson transformation. Since the Williamson
transformation is symplectic, it follows from (4.62) that

(&) Ta" =", &)'Te =0, (=) T=" =0, (4.64)
as well as
(ETHE = (7)Y HA" = 1,07 (EY'HR" =0 . (4.65)
Hence the transformed basis diagonalizes the Hamiltonian, as advertised in (4.24).

Conversely, if we obtain the complete set of normalized eigenvectors of A’ = iJH., we can
extract the components of the Williamson transformation. First we take real and imaginary
parts to get 7'® and ¢ according to (4.62), and then from (4.63) we infer

Cpt= (="', Cyt=(aM)TEe, CRt=(gn)'A . Ot =(€M)"¢" . (4.66)
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The normalization condition that must hold on the primed vectors is (4.64), which is equiv-
alent to the following for the eigenvectors of A’

() GTm" =5, (") (i)™ =0. (4.67)

In order to compute the combinations Dy and D3y that appear in G, (4.52), it is more
convenient to work with the complex vectors n’*. Comparing (4.50) and (4.66) we find

(D12)" = (x") 0™, (Dsa)" = (€")'n" . (4.68)

Having reviewed the set up of the eigenproblem for a general Hamiltonian, we now turn
to our main interest, the Hamiltonian in (3.43). The operator A’ takes the form

-BT —K:)

M B (4.69)

A’:i(

so that the eigenvalue problem is

o w) i) ()
wl=—"wWal ] - 4.70
(M B J\n; 5 (4.70)

Using the second row, we solve for n}*:
= -MY(B+iv,1)ny (4.71)
and we plug this result into the first row to obtain
A'ny =0, (4.72)
where the operator A% is

A'=K-B"M 'B+iv, M 'B-B"M)-v2’M. (4.73)

The computation of (A%),,, is straightforward, remembering that K., = (Un|Ky),
etc. where M, B and K are given in (3.38). We make repeated use of the completeness
of the {|U,)} in the form ¥, .0 [Wbn){(bn| = 1 = [bo){Wo|, and there are several remarkable
simplifications. For example, one finds

W6 N (@ [n)
@)

(MDY n = S — { (4.74)
Notice the lack of any dependence on the static zero-mode [pg). We also drop boundary terms
from integration by parts involving @’(+L/2) for the same reasons discussed under (3.38). We
find that (A%)pmn = (O A%, ), with

Ao po 289"~ 8 + i) 27" - § +iveP|
o (@17')

, (4.75)
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where the local part of the operator takes the form

oe =—(1- ﬁ2) +V( )(go) +2iB1,0, — V2 . (4.76)

In order to find an n%* that solves (4.72), it is sufficient to find |n5*) satisfying A%|n4*) =
and (Po|nh*) = 0 because such a vector satisfies

Inz') = Zo(néa)nltbn> : (4.77)
and
= (Wl An3') = ZO<1I)mIA“|11>n>(n 5 )n = (A" )mn (05" ) (4.78)

with (95"),, the components of n%'. Note that (n*), and (n5*), are precisely the matrix
components (D12)"™* and (Ds4)"* appearing in (4.68).

To proceed further we now restrict ourselves to the case of constant P, where @’ is
time-independent, and

A® = A , 288" +iva@') (287" + iva'|
* (@'l%')

(4.79)

Inspired by [9], we will now find the requisite |n*) and v, explicitly. To motivate the
result, it helps to consider the § — 0 limit in which there are three simplifications: (i) % = ¢o
is the static soliton solution; (ii) @’ = ﬁﬂ)m (iii)

A =32+ Vi (60) = v2(1 =~ o) (o) - (4.80)

Comparing this to (2.18) we recognize a familiar problem, and the solution is simple: [n*) =

[Uy) for B # 0, and v, = w,. Notice also that A% annihilates [\po) for all v,. Indeed, V1ewing the

= —32 V( )(gbo) v2, we find

that the vector providing the modification is in the 1mage of the local operator. Spe(nﬁcally,
AL o) = —2[bg). Using this and (Po|AL o) = 12, we can write (4.80) as

A% = A _ 10c|w0><¢0|Aloc 7 (481)

o (ol AL [tbo)

This makes it clear that the general solution is [,) + ca[Po), but orthogonality to o) sets

operator as a rank-one modification of the local operator, Af ==

cq = 0.

Remarkably, even in the case § # 0, the ket that appears in A% — A} . is in the image of

A? . Namely, since —(1 - 32)p" + V(Q)(SO)SO

loc®

iva|260" +ive@') = AL |P') , (4.82)
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and therefore

(@'1AL]E") = —val@' @) (4.83)
where again we drop boundary terms involving @'(+L/2). Hence, up to terms exponentially
small at large L,

—I\ /—=/
A pe - Bl PN AL i34
~ =loc Z'|Ae |5 ) ( : )
<Q0 ’ 10c|90 )

making it clear that A® annihilates |7') for any v,.

Hence our task is now clear. If we can find modes [¢),) that are annihilated by Af. , then
they are annihilated by A® as well. Furthermore, we can then subtract off a multiple of |7')
and still have a solution: |nf*) = |1,) — ¢4|@’) will be annihilated by A% for any constant c,.

The coefficient ¢, is fixed by requiring orthonormality of |n5*) with [{o). Hence our solution

Iay\ _ _ <1b0|¢)a> —7
ny') = [tha) ol7) 17") (4.85)

[t)q) = 0 with appropriate boundary conditions at p = +L/2.

will take the form

a
loc

where [1),) must satisfy A
Since Al

loc?
the spectrum will vary smoothly with 5 and it makes sense to seek an Ansatz for |[¢,) that

(4.76), is a natural generalization of the corresponding operator with 3 = 0,

is based on eigenmodes of the static fluctuation operator, (2.18). We define a boosted and
plane-wave dressed function

Ya(p) = Nab, (M) exp [M] , (486)
\/1- 52 \/1- 52
where N, is a normalization constant, and we remind the reader that the parameter pg is
fixed by the constraint on the background solution: (|3 —¢o) = 0. Here P4 (p) solves (2.18)
with frequency @,. We have introduced the tilde (1];78 and @’s) since we do not assume that
the Pg satisfy the same boundary conditions as the V,, at the edges of the box. The questions
of boundary conditions and normalization will be addressed momentarily. We then observe
that A?

tocWa, = 0 if we choose piq = @,, and set

Va=\/1-B2T, . (4.87)

The boundary conditions on ¥, and the normalization constant N, must be determined
from the orthonormality condition (4.67). From (4.71) and (4.85) we find (n1*)m = ($m[n]),
with

0%) = ~(BO, + iva)|tha) + % = O, - ivaliba) | (4.88)

where we used (23@” +ivaP [thy) o< (A?OCSB,‘wa) =0. Then on the one hand,
(™) G = ~i((n ) = (n"Int’))

L/ ~
- [ an e )i s B (O ) L (489
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while on the other hand
Lj2 * b a *
0= [, a0 (Ui (Ahets) = (Auctha) n}

L2
= (am ) [ do{(va s )i B (O = Vi)
L/2
—{(1=B) (30105 = (0p03 )00) = iB(va + 1) (V1) } " (4.90)

-L/2

Here, as usual, we dropped boundary terms in (4.89) that are exponentially small in L, but

we cannot drop the boundary terms in (4.90): for those o with a corresponding to scattering

states, the 1, behave asymptotically as plane waves, and these boundary terms are O(1).

Comparing the two results, we see that if a + b,
L2
raNT ¢ - b 1 2 * * ) *
(') TN = ———<{(1 = B) (¥20,4 — (8pt00 ) ) — iB(va + 1) (V1) } - (4.91)
(Va - Vb) -L/2

Hence the J orthogonality condition for the n’® will hold if we choose e.g. periodic boundary
conditions for ¢, (p). Given the plane-wave dressing factor in (4.86), this translates into the
following boundary condition for the Pa:

L
~ e~ ~ e~ += —
Vo (7, )ePPaPe =1, (p)ePoar~ where p. = T2 (4.92)

Note this means that the scattering wavefunctions 1, will need to be taken as complex,
behaving asymptotically as plane waves rather than sines and cosines. This result generalizes
and provides a different perspective on the boundary conditions employed by Jain [27] in his
calculation of the one-loop correction to the relativistic soliton energy for ¢* theory. That
calculation will be revisited in the next subsection. Here we see that the boundary conditions
arise from demanding that the transformation from old to new phase space coordinates is
symplectic.

Since the boundary conditions on the fl;a are different to those on the 1V,,, the spectrum of
eigenvalues is different: {@,} # {w,}. The @, depend on 3 through the boundary conditions
and as 3 — 0 the boundary conditions coincide. Hence we may write @, = @.(f), with
@a(0) = we. An analogous statement holds for the wavefunctions. The bound state spectra

will be practically identical at large L, differing by terms of O(e™™F).
Returning to (4.89), if a = b then we find
() T = 20, [ dpta(p) ulp) =20a\/1- B2 N2 =23, (1- BNZ . (4.93)
Hence the normalization constant is taken to be
1
Ny= ——— . (4.94)

\/ 284 (1 - 5?)
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In summary, we have provided a complete solution to the diagonalization problem in the
constant P case, up to corrections to the spectrum and eigenvectors that will vanish expo-
nentially fast in mL as the box size L - co. The eigenvalues are (4.87), and the eigenvectors
are (4.85) and (4.88) with (4.86), (4.92), and (4.94). The relativistic spectrum is a classic
result going back [9]. However, as far as we are aware, this is the first time the normal modes
have been obtained within the constraint formalism of [10]. The two most important results
for the final subsection are the spectrum (4.87) determined through the boundary conditions
(4.92).

4.5 The One-loop Correction for Constant P

The results of the previous two subsections can be summarized by saying that the one-loop
correction to the soliton effective Hamiltonian in the case of constant P is

N
HOPy= L

T =4z wa"’"/dpv;;mQ(g_D)’ (495)
¢ 27 a=1

where 5 = (1 - 32)"/2 is the Lorentz factor, and the @, are N non-zero-mode eigenvalues
of —aﬁ + V0(2)(¢0(p)), acting on functions P, of p € (~L/2,L/2) that satisfy the boundary
conditions (4.92). This result holds for the theory in the box, up to corrections of order ™",
Vsm2 (@) is the one-loop mass counterterm, obtained from renormalization in the perturbative

sector, evaluated on the boosted soliton solution @(p) = ¢o(7p).

If our goal were to study the cut-off theory in the box, then the remaining tasks would
be to relate the total number of modes, IV, to the momentum cutoff implicit in Vj,,,2, specify
which modes we are including, and to say something more precise about the O(e™™%) correc-
tions. Our goal, however, is not to study the cut-off theory in the box; rather, it is to study
the continuum theory on R. In this case we need not worry about the O(e ™) corrections,
but we have a different problem: neither the L - oo nor N — oo limit of (4.95) exists! The
trained quantum field theorist is not perplexed. This is to be expected since we are account-
ing for the ground state energies of infinitely many degrees of freedom. This overall energy is
meaningless in quantum field theory. In contrast, only the differences between each mode’s
contribution to the energy in (4.95) and that mode’s contribution to the unobservable vacuum
energy are meaningful.

The latter arise from the vacuum to vacuum transition amplitude, {Q|Z|Q2)), which the
matrix elements in (2.9) should have been normalized by. Having suppressed this factor in
(2.9), it was also suppressed in our definition of the soliton effective Hamiltonian, (2.28). Now
we make it explicit, rewriting (3.6) as

—7 1 * 7 w|p)— T
e/ dtHenlP] . B f [DeD@DADV]Wo[ip(t 5, p)]* Wolip(ti, p)]et/ =10 Hr)

(4.96)
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with Hp still given by (3.6). At one loop, the vacuum [2)) is the state annihilated by all of the
annihilation operators in the perturbative sector. Hence a computation analogous to (4.32)
shows that

. N
(QY2]9) = exp {—%T Z%w,gm + 0(92)} , (4.97)

where the w,(lo), 0 < n < N are the lowest IV + 1 frequencies of the perturbative modes in
the box. Specifically, the (cu,(lo))2 are the eigenvalues of —92 + VO(Q)(«(;ﬁ))) acting on functions
satisfying periodic boundary conditions at x = +L/2. We consider N +1 degrees of freedom in
the perturbative sector because that is how many we are considering in the soliton sector: one
collective coordinate and N perturbative fluctuations around the soliton. Our conventions

are that modes are uniquely labeled by their index, so for the free modes there is a two-fold

degeneracy in the spectrum for n > 0: w(()o) < wio) = wéo) < wéo) = wio)---. Hence, instead of
(4.95) what we really have is
(0) 1Y =1~ (0) _
HPP) =5 % (70, - D) + [ dpVine(@) (4.98)
n=0

and the notation @,, indicates there is an identification between the two sets of modes that
remains to be determined. In particular, one of the @’s will be the zero-mode (or what
becomes the zero-mode as L — o), and we have freely extended the sum over the @’s to

include the would-be zero-mode since its value is O(e™™F).

The N — oo limit, followed by the L — oo limit, of (4.98) should now exist. In fact,
this computation was carried out for the relativistic kink in ¢*-theory in [27]. We revisit the
calculation here since some steps are different. The reason is that [27] is based on the operator
formalism of [9], which does not obtain the soliton sector Hamiltonian through a quantum
canonical transformation as in [10, 11], and so treats the soliton momentum differently.?> For
brevity we restrict ourselves to ¢* theory. A more general analysis will appear elsewhere.

The field theory potential, Vj(¢), and soliton solution, ¢o(p), are given for ¢*-theory in
(2.4), with the replacement my — m, as discussed around equation (2.6). The potential for the
quantum mechanics problem determining the normal modes, Vo(z) (do(p)), is the £ = 2 member
of the Poschl-Teller family. For the theory on R, there are two bound states—one with @ =0
and one with @ = \/gm There is a continuum of scattering states, which can be labeled by

k e R, with @(k) = Vk? + 2m2. Hence for k # 0 there is the usual two-fold degeneracy in the
energy spectrum. The special scattering state at k = 0 is sometimes referred to as a “half
bound state,” or “resonance.”

The Poschl-Teller potentials are reflectionless, such that the transmission coefficient is a

25The one-loop correction to the relativistic kink energy, without an account of regularization and renor-
malization, was also treated in a BRST formalism in [38].
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pure phase, ¢(k) . The phase shift for the ¢ = 2 model has derivative

dd m m
LN . 4.99
dk \/_(k:2+m2+2k2+m2) (4.99)

For waves incoming from the left one has Pz (p - —00) = €’*? and P (p - +00) = e*r+o(k),

while for waves incoming from the right, Pg(p - —o0) = e #*P*k) and Pr(p - +00) = e7kP,
If we consider left and right modes separately, we should restrict ourselves to k£ > 0, and then
d(k) is uniquely determined by continuity once we take the conventional boundary condition
d(o0) = 0. Tt is convenient, however, to define the right-incoming waves as left-incoming waves
with & < 0. Then we define 6(-k) = —d(k) and have a single mode for each k € R with the

phase shift given by
5(k) = ~2m + 4mO(L) - 2 (arctan(£-) + arctan(¥2E) ) | (4.100)

where O(x) =0 for z <0 and O(z) =1 for > 0. This §(k) satisfies 6(k — +oo0) = 0. The
transmission coefficient is smooth through k& = 0 since the discontinuity of § is an integer

multiple of 27r. Indeed, the value §(0) = 27 is predicted by Levinson’s theorem.?8

For the theory in the box we must impose the boundary conditions (4.92) on these
scattering wavefunctions. For large mL such that the above asymptotics apply, this leads to
a quantization condition determining the allowed wavenumbers k = k:

5 (ks + BV/KZ + 2m2) L+ 6(ks) = 275 , (4.101)

for s € Z. The form of this condition can be used to identify the correspondence between
perturbative modes and soliton sector modes by considering ks > m, so that d(ks) — 0, and
the effects of the potential can be ignored. We then find that

— 1+ 27s
~(1 ks = — ke n —
7( :E/B)S 1:FIB S L )

(4.102)

where the top (bottom) sign is chosen for k positive (negative). The prefactor is precisely
the relativistic Doppler shift due to the fact that we are working in the moving frame of the
soliton. Indeed, the term proportional to L in (4.101) is simply the Lorentz transformation
of the momentum back to the lab frame. Hence we see that the modes labeled by momentum

_ 27s

ks should be identified with the perturbative modes labeled by momentum g5 = <7°.

As we decrease k, the effects of the potential become important, and we know that two
of the modes must be captured by the potential and become the bound states when L — oo.

We plot 0(k) and a set of the
ys (k) = 27rs—f_y(k+3\/k:2+2m2)l), (4.103)

26Reflectionless potentials in one dimension are special cases of “exceptional potentials,” defined by the
property of having a resonance at k = 0—a nontrivial solution in the continuous spectrum. For such exceptional
potentials, Levinson’s theorem gives §(0) = 7np, where ny, is the number of bound states. See [39, 40].
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Figure 1. 6(k) (in red) and ys(k) for various s plotted in units where m = 1. We set L = 10 and use
B =0 (left), B =1/10 (center), and B = 1/2 (right). The dashed green curve is the s = 0 curve yo(k).

for several s, for three different values of the velocity § in Figure 1. One can see that there
are always two neighboring values of s for which there is no solution to d(k) = ys(k). Let us
define sy as the lower of the two integers for which there is no solution and s; = sg + 1 as the
higher of the two integers. When £ = 0 these integers are so = -1, and s; = 0, as pointed out
by [41]. As B changes, however, the value of s; (and hence sg) can jump. This is natural since
when 3 # 0 the mode energies are blue-shifted or red-shifted, and the modes that have the
lowest energies will depend on 3. We can find an expression for s; by studying the condition
0 < ys,(0) <27, This gives

31::[Z§;g%£} : (4.104)

where [z] is the least integer greater than or equal to z. We can conveniently use these two
integers to label the bound states: w,, = 0 and @,, = \/gm.

We can now identify the mode sums appearing in (4.98). We set N = 2N, + 1, and we
assume that for any § and L, Ny > |si| ~ mL. Then we set

2Np+1 Ny

Sr= 2 wl®= Y ) eam?, (4.105)
n=0 s=—Nx
2NA+1 so—1 Ny

Sny= Y, wan=w80+wsl+( oo+ Y )\/k§+2m2, (4.106)
n=0 s=—Np s=s1+1

where the ks are the solutions to (4.101), so that (4.98) is

1/1
Hég) [P] = 5 (;ySNA - S](\?A)) + f dpVsm2(9) . (4.107)

To understand the meaning of Ny, consider the sum over the 2N + 1 lowest perturbative

frequencies. The largest momentum, ¢, in the sum has |q| = QWJJLV A Hence we set
27N,
A= LA (4.108)
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and identify this with the UV cut-off from the perturbative calculation of the mass countert-
erm. The condition Ny > mL is then simply the condition that A > m. The one-loop mass
counterterm for ¢* theory, evaluated on the soliton background, is

m2 0o 2
J AoV = 55 [ o) -entin?) . ot =S [T T (a100)

Using the explicit soliton solution, one finds

A
3v2m / dk___3V2m In(%7)+0(%) - (4.110)
2y Jo k2+2m?2 Ay

[ Vs 2(0)) -

The remaining task is to evaluate the mode sums, at least to sufficiently high order in
m/A. We first use the Euler-Maclaurin formula to convert the sums to integrals [ ds, and then
change variables to turn them into integrals over the momentum. For the Euler—-Maclaurin
formula it turns out to be sufficient to keep the leading boundary terms,

WIORY RCTORFIHESERENE (L111)

as the higher corrections vanish in the limits L, A - co. The sum over perturbative sector
frequencies is then

S](\?[z=A+2£<A2+m2Ln(%)+m2)+O(

- 2 ) . (4.112)

S

9

==

For the soliton sector sum we apply Euler—-Maclaurin to each sum in the last line of
(4.106) separately. The first step is to determine the values of ks at the four boundary values
of s. At large mL the inner boundary values at s = sg—1, s1+1 can be found by approximating
d(k) = 27+ O(k/m), for k - 0., which results in

_ 27 pymL _B’_ymL 1
k51+1— ’7L (’V \/571’ “ \/577 )+O(mL2) ’

_2r ([BymL]| BymL 1
kiso-1= I G on } Jor 1)+0(mL2) : (4.113)

Meanwhile for |s| > mL, |ks|/m will be large, and we can solve (4.101) approximately by

using the asymptotic value of the phase shift:

+0((2)°) . (4.114)

Defining A, := k.n,, we find

+A _’_me2:F3\/§m+O( 1 )

A, = 1.5 A o (4.115)
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where we note the absence of an O(A”) term. From (4.101) we have

ds AL Bk 1 dé
i W L L 4116
ke 27r( +\/7k2+2m2)+27rdk: (4.116)
and thus obtain
_ = 3 1 1
Sny = T+ To +3A +V2m 4 [3m+ O (1,1) (4.117)

where
~L kso- Ay _
I1=7—(/ 01+[ )dk(ﬁk+\/k2+2m2),
27T — k51+1
ksg- Ay
L= [ /2o L (4.118)
27 - k31+1 dk

The integrals can be evaluated, using (4.99) in the case of Zp. The results can be expanded
for large A, L using (4.113) and (4.115). The computation of Z; is delicate. It is quadratic
in A and proportional to L, so all subleading terms we have displayed in (4.113) and (4.115)
are potentially relevant. The result is

T = 7L A2+m2Ln(%) +m? - 6\{§m - 27r:/§m +O(%,
2 m ~L ~L

) - (4.119)

=i

The evaluation of Z» is more straightforward. Since there is no overall factor of L, and the
inner boundaries are O(1/L), those boundary terms do not contribute and we can integrate
directly from A_ to A,. Since the integral is logarithmically divergent, we only need the
leading behavior of A,. The result is

7= B2 )\ o () (4.120)

Hence, at this order in the large A and large L expansion, the soliton sector mode sum
contains two groups of terms—those proportional to 7 and those independent of 3:

Sy = A (AL (225 )| - By (282 4

+(%—3Tﬂ)m+o(%,%) . (4.121)

The terms proportional to 7 are precisely the perturbative mode sum, so these terms com-

pletely cancel out of the difference 3718 Ny — S](\?A), leaving

N | —

__ ) _ 3V2m 2 1 3 \m
(7 ISNA—SNA)——HLD(%)-F(ﬁ—W—\/i)g"'O(%,%) s (4122)
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for the difference that appears in (4.107). The remaining logarithmic divergence in (4.122)
cancels against the mass counterterm. The limits A - oo and L — oo can now be taken,
leaving the finite result

(0) 4 Moo M
HO[P]=7"toM = =000 4.123
et (P1=7 oM = e (4.123)
where
1 3
M=(—-2_\m 4.124
(2\/6 7r\/§) ( )

is the one-loop correction to the kink mass first computed in [5]. This result, together with
(3.30), are consistent with the expansion to O(g") of

Heg[P]=+/P?+ (My+0M)? . (4.125)

5 Application and Outlook

In this paper we carried out the saddle-point approximation to the soliton effective Hamilto-
nian, (4.96). The novelty of our computation is that we made no assumptions about the time
derivatives of the soliton momentum. The tree-level, or O(g~2), contribution to the effective
Hamiltonian is given in (3.29). The one-loop, or O(g%), contribution is given in (3.44) in
terms of a quadratic fluctuation path integral, (3.45). Results for that integral were obtained
in subsection 4.3 in terms of classical quantities associated with the quadratic fluctuation
Hamiltonian: block components of the classical evolution operator and of the Williamson
transformation that diagonalizes the quadratic fluctuation Hamiltonian at initial and final
times.

In the absence of insertions or external sources, translation invariance implies that the
soliton momentum is conserved, P = 0. Lorentz invariance then guarantees that the soliton
effective Hamiltonian must reduce to the on-shell relativistic energy, vV P? + M2, with M
the quantum-corrected soliton mass. We verified that our results, restricted to the case
P =0, reproduce the tree-level and one-loop contributions to the relativistic energy, where
we specialized to the case of ¢* theory for the one-loop contribution.

In subsection 2.3 we showed how the leading semiclassical behavior of soliton form
factors—that is, matrix elements of quantum field theory operators between initial and final
soliton states, |V p, , )—reduces to a matrix element in the collective coordinate quantum me-
chanics. The quantum mechanics is governed by the one-loop approximation to the soliton
effective Hamiltonian,

Heg[P] » Ho[P] = HGP[P1+ HQ[P] . (5.1)

If one wishes to obtain results for the semiclassical form factor that are valid for momentum
transfers of order the soliton mass, Py — P; ~ O(M), then it is necessary to work with the

)

time-dependent Hé; and Hég) obtained in this paper.
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A shortcoming of the current work is that fully explicit results for He(fgz)[P] and He(g) [P]
hinge on having an explicit solution to the forced soliton equation (1.1). This is a second-
order quasilinear hyperbolic integro-differential equation. It generalizes the one obtained in
[10] for constant P to the case of arbitrary P(t). We do not currently have explicit solutions
beyond those for constant P.

Nevertheless, Hs.[P] does have one redeeming feature that enables us to carry out the
final quantum mechanical path integral in (2.31): namely, it is independent of X. This is
a consequence of the translation invariance of the underlying theory, and it allows us to
obtain an explicit expression for the semiclassical soliton form factor in terms of a generating
functional constructed from Hg.[P]. We describe this result next.

5.1 The Generator of Semiclassical Soliton Form Factors

Equation (2.31) may be stated in the following way:
(@ p, |07, 011 r,) = (Pl O [P X]|P) (1 + O(9)) . (5:2)

for a Weyl-ordered operator Oy, [?, X ]. The matrix element on the right is computed by the
quantum mechanical path integral with respect to the Hamiltonian Hg[P], and an insertion
Osc[ P, X ] of phase space variables

Os[P, X]:=0[7,9] . (5.3)

The second argument of O on the right-hand side of (5.3) is ¢(t,) = @(t,z — X (t)), where
@(t, p) is a solution to the forced soliton equation, (3.20), satisfying the constraint (3.21), and
is thus a functional of P. Meanwhile, the expression for the first argument, 7 (¢, x), follows
from (2.22) evaluated on the solution to the forced soliton equation with the aid of (3.22):

P+ (@)
(Wol)
with B (t, p) = B(t, p) - B (2, p) - (Wol@ Yo (p)).

We thus consider the matrix element

(PARIP.RNP) = 5 [ (DXDPIPSPD expli [

(3

7(t,z) = —( )q)o(x—X(t)) v w5 (e - X(1) (5.4)

Y (PX - P} TP X]
(5.5)

for any Weyl-ordered operator f[p, X ]. This motivates the definition of the generating func-
tional

1 )
Fpyp [ K AF, z}] = o /[DXDP]ez(PiXi*Pfo)><

xexp{i ft;f dt'(PX - Hy[P] —KP—F(x—X))} . (5.6)
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in terms of which

o o

SK(t)’ 5F(t)]fpf LK {Fﬁ}])‘ : (5.7)

K,F=0

(Py|F(P,a - X)|P,) = (f [

This generating functional will allow us to compute the leading-order-in-g behavior of matrix
elements of local operators @[?F, Zﬂ in (5.2) defined at a single spacetime point (¢,2). One can
generalize to consider insertions at multiple points (¢,,z,) by introducing additional pairs
{xn, F,}. We refer to F as the generator of semiclassical soliton form factors.

The usefulness of this formulation is that the path integral defining the generating
functional can be evaluated. As with the integral over the field theory fluctuations, we
implicitly employ midpoint discretization, dividing the interval (t;,t7) into INV; subinter-
vals of length ¢ with Nie = T. X integration variables are defined at the grid points:
Xi = X(t; + ke), so that Xo = X; and Xy, = Xy. Momentum variables are defined at
the midpoints: Py = P(t; + k(e - %)), for k=1,...,N;. Then the path integral measure is

1 dp’“) : (5.8)

[DXDP] (]‘[ ka) (]‘[
k=1 27

The dependence of the integrand of F on X} is a pure plane wave, and so integrating out
all X variables produces IV; + 1 delta functions which can then be used to carry out the P
integrations. Together, the § functions enforce Newton’s Second Law: 8[P — F]. Since there
are Ny + 1 X-integrations but only N; P-integrations, there will be one delta function left
over, which enforces the Impulse-Momentum Theorem: 6(Pf - P; - ﬁff F(t")dt"). The latter
can be used to simplify the z-dependence of the resulting expression. Hence the result of the
phase space path integration is

Fp,p K AF,x}] = (Pf - P, —ff,fF(t’)dt’)e—“Pf—Pi)w exp{—i[ dt' (He[P ]+KP)}
1 tz
(5.9)
where all F' dependence is contained in P(t) obtained as a solution to the Second Law. In
the presence of the delta function imposing the Impulse-Momentum Theorem, we can give
the following useful expression for P(t):

P(t) = %(Pi +Pp)+ % (E,—ftltf)df}?(f) . (5.10)

This expression extracts the average value of F' from the integral by utilizing P;. We then
note that N
SP(t") 1
= —(Opm(t' -t) = Oum(t-t)) , 5.11
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where the “half-maximum” step function satisfies?”

0, z<0,
Oum(2)={1/2, 2=0, (5.12)
1, z>0.

The key simplification that follows from (5.11) and is valid under the Impulse-Momentum

§P(t) _
s = O-

Theorem delta function is that

In order to apply (5.9) to evaluate the semiclassical form factor, (5.7), we need to inves-
tigate the functional derivatives of F with respect to K and F. The implicit dependence of
F on F contained in Hg. through the solution to the forced soliton equation with P = ]_D(t) is
complicated. The dependence of F on K, though, is rather simple and allows for an explicit
evaluation of all K derivatives. Consider the derivative of the term /tff dt'K (t")P(t"). Using
(5.10) and (5.11) we obtain

5K(t)/ dt'K(t)YP(t') = P(t)

5F(t)f dt' K () P(t/ f A E(#) ((Opm(t 1)~ Opm(t 1)) . (5.13)

Using either of these we find that the mixed second derivative vanishes

Wf d'K()P(t') =0 , (5.14)

as do all other second and higher order derivatives. Hence we have that

m+n l A = =
‘S—f AWK ()Pt _paRie Py m=landn=0, 0
K (t)ymoF (t)n Ju, KeF0 0, otherwise .

It follows that acting with K derivatives on F simply brings down powers of %(Pz + Py)
such that (5.7) becomes

: (5.16)
F=0

(AR - Sy = (140700 P | 7m0 R

where
. t _
Frpn 0 (Fa)] =8 (Py - o= [Pt ) e P Prep [ [Mar o (Pf . (57)

This result is of great practical value since it means that for phase space functions of the form
f = O[7,¢], we can use the constant P = %(Pz + P;) solution for % to construct 7, ¢. Thus

2"To understand the appearance of Onm, note that for any positive ¢ and some test function f(t) we have

Jodts () f(t) = [ dts(t) f(t) = £(0)/2.
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the differential operator f [%(Pz + Py), i#;(t)] appearing on the right-hand side of (5.16) will
be known explicitly, provided the standard soliton solution is known: @(p) = ¢o(7(p — po))-
Here 7 is the Lorentz factor expressed in terms of the momentum,

P;+P; )2

7=\/1+ (51 (5.18)

Equation (5.16) is as far as we can go in general without the explicit solution to the forced
soliton equation for P = P(t). Next we show that (5.16) reproduces known results in the low
momentum transfer limit, with k = Py — P; satisfying |k| < M.

5.2 Semiclassical Soliton Form Factors at Small Momentum Transfer

Let us consider the P expansion of a solution to the forced soliton equation, (3.20). Viewing
the forcing term as a perturbation, the leading order solution will be the boosted soliton
profile with a boost parameter given in terms of the momentum P. (Time derivatives of this
function will be small and can be grouped with the forcing term as part of the perturbation.)
We can then use our complete knowledge of the diagonalization of the linearized problem
around a constant P solution to determine the first perturbative correction proportional to
P. This first perturbative correction will contribute to the soliton effective Hamiltonian
starting at O(P?)—either from quadratic terms in the perturbation or from linear terms
in the perturbation multiplied by the first order P correction to the quadratic fluctuation
Hamiltonian, H. Therefore

Hy.[P]=VP2+M?2+0O(F?) . (5.19)

The /P2 + M2 term can also be expanded in F using

0H.
OF (t1)

t

Heo[F] = Ho[F = 0]+ f "t F(t) + O(F?) . (5.20)
t;

Since H only depends on F through P, and given the forms of (5.19) and the derivative (5.11),

it is clear that the F' expansion of Hg.[P] is also an expansion in M ~1. Hence, the leading

order term in the n-th F-derivative of the generating functional (5.17), at small momentum

transfer, will be given by allowing all F-derivatives to act on the delta function factor:

X

o ¢
=|—0(Pr-PF; - t,fF "dt'
e (5F(t)” ( f .[Z (t ) t )) o

x ¢ i(Pp=Pi)z o~iBiT (1 +0 (Pg;OP )) , (5.21)

5%
(srtaei0.741)

where the final phase came from —i ftff dt'Hy[F = 0] = —iE;T. Since E; = E; to leading order

in (P - P;)/ My, we can write this factor as e’¥*i="Fsts ‘making it clear that it is the usual
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normalization associated with asymptotic states, as likewise appears in (2.33). Hence we have

X

o - ) t
Plf(P,xz - X)|P;) = P+ Py),i PP - [[7F{"dt
(PP =T - (1R iies |o (7= = P

x ¢ {(Pf=Fi)e o~iB:T (1 +0 (%)) . (5.22)

The form of this result becomes clearer upon considering the Fourier transform with
respect to x:

X

/dmeikm<<Pf|f(ﬁ7x_X)|Pi>> - ( [ (P; + Py), —zi] (k;_ftffF(t’)dt’)) o

x (2m)e 6 (k- (Pr- P)) (1+0 () (5.23)

where we used that %(t) ftff dt'F(t") = 1, so that the %(t) can be replaced with —%. Now
we claim that the quantity in the first line of the right-hand side is the Fourier transform of
f [%(Pz + Pr), x] To see this, consider its inverse transform:

;ik ik (f [%(pZ +pf),—i%]é(k—ftffF(t')dt’)) o

= [ S (k- Sl ar) o (f[%(za,-wf),%]e-““)
= [ ks [P+ Pp).]

:%f[ﬁ(Pi+Pf),l‘] : (5.24)

Transforming both sides back then gives the desired relation. Hence we have arrived at

fdmeikw<<Pf|f(P‘,x—)?)|P,->> - 6(k—(Pf—Pi))e’iEiT{f dmeikmf[%(Pi+Pf),x]}><
x(1+0(4)) - (5.25)

For the case of the basic field variable itself, f[P,z] = ¢(P,z) = §(yx), with Lorentz
factor v = \/1+ (P/Mjy)?, the first line on the right side of (5.25) matches what was found
n [20]. However, the analysis here makes it clear that this result is only the leading order
result for the semiclassical form factor in an expansion in k/Mj. To obtain an expression for
the semiclassical form factor valid when k ~ O(Mj), one must instead use (5.16) and (5.17),
which requires solving the forced soliton equation with a time-dependent P = P(t).

An interesting output of the result (5.25) is that the same Fourier transform prescription
gives the leading order behavior of a semiclassical soliton form factor at small momentum
transfer for any f[P, X] = O[T, ¢].
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5.3 Future Directions

There are several interesting directions for future work. We close by listing some of them:

e If we are to gain a deeper understanding of soliton form factors at arbitrary momentum
transfer, then it seems clear that we must tackle the forced soliton equation head on.
Any progress in this area—existence of solutions, solutions for a special class of P,
numerical exploration—would be helpful. Although it appears to be a difficult problem,
as we stressed in the introduction, the potential implications for our understanding of
quantum field theory are deep. Reference [42] on well-posedness of the initial value
problem for general second-order quasilinear hyperbolic PDE’s appears promising for
addressing the question of existence of solutions.

e A natural first step in a systematic approach towards the forced soliton equation would
be to examine perturbative solutions for small but nonzero acceleration. The results
of this paper, including the complete diagonalization of the linearized problem around
a constant P solution, leave one well-equipped to address this problem. Furthermore
the results would be new and interesting. What is the general form of the first higher-
derivative corrections to Heg[P] for the class of linear sigma models considered here?
Is there anything that distinguishes the integrable sine-Gordon model from the non-
integrable ¢* model in this regard?

e In the case of constant P, one could use the explicit diagonalization of the quadratic
fluctuation Hamiltonian to set up Feynman rules for perturbative computations around
the boosted soliton. These rules should yield manifestly Lorentz covariant results for
S-matrix elements in the one-soliton sector, order by order in the coupling expansion.

e Finally, we would like to extend the analysis conducted here to additional theories
admitting solitons, especially gauge theories. Gauge redundancy presents additional
complications for the analog of the canonical transformation, (2.10) and (2.11). However
they are not insurmountable, as shown by the early work of Tomboulis and Woo, [43].
This important work needs to be revisited in light of the more geometric approach to
gauge theoretic moduli spaces that has been firmly established in the intervening time.
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