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The quantum mechanics of solitary-wave classical solutions of nonlinear wave equations is discussed in detail
for the kink solution of two-dimensional ¢* field theory. The formalism provides a natural interpretation of an
extended particle, the soliton, for the classical kink. The perturbation theory around the extended particle is
developed and used to calculate the radiative corrections for the mass of soliton up to one loop. The mass
renormalization is discussed in detail to show that the mass counterterm to the nonsoliton sector also does
the job for the present case, i.e. one-soliton sector. Although our formalism is not manifestly Lorentz-
covariant, the Lorentz covariance is shown explicitly by calculating the soliton energy for a fixed momentum.
The paper also contains the perturbation calculation of matrix element of ¢ fields between one-soliton states.

I. INTRODUCTION

Recently we proposed a method which deals with
the quantum mechanics of classical solitary wave
solutions of nonlinear field theories.! The method
is a generalization of the collective coordinate
method of many-body theory to quantum field theo-
ries,? and it has previously been applied to the
study of strong-coupling theory in static models.?
In the two-dimensional ®* theory with the wrong
sign of the mass term, a classical solution is the
kink solution and the position of the kink is treated
as a collective coordinate. The system is then
considered as an interacting system of a particle
with a field with constraint. Thus, the theory
naturally provides the interpretation of the kink
as an extended particle,*'® which we call the soli-
ton.

The quantization of classical solutions of non-
linear field theories has also been discussed by
Dashen, Hasslacher, and Neveu,® and by Goldstone
and Jackiw.” The former authors developed an
elegant field-theoretic generalization of the WKB
method to this problem. As in the ordinary quan-
tum mechanics, however, the precise correction
to the approximation is hard to estimate by this
method. The latter authors, on the other hand,
developed a method which consists of a set of self-
consistent equations for the matrix elements of the
field between physical states. In this method it is
in principle possible to calculate all the matrix
elements as a power series of coupling constant by
successive iterations. But it is difficult to obtain
systematic expansion rules.

As has been emphasized in Ref. 1, it is straight-
forward in our formalism to develop a perturbation
theory in terms of the method used in Ref. 3. We
discuss this problem in detail in the present paper.
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In order to make the paper self-contained and
also to make the method more transparent, in Sec.
II we briefly describe the method using the Hamil-
tonian formalism and rederive the main results
of the previous paper.®

In Sec. III we will present a systematic perturba-
tion expansion in the coupling constant. It is es-
sentially the same as the strong-coupling expan-
sion of Ref. 3 and our definition of the coupling
constant as 1/X2 is actually made in order to em-
phasize the similarity with the strong-coupling
case. We derive the Feynman rules which can be
used to perform perturbative calculations in the
one-soliton sector to arbitrary orders in the cou-
pling constant.

As the first example of such calculations we
compute the corrections to the soliton energy,
which is analogous to the computation of the cor-
rections to the isobar energy levels in the static
strong-coupling model. In the lowest order this
energy is equal to M, +P?/2M_, and, since our
approach is not manifestly relativistic, the im-
portant question is whether the Lorentz invariance
is restored with the higher-order contributions.
We show in Sec. IV that all tree-graph corrections
sum up to give the correct Lorentz-invariant form
for the soliton energy E = (P2 +M02)‘/2. Thus we
see that the coupling-constant expansion is in the
same time a nonrelativistic expansion and so the
formalism is indeed Lorentz-invariant.

In Sec. V we perform one-loop computations and
show that all ultraviolet divergences can be re-
moved by renormalization. The remarkable fact
is that the one-soliton sector is made finite by
the same mass counterterms which renormalize
the meson sector of our theory. The first two
quantum corrections to the soliton energy which
we calculated are of the form AM - (P2/2M2)AM,

1038
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with AM being the same as that given by Dashen,
Hasslacher, and Neveu. From this we see that
one can consistently interpret AM as the first
quantum correction to the soliton mass.

In Sec. VI we will make perturbative calcula-
tions of the ¢ field matrix elements and Green’s
functions in the one-soliton sector.

II. DESCRIPTION OF THE METHOD

The Lagrangian of the two-dimensional field
theory we consider is

L=fﬂ¢.dx—H(TT, ‘p)’
(2.1)
H(m, ¢)=%f<n’2+(p'2—-¢2+ﬁq‘>4+%).2>dx ,

where ¢'=9¢/ox, This field theory possesses the
so-called kink solutions

<p0(x-X)E)\tanh<x‘/—,2_X>. (2.2)

The parameter X indicates the kink position. The
transition amplitude between initial and final states
described by the wave functions ¥, and ¥, is given
by the following phase space functional integration:

Sgi = j . f DY OT ed“‘ \P;‘[¢>(+oo,x)]\l’i[¢(—°°,x)] .
2.3)

We then regard X as a dynamical variable, ac-
cordingly a function of {, and introduce a corre-
sponding conjugate momentum P through the fol-
lowing change of variables in the integration®:

'i)(t,x) = ¢°(x _X(t))+n(tsx) )
m(t, x) =1 P (), X () +£ (¢, x).

(2.4)

We extract X and P out of $ and 7 by inserting the
identity

[ [ox 08 8(Ex; 00 (15; 1, 9D St 578 =1

(2.5)

into (2.3) and find the forms of m,, £, and F, such

that
fnqsdx =PX + fdx ¢ (2.8)

so that ¢ and n as well as P and X are canonical
conjugates to each other. The solution is

B P 3(x — X ()
07T M1 +(1/M)E] ax ’

T (2.7)

- [ar 20X

= fdx—-ﬁ-————a¢ ();;X(t)) n(,x) ,
(2.8)

E P +deﬂo£’;_;ﬂ 7(t, x)

2T T+ (1/M,)E]

= fdx_aiﬂ(_'%;—)((m g(t,x) s

where M, is the bare mass of the kink,

2v2
My ===, (2.9)

and

g(t)=fdx 29 x =X () on(t,x)

ox ax (2.10)

The subsidiary conditions, F =0 and F, =0, still
contain the kink coordinate X (!). We eliminate it
from the subsidiary conditions using the kink fixed-
coordinate system

p=x-X(t). 2.11)

We define the canonical meson fields in this sys-
tem by

x(t, p)=n(t,x),

(2.12)
n(t,p)=£(t,x)
and the momentum by
P=P- fnx'dp, 2.13)

where x'=0x/8p. Although we used 7 in (2.12) we
like to note that this 7 is not identical to the 7 ap-
pearing in the previous expressions le.g., (2.1).

After some straightforward calculations we ob-
tain

S [+ [oxopoxons( [ o xde)o( [ oy nap) exs( [ Lat)ulx(@,xI¥Lx (=), x] (2.14)

and

L=PX+ fmzdp-ﬂ,

’ 2
HeM ® + [ 7x’ dp)

ot M1 + (1 /M,)E]? e

2
+—é—j[ﬂ2+x'2+<-§2“——l

(2.15)

2 1
>x2 +52 PoX’+ 5 Xﬂ dp,
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which is the main result of Ref. 1.
A soliton wave function with momentum p should
be a function of X only and is described by

Yol X | =€ = (X|p) .

If one restricts the initial and final state to a soli-
ton state, the corresponding operator expression
of (2.14) would be {p|S|p). One would also be in-
terested in the time-ordered Green’s function such
as

(2.16)

@O (x)p(¥) =) p) .

This can be obtained from (2.14) by inserting cor-
responding ¢’s into the integrand and using (2.4),
(2.11), and (2.12). The integration over X and
can be done by a standard perturbation method
which will be discussed in the following section.
The resulting expression is then a functional in-
tegration over X and P, for which we shall use a
corresponding operator method.

IlI. PERTURBATION THEORY AND FEYNMAN RULES

Based on the formalism described in Sec. II,
one can formulate a systematic perturbative theory
in powers of the coupling constant. In our notation,
the expansion parameter is actually 1/A%, and since
it is a dimensional parameter, the expansion is
valid for small ratio m?/A2, We will present in this
section the derivation of Feynman rules. Using
these rules, one can then make perturbative com-
putations of energy, matrix elements, and Green’s
functions to arbitrary orders in the coupling con-
stant.

Let us consider the generating functional

210,k = [oxorno( [ o,x)o ([ o)

xexp;i fdtUdp(znz +Jx+K7) = H} i

(3.1)

where H is the total Hamiltonian given by Eq. (2.15)
and J and K are external sources. We separate

the Hamiltonian into a free x-field part and an in-
teraction part given by

H,= fdp{% 24— ; X2 —%( i3gl“-))( It (8.2)
1= zcif(l ?&%1)2)2 Jae < g X)
(3.3)

J

fH:Dn o (m, )exp' fdtz —3m¥m, + (X, +K) » =exp|i Jdt
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where é:fdp ¢oX'. Then the generating functional
can be written in the form

1 6
ZJ,K] exp[ fdtH(L, =7 LO—K)]ZO[J,KJ,

(3.4)

where Z [J,K| is the free generating functional
ZO[J,K]=JfDX Dw6<f¢o’x)5<f¢o’n>
| r. 1 1
X . t 2 _ 2
exp)zfd dp!Lnx 5 s 3 X

L1288
(3.5)

This quadratic functional integral can easily be
evaluated by expanding the fields x and 7 in terms
of eigenfunctions y, which are solutions of the
eigenequation

d? 392
i ) (AT ML

There are two discreet eigenvalues for n =0 and
n=1, and the w,=0 eigenfunction is just (1/VM,)¢,’.
There is also a continuous spectrum for w,?=k?+2
and the normalized scattering eigenfunctions are

X [3tanh?(p/vV2) - 3ikV2 tanh(p/V2 ) -1 — 2k2|
(3.7

’

NZ2=2L(k? +2)(2k2 +1) = 12V2 (k2 +1).

Here L is the length of the box, since we use the
box normalization and periodic boundary condi-
tions. Introducing the notation

x,.(t)=fdpx(t,P)¢n(p)E(x, 3.,

(3.8)
Talt) = fdp () YalP) = (7, )
we have
X(t,P) =2 X.() 0 (p)
(3.9)
n(t,p) = Z Oy (p)
and the 7 integral is now
" KR, 4K, )} (3.10)
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Here the sum 2}’ is such that the zero-frequency mode (% =0) is omitted.

Next, one has the X integral

J T oxastexpli [ 3 44716, + 6, =k i) (3.11)
n : n
where
G =(-02-wz2+i€)d(t-1t"), (3.12)
and the answer is
exp[if%Z'(J; _I'{:)iG"(J,,-I'(,,)]. (3.13)
n
Now in the (p,¢) representation the Green’s function is given by
— ' pp!) = ! Ao ue-t) i *(
G- 0= 3 0e) [ 52 Fare b, (3.14)
defining
AE=t;pp")==iB(t =)D 9,(0)YX(0"). (3.15)
n
We can write the final form for the generating functional
ZyJ,K] =exp<— fdtdpj at' dp’ {314, p) =K (¢, p)G(t = t'; 00" I (', 0") - K (t', 0")]
+%K(t,p)A(t—t’;pp’)K(t’,p’)}). (3.16)

From this free generating functional one can
deduce the Feynman propagators. We see that
there are three types of propagators, i.e., by dif-
ferentiating with respect to sources J and K we get
the x-x, x-m, and the -7 propagators, respec-
tively:

1 (4]
i I, p)

(3

8J(t", p") Zol K]

1
i

J=K=0

=G(t-t';pp"), (3.17)

1 6 1 ]
i

57,9 @ K@) 2o K]

J=K=0

=0,G(t=1';pp'), (3.18)

)
OK(t',p") z

1 o
i

1
OK(t,p) i

o, K]

J=K=¢
=8,0,G(Et-t";pp’)+A(t=t";pp’). (3.19)

Their graphical representation is given in Fig. 1.

(a)

L Y ] (c)

FIG. 1. Meson propagators in the one-soliton sector:
@) x-x, (b) x-m, and (c) m-m.

r

It is important to note that since in (3.14) and
(3.15) the zero frequency mode is excluded, these
propagators avoid the infrared divergences asso-
ciated with it. This is the consequence of the sub-
sidiary conditions, i.e., 0-function conditions in
(3.1).

The vertices of our perturbation theory are
determined by the interaction part H’. Besides the
ordinary vertices (¢,/A%)x® and (1/4x%)x* which are
represented by Fig. 2(a) and Fig. 2(b), respec-
tively, we have an infinite series of vertices com-
ing from the first term in H':

@+ Jax'y
2M,(1+&/My

Since £/M, is of the order 1/A our perturbation
expansion will be in the powers of 1/A, Expanding
1/(1 + £/M,)? one gets the first set of vertices pro-

i —1— X4
b 4)2

(a) (b)

FIG. 2. Meson field vertices.
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portional to P2,

__5'2_(_2——&— PPN S i > (3.20)

M\ M, TCME TR M

which are of the order of 1/A31/A* .., succes-
sively and are graphically represented by Fig.
3(a).
The second set of vertices is proportional to P
and is given by
P r ., § & &
—--M*‘ X <]—27 +37V7?—41V103 +”'>.

[ \ 0

(3.21)

The first two terms are represented by the graphs
in Fig. 3(b).

It is important to observe here that these ver-
tices are local in time but nonlocal in the space
variable.

It is trivial to generalize these Feynman rules
to arbitrary two-dimensional field theory de-
scribed by the £ =3 (3¢ ) - U(¢), which has a clas-
sical solitary wave solution ¢,(X). Then the propa-
gators have the same forms as those given by Eq.
(3.14) and Eq. (3.15), but now with ¥, and w,? ob-
tained from the eigenequation

}\ ;Zp U”((po)}wn(p):wnzl/}n- (3-22)
The meson field vertices are given by the cubic and
higher terms in the expansion of the potential
u(®),

Ulpo+X) = E 77 X'UP (@), (3.23)
and depend on the specific form of the potential.
Finally, we observe that the meson-soliton ver-
tices remain the same as those given by Eqgs.

(3.20) and (3.21) and are thus independent of the
form of U().

IV. TREE DIAGRAMS AND LORENTZ INVARIANCE

The separation of soliton degrees of freedom de-
scribed in the Introduction is obviously not Lo-
rentz-invariant. The free soliton Hamiltonian has
a Galilei-invariant form so that in the leading
orders the soliton energy is E(P)= M, +P?/2M,.
These are just the first two terms of the relativis-
tic expansion:

E(P):(P2+M 2)1/2
1 P2 1 P*

Moty o, "T Mgt

1 ps

16 mMs

4.1)

This expansion in P? is at the same time an ex-
pansion in 1/A2 so it is obvious that the nonrela-

A. JEVICKI,

AND B. SAKITA 12

P? ’
-zM—ozf(¢,;,x)dt

.3 P? " 2
—zzMosfdt(%,X)

. P ,
-1Mof(1r,x)dt

. P p

_..__..< _2zﬁ0§fdt(n,x’)(¢o’,x)

FIG. 3. Meson-soliton vertices.

@) —_—

_D_____

tivistic treatment of the soliton is connected with
the nature of our weak-coupling perturbation ex-
pansion. Thus it looks very appealing to us that
the Lorentz-invariant form for the energy is re-
covered with the higher-order calculation.

One defines an effective soliton Hamiltonian
given by

exp[-i Jat By - f:oxmé( | ¢>0'x)6(_l' 8y'r)
al!

Xexp‘LJ J axdp - H

i

4.2)

where

© + [ X' dp)?
=M
H=Mo+ 3 T+ A /p) P

1 : 39,2 1 }
+‘§‘fdpih1{2+x2_<1—'—kzn‘-> )\z(j)ox +2)\2 4 X
(4.3)

which can then be computed perturbatively. If we

are only interested in calculations where the soli-
ton momentum is conserved as in the case of soli-
ton energy given by

(p|SIp) =exp [—i jth(P)f, (4.4)

it is enough to treat P as a constant.

In this section we calculate the corrections to
the soliton energy M, +P2?/2M,, keeping only the
leading term in 1/A% expansion for a given power
of P2, 1t is easily seen that these corrections
come from the connected tree graphs only. We
will prove that summing all these contributions,
one indeed recovers the Lorentz-invariant form.
Besides these, the computations are to demon-
strate how one can perform explicit calculations
using the complicated Feynman rules derived in
the previous section.

We start with the first tree-diagram contribu-
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tion which is proportional to P* and is represented
graphically in Fig. 4. It gives the following ex-
pression for the energy:

) 1 . P2\?
-vLAE4= —2'<—L W)

x [ar [dpdp’ o," ()G(r; p0")0y" ("),
(4.5)

Direct calculation of this expression, using the ex-
plicit forms for ¥, and ¢,, would lead to a com-
plicated integral, although it still can be evaluated
analytically. Here, instead, we use the identity
d/dp =3[p, Q%], with Q%=-82+U"(¢,), to show that

(¢o”, w )‘_ (¢o,plP )(U (4-6)
and, accordingly (G isthe Fourier transform of G),

fdp 0" (P)G(0;p0") =3 ip’ By’ (P"). 4.7

J

O0——-~0

FIG. 4. P! power tree graph contributing to the soliton
energy.

Thus one obtains

1 P P m
AE =7 M jdp NI

4

pe
M?®

0

1
- 4.

8 (4.8)
because of f(po""dp =M,.

This result encourages us to go on to the next
contribution which is proportional to Pé, There are
four diagrams shown in Fig. 5 and the expressions

are more complicated. We start with the first one
[Fig. 5(a)l, which gives

2\3
—iAE, = (=i (P > Jap, 05" (py) fdpz%”(pz)fdpgqbo" p)fdp-JLp—)

deT,G(n:plp) deQG(Tz;pzp) f at,G(74; p40).

(4.9)
Using the relation (4.7) we obtain
1/ P2\ 1 ,
AEG:§<W> Ff(ﬁ% Yo,dp. (4.10)
After rearranging the integral, we end up with
= 1].
AE, =75 Ms [2(zpo PPy ) =1 (4.11)
The contribution of Fig. 5(b) is given by
3 P2 P " ,
SIAE =iV g s | f% (p) fG(T PP")," (o’ )depdpl (4.12)
which can be calculated in a similar manner to that used before to find
1 3 P8
AED——I—S? W. (4-13)
The contribution from Fig. 5(c) is given by
—iAE, = 2 M7 dedp B, ( p)fdpldpza G(t;pp, fth(t P pz)fd-r ap’ ¢,"(p")0, G(T ;PP (4.14)

since the 3,3,/G(t = ¢'; pp’) does not contribute.
After a similar calculation to those performed
before we obtain

AE,= 116 ;;5 (2(3o, P07 o) +2]. (4.15)

The last graph [Fig. 5(d)| is equal to zero. There-
fore, the total contribution to the energy propor-

tional to P¢ is

AE, =AE,+AE, +AE,

1 po ,
= 16 M5 [2(¢0 )p l/)() )+2(d)0;papw +1]
0
1 pe
=16 M7 (4.16)
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which is just the fourth term in the expansion
4.1).

These calculations lead us to expect that by
summing all tree graphs, one would recover the
relativistic form for the energy. It is more and
more difficult to compute further terms in these
series and we will now use a more powerful method
to sum all tree diagrams contributing to the soli-
ton energy. Since the total energy is given by the
path integral form

eilaee f:ox:orr6<f¢o’x>5 <f¢o'n>

xeiS[X"’frP], (4.17)

it is equal to the sum of all connected vacuum dia-
grams!® with an external source P present. It has
an expansion in number of loops E(P)=E,(P)
+E;(P)+°*+. Then the sum of all tree diagrams
E,(P) can be evaluated by the stationary phase
method and it is equal to the value of the action
S[x, =, P] evaluated with 7 and x being the solutions
of the equations of motion. Here, a little more
care is needed because of the d-function con-
straints in Eq. (4.17). We can rewrite the con-
straints using Lagrange multipliers A(f) and v(t),

H5<f¢o’(p)x(t,p)dp>
- [oRexp]i [atdp(tgy (p)x(t,0)
(4.18)
ITo ([ o5 (ormte p)dp)
- f:DVexpl}' fdtdp ﬁ(t)¢>o'(p)n(t,p):|,
so that the total action is given by

Swlm,x,P, X, 7]=5[x, n,P]+f[X¢o'x+V¢o’n]dtdp.

(4.19)
The corresponding equations of motion are
fdp o' (P)x(t, p) =0,
(4.20)
fdp o, (P)7(t, p) =0,
P+f7rx’ _
= — 4T, =0 4.21
TH'X Mo(l +§/M0)2 + ¢¢) ’ ( )
307\ 3¢, 1., , Ps+fmx
—_y’ (1 -2Fo SPy2, ~ 3 _ = FJIX
X (1 2 )’“ e X T T AL /My

n /3 +f”x’)2

+ ¢, m +)\¢O’=O.

(4.22)

In these equations we omitted the terms which con-

(a) (b) (c) (d)

FIG. 5. P®power tree graphs contributing to the soli-
ton energy.

tain time derivatives of fields since we are looking
for the time-independent solutions for a constant
P. One can eliminate V from (4.21) and one can
obtain

\_Pefme & Pefm
M1 +&/M Y ° M, M,1+&/M)P

(4.23)

m+X 0.

Next, multiplying this by X’ and integrating, we
find that

P __P+[m
My+2E+ [X? ~ My(1+E/M,)

(4.24)

Now, using this relation and eliminating 7 from
(4.22), we end up with a single nonlocal integro-
differential equation

3¢,2 3 1

2

” " P S/
+(X"+ ¢, )m-”\% =0. (4.25)

This looks very complicated to solve, but, after
the shift X = -¢, + ¢, we get a simpler equation,

" 1 p2 "R !
=90 = P+ 37 Po +W @, "+, =0.
(4.26)
Denoting
2 P2

at= W ,
we have the solution of this equation in the form

Po(P) = bl p/(1 = a?2)

x=0.

4.27)

(4.28)

Next, substituting this solution back into (4.26) we
get the relation 1/(1 - a?)=1+P%/M 2. Now it is
easy to find the solution for 7:

70(0) =a[¢o'(p)ﬁ1@;—“’i - 0:/(0)].

0o

(4.29)
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Thus the sum of all connected tree diagrams con-
tributing to the soliton energy is given by the value
of action (4.19) evaluated with this time-indepen-
dent solution for X and m:

E(P) =_S[_ ¢o +(poy "o’P] . (4'30)

After some computation we found E(P) = (P? +M°2)1/2.

V. ONE-LOOP CALCULATIONS AND RENORMALIZATION

In this section we discuss the one-loop contribu-
tions to the soliton energy. Because of the loga-
rithmic divergences appearing in the calculations,
one has to face the problem of renormalization in
the one-soliton sector. It is well known that these
two-dimensional field theories require only a mass
renormalization, and thus in the Lagrangian one
has the infinite bare mass m? instead of the finite
parameter m2, The remarkable fact is that the
mass counterterm 0m? =m ? — m? which makes
the nonsoliton sector of our field theory finite,
also renormalizes the one-soliton sector. Thus,
one needs no new counterterm to cancel all the
divergences which appear. This is similar to the
situation with spontaneously broken field theories,
where the divergence structure of a renormaliza-
ble theory is not affected by the occurrence of
spontaneous symmetry breakdown, so that the
same counterterms which renormalize the theory
with the unbroken vacuum are enough to renor-
malize the corresponding theory with the spon-
taneously broken vacuum,!!

Thus, if we are interested in, at most, one-loop
calculations, then the Lagrangian which appears
in the functional integral expression for the S-
matrix element in the one-soliton sector contains
the one-loop mass counterterm. To be specific,
for the $* theory the Lagrangian is given by

L(9) =z (@ PP +32 (m? +0m?)(¢? = 1) = (1/4%)(¢*~ 1),
(5.1)

with 0m?2 given by

3 ¥ ak 1
2 _ —
Om? = 21T>LZJ; = 2" +O(X‘> (5.2)

obtained from the one-loop renormalization of the
nonsoliton sector. Next, one can perform exactly
the same canonical transformation as that de-
scribed in the Introduction, with ¢, still being the
solution of the equation of motion without the mass
counterterm. Then we end up with an additional
term in the Hamiltonian of the form

H g2 = =30m2[($,2 = A2) + 20X +X3], (5.3)

which will be sufficient to cancel out all the di-
vergences which appear in the one-soliton-sector
calculations. Thus, one should add the additional

graphs, Figs. 6(a) and 6(b), due to (5.3) to the
Feynman rules described in Sec. III.

First, let us write down, just for completeness,
the order 1/A2 correction to the energy, which is
given by the bubble diagram and is equivalent to
the sum of zero-point energies:

PR (5.4)

This expression is both linearly and logarithmical-
ly divergent, and the first divergence is cancelled
by subtracting out the infinite vacuum energy.

With the box normalization, this vacuum energy is
proportional to the length of the box L. The sec-
ond divergence is cancelled by the contribution
coming from the mass counterterm z0m?(¢ 2 — A?).
The total expression

AM = E' 2w, — E zwh— %t')mzf(%z - X)dp
n n

(5.5)

is now finite and was evaluated in detail by Dashen,
Hasslacher, and Neveu.® We simply quote here
their derivation. The relation between w, and w,
for scattering states is given by
1 2mn

k"+_E6(k")=k'l'=T (5.6)
and w, = (k,2 +2)/2, 8(k,) is the scattering phase
shift of the wave equation (3.6) and its derivative
is given by

abd (k) 12V2 (k2 +1)

de 2(R2+2)(2k% +1) ° 6.7
Using (5.6) and (5.7), one finds
1 3 dk db(k) 1
AM=w =—5+ | 50— 5 @@
1
- 5o fdp(tpoz —2), (5.8)

We will now explicitly evaluate the next correc-
tion to the energy which is proportional to P? and
of the order 1/A* in the coupling constant. Since
My=3V2 22, it is of the form —(P%/2M,)(AM'/M,).
If the interpretation of AM as the quantum correc-
tion to the soliton mass is correct, then AM’
should be equal to AM. The loop diagrams which

i d)cx sz

—X

E _;_ XZ 6m2

FIG. 6. Mass counterterm vertices.
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contribute to this order are shown in Figs. 7(a),
7(b), and 7(c). Using the Feynman rules of Sec.
III, one gets, corresponding respectively to the
graphs 7(a), 7(), and 7(c),

-3fdt

f dpdp’ ¢," (p)
x (4160001 22 60,0007,
(5.9)
2
-5 [ Mioz [apdp' [[arlar;pp) - 2026(r; 00')

Xapap’ G(T;pp’), (5.10)

3 P2 ’ ” ’ n ’
—i —z-fdtM—oSJ‘dpdp ®," (P)G(0; 00" )9," ('),
(5.11)

and the corresponding contributions to the mass
AM' are

AM, GZ CIR fdpz/: (P)J@G(O;pp),

(5.12)

Asz / (w"’ ¢m’)(¢m, ¢nl) +Z’ (l/),,,, ¢nl)

nm W, + Wy,

Z (¥n, ¥ )(d) ')

, (5.13)
M,-33 (W, ¥ )Lz/),wn'ﬁ (5.14)

As for the divergences in these expressions, one
can see that only AM, has a logarithmic diver-
gence, while AM, and AM_ are finite. There are
no linear divergences, and that is encouraging,
since we would have no way to remove them. The
logarithmic divergence of AM, is exactly can-
celled by the contribution of graph Fig. 8, which
is of the form

P2 ’ " . ! !
J’dtwfdpdp b (p)fdT G(T;pp")0m? ¢, (p").

(5.15)

Using the identity for d/dp we can show that the
corresponding contribution to the mass AM' is

AM, =—%6m2fdp(¢°2 -2), (5.16)

which is the same as that in relation (5.8).

Owing to the special nature of our Feynman
rules, it is extremely difficult to evaluate these
three expressions. If one writes down directly
the corresponding integrals using the explicit
form for the eigenfunctions, ¥,, they are so com-

A. JEVICKI,

AND B. SAKITA 12

(a) (b) ()

FIG. 7. One-loop graph proportional to P2,

plicated that it is not possible to evaluate them
analytically.'? Instead, we will first rearrange
the expressions for AM, and AM, so that after
evaluating some parts explicitly, we end up with
the expression for AM’ which is the same as that
for AM,

Let us start with AM,, using the identity d/dp
=3[p, 22] and partially integrating to get

AM, = %%-[ P9,G(0; pp)l |LL /2

+fdp ¢02[G(0;pp)+pG'(0;pp)]t.

(5.17)
The first term is for large L, given by
» =3 LR}?
[P%z(P)G(O pp)l |28, = ] ,7w—n N
(5.18)
where
LR,?
Nn =L‘/’ (2L)¢ (2L)
_ 2L (k2 +2)(2k,2 +1)
T 2L(k2+2)(2k2+1)=12V2 (k2 +1)
1 db(k 1
1-— dl(e n) +O<F> . (5.19)
n

For the last step in (5.19) we used the explicit
form of do(k)/dk, i.e., Eq. (5.7). The states n=0
and 7 =1 do not contribute to the sum in (5.18) and
the 2" denotes that the summation is over scat-
tering states only. Next, using the identity

FIG. 8. Mass counterterm graph proportional to P2,
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39,/A2 =Q%+93%+1, one obtains for the second
term of (5.17)

fdp G(0;pp) = Z (w +1)

' (lb,.',lﬁ,.')
-3 T (5.20)

n

and after some calculations, the last term is found
to be

Cw? 4l
fdp—LpG 0;p0) = E“;'TJ'
n n

» 2k2+3 LR,?
+ D ———
Z zwn an

v (%, %)
_ ARd e WA 5.21
Z’: o, (5.21)
Thus, the total expression for AM, is given by

- (wn,w) an LES (5 32)

2w,

Next, we will evaluate the complicated double
sum which appears in the expression (5.13) for
AM,:

4 ny zpml) my n')
E (¥ (%m, ¥

n,m wn"'wm.

(5.23)

J

lel . Nz

’ ny ! 3 anl r1
_42": (¥, ¥ 2)L(U:P )+z": 1o

The last sum in this expression is evaluated in the Appendix to be =3/mv2 .

Using the relation

(ny ') =2(Wn? = 02) (¥, P Yin) +Sm, (5.24)

where

Sum =2 (R +Rn) LY (GL) (L)

) VTR, R,

1
—Zz(kn k NN ’

(5.25)

we write this double sum as

3 Sonlln ) 534 = ), ) i 1)

nem Wy + Wpy
(5.26)

Defining $,=¥, — ik,,, one can write the first
term as

_Z” kn2 LRn2 +Z” Snm(‘l)m;—{bn)
— 2w, N2 & w,rw,

In the Appendix, we show that the second part of
this expression is equal to zero. Since the second
term in (5.26) is logarithmically divergent, one has
to cut off the number of modes in the summation.
Then, using the completeness relation for the
eigenfunctions, ¥,, we can reduce it to a form

(5.27)

é,, Oy P Bm) (o 91" - (5.28)

|ml =N+,

Then, using (5.20), one ob-

tains the following total expression for the double sum (5.23):

3 o )0, ) g bt

ot Wy + Wiy - 2w,

LR 2 42

Now, summing all the contributions to AM’, we
get

AM'=AM, +AM, +AM +AM,

3 de dé 1
w2 ~ ) 2r dk 2

6 2
NN A

which is identical to (5.8), so that AM’=AM, Thus
we found that the first two quantum corrections to
the soliton energy are given by
AE =AM - (p2/2M,)(AM/M,).

One can calculate the total one-loop correction,
extending the method used in Sec. IV. We have to
shift the fields x and 7 by the classical fields found

- - w (k)

o )08 1, [ 46 00 1 3

et ) o w2 e® -5

(5.29)

there and then keep. only the quadratic part in the
quantum fields which gives all the one-loop graph
contributions. Then, performing a similar cal-
culation to the one in this section, we expect to
obtain the result AM/(P% M2)2 so that the total
energy in the one-loop approximation is

AM

2 le/z
e

(P2 + M?) +(PZ+M02)2

VI. MESON FIELD GREEN’S FUNCTIONS
IN ONE-SOLITON SECTOR

With the systematic perturbation theory devel-
oped in Sec. III, one can make perturbative cal-
culations of other quantities besides the soliton
energy. Of special interest are the calculations
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of Green’s functions in the one-soliton sector.
The ¢ field matrix elements between the one-
soliton and many-meson states ’{#;}|olp{s;})
were first considered by Goldstone and Jackiw’
in their treatment of these two-dimensional ex-
tended particle theories. They used the method of
Kerman and Klein, assuming that the connected
matrix elements between m and » mesons have an
expansion in powers of A”! and that the leading
order is AI"™ ", These assumptions can now
easily be justified.

Let us start with the matrix element
(p'| $(0,x)|p). Performing the canonical trans-
formation described in the Introduction, we get

(P'190,x)p=(p'| o {x =X (0) |p)
+(p'|x0,x =X (0))|p), (6.1)

where X is the coordinate operator. The first
term is of the order A, while the second term
gives, at most, A° contributions. Inserting the
identity, we can easily evaluate the leading term:

(0| ok x = X(ODIp) = f dy P ¢ (v ),
(6.2)

This essentially classical part of the matrix ele-
ment was the initial ansatz of Goldstone and Jac-
kiw. Next, one can compute the first quantum
correction coming from the second term in (6.2).
From the path-integral representation of

(p'lx(0,x - X)|p) we see that one first has to find
the “vacuum” expectation value of X(0,p) and then
make the substitution p =x - X to evaluate this
operator between the soliton states. Thus the first
quantum correction is given by the tadpole graph of
order O(A"!) and we have

(p'Ix(0,x=X)|p)

= <p’\ fdp’ G(0;x - X, p’)%ﬂ%n'n')@ .

with

s =3)= [ ap G0;x -3, 2222 6(0; pp).

(6.5)

It is logarithmically divergent and the divergence
is cancelled out by the contribution coming from
the mass counterterm 6m?¢ x which also gives a
tadpole graph of the order O(A™!). Finally, in order
to see the connection with the result of Ref, 7, we
observe that f(x) satisfies

['Fd;? +U"(¢o)}f(x)= ﬁg@u(o;xx), (6.6)

where we used the fact that (¥,(x), ¢,(x)G(0;xx)) =0.

Next, we will compute the leading term of the
one-meson matrix element (p’|®|p; w,), where p
is the total momentum of the soliton and meson and
w, = (k? +2)2 is the meson energy. This matrix
element is equal to

(D' Pl x =X (ON|P; w,) + (p'1X(0,x =X (0))|p, w,)
6.7)

and here the first classical term has no contribu-
tion to the leading order. To evaluate the second
term we expand the field x(p, ¢) in terms of the
eigenfunctions ¢, :

X, p)=q()yp,(p)

\pA ' ﬁz_ [a,()8a(p) +ai ()X (o),

(6.8)

where the #=0 mode is omitted because of the -
function conditions in Eq. (2.14). Now the n=1
mode describes the internal soliton degree of free-
dom and not a quantum particle. Therefore, the
soliton can have energetically excited states. The
continuum modes correspond to the meson degrees

(6.3) of freedom since, neglecting the interaction a,
This contribution is again of the form satisfies the equation 4,({) = -w,%a,, with
w,2=(k? +2)2, Thus, in the first approximation
fdy PP f(x _y) (6.4) the one-meson matrix element is
J
, " 1 t 1 ,
- -X . - _ . )
(/| iy L = X O 2,00+ 3 =X O OV 1) = s 0" ax =X ODIp3 w2) 6.9)

so that
ip=0")y

160, 0)1p; @n) = [ay -G dalx=3)

is in agreement with the ansatz of Ref. 7.

(6.10)

The n-point Green’s functions in the one-soliton sector can also be computed perturbatively. For sim-
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plicity we will calculate the two-point function and it is then trivial to generalize the result to the arbi-
trary n-point function. Let us consider the Fourier-transformed form:

G(p' '3 0, )= [t ax’ oW N [t e e 0t pr T[0! 1ot )Ip) (6.11)
Making the canonical transformation in the operator form, the time-ordered product is equal to
T[ P(x =X (N (x X))+ T[:po(x'-X(t'))x( t,x =X(¢)]

+T[X %" =X (¢ Dpo(x = X (EN]+ Tx', x' =X (" Wxt,x =X ()], (6.12)

where X is now the coordinate operator. We will first evaluate the contribution from the first term which
is of the order O(A?), while the others give smaller-order contributions. The time-ordered product can be
split into two parts,

0" = )p(x" = X (NP x =X (£)) + 0(t = t")p (X =X (£))P(x' =X (t')). (6.13)
Inserting the identity fdyiy, ty (y,t|=1 into the matrix element of the first part,
(160" = ) (x" =X (") x =X ENID) (6.14)

for both ¢’ and ¢ we see that it is equal to
fdy’dy e~iD'Y -EW)t ]%(9"-}")(3", t’ly, t) el U’y—E(P)t](po(x_y)’ (6.15)

and after translation of the time and space variables, we get the following contribution to the Green’s func-
tion:

@mPUE(p) + w(k') = E(p) = w(k)O(p'+k' = p ~ k)

dexl et ¢o(x1)fdxe-“"+~’>r fdte‘w""“‘k'm(x,tl0,0> fdxz "%z go(=x,). (6.16)

The presence of the 0 functions shows that tran- putes the corrections coming from the last term
sitional invariance is indeed respected by the of Eq. (6.12) which is the Fourier transform of
formalism. Recognizing the nonrelativistic propa- , ’ ,
T x(t - -X
gator we get for the factor multiplying the 0 func- (pITIXE, &= X (¢t x eN]ip). 6.19)
tions This rather unconventional form can be understood
. ; . if we write down the corresponding path-integral
P, (k") ; 7 7 Po(R) . expression, since the canonical transformation
-M, - k M o ’
E(p") +w(®) o= (P'+kY/2 0 was originally carried out in the path-integral for-
6.17) malism. Then we see that one has first to find the

“vacuum” expectation value of T[x (', p")x (¢, p))

and next after substitution p =x —=X (t) and p’=x’

- X(t') to evaluate this operator between the one-

$. (k) i 4~> %) soliton states. Since the operators X (¢) and X (¢’)
O E(P') - wk') - M, - (p'- kY/2M, TOT do not commute, this operator between the soliton

(6.18) states has to be time-ordered. So, in the first

’ approximation, we have that the O(A%) contribution

This is the classical part of Green’s function and to the matrix element (6.19) is given by

the first quantum correction can also be computed , , , ,

in a simi(llar way. It is of the order O(X°) and (PITGE - tx" =X (), x - XN 1), (6.20)

comes from the last three terms in Eq. (6.12). We where G(t; p’p) is the propagator. This gives the

will just demonstrate for example how one com- following contribution to the Green’s function:

There is also a similar term coming from the
second part of the ordered product (6.13):

@mPUE(P)+wkR )= E(P)—- wk)O(p'+R =p - k)fd.x el LEDER'X1 p ! TG(E; x = X (), =X (0))|p) . (6.21)

Now we can continue in the same way as in the preceding calculation, obtaining for the 6(f) part of the
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time-ordered product

A. JEVICKI,

AND B. SAKITA 12

i
Z ¢ (=%) 217 W -w? Ww+EQp)+wk')=-M, -

and a similar formula for the 6(~t) part of the
time-ordered product.
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APPENDIX

In this appendix we prove

N
pID DU TRICHEI PR R
n=o +1
and
” Snm(¢m, En) 1
s W, + Wy, O(L2> . (A2)

In (Al) N is a sufficiently large integer such that
N/L>1,

Using the explicit expression (3.7) for ¥,, one
obtains

(wm’ ¢n,) = iknénm

3im (km2 - knz)
*N,N,, sinh[(7/V2 )(kn - k,)
X(2+k,2 +k,2). (A3)

To the sum in (A1), only the second term contrib-
utes. The denominator of this term gets expo-
nentially large for m —n so that m ~n~N contribute
dominantly in the sum of (Al). So we approximate
¥n~ (1/VL)e'*n ? for the calculation of (¥,,0 ¥Pm):

(P’+k,)2/2MO ZZn(—k) (622)
(b, p¥n)~ s (a0)

Inserting (A3) and (A4) into (A1) and using the fact
that the main contribution in (A1) comes from the
region m ~N and m —n={<<L, one obtains the fol-
lowing expression for (Al):

o

3 1 R,
2 ,Z;('l) Sinh[(7/V2)5;] ° (45)

Next, we use the following variation of Euler-
Maclaurin formula:

S8 - g0) + 5 &/ ()

+o<£2> (A6)

where A =27N/L and N is an even number. This
expression can be proven easily be using the stan-
dard Euler-Maclaurin formula!?

N
2 (1 gk, =

M M
> fom)= f dm f(m) + 5[ F(M) = £(0)]

E (2n)' [femv M) - e ()],
(AT)

where B,,’s are Bernouilli numbers.

Application of (A6) to (A5) immediately leads
to (A1).

The proof of (A2) can be done in a similar fashion
by using (A6).
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