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Quantization of the nonlinear Schrddinger equation is carried out by the method due to Kerman and Klein. A
viable procedure is inferred from the quantum interpretation of the classical (soliton) solution. The ground-
state energy for a system with n particles is calculated to an accuracy which includes the first quantum
correction to the semiclassical result. It is demonstrated that the exact answer can be obtained systematically
only at the next level of approximation. For the calculation of the first quantum correction, the quantum
theory of the stability of periodic orbits in field theory is developed and discussed. Since one is dealing with a
finite many-body problem, the field theory can be written so that no infinite terms are encountered, but the
Hamiltonian can also be artificially rearranged so as to destory this feature. For learning purposes the
calculations are carried out with the various alternatives, and our methods prove capable of providing a

uniform final result.

I. INTRODUCTION

This is the second in a sequence of papers whose
aim is the development and exposition of a non-
perturbative, completely quantum-mechanical
approach to selected problems in the quantization
of nonlinear field theories. This method, first
developed for problems of collective motion in
the many-body problem,’! was introduced into the
present context by Goldstone and Jackiw? to treat
the problem of “quantization about a static solu-
tion of the classical nonlinear field equations.”
QOur previous paper involved directly an extension
of this latter work.3'*

The present paper has two objectives. The first
is to show that the same general method is readily
applicable to instances where the known classical
solution is periodic in time and nondissipative,
i.e., the energy is finite and time-independent.
Such solutions are the analogs of bound orbits in
particle mechanics, and as has clearly been
shown,® each gives rise upon quantization to a
spectrum of bound states. The second aim of the
present work is to show (by example) that prob-
lems of renormalization of infinities and higher-
order effects can be handled quite consistently
with the present method. In the previous treat-
ments,®’® this involved the classical theory of
stability of periodic orbits. In this work, we pre-
sent the analogous quantum theory, leaning in no
way on the classical analysis.

To achieve these aims, we have chosen an ex-
actly soluble, completely finite, nonrelativistic
field theory’*®: nonrelativistic bosons of mass
m interacting in pairs via an attractive 6-func-
tion potential, in one space dimension. The the-
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ory in question is defined by the Hamiltonian
_nt f d _+ d
H=o— | dx - 47 (%) 7= 9(x)

—3K [yt ()7 () 9 9l (1.1)
[where ¥(x) is purely a destruction operator] and
by the commutation relations

[9(x), T ()] =0(x-y) . (1.2)

The theory defined by (1.1) and (1.2) is com-~
pletely finite and possesses for each value of ,
where » is the number of particles and is the val-
ue of the constant of the motion,

[o'@un=x, (1.3)
just one bound state, with energy
1 (K*m
E,,—-—Z—Z< 7 )(ne'—n)‘ (1.4)

In addition, all possible scattering amplitudes are
known.”

As we come to understand from our method,
the “structure” of (1.4) is to be understood as
follows: (K2m/%i?) is the only energy unit in the
problem. A semiclassical approximation then
yields the #® term only. Relative to this leading
term the quantum corrections generate a series
in reciprocal powers of ». Thus the first quan-
tum correction vanishes, as we shall rederive
repeatedly (for learning purposes). The second
quantum correction is needed to derive the sec-
ond term of (1.4). Since neither we nor previous
authors® has so far made this calculation, any
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implication in previous work that this term has
been derived from a field theory is in our opinion
slightly misleading. However, the methods de-
veloped here can certainly be applied to this prob-
lem. (Of course, we can include this term by
requiving that we obtain the known answer for
n=1, as has been done in the previous work.)

The outline of this paper is as follows. We deal
in principle only with the bound-state problem,
though the calculation of quantum corrections
brings in successively more complicated scatter-
ing states as we go to higher order. In Secs. II-V,
we develop a method of attacking the bound-state
problem depending only on (1.1)—(1.3) and the
“field equation” which follows from (1.1) and (1.2),
namely (Z=m=1 henceforth)

i 9(x) =[9(x), H]

2
e MWK DU, (L5)

which has only finite matrix elements. In develop-
ing the solution both the translational and Galilean
invariance of H play a role.

By formal commutation (1.1) becomes

L d
g3 [-2 4 Ly
S5 [y’ () 9(x) ¢ (9 v

+3K5(0) fdxsz(x) P(x) . (1.6)

When treated in this form the problem has the
essential features of relativistic one-dimensional
field theories requiring simple renormalizations.
In Secs. VI and VII we show that we have or can
develop the tools to deal with this problem. It
requires, in effect, that we understand fully the
quantum field theory of small oscillations about
bound spectra. Some of the more mathematical
details of the theory are treated in Appendix B.

In Appendix A, we treat a point which is essen-
tial for future developments. In the present work,
we appear to lean heavily on the number quantiza-
tion condition following from (1.3). This is not
available for neutral theories. We therefore show
in Appendix A that the enforcement of the prop-
erty of Galilean invariance yields equivalent in-
formation.

II. SEMICLASSICAL QUANTIZATION

Consider (1.5) as a classical partial differential
equation

. dz?
§506, 1) == 3 = 4l 1)

—~ KT (x, £) 9(x, ) P(x, 1) . (2.1)

A known solution® is

(e) s A el

Zp (x,t)‘(z/K) 2 cosh(zlwl)l zx ’ (2'2)
with energy

E© = By == (2V2/3K) | w|?/? . (2.3)

This can be calculated directly or through the in-
termediary of a simple virial theorem obtainable
from (2.1) after removal of the time dependence,
namely

1|d 2
= (cjz2_ — | % ()] _ L (¢) | 2y2
0= fax|wly@ (2= 2| Ly | - sry ]
(2.4)
When added to the functional H($(®’), we have that

d
(c) _ PR ¢
E —fdx(ldxzp

Equation (2.3) can be used directly in a variant
of the Wilson-Sommerfeld quantization condition,
namely

En  de
[ ®0

0

2—w|¢(°>12> (2.5)

[which follows from the correspondence equation
w=(dE/dn)]. We thus find

L ==5 K2, (2.7

w, =(dE,/dn) =— § K?W? . (2.8)

The same result is obtained by substituting the
number quantization condition

fdxlw“"’l“‘=2(2|w|)‘/2/K=n (2.9)

in (2.3). Inserting the relation (2.8) into (2.2)
shows that the latter represents a class of solu-
tions (£=0)

Kl/zn

cosh(3Knx) ° (2.10)

1
Y (x) = 3
As developed in the next section, the physical
interpretation of (2.10) is the basis for our quan-
tum approach.

III. CLASSICAL RESULT AS LIMIT
OF A QUANTUM THEORY

Since the correspondence principle tells us that
w,2E, - E,_, [Eq. (2.8)], the quantum interpreta-
tion of ¥”, Eq. (2.10), is, in fact, obvious,

namely (up to terms of relative order »n™?)
£ (%) = (= 1[9(x) [2) =g,(x) . (3.1)

In this interpretation |#) is the ground state for
n bosons, and we are neglecting center-of-mass
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motion or recoil, thus taking the kinetic mass of limit of a suitable matrix element of the quantum
the states [#), |[n=1),... to be infinite. This ap- field equation.
proximation will simplify the treatment of this More carefully now we define

section and the next. Here we shall lean on a re- w =FE —E (3.3)
sult which is not obvious, but will be proved in noon nio )
Sec. V: To the first fwo orders in the energy, where

namely O(#*) and O(#?), this “fixed source” ap-

proach is valid, provided that in the Hamiltonian H|n)=E;|n) . (3.4)
(and consequently in the equations of motion) we From (1.5) and (3.1), we find
replace m by an “enhanced” mass m,,

1 a2
my=m[n/(n=1)]=n/(n-1) . (3.2) On $nlX) == G @? P
The quantum method is based on the following —Kn-1]9"(x) 9(x) 9(x) |n) . (3.5)
assumptions: (i) The matrix elements (3.1) are
the dominant elements in the theory for large z. The desire to reach the classical equation sug-
(ii) The classical field equation should be the gests a treelike approximation,

(n= 119" (%) p(x) $(x) [n) = (n=1[97 (%) [n = 2) (n =2 [9(x) [n = 1) (= 1| (%) [ n)
= [P () |2 hn()

= lun 49 [ 1+0(2) . 3.6)
Thus (3.5) becomes
) == = 27 ) = K 0 4 (3.7

which is the classical equation, to leading order. In the same approximation
(n| faxv" o] n) = fasl ool =n. (3.9

The combination of (3.7) and (3.8) implies (3.1), our starting point.
Next, using the same approximation as in (3.6) we calculate the energy and find

E,=(n|H|n)

2

“go S [ D | =K [0 1 h 0 = EOm) 45 5 {%Kf[ Izp,,(x)lﬂ?}

== £ K22 (n/(n=1)]+s K2 = E© + £ K®n® | (3.9)
in which we have consistently kept only the first the state §(x)|#) has nonvanishing overlap with
two orders of n. states other than |[#z-1). We must then weigh the

The correct coefficient of #* is known to be relative overlaps with various states of »~ 1 par-

zero.”’® The calculation in (3.9), as will be clar- ticles such as |n=2,k), [n=3,k,, k,),
ified in Sec. V, includes the effect of recoil and of |n-3,2(k)),.... Here|n-2 k) is a scattering
n fluctuation. What is missing to this order is the state (with suitable boundary conditions) contain-
effect of virtual dissociation of the bound state ing asymptotically one free boson, momentum &,
|#) into |7n-1) and a single particle (called one- and the bound state |z—2); |n=3,%,,k,) is asym-
loop effects in field theory and ground-state cor- ptotically a three-particle state; |n -3, 2(k)) is
relations in the many-body problem). These are asymptotically a two-particle state consisting
studied in the next section. of a heavy and a light bound state. In this class-

ification, only the kinetic energy of the light par-
ticles is taken into account, though this approxi-

IV. THE ONE-LOOP QUANTUM CORRECTION mation must be rectified if the next quantum cor-
rection is sought.
In contrast to relativistic field theories, the To sort out the different orders (in »™') of the
effects considered here are finite at all stages of quantum theory, an assumption which proves to be

calculation. They take into account the fact that self-consistent is that
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(n=2, k| |n) ~(n=1|9(x) |n=1,k) ~n 2 (n = 1|Y(x)|n), 4.1
(1=3, By o [Y00) 2) ~ = 1, Y[, R omcon ~$ =3, 200) [§0) ) ~ ™ m = 1[4 [) (4.2)

with an obvious extension to more complex ampli- Me(X) = (=2, k|P(x)|n) . (4.4)

tudes if (4.1) and (4.2) are correct. The n de-
pendence in (4.1) and (4.2) was guessed by com-
paring the energy correction derived below with
the discussion following (1.4), but only the exis-
tence of a suitable hierarchy of magnitudes need
be assumed in order to proceed.

To calculate the O(#®) terms in E,, we require
only the amplitudes in (4.1). We thus define

where the # dependence of these amplitudes and
the scattering state boundary conditions are both
understood.

If our estimate (4.1) and (4.2) is correct, then
Eq. (3.9) for the energy has to be augmented by
terms at most quadratic in the amplitudes (4.3)

and (4.4). As a typical contribution we have
Xk(x)5<n—ll¢(x),n—1’k> ’ (4'3)

n[9" (%) o7 (%) P(x) P(x) [n) = “classical” term

2 '@ n-2,k) -2,k 9" ()| n-3,2")

P
X(n=3, k" |P(x) [n=2,k" Y (n=2,k" |(x)|n) +- -+ . (4.5)
We write consistently
(n=2,E' 19T (2)[n=3,k") =84 4n(n=2]|0T () [n=3)[1+0(n™))] . (4.6)
This reduces the explicit term in (4.5) to
Zhj [4n(20) |2 [ mil2) |2, 4.7

ignoring # fluctuations in this already corrective term. In addition to terms such as (4.7), there occurs
as part of (4.5) a term of the form

¥l () n=1) (o= 1197 () |2~ 2) 2= 2[9(x) | n= 2, &) (m= 2, F|9(x) | 1) 2, %(x) xa(¥) () - (4.8)
3

For low-order calculations enumeration of the various contributions is quite straightforward. For higher-
order effects the development of an algorithm would be helpful.

The method of analysis having been exemplified, we next quote the expression for E, calculated by this
means and certified correct to the first two orders in #, namely (¥ =¢,)

E,,=—2—:”-; fdx[% zp(x)] 2dexzp4(x)+-— — [ dexzp“(x)]

~an 3 [axin@ g fdx

oo |

'ZKZk: S ax s na 12 -%K; S a0 (s xd) - (4.9)

The presence of the first of the one-loop terms
in (4.9) requires additional explanation. The equa-
tion for ,(x) itself is modified by the quantum
fluctuations, and we must ask if the corresponding
change in ¥, will affect the energy to the order

considered. This is investigated by replacing
Pn=9, +0y in (3.9) and examining terms linear in
0y. Utilizing the classical equation (3.7), we find
easily the additional terms w, 8( fdxy,2). This is
not zero, since we have a change in the normal-
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ization condition to this order these satisfy linear coupled differential equations
defining a quantum scattering problem which is the
n= < n f dx sz (%) Y(x) n> quantum analog of the classical theory of stability of
periodic orbits against small perturbations. How-
ever, nothing is gained for our purposes by pur-
= f dx i, *(%) + Z f dx|m(x)|?, suing this angalogg. P TP
B (4.10) The equations for y, and 7, (it is these functions
. , which are coupled) are derived from (1.5) by the
6 _[ ax g, " == Z f dzx|m(x)|® . arguments illustrated sufficiently in this section,
k insisting only that terms linear in these ampli-
We have now accounted fully for the expression tudes be retained. The resulting equations, re-
(4.9). membering also that
We have thus reduced the problem to the com-
putation of the matrix elements [(2.3) and (2.4)], Hln, k)= [Eq+(#/2)]|n, k), (4.11)
Xz and 7,. We show that to the required order, are

J

(B2/2)xp(%) = —% dixzz* Xe(%) = K[207 (%)X (x) + P2 (2 (x)],
1 a2 (4.12)
[20, = (#/2)Inf () = = 5 2573 (%) = K[207()mg (6) + §* () xa () ]..

Omitted terms are at least of relative order [[n]2/[¢|?]~n"%
Before solving these equations, let us note that they can be used to simplify the energy (4.9). Here we
need only the second of the integrated forms of (4.12),

(#2/2) | dx|xe(x)?=3% d
zk: fxxkx Zkf %

)|

-2K ) fdxwz(x)lxk(x)lz-%KZ fdxwz(x)[m(x)xk(xhnif(x)x},*(x)],
k k

(4.13)
d
1 =1 4
zk: (2w, - 3#°) fdxlm(x)lz— 2 zk: fdxdxl"lk(x)lz
-2K ) f dx $(x) [ne(%) |2 = 3K 3 f i PP(2) M) xe(2) + 1 ()3 (%)]
3 R
to reduce the energy to the simpler expression [cf. (3.9)]
1d
E,=Es(n,m,)+3 E[%K f dx¢4(x)]+ 2 (w, = 3#) f a0 [2. (4.14)
kR
We then turn to the solution of (4.12). In terms Equation (4.16) has two bound-state solutions
of the dimensionless variables which do not correspond to any real physical state
z=1Knx, v=(2/Kn)k, (4.15) but rather express qur failure to. conserve both
momentum and particle number in lowest approx-
and introducing the values of ¥,(x) and w, explicit- imation. These will be discussed in Appendix B.
ly, we have in place of (4.13) the dimensionless We consider here the usual scattering solution
forms defined by the condition
dz 4 2 1
2y =y - * i V) = pive
VX == 275 Xv = Gostiz XY " costZz w16 lim x,"(2)= 75", (4.17)
(=2 = vk = = az S S ’ where L is the length of the line to which the sys-
v=T 42" T cosh®z P T cosh?z X° tem is confined. This solution, containing no re-
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flected wave, is

+) ivz 1
(2)= L”2 (¥?-1)-2v
1
(V - 1+2wtanhz+cosh2 )
(4.18)
1 1
(+)%
m (&)= L"2 (1®=1)-2v cosh®z"’
We notice that®
lim +)(z)— ez“ 8@ (4.19)
iy
where
5(v)=tan~[2v/(+% - 1)]. (4.20)
We also notice that
L/2
lim (%2 = [nyl?lax=1. (4.21)
LowJorf

At the moment, we require from solution (4.18)
only the value of the last term of (4.14). With the
usual replacement

dk
-5, (4.22)
k
we find
Z(w—%kz)f | () [2= -4 K 2n? (4.23)
k
If we combine this with (3.9), we find
E,=-#K*n*[1+0(n™%)]. (4.24)

This result is as far as we shall go in this paper.

The remainder of our discussion will be devoted
first to a substantiation of the method utilized thus
far and second to several partially independent re-

J

eoeined (g) [ 0r-nx 5 (14T ()57 (57 19(0) |5 " [HO) |5,

prpM

where the # dependence has been suppressed. The
utilization of the inverse of (5.1) and the ansatz
(5.5) proves the latter to be viable, and we obtain
as our final result

(n'- 2) n 2
—K(n— 1) lpn_l(nTlx\) - Po(x). (5.8)

The function defined by (5.8) differs slightly from
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calculations of (4.24), the purpose of which is to
deepen our understanding of technique.

V. MODIFICATIONS FROM CENTER-OF-MASS MOTION

In effect, we start all over and take into account
the motion of the n-particle bound states. Consid-
er the equation of motion for the matrix element

¥, D=5 [ AP P% = 1(5) 4O n(p') .
(5.1)

Assuming that the energy of the state |n(p)) is
exactly of the form

E(P)=E,0)+(p*/2M,),

M,=mn,

(5.2)
(5.3)

for which there is a well-known elementary proof,
we derive from the equation of motion (1.5)

{wﬁ [(—z d—",’;p)z / 2M,.] - (pz/zMH)}\I',,(x)

1

=-3 de\I:n,(x)+ interaction term. (5.4)
The transformation
¥ ,5(x) = explipx/(n - 1) (%), (5.5)

where the implied p independence of the second
factor is to be verified (it is in fact a general con-
sequence of Galilean invariance), reduces (5.5) to
the form

i) = = dxz 2 0l)
+ exp[—-z px/(n - 1)]x (interaction term).
(5.6)
The interaction term is, in fact,
(5.7)

the previously defined classical solution. This
distinction will be maintained by writing $©(x) for
the latter or even ¥(x,m) and ¥®(x,m,) to render
a further distinction. Here we note that

$O(c, m)= 3 L)

2 cosh(zKmnx)’ (5.9)

having returned the mass explicitly to the expres-
sion in order to aid the reader to follow the sub-
sequent argument.
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To appreciate the significance of (5.5), we recal-
culate the various physical quantities

)

nL=<n(P)' f do " (x)(x)

= Y () [37(0) [ - 1(p")
’l

x(n=1(p") [$(0) [n( PV L, (5.10)

E(p)L={n(p)|H]|n(p)). (5.11)
Repeating the type of reasoning which led to (5.8),
we find

[ axv2=n2/-1), (5.12)

E (p)=(p?/2mn)+E(0), (5.13)

E0=("7)% [a(fru)

_%K(n;__%> f danz(x)lﬂn-lz(;%x)'

(5.14)

Equations (5.8) and (5.12)—(5.14) describe cor-
rectly the results of recoil and # fluctuation. They
can therefore be used to justify the corresponding
calculation of Sec. IV. This can be done in several
equivalent ways. A little thought (or possibly a
lot of thought) will convince the reader that it suf-
fices to insert into (5.14) Eq. (5.9) multiplied by
[#/(n - 1)]*2, the factor needed to renormalize to
(5.12), and then to expand the corresponding ener-
gy expression in powers of »~'. This same pro-
cedure may be reformulated as follows: First,
with ¢, as just defined, an elementary exercise
tells us that (5.12) is equivalent to the expression

fdxzpff’)(x,m,,)2=n. (5.15)
This suggests that we rewrite (5.14) in terms of
the function ¢(x,m,). We thus find by another
elementary exercise

n-1\3
En(0)= (T) Ec(”:mn)- (516)
(The classical calculation may be written
E,=T,+V,, (5.17)
T,=-3V,=4K*mn®, (5.18)

returning the mass to its place.) It follows that to
the first two orders in n, (5.16) may be rewritten

as

E,(0)=E (n,m,) - %Ec(n, m)

3
=Ec(n’mn) _—2;Vc

1d
=E,,(n,m,,)—§ —&;Vc, (5.19)
in agreement with (3.9).

We conclude this section with one more elemen-
tary exercise by calculating the “classical” part
of the energy associated with the first two terms

of (1.6): Call this E;. We find

E;=("—;~1)3% [ s un]

— 2
- %K("—f) fdx bA(x). (5.20)
Further manipulation shows that
E!=E (0)+(2/n)V,
=-4K® - 4K *n?, (5.21)

which we require for later reference. The last
term in (1.6) ~56(0) must be treated with the quan-
tum fluctuations which, term by term, will be in-
finite in this treatment.

The effect of recoil on the scattering equation
(4.12) has also been studied, but the result is
needed only in Appendix A, where it will be quoted.

VI. COMPLETENESS AND COMMUTATION RELATIONS

The main result of this section, the complete-
ness relation for the scattering functions of Sec.
IV, is needed to carry through the manipulation
of the next section. The impatient reader need
only be willing to accept the final result, Eq. (6.5).

We derive the relation twice, first by straight-
forward calculation, second from the commutation
relation (1.2). A detailed discussion of the physi-
cal significance of certain peculiar terms which
occur in it is relegated to Appendix B.

We note that Egs. (4.12) imply the orthogonality
relation

[ @t -, ml=0, vev' (8.1)

(and we have already discovered that the norm is
unity). This suggests that we study the integral

€, =L [ S DuE () - ()] (6.2)

The integral over k is readily evaluated, and we
find
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Clx, x")=08(x - x")+ %Kne‘["z'| [(]z —2z’| = 1)(1 ~ tanhz tanhz’) + €(z = 2’)(|z = 2’| = 1)(tanhz — tanhz’)

1 1 tanhz  tanhz’
g ———— Y Yy p) [ 2R
2lz -2’ ( cosh®z " cosh?z’ ) 22~z )(coshzz’ cosh®z ):, ’ (6.3)

where €(x) is the sign function. With the help of the identity

exp(~|x ~ ¥|)= coshx coshy - sinh x sinhy — €(x — y) sinh x coshy + €(x ~ y) cosh x sinhy , (6.4)
(6.3) can be reduced to the form (through straightforward but slightly tedious algebra)
Clx, )= 80x = 2) == bW )+ = (22 4 322 )0l ) (6.5)
’ ap TR n\" 0y ~ox)TmTITmID :

with ¢, given by (5.8), for example. Equivalent forms used later may be obtained from the identity

fa
n 9x

2 o= )+ = 2y (). (6.6)

We next verify (6.5) with the help of the commutator
Hm (n( 2) | [9(x), 97 ()] In(p)) = Lim (o[ p)(x ~ 9)

= Lo(x ~y). (6.7)

A consistent approximation to (6.7) is to include number conservation and momentum conservation for the
bound intermediate states but to ignore it for the scattering states, the same approximation that has been
made throughout. We thus find

fdi D [xelx+ E)xr (9 + &) = mplo+ EIN( 9+ )] + P (4 Ep (9 + ) = <n~n—-—1)¢,.(x+ £)¢n<y+ £ +%(x— y))

=fdga(x-y). (6.8)

The terms depending on ¥, are to leading order

f dg{g,; [by+ £+ 1= U+ D0+ )= = 9) o [9, 06+ D, 0+ s)]}

-f dE{-;;[zl),(x+£)w,,(v+£)]—%[(x+£)aix+(v+£)%]w,,(x+£)¢,,(v+£) } (6.9)

r

the eqivalence of the two forms following upon correction, utilizing as a basis the form (1.6) of

integration by parts. The resulting integrand of the Hamiltonian., This calculation has elements

(6.8) can now be required to be independent of &, quite analogous to those which occur in relativistic

whence (6.5) is regained. field theories requiring renormalization, We shall
Since only (6.5) is needed for the calculations thereby establish tne soundness of our approach for

which follow, further discussion is relegated to application to such cases.

Appendix B. Starting from Eq. (1.6) and utilizing the standard

reasoning, we obtain a new expression for E, (0),
VII. ALTERNATE CALCULATION namely

OF FIRST QUANTUM CORRECTION

With the help of the completeness condition (6.5),

we now give a new account of the first quantum
J

2

d
EC m(x)

E,(0)=Ej+iK6(0n - 3 fdx[nk(x)lhré Zfdx
k Rk

-K Z f dx P20 [3 [ mu() |2+ 3| % (0) |2+ Bxp(0)me(x) + 3x5F (O)mf ()], (7.1)
k
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where E is given by (5.21).
This can be rewritten for our needs with the
help of a special case of (6.5), namely

Y @ ]2= [0, [21=60)- 29,2,

k
and with the help of (4.12), where the aim is to
eliminate the interaction terms in (7.1). We thus
find

E,(0)=E,+(2/n)V,+K56(0)n

3 [ @]~ e )

1Y [ anllon| - o).
’ (7.3)

Though (7.3) is not the final form sought, we
check it, nevertheless, by explicit introduction of
the solutions (4.18). Each of the last two terms of
(7.3) is cubically divergent, but these leading di-
vergences cancel, leaving, after a small calcu-
lation, the expression

*dv V?
Ly-2 2 av
- zK n » 7 —(m. (7.4)
When combined with the term
K6(0)n = 3K%n? ‘;—: , (7.5)

we obtain a finite sum and value $K%:% which leads
again to a complete cancellation of O(»®) terms in
(7.3).

Wenow have our final go at (7.3). In the penulti-
mate term, we introduce the normalization
(4.21). For the last term, we use yet another
special case of the completeness relation,

> o) * - |8,m, () |*]
13

. 4 o 2 8%
= }}‘ax,n 9,08,6(x—y) - - [6,0(x)] + (x) W Y(x) .
(7.6)
When Eq. (7.6) is introduced into (7.3), the last
two terms of the former yield a contribution 1K%:2,

By consequence of all of the above, (7.3) is trans-
formed into the expression

E(0)=— 5 K*° - §K*n®+ 6E,,, (7.7)
with
OE,=3 ) 2k* -2 (k") +Ko(0)n, (1.8)
k g

where the first sum is over the % values of the
interacting system in a box and the second is the

corresponding sum for the noninteracting system.
Following a standard argument, we have

kol =2p, (7.9)
k,L+26=2pm,
or
k,=k} - (26/L). (7.10)
Remembering also (7.3), this yields altogether
OF, = - 1K%n* f : 260 - (2/0)], (7.11)

where §(v) is given by (4.20). The integral (7.11)
is again finite and conveniently reduced by in-
tegration by parts to the form

dv 1

OE,=3Kn" | 50 Jrry

= 3Kn2, (7.12)

the required result,

VIII. CUBIC SCHRODINGER EQUATION FOR FERMIONS

Let us now interpret the field ¥(x) as an N-com-
ponent fermion field ¢,(x), i=1,...,N. Thus we
replace (1.1) and (1.2) by the expressions (sum-
mation convention)

H=%j dx%¢¥(x)—% (%)

= 3K [ ax sl 0,00 8.
‘{Z/)i(x), zp;(y)}:ﬁijé(x_y) s (8.2)

and (1.4) becomes
[ axyiwum=q. (8.3)

If we consider the ground state for any # <N, it is
degenerate; the different states are labeled

[il- -+ i, where ¢,++ * ¢, is an ordered set of dis-
tinct integers from the set 1+« « N. The matrix
element with which we would begin our study,

(GO M FRC) I AT (8.4)

is zero unless j is in the set ¢,+ + -+, and not in

the primed set (which otherwise must coincide with
the unprimed set). If the indices match properly,
the matrix element depends only on the total num-
ber and not on the individual indices. A com-
pletely analogous simplification occurs for the
scattering matrix elements. When these points
are taken into account along with the observation
that the algebra of the operators played no es-
sential role in the first, finite calculation of the
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energy which was carried out in Secs. III-V, we
reach the almost immediate conclusion that the
Fermi system enjoys the same ground- state en-
ergy spectrum as the Bose system. Amusing dif-
ferences in the completeness relations implied
by the algebra will not be discussed here.

APPENDIX A: GALILEAN INVARIANCE
AND ENERGY SELF-CONSISTENCY

In the body of this paper we have depended
heavily on the existence of number conservation.
Indeed it served an essential role as quantiza-
tion condition, as exemplified by Eq. (4.10). How-
ever, this raises the problem of how one can pro-
ceed in theories without number conservation or
equivalent (such as neutral scalar theories). It
is comforting, therefore, to be able to prove that
the same normalization condition emerges from
the insistence on Galilean invariance.

We first recall the elementary basis for such
considerations translated into the language of
second quantization: In terms of the center-of-
mass operator

NX = f dx P (x)xp(x) , (A1)
the state
|n(p)) = e~ n(0)) (A2)

has the energy E,(0)+ (p?/2nm). We must then de-
mand that when we calculate (7(p) |H|n(p)) by the
sum over states method we reproduce the p? term
exactly.

In our calculation the coefficient of (p2/2m) will
present itself as a power series in #»™'. We re-
quire that the leading term be »™! and that all
higher-order terms vanish. To reproduce (4.10)
we shallneedterms of order %~2 in this series.

For this purpose we must include center-of-
mass motion in the scattering functions. We only
quote the needed results: Defining the amplitudes

’
X,k p)= [ 2L piwns

X{n- D@ [O)| 2 - DB, %),
(A3)

V¥, p) = [ L errrs

by studying the equations of motion for these coup-
led quantities, we can show that to leading order
in the corrections

A TESTING... 3291
X(x7 k;p)g ei(P ~R)3fn Xk-—(p/n) (x) ’ (A5)
Y*(x) k, P) = ei(’ ~R)x/n n:—(#/ﬂ)(x) ’ (AG)

where, in particular, it is the result (A6) that is
needed below.

At this point we then repeat and extend the cal-
culation summarized in (5.2)—(5.14) including all
the quantum fluctuation contributions to first order
order. The quantity E,(0) is unaffected. The term
proportional to p® yields the condition

_2;%1_=%Z_[n;31 fdxzp,,"’(x)+;1§ ; fdxlnk(x)lz].
(AT)

To the required order this implies (4.10).

APPENDIX B: QUANTUM THEORY OF STABILITY
OF PERIODIC ORBITS
The scattering equations (4.12) are rewritten as

2

1 4
ex= =g 77 X ~KQ@yx+ ¥n*) - wx,

dax®
(B1)
* 1 d2 * 2% *
—en*= =g 3 n* —K(2¢n* + ) - wn*,
where
1 2
€='2—n7k -—w. (B2)

Equations (B1) have the matrix form (r; are Pauli
matrices)

€T,Z=MZ , (B3)

()
and M is a Hermitian differential operator matrix.
In general, an equation of the form (B3) may have
both bound and continuum solutions. In order not
to have to make the distinction in the formal dis-
cussion that follows, we imagine ‘“box” normaliza-
tion. The solutions of (B3) possess a number of
interesting properties. Most proofs are left as
exercises.!!

(Z) Orthogonality. Consider two solutions

Z ,(€,)s Z p(ey):
fZ’;,TsZ,,::O, € F€,. (B5)

(ii) Doubling. To every solution Z,, €,there
is another solution 7,Z% with opposed eigenvalue
—€,. This doubling fails only when €,=0, which
occurs in many cases of interest (see below).

(iii) Stability. We return to our particular case.
Let us ask for the condition that the semiclassical
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energy

1 d 2
ey
-3k [ Uyt PP (B6)
be a local minimum for states of a givenn. We

investigate this condition by introducing into (B6)
the comparison functions

Y—=y+ B,

yr -yt B, (B7)
subject to the condition

[@reswr0= [ yry=n. (B8)

A straightforward calculation, utilizing (B8) and
the equation satisfied by 3, shows that for small

B

E(p+8) ~E)=} [ ax BMB(,  (BY)
_( Bx) ,

where M is the same matrix as occurs in (B3).
The condition for a local minimum is thus that
M be positive-definite, i.e., that all its eigen-
values be positive. This is not so in our case,
but we shall turn below to the difficulties thus

engendered. We first pursue the reasoning associ-

ated with the simpler case that M is positive-
definite.
(tv) Sign of norm. From (B3), we then derive

e,,fzzr3zv=fzI,Mzu>o. (B11)

Thus the sign of the norm fZT,TSZ,, is the sign
of the energy. We designate the pairs as Z .,
VA vm= TIZ ,’§+ .

(v) Completeness. If M is Hermitian and posi-
tive-definite, the solutions of (B3) satisfy the
completeness condition

Sz Wz (913 =2 -2 - ()] =18(x — y) .
(B12)

(vi) Normalization. From (B5) and (B12) we
learn

fz‘,‘,nsz,,*:ﬂ. (B13)

(vii) Zevo eigenvalues. We first consider the
situation for our special case (Bl). We can find

two independent solutions for € =0, namely,

Un()
ZW(x) = < ) , (B14)
—Z!)n(x)
diy,/dx
Z®(x) =< > . (B15)
di,/dx

It will later be clear that by consequence of the
calculations of Sec. VI there are no others. In
contrast to the scattering solutions discussed in
Sec. IV, these are not associated with any physical
states of the system. They represent “spurious”
solutions which signal the fact that the semi-
classical solution violates number conservation
and momentum conservation, respectively. This
is clear from the considerations of Sec. VI in
which concordance between the completeness re-
lation computed directly and that inferred from
the commutation relation requires precisely this
interpretation.

(viii) Alteved completeness velation. We turn
finally to the problem of how the completeness
relation (B12) is altered in the presence of zero
eigenvalues. Let there be a set of linearly inde-

pendent zero-energy solutions Z®, i=1, ..., ¢
satisfying
MZ® =0, (B16)

Assume M is real and that the Z%) are real. As
in (B14) and (B15), the upper and lower components
of Z%¥ are equal up to a sign, and therefore

fz(”rsz“) =0. (B17)
We may also assume by construction that

f zZWrzW0=0, i#j (B18)
and of course

[zt7,29=0, ¢,%0. (B19)

Let us now imagine that we alter the operator
M,

M-~M'=M+06M(da, -+ da,), (B20)

where M’ is positive-definite, but g of the eigen-
values are small. Let the vectors (2¢q of them)
associated with the small eigenvalues be designated
Z (,f’. The passage to zero eigenvalues requires a
rescaling of the solutions because of the discontin-
uous jump in norm from x1to 0. This rescaling
is most easily investigated in terms of different
functions, as we see below.

In the limit of zero eigenvalue, we lose one
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solution. By suitable choice of phases, let us take
the surviving solution as the limit of the sum

; 1
Z(;)=272' (VAREVANR (B21)
and suppose that
z® = 2712— @z® -z9)~o0. (B22)

The three orthonormalization conditions involving
Z® translate into

fZ(;) Tsz(ei) = fZ(:)T:;Z(;) =0, (B23)

fzg‘)fazﬁj& fZ(;)’TsZ(e‘)=1. (B24)

If we examine the contribution of these terms to
the completeness relation, we find

ZP )z )15 =2V (02D (y) 74
=ZO()ZMy) 15+ Z2D(x)Z N (y)r,.  (B25)

In the limit € ~0, Z% -0, but the discontinuity
of the conventional norm forces Z{) . «. However,
the structure of (B24) and (B25) suggests that it
may be possible to rescale these quantities so
that their product is and remains finite.

This can be substantiated precisely by studying
the limit of the equations

s, Zi=(M+oM)ZW . (B26)

-J

EQUATION:

A TESTING... 3293

Utilizing (B21) and (B22), we replace (B26) by
the appropriate sum and difference equations,
which up to higher-order terms become

Mz(ei) =0 s (B27)
MZ(;) - e(i)TSZ(ei) . (B28)

Now if (B24) and (B25) are to have a finite limit
and (B27) and (B28) are to be finite after rescaling,
the only possible solution is that the quantities

Z® E(€i)1/ZZ(;) , (B29)
Y =20/ (ehyr/2 (B30)

have finite limits. This yields the equations

fZ(i)T3Z(i)=fY(i)TsY(l)=0’

(B31)
fz?,73z(”=fzjf,rsy<‘>= 0,
f YW z0 -1, (B32)
Mz® =0, (B33)
and
MYV =7,z (B34)

These equations determine an auxiliary set of
functions Y(”, needed to form a complete set of
functions.

To summarize: When there are zero eigenvalues
the completeness relation reads

2, W25y =2 -2 = W75l + D [ZD) YO T ()75 + YO (02D H(y) 7] = 6(x = )1, (B35)
v i

where the v® satisfy (up to a possible scale)

MY® =7,2z® (B36)
f Y@ ¥y =0,
(B37)

] Y0720 =1,

To illustrate this formulation, we return to our

—

special example, where it is easy to show that

(1)
YO (x) = 732Zan—(x) , (B38)
YO (x) =~ :‘7 ZW (x) (B39)

satisfy (B36). Aside from the direct solution of
(B36), we verify (B38) and (B39) by showing that
when inserted into (B35) they yield the complete-
ness condition (4.5). This is so.

*Work supported in part by the Energy Research and
Development Administration under Contracts Nos.
AT (11-1) 3069 and AT (E11-1) 3071.

TJohn S. Guggenheim Fellow on leave from the Univer-
sity of Pennsylvania.

!A. Kerman and A. Klein, Phys. Rev. 132, 1326 (1963),
and many subsequent papers.

%J. Goldstone and R. Jackiw, Phys. Rev. D 11, 1486
(1975).

SA. Klein and F. Krejs, Phys. Rev. D 12, 3112 (1975).



3294 ABRAHAM KLEIN AND FRANZ KREJS 13

‘For an extension of the work of Ref. 2 in other direc-
tions, see L. Jacobs, Phys. Rev. D 13, 2278 (1976) and
R. Jackiw, Acta Phys. Polon. B6, 919 (1975).

R. F. Dashen, B. Hasslacher, and A. Neveu, Phys. -
Rev. D 11, 3424 (1975).

®N. Christ and T. D. Lee, Phys. Rev. D 12, 1606 (1975).

"This problem was first reated by H. A. Bethe, Z. Phys.
71, 205 (1931), and has been studied extensively, for
example, by C. N. Yang, Phys. Rev. 168, 1920 (1968)
and J. B. McGuire, J. Math. Phys. 5, 622 (1964).

8Semiclassical quantization methods have been applied to
this problem recently by C. R. Nohl [Ann. Phys. (N.Y.)

96, 234 (1976)]. See also L. Dolan, Phys. Rev. D 13,
528 (1976). Similar considerations have been attributed
to L. D. Faddeev.

%G. B. Witham, Linear and Non-Linear Waves (Wiley,
New York, 1974).

10We define the phase shift as in Ref. 2. In Ref. 5
twice this quantity is identified as the phase shift.

UMany of the proofs can be obtained by adaptation of
those given by D. J. Thouless, Nucl. Phys. 21, 225
(1960). Some of this material can also be found in Ref.
1.



