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Abstract. The effective action which generates 1/N expansion of the CP,_,
model in two dimensions is studied here by inverse-problem methods. The
action contains a functional determinant, in which auxiliary scalar and vector
fields are assumed to have a spherical symmetry. This leads to the introduction,
as an associated linear problem, of a radial Schrédinger equation with two
potentials v and 6, and a potential-dependent centrifugal term
{(¢ —r0)*/r* —1/4r*}. The full inverse scattering formalism is developed here
for this diffusion problem. It is formulated in terms of two-component Jost
solutions, and leads to a matricial Gel'fand-Levitan-Marchenko equation. The
scattering data associated to the potentials by this IST are then used to obtain a
closed local form for the whole effective action. This is indeed possible for the
CPy_{ model, owing to the classical integrability. Moreover it is found that no
spherically symmetric instanton exists in this case. However the absence of
supplementary informations on the 1/N series, due to the non-integrability at
quantum level, does not allow safe quantitative conclusions on the general
behaviour of the 1/N series at large orders.

Introduction

The inverse problem methods have undergone important developments in the past
years. They have been used to solve, first of all classically, then quantum-
mechanically, a quantity of models in field theory and statistical mechanics. The
central idea of those methods is the existence of a link (one-to-one correspondence)
between a potential v(x) and a set of scattering data, conveniently defined [1]. One
can in this way solve non-linear equations that admit a Lax pair, i.e. a set of linear
partial differential equations, the compatibility condition of which is the non-
linear equation [2]. One of the linear differential equations is a diffusion problem,
with the field(s) as potential; the other one indicates the time evolution of the
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scattering data, thereby allowing a complete solution of the non-linear equation by
inverse scattering transform. The quantum version of this procedure has been
developed later [3] and was applied to a variety of models, known as “integrable
models.” Another use of the inverse scattering method was developed in the past
few years. The one-to-one link between a potential v(x) and a set of S.D. makes it
possible to study non-local actions of the form:

O@

See=Indet —= o)

) 4 f Pw)d’x, (0.1)

where 0(v) is a differential operator, and 2 (v) is a local, polynomial function of the
fields. Such objects often occur in quantum field theory, in particular as effective
actions arising after integrating over some field variables in the functional integral
formalism; for instance 1/N-expansion-inducing actions always have this shape
[4]; also effective bosonic actions obtained by integration over anticommuting
fermionic variables [5]. It is a very interesting problem to study non-constant
saddle-points of these actions, either to get information about the behaviour of the
perturbative expansion, [6], or to study the possible instanton-induced unstability
of the models [ 7]. The inverse scattering method provides us with a powerful tool to
investigate these questions for non-local actions (0.1). Instead of dealing with non-
local expressions in the fields (In det (d* + m?* +v), for instance), one can show that,
at least when the fields depend on one single variable, the non-local part of S ¢ has
a local form as a function of the scattering data, associated to these fields by the
diffusion problem [8].

O@v)- ¥ =0. 0.2)

Recently, the 1.S.T. has been developed for the radial Schrodinger equation [97],
and was subsequently applied to the problem of solving the instanton-equation of
1/N — ®* model in 2, 3, and 4 dimensions [10]. It was also developed for the radial
Dirac equation [11] and applied to the problem of 1/N-expansion for quartic-
coupled fermions in two dimensions [11] and (Yukawa + ¢*) coupled fermions in
four dimensions [Sc]. As a continuation of this program, we develop here the
study, by inverse problem methods, of the effective action that generates the 1/N
expansion for the CPy_, model [12]. The associated linear problem is given by a
generalized form of the radial Schrodinger equation. It reads:

d? 4 —rb 1
{_F+<—7—> —4—3+m +U} P(r)=0, 0.3)

where 6 and v are potentials depending on r; £ is the angular momentum (spectral
variable). In Sect. I, we introduce the model, and recall the formulation of its 1/N
expansion [13]. The effective action reads:

Seffz—N{lndet(—DuD —o)+ f —27d2 } 0.4
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where D,=0,+iA,; A, and o are the auxiliary fields of the CPy_; model. After
dimensional regularization of the theory, one gets:
—02+2iA,0" +i0,A" + A, A* +m> +v
—2+m?

See=—N Indet <

r<1 - %) o
+ )y me~ 22 dx0(x). 0.5

In Sect. II we give the expression of the effective action for a spherically
symmetric 2-dimensional configuration of the fields. This means here

v=0(xy, Xz)=0(r), (0.6a)
VA x
Au = suva 0(1") = Epzv 7 9(7‘) s (06b)
where
r=G ).
In this way one resets S, as a partial-wave expansion with generic term:

£ —r0\? 1
—d,2+m2+ <T> +v— p

721/4
—d,2+m2+—r2—

In det

0.7)

and the linear problem (0.3) now appears. The whole scheme of I.S.T. for this
problem is given in Sect. ITI. There are two main differences with respect to the
standard problem associated to radial Schrédinger equation [9]. First of all, the
Jost function F(¢), defined as:

>0

<0’

where @ is the regular solution at + oo, (@(r)=e~"(1+0(1/r))) does not go to
Fy(¢,v=0) when |£| goes to infinity, but rather behaves like:

F(/)=limr*120(r,/), Re(/) (0.8)

+ o
(Re/20)F(/,0,6) |, = Fo(¢,0,0)exp [ F0dr. (0.9)
e !

This is due to the (£6/r) term in (0.3). The second and most important difference is
that, owing to this coupling between the potential and spectral parameter, one has
to use the following object:

3 @
¢= ((/—r@) qs> 0.10)

to formulate the orthogonality, closure, and I.S.T. relations; the kernel of the
associated Gel'fand-Levitan equation is a 2 x 2 matrix. Once these qualitative
changes have been done, the procedure follows as usual. Note that a similar L.S.T.
has been defined for the s-wave Klein-Gordon equation [14, 15] with the same
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characteristics. It was used for computing functional determinants with back-
ground electric fields in [16].

Section IV is devoted to the computation of the effective action as a function of
the scattering data. One finds:

InD(7) InD(7") , D(0)
Sere= 23‘= j:ﬁd tdt’+1n Dy(0)

_1 TO < sgnRet’K
— K /K

X (sgnRes)In(fx—£;)+2 3 In(4/% - sin(nf, sgn Resy) - cx'). (0.11)
K

lnD(r)) dt+2 Z (sgnResy)

The effective action is separable in terms of the scattering data {lnD(z), £, cx,
K=1...Ng}. This feature was already found in two-dimensional integrable
models: O(N) non-linear sigma model [17, 27], Gross-Neveu and Chiral Gross-
Neveu [11, 28]. Here the CPy_, model is classically integrable [12] but not
quantum-mechanically [18]. The link between classical integrability and separa-
bility of the effective action for two-dimensional models appears again here, at
least at leading order in (1/N). Quantum non-integrability cannot indeed be seen
at this order. The second conclusion is that no instanton (at least spherically
symmetric) exists in this model. However the 1/N expansion is not known for the
S-matrix (owing to non-integrability); hence no certain quantitative conclusion on
the 1/N series can be obtained. One can however conjecture that it has a more
convergent behaviour than the usual Borel-summable series; but this remains an
hypothesis.

I. The CPy_; Model and its 1/N Expansion

We shall briefly introduce the two-dimensional model which is studied here, and
derive the effective action which generates the 1/N expansion for it [4, 13]. The
fundamental fields are complex vectors Z=(z, ... zy), where two vectors Z and Z’
are identified if Z=0Z’, e C. Hence Z e CPy _,. This is equivalent to consider-
ing fields of fixed norm (for instance |Z|> = 1) with an arbitrary phase Ze*1®™, A(x)
being a real field. In fact we shall consider rescaled fields with a norm |Z|? = N/2f
so as to generate the 1/N expansion, N being the number of components; f is a
coupling constant. The action of the model reads [12]

+ o o o
S= _joo d*x <6uZ8ﬂZ_+ % (Z0,2) (Z@uZ)> (in euclidean space), (1.1)

where Z is defined up to a phase A(x). This invariance reflects itself into a gauge
invariance of the action S, when one introduces the composite vector field 4, as:

_ . A(x)=Z0,Z .
S is invariant under

Z—exp(iA(x))-Z 12)

2N
A A+ — a/l
f
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This will be useful later on, when we define the “spherically symmetric vector
potential” A4,. The factor f is the coupling constant of the model, which will later
on undergo dimensional transmutation.

It is important to note that a topological invariant can be added to S,
describing the winding number of the configuration A4, as:

Q~~— f d*x€,,0,A4,(x). (1.3)

Hence the possibility of defining a #-vacuum theory described by the action S + 6Q
[19]. We shall not study here #-vacuum models and restrict ourselves to the pure
action given in (1.1). In fact, we shall restrict to configurations where the
supplementary term induced by #Q would be zero. This is necessary for the
consistency of Inverse Scattering (4, must decrease fast enough). We also recall
that classical instantons (for the field Z, Z) exist in this model, owing to particular
topological properties of the space CPy _, (see [19, 20]). Let us now formulate the
1/N expansion of the model [13]. The generating functional reads:

- _ N
ZJ,JK)=[9Z9Z- Hé (ZZ— 7)
xexp(—s(Z,Z))-exp I X (J()Z(x) + J () Z(x) + K ,(x)A,(v)) ,
(1.4)
K, being the source coupled to the composite vector field 4,. We shall now
introduce Lagrange multipliers to implement the conditions
N

2f
A, =(f2N)'*(Z5,Z).

One uses the following identities

|Z|? =

| Doexp ij: d*x oc(x)( Z7Z— ?> 1:[6( Z— %) (1.52)

[ 24, exp ijm — <Au+i'/2f;V VA z) —,. (1.5b)

The constant %, is reabsorbed in the normalization of the path integral. Hence the
new generating functional reads:

+ o0
X=[{DZDZ DDA, exp— { | a?x- (auz -0*Z

+2i S =4 za L+ A A —oaZZ + —oc>} +(J,J,K,).
2N 2f 18

We can now integrate over Z and Z g (1.6), after having replaced 4,4 by

ZAFA"Z . %, and rescaled 4, as A,;»l/% A, This leads to the following model,
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described by the generating functional:

Z=[DaPA,exp—N <ln det(—D,D,—«)
to g o
+ _foo 2—f—d2x> + _fw J-(D,D,+o)" ' Jd*xd’y
+ T @@N K A"+ fANK, K9 (1.7
where the operator D, i: the “covariant derivative”:
D,=0,+iA,.

The gauge invariance of this model is reflected here by the invariance of
Ser=—N {ln det(—D,D,—a)+ | % dzx}

under the transformation:
a—o; A,—A,+0,4(x).

There is no anomaly here, so the determinant is invariant under a gauge
transformation. We have now in (1.7) a manifestly 1/N-expandable theory; 1/N
has the role of a coupling constant, or of # in semi-classical expansions.
The purpose of the whole paper is now to put the effective action

+ oo
Sg=—N{Indet(—D,D,+v)— | d*x % under a tractable form so as to study
its characteristics, and especially its (possible) saddle-points. First of all we must
find the perturbative vacuum around which the 1/N expansion is to be done. The

saddle-point equations read:

oS 1 1 ;
TR o e KA T A (159
58 —2i0,+24,

It is clear that A, =0 is the correct solution for (1.8b): indeed, we are looking for
constant background fields, and any constant 4, is gauge-equivalent to 4,=0.
Moreover, covariance properties show that 4, =0 indeed solves (1.8b). If we put
this value back into (1.8a), we see that this equation contains a divergent term
1
(Gl
regularize the theory, and Eq. (1.8a) will give us the relation (at leading order in
1/N) between bare (infinite) and renormalized (finite) parameters. We shall use
dimensional regularization, where (until precised), the fields 4, (u=1...v) and v,
will depend on v variables (x,...x,). Here we need not worry about the
“dimensional extension” of 4, since in any dimension v, rotational invariance of
the theory defined by S, holds (S, clearly contains only scalars), and therefore all

|x> is not defined in exactly two dimensions). We shall now
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components of A, will be zero in the vacuum. This regularization will moreover be
easy to deal with when one expands in partial waves the In det (see next part). Now
Eq. (1.8a) reads:
B SN S N G/ B P

<X| _auan+vo 'X> 2f '—O_ (47I)V/2 UO 2f . (19)
Equation (1.9) provides us with a renormalization of the coupling constant f as a
function of the “mass parameter” v, (vacuum). One finds here the same features as
for NL 0 model or Gross and Neveu [21], namely a dimensional transmutation. As
we shall see later, there is also a mass generation at this level (“classical” with
respect to 1/N), since v will appear as the (mass)? for the Z-particles (see also [23]
for dynamical mass generation in the O(N) g-model). We end up with the following
effective action:

Seffz _N ln det (

_ 2 _ +
D,D,+m +v) LA=v2) o2 . o)

—0z+m? (4m)*’?

+source terms (~J(D,D,+a)"'J and ~K,A"). (1.10)
As we have indicated before, this effective action is finite now that the coupling
constant has been dimensionally transmuted according to (1.9) and mass
generation has occurred. This can be checked directly by expanding the Indet in
inverse powers of (—d,0*+m?). This expansion reads:

— 07 +2iA,0" +i0, A"+ A, A"+ m* +v
— 07 +m?

Seffz —‘N ln det <

Ir(1—v/2)

(4" m'"* if: d"xv(x). (1.11)

We shall use here the gauge invariance in v dimensions of the theory and impose
Lorentz-gauge condition to the configurationsin (1.11): d,A* =0. Hence S reads,
at one-loop level:

1 raq—v2 ., *®

@i e .
(1.12)

The divergence of v cancels exactly between the two terms in (1.12) (this is
equivalent to the saddle-point Eq. (1.8a)). The (4,4,)-divergence will be cancelled
by the two-loops contribution, the divergent part of which is given by:

1
k* +m?
It can be checked that (1.13) cancels the divergence of (1.12), leaving only a finite

term, quadratic in A4,. This allows us to obtain the propagators of the 1/N
expansion. The Z-propagator at leading order directly follows from (1.10):

L )
p2+m?

+ + o
[ (44" +o)d’x- | k-

2 ij: (4,(0) k) A0 55 k. (1.13)

<Z—a> Zb> =

(1.14)
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(the ~ denotes Fourier-transform). The Z-particles are N ordinary massive
charged bosons in the fundamental representation of SU(N) (at leading order in
1/N).

The v and A, propagators were computed in [13] using a Pauli-Villars
regularization to make the cancellation of (4,4") divergence explicit: Since the
model has one single independent parameter at (1/N)° level. (that is, the mass of the
partons) (plus of course the number N itself) and since our Z — Z propagator is the
same at leading order as the one in [13], provided one identifies the masses, one
will get the same propagators at leading order in 1/N, in the limit v=2 which is
unambiguous since S is finite. Namely we have: (v=2)

(p2+4m2)1/2+(p2)1/2
(p2+4m2)1/2_(p2)1/2 ‘
The inverse v-propagator contains no zero at any p?; therefore there is no

associated physical particle. It induces a short-range force between the Z-particles.
(v=2) (no Lorentz-gauge condition)

= AG)= 5 P> +4m) n (1.15)

D,(p)={A, A= <5M— 3;%) <(p2 +4m?) A(p)— %) . (1.16)

The exchange of 4,-field yields a long-range (Coulombian) interaction between the
particles Z. It indicates a confinement of the partons Z, owing to the pole at p> =0
of D,(p) in (1.16). No physical particle is associated to this field, either. All these
features are discussed and derived in [13]. See also [4, 19].

We shall now concentrate on our problem, which is to treat the non-local
effective action (1.10) so as to give it a local form, and get information about saddle-
points, and more generally about the properties of S.¢;. As we shall see, this leads to
a non-trivial inverse scattering problem with very specific and interesting features.

We shall restrict ourselves, first of all, to configurations of 4, with zero
“supplementary components’’; since we finally want to get saddle-points in exactly
two dimensions, it is not necessary to worry about 4, > 2. Moreover, having in
mind the procedure used in the previously studied cases of two-dimensional
fermionic models, we shall restrict ourselves to configurations depending only on
x, and x,. This is in fact natural, since we shall work in the end with exactly two-
dimensional euclidean space. Note that, owing to covariance properties, the solu-
tion A,=0, u>2, is then compatible with the general saddle-point condition

in v dimensions: ,
—0,+i4,

—2i<x] (=D,D,+v)

Ix>=0. (1.17)

This restriction on the space of configuration will be useful when we derive the
expression of the renormalized effective action; the reduction of the eigenvalue
problem, associated to the In det, from v to 2 dimensions, will be very simple. In
fact, we are simply doing a trivial extension of any two-dimensional configuration
((x1,X5); Au(x1,X,); u=1,2) to v-dimensional action, and going back to two
dimensions. This will give us the two-dimensional action, since after renormali-
zation according to (1.9), S is a continuous function of (v,v, 4,) without poles: the
procedure is consistent. (We shall again impose Lorentz-gauge condition to the
configurations: J,4,=0.)
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II. The Functional Determinant and Partial Wave Expansion

Since no potential (4, v) depends on x,, v>2, the momentum K* (=K, p>2)isa
good quantum number for the operator (—0,0" +m?*+2i4,0* + A,A* +v). Actu-
ally the functional determinant is a “product” of the eigenvalues of the linear
problem:

(—02+m>+2i4,0"+ A ,A* +v)p=¢@. .1

Extracting K, as ¢ =¢(xy,x,) exp(iK, -x,) leads to a purely two-dimensional
eigenvalue problem with a parameter k, :

(—0,0" —0,0* + (m* + k3) +2iA4,0" — A, A" +v)o=¢cp(x(,x;).  (2.2)

Now we recall that we are interested, in the end, in the search of saddle-points for
the effective action containing the In det of operator (2.1). It is a natural assumption
to say that dominant saddle-points, in two dimensions, should have the largest
possible symmetry; that is, the 2-dimensional rotational symmetry described by
the angular momentum #:

L=i(x,0,—x,0,). 2.3)

Note that the procedure was different for scalar fields (¢* in 2, 3, and 4 dimensions
[10]). There we had assumed a v-dimensional rotational invariance and taken the
limit v—2 of the effective action. However, in the case of spinor fields ([5c, 11]) and
here vector fields, we assume a cylindrical-like symmetry (2-dimensional spher-
ical symmetry, times a trivial behaviour in the v—2 other dimensions): this leads
to easier computations.
We shall then assume that the fields have a spherical symmetry. This means
that:
v(x, x)=v(r), r=x2+x3H)V2. 2.4

It is less clear to see what 4, must be. In fact, we must have:
[Z,2iA-0+A-A]=0, (2.5

so as to get a spherically symmetric hamiltonian. % is the angular momentum in

. . . . =7COS
two dimensions. Introducing polar coordinates =y . X, the operator %
reads: Xp=rsmy
d
gzid—x. (2.6)

Now the “spherical symmetry equation” (2.5) reads:

[dx, 2i(A4, cosy+ 4, sinx)dr_;_zi(_ 4, surlx A corsx>

Xdl+A1A1 +A2A2]=0. (2.7)
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A necessary condition is that the coefficients of 0, and @, in the development of (2.7)
cancel. One gets:

A, =cosy- f(r)+siny-6(r), (2.8a)
A,=siny - f(r)—cosy-0(r), (2.8b)

which are also sufficient conditions for (2.7) to be true. The gauge choice 0,4 =0

gives:
rm+ 1020, @9)
which has no regular solution other than f'=0. One could alternatively note that

the “f (r)” partin 4, (2.8) is a pure gauge, and that the “0(r)” part can be reset as:
A(p=1,2)=—¢,,0°0(r), (2.10)

where 0(r)={ 0(r)dr, &,,=1. It is in fact a well-known result that any 2-dimen-
sional gauge field 4, can be written as

A,=0,8(x)+¢,,0"0(x).
Putting back (2.4) and (2.10) in (2.2) leads to the following eigenvalue problem:

1
{—df——;d,——:?(dx)z—ﬁgdx+92(r) +(m2+ki)+v} p=cp. (2.11)

Introducing now ¥ (r)= 1/1740(7'), so as to eliminate the “(1/r)d,” in (2.11), and using
the commutation of the hamiltonian in (2.11) with the angular momentum id,, we
rewrite (2.11) with an explicit eigenvector of id, as ¥:

Y(xy, x,)=Y(r)exp(—ify). (2.12)

The eigenvalue ¢ is here a positive or negative integer. This is necessary to get the
consistency condition ¥(y + 2n)= ¥ (y). The degeneracy associated to the angular
momentum & in two dimensions is 1, therefore the full degeneracy of any
eigenvalue 7 in (2.10) is given by the degeneracy associated to k,, times an
“intrinsic degeneracy” of the purely radial spectral problem. We shall only have to
integrate over k; when computing the v-dimensional determinant. Afterwards the
remaining degeneracy will be taken into account by the radial determinant.
Equation (2.10) now has a manifest spectral parameter:

{~d,2+ (/‘rrf))z - 417 +(m*+ k) +v} ()= P(r). (2.13)

Now we can reexpress the In det in the effective action in the way indicated above.
Replacing In det by tr log, using the form ¢ =e*+** (x,, x,), and taking the trace
on the supplementary dimensions gives:

1ndet<%)
_"6”+m v)
d "2k, lndet(—dﬁ+m2+ki+2m~a+A2+u

_yv-2 . 2.14
L] (2m)* 2 —d2+m’+k} )m) 214
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L is the length associated to the supplementary components. In fact, one has
simply done a partial Fourier transform on the supplementary components, using
the fact that the (4, v) configuration does not depend on x,, u>2.

Now it is possible to expand in partial waves the two-dimensional functional
determinant in (2.14). One gets the final result:

—DD,+v\ L2 te (%
h‘det<—ai+m2 )M‘(zn)V‘2 ek )

/—rg\* 1
22 g2 b
d,+m +kL+< » ) o +v

—dF+mP+ k(2 —1/4)/r?

It is clear on (2.15) that one must now express the radial determinant as a function
of the spectral parameter /, keeping (k3 +m?) as a mass parameter. This shall be
done in the same way as for the radial Schrédinger equation, [9] or radial Dirac
equation [11].

Note that the expression under the integral in (2.15) is formally divergent. We
shall comment later on the exact meaning of Eq. (2.15). For the moment, we shall
concentrate on the individual determinant on the right-hand side, and we shall try
to reexpress:

In det (2.15)

42
—d}+m*+ k3 + (L2 —1)4)/r?

in a local form. The full scheme of inverse scattering transform, already given in
[22], will also work here. However, quantitative and even qualitative differences
with respect to the standard Schrodinger equation occur now, owing to the
coupling of the angular momentum (spectral parameter) to the potential 6(r)
through the term /0(r)/r (coming from the term 2iA4,0" in the effective action). We
shall see these modifications in the next section.

_ 2
—dr+m* + ki+</ re) L
r
In det

I1. The Inverse Scattering Transform of “Coupled” Schrodinger Equation

This “coupled” Schrédinger equation reads:

_ 2
(—df—4—:5+</ rr@) +m2+ki+v>¢=0. (3.1)

To begin with, we define the Jost solutions and regular solutions of Eq. (3.1). The
Jost solution is regular at r—0:

LeC,
f=r)Y’ T ?1+0(®(r) Ref>0, (3.2a)
L) =) 21 +0()  Res<0, (3.2b)

=+ )2,
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All through this paper, we admit that § and v obey the necessary requirements for
“standard” IST, namely:

li_{ré r*o(r)= 11_1}13 r0(r)=0, lim r’v(r)= lim r0(r)=0,

so that the centrifugal barrier dominates at »—0 and r— + oo, enabling us to do
“perturbative” expansions around free solutions. This is less evident here, as we
shall see later, than in the standard Schrodinger equation. The regular solution is
defined for both signs of 7 in the same way:

o(r)=1-e *(r—>o0). (3.3)

Here we use the mass-scale u* = (m*+ k2). We shall now omit this mass scale, but
one should remember that there is a dependence of this scale u? on the transverse
momentum k,, which is integrated over in the full determinant. We shall come
back to it later. We must here give some precisions about (3.1). The spectral
variable Z is complex, while the potentials v and 6 are normally real. We shall (in
this section) consider generally v and 6 as complex, and indicate the properties of
Scattering Data that arise if they are real. The whole IST holds for complex
potentials (see [2]), but the SD then lose many of their properties; moreover the
physical interpretation of complex saddle-points is not obvious.

Let us now define the Jost function. From (3.2) and (3.3), we know that ¢ is a
linear combination of the regular solution r/*1/?(Re/>0) and the irregular
solution r~¢* 12 (r—0). We define the Jost function as:

F)= 1@3/-¢(r,/)~r"”2, Re/>0, (3.4a)
F@)= 1151(1) —£-(r,f)-r~ /712, Rel/<0. (3.4b)
It is equivalent to set:
F*(¢) ,._ F~ (¢
ot,00="0 10,0~ 0 0, 6:9)
where
e I A I
and
F(¢)=F*(), Re/>0, (3.6a)
F{{)=F ({), Re/<0. (3.6b)

It is clear on these two definitions that F is analytic in (ReZ >0) and (ReZ <0). It
can be shown that an analytic continuation exists for F* and F~ on each side of
the imaginary axis (ReZ =0). This is necessary to get a consistent meaning of (3.5) in
a band containing the axis. This property, and the linked property of analyticity of
@-solutions in the plane (1), will be used implicitly each time we shall speak of

F+(it)58§%1 F*(it+e), F (in)= 1_1*%1_ F~(it+9).

However, the Jost function itself will alway be defined as F* (/) when Re/ >0,
F~(/)when Re/ <0. In fact, we shall never have to use F(it), but always F(it+¢) in
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the following, so the definition of the Jost function remains unambiguous. The
identity (3.5) will be used as a limit when |Re/| goes to zero.

Another useful definition of the Jost function is given by the Wronskian of two
solutions (¢, f). Defining W as:

W(f,9)=d.f-9—dg-f, (3.7

one can prove that

FE()=—5W(p, f7). (3:8)

This follows from the property that ad; W(f(r,¢), g(r,£))=0 for two solutions f

and g with same spectral parameter ¢, a consequence of which is that
W(f*, f7)=2¢ (from (3.2)).

We shall briefly recall that in the free case (0 =0, v=0), the ¢- and f-solutions
are modified Bessel functions:

2r
0r.0)= \/;r KA, (39)
Jor, O)=2T(¢+D))/r17), (3.10)
F(/)=Qn)~'?2*T(1+¢); Rel Zg. (3.11)

Let us now define the scattering data. In this more general case (compared to
the standard Schrodinger equation), the Jost function is no more even. Moreover,
a particular feature of F/F is that the limit when |£] goes to infinity is no more 1,
owing to the coupling /6/r in the Schrédinger equation. One can obtain this
behaviour by solving in powers of 1// the associated Ricatti equation; this gives
the following behaviour for f" and ¢, which will be very useful in the following:
Starting from

2_1/4 2
<—d,2+/ r21/ —$9+1+92+v>(b=0, (3.12)

and setting

r
o=gocxp | Y(dr,
so as to keep the boundary conditions on ¢ as (pe™ ", r—00), we get the following
Ricatti equation:

g2 Py 02,
bo

240
- —=0, (3.13)
.
and a similar one for f, parametrized as f= f,exp | P*dr, so as to get correct
0

normalizations at r—0 (one should replace ¢g/@, by f5/fo)- This equation can be
solved by expanding in series of 1/7 ¥ and ¢/, (respectively ¥*, f;/f,): this was
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the standard way to obtain trace-identities in the previous studies [Sc, 10, 11].
Here one gets the following solutions: (ReZ >0)

r r

ro rv
Q=0q-exp f O(r)dr - exp 5 eXp— +§ 52dr-(1+0(1//2)), (3.14)

f=fo- expj —0(r)dr - exp—zg expf — (1+O(1/{’2)). (3.15)

Similar expressions hold for Re/<0, except that (f<>—¢, 0<—0). These
expansions will be very useful in the next computations. Here we can see that:

lim Fi(f) =ex +f 0(r)dr, =+ :[depending on (sign Re?)] (3.16)
=0 FE(@Z) P * + - Leep g g '

which is a qualitative difference with respect to the standard case where limF/F,
is 1 when |/ |—> +oco. Hence the analyticity studies have to be done with

F*
exp+ f 0-dr so as to get a convenient large |/| behaviour (0O(1/¢)) for
F& 0

the functions involved in dispersion relations. The scattering data can now be de-
fined. They consist of:

a) a discrete spectrum {/} such that F(¢x)=0. They are the only values for
which ¢ g(r) (or fix(r) which is then proportional to ¢(r)) is square-integrable. The
corresponding normalization coefficients {c,} will be given later, since we shall see
that one has to modify the definition of scalar product.

b) acontinuum spectrum {# =iz, t € #}. The corresponding SD will be seen to

F*(it)F (i)
be DO = Fx i) F (o)’
definition, since the sign of the exponential depends on whether one considers F*
or F7, in (3.16); therefore InD(r) has a convenient behaviour (O(1/7%)) when
|t|— + co. The properties of the scattering data are not so clear as in the case of
the “pure” Schrédinger equation. When the potentials are real, the general prop-
erty holds that

The non-unit limit (|/]— o0) of F/F, does not modify this

F(*)=F*(), (3.17)

by complex-conjugating the equation. Hence the zeroes are either real or coupled
by pairs (£, £§), and D(+1) is equal to D*(—1). One cannot however say in this
general case that the zeroes are real. It is only possible to prove that, given a zero
Cy={8+il%:

XX /E + pX) =0, (3.18)

Where + % + oo 9
k= | PKPK gy pro [ KPR g, (3.19)

0 r 0 r

Hence, if 6 =0, X =0, and since o* 4 0, 7% 4 0 (imaginary zeroes are forbidden since
+ oo *
the integral | _90_1;2’3 dr would become divergent as Ing), one gets the “standard”

result for Schrodinger equation:
¢;=Im¢X=0. (3.20)
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Moreover if §=0, and v real, the equation is invariant under /— —¢, and F*(¢)
=F~(=/) for Re/ >0 (the Jost function is even). Here

@ all zeroes are real, and (g —7Zx).

2
ox(r)
—K2 dr.

+ oo
¢ normalization constants are real: cg'= |
0 r

F*(it)F~ (it)
tsinhnz

¢ D(r)= eR™.

More generally §=0 and v complex lead to
F(()=F (=¢),
lk=—C—x; Ck=C-x; D@=D(-1).

Let us now go back to the general case, § and v generically complex. We shall see
later on that this is a consistent set of S.D. That is, one can reconstruct v and 6 from
these S.D. only. Let us introduce now the scalar product between two solutions.
We reach here the most capital difference between the standard radial Schrédinger
equation and this “coupled” radial Schrodinger equation. In this case, it is
necessary to introduce the following two-components object:

(%)
2=\¢-r00

for all solutions ¢ of the Schrodinger equation with spectral parameter ¢ and
potential (6, v). In the whole scheme of the inverse scattering transform which now
follows, we shall deal with such objects, and not with the “one-dimensional”
solutions ¢.

In particular we must define the scalar product as

tedr o
Py, 020= g 2919192 (3.21)
This definition only has a meaning if ¢, and ¢, are solutions of the equation with
equal (or different) spectral parameters, while the usual definition of the scalar
product could be extended to any couple of functions. Moreover, this product is
not positive-definite in the general case. However, it has the property that:

1
2

1
; ?{01?2=r—2(¢1(/1 +£,—-2r0)¢,), (3.22)

or using the equation of ¢, and ¢,:

1 1 d
2 010192= /=2, dr W(9y,0,). (3.23)

Therefore the expression (3.21) will be easy to compute once one knows the
asymptotic and (r—0) behaviour of the functions involved in it. In particular, one
proves the following “pseudo-orthogonality” relations:
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a) The “scalar product” of two discrete solutions is given by: (For Re/, >0)

F~(¢{/)F*(¢ _
(), )y =040 D) (3.24)
1
and (+ )<« (—) for Re, <0).
b) The scalar product of two ¢-functions (regular at r— + c0) belonging to the
continuous spectrum is given by

1
(p(in), (it)) = . F*(itn)F (i1)0(r—7). (3.25)

This formula can easily be obtained from the formula in the case of the “standard
Schrodinger equation,” which reads

{o(it), (it)) = % F*(it)F~ (it) (6(t + 1)+ 5(t —1")). (3.26)

The difference is that one obtains (3.25) by using a definition of the scalar product
{@, @ which, when =0, differs from the definition in (3.16) by a factor (£ +¢").
Hence the disappearance of §(z +1') and the (27) factor. Apart from these details,
the formulae giving W(¢,, ¢,) lead to identical expressions in terms of F*, F~, r
and 7 in the two cases, hence the similar results for the scalar products defined by
(3.21).

We shall see now that a general closure relation, dual of the orthogonality
relations, holds for the ¢ objects. This follows from introducing the Green function
of the differential operator, defined as usual:

D-G(@r,¥)=6(0r—r1).

This Green function is given, for a spectral parameter Z, by:

_[G000s,0)

G(r,v,7) 3F0) R

(3.27)

where f is the Jost solution for ReZ >0 or Re/ <0.

Now we proceed as usual, and compute not one, but three integrals of
G(I',I",¢). Let [ =I'*UI'~ be the integration contour given by I'* =] —ioco +e,
+i00 [ U(right (left) semi-circle of radius— + o0). We integrate now (1)G, (2)/G
and (3)¢2G over this contour. The poles / such that F(/ ) =0 will lead to residues
contributing as:

’k
o) ——_2F“(F+)' PPk >
‘%
(2) 2F—(F+)/ (ngDKﬁ
3 ,_dF* « »
3) W%@K@K'(F+)E i’ {zix‘ PxPx = x(r) (1) .
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@ The straight lines —ioo to +ico contribute as
+ 00
M) | e@eliv)eivde,
+ oo
@ | ir-eie(neldr,

@ 1 camoemoi,

where ¢(it) = is the non-normalized continuous scattering data,

it
F*(it)F~(it)
Co(in)eit)” = o(r, i) (', i1)) .

® The two semi-circles contribute as:

(1 o,
2 r*é(r—r),
3) 2r06(r—r)-r*.

This follows from using the asymptotic formulae (3.14) and (3.15). One can now
rewrite this whole integral, with its different contributions, as a closure relation on
the ¢ objects; namely

] dig(A)o(r, 4) QT(r’, N=a,r25(r—r1), (3.28)

where | dAg(A)F(1) is to be understood here and in all the following computations
as

ifo dro(iD)F[A=ix]+3 cxF(h="3). (3.29)

This relation generalizes the closure relation of the solutions of the standard
Schrodinger equation (0 =0). This already shows that the S.D. F*F~ and {/, cg}
are convenient objects to describe a set of potentials {0, v}, in that their associated
¢ form a complete set of functions. Proceeding as usual, we now derive a dispersion
relation for the Jost function. Owing to its behaviour at |/|— + oo, we define:

F* () tw £+
+ — . X K
V) FI ) exp (f) Odr Re};[m (/—ZK>

for Re/>0 (and a similar expression for V~, Re/<0). Hence the following
dispersion relations hold for F* and F~, as a direct consequence of dispersion

relations on the function InV*(¢) <for Re?/ Zg

Ft) e (—tE  +o [ _1aD(0)) dr
—Foi(/)—exp+ g 0-dr~I;[/_{; -exp _[OO +(i~c—/) o (3.30)

In the case of the standard Schrodinger equation with real potential:
0=0; {(_x=—{x; InD(x)=InD(—r1),
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and one gets back the standard dispersion relation:

F(/) N /(¢ *e nD(d) dr
Fol) — i 772, 2 ) Y @y o

(3.31)
It is now time to derive the fundamental trace identity, i.e. to obtain the relation
between the Jost function (3.31) and the functional determinant. This follows from

taking the derivative of the determinant with respect to 7, that is:

d>+1+v+

(¢—r0)>—1/4
d 2
— In det
az 2+1+ _1/ 4
V
j dr <% — 2—6> G(r,r,t)— 4 Go(r rt). (3.32)

Using the definition of G (3.27), the wronskian property (3.23), and the asymptotic
behaviours (3.4), (3.5), enables one to compute (3.32), and to get:

d DY)\ d, F(@)
i dt( O(Z))_d/mFo(/). (3.33)

Moreover it is possible to compute In det (0) as a series in 1/£ for |£| going to + c0;
one gets in this way, using the expression of G(r,r,¢) (3.27),

D _te 1
lndet<Do>=+ (5) B(r)dr-t—O(Z). (3.34)

Since we know that such is the behaviour of F/F, when /— + oo (see (3.16)), we can
identify: F)
Inde t — =In .
D, Fo(?)

From expanding both sides of (3.35) in series of 1/7, or from the resolution of the

Ricatti Eq. (3.13) in powers of (1/£), we get the trace identities associated to this

linear problem.
TRO:

(3.35)

T oydr= | 0¢)dr
0 0

trivially. This trace identity will be obtained as a non-standard tr-id. in the end.
TR 1:
+ + o dT
| rw@)dr=23 (—sgnRet)/x+ | -InD(x) —
0 K —
TR2:

sgnResy ,  **InD(7)-dt .
—2 /K+ j‘;oc 27_[“‘“‘1‘[

Note that in the case of standard Schrodinger equation [9], (TR 2) reduces to 0=0.

+§0 (F*0(r)=2r0(v(r)dr=3
K
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All trace identities are obtained by a recurrent construction:

lp(n)’_|_ i q;(n-p)lp(p)__2gtp(n)+ i Q(p)q/(n—p)
porno P71 S . (336)

where Q™ are the coefficients of the expansion in (1/¢) of ¢/, and trace identities
are:
(—

(3.37)

+
[ PP(r)dr=73 (sgnRely) nD() ..
0 K 2n

n + o0
N

Now the final procedure is to show that the scattering data defined above are in
one-to-one correspondence with a set of potentials (v, ) and to formulate the
inverse problem. Let us introduce the kernel K (2 x 2 matrix) defined as:

K(r,r)= f 20(i0) (9 (r, 1) = R() 9o (r, 1) @4 (v i) - de -0y, (3.38)

where Z(r) compensates the asymptotic behaviour of ¢ compared to ¢, when the
spectral parameter ¢ goes to infinity. We shall see that the only consistent
definition of K is with:

R(r)=cosh | 0(r)dr. (3.39)
+ o0
It is possible to show that
+ o0 1
(f) oz K(r, 7)o, £)dr' =(@ — Rpo) (r,7) (3.40)

for any /(Re/ >0 or <0). This follows essentially from the wronskian property,
+ d

that converts | r—;qog(it)(po(/) into a “6(/ —it)” whenever applied to a regular
o b b4

function of it. The mechanism is exactly the same as in the standard (8 =0) case,
once the wronskian property is used. Hence this kernel interpolates between free
(¢o) and interacting (¢) solutions. It is possible to define general kernels K that
interpolate between solutions ¢(v',0") and ¢(v, 0). They look exactly like (3.38),
once one replaces @, by (p(v ), 0, by ¢ (interpreted as in (3.29) as
continuum + discrete measure) and 6 by —6 in (3.39).

A general property of these kernels is that:

K@r,r)=0, r<r. (3.41)

This is obtained by deforming the integration contour in (3.38) as a reunion of two
semi-circles C, and C, (left and right of the complex plane) with radius going to
P

infinity, using the fact that g(it) = and "= —- f T_ f *T This

F +(i‘C)F ~ (i)
leads to an integral  § (¢'—29) f Td)., where f is always the Jost solution for

CiuCy

(sgnRe?)-¢
Res>0or <0. Asymptotic behaviour of ¢, p,and fleadsto ¢ (%) de,
CiuCy
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which is zero when " <r, and must be defined more precisely when ' > r. We shall
see this later, for r'=r.

This triangularity property holds for all kernels K. Now let us compute in two
ways the quantity

jj: 0(i1) (Mg () dr= A(r, ). (3.42)

Using the kernel K : @@, We get:

A(r, )= [o(d) o(r) A(r) QT(r’) di+ +§O dr’ § dio(WK(r,1") (") (~pT(r’) dar”,
(3.43)

where K is the (v, 8)— (0, 0) kernel and Z is the “asymptotic compensation” that is
equal to 4, since

+ o0 + o0
cosh | O(r)dr=cosh | —O()dr.
0

0

Inversely, using the transformation ¢,—¢,

+ o0
A(r,r)= _f - 0(A) o) R(r) @3 () dA
+ o0 + o

+ [ ar | dio(D) oo el ) KT, v")dr" . (3.44)

0 - ~ ~

Closure relations lead to
12 0(r—1) - R(r)-0,+ K@, 1)-0,=r*6(r—r)
+
X R(r)o;+0, K", 1)+ RQr,r)+ | Q)K" (,r")dr",
0

where

Qr,1)= [ (@(1) — 0o(A) @o(r) 5 () dA. (3.45)

When r'<r, K(r,#)=0; hence the kernel K obeys the following equations
(generalized Gel'fand-Levitan-Marchenko equations):

+ o d ”
K(r’, r)61 + %(I‘)QT(r‘, r/) N j K(r/, r//) QT(T, r//) r:z =0 s (346)
or
K@) , o K(,1") , L dr
0y %(r,) ~O'1+0'1-Q(7',7')+ rj:' g4 Q(r’) 01'519(7,7)W=0. (347)

Since Q is completely given in terms of the scattering data, we see on Eq. (3.47) that
the kernel K/ is completely determined in a unique way once the scattering data
are given and provided they have a regular behaviour [1.c]. We now have to
obtain the potentials (v, §) from the solution K/Z of (3.47).
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K,/#Z K,/®
Ky/# Ko/
means of the wronskian property and /-asymptotic behaviour of f and ¢ gives the
following results:

Introducing K/# = < >, and expressing (3.38) when (r'—r) by

2(” r)
T tanhj 9-dr, (3.48)
Ké((’r’)” =rirv(r)dr+r-0(r) tanh(j:H-dr. (3.49)
Hence
e(r)_iArg tanh ggzr)r) (3.50)
1d (1K r) Kyrr) d K,(r,r)
= <r 20) T raq) 4 retanh r%(r))‘ (3.51)

These relations also hold when both ¢ and ¢, are interacting solutions, and K
interpolates between them. The generalization of (3.48) is straightforward;
however (3.49) requires a non-trivial cancellation between the contribution

of §(p—2Rpq) -1, Jo_ -d4 and the part of the contribution of

F(4)
$A- (0 —Rpq) - -dA induced by the asymptotic behaviour of ¢, f,/F(A) as

F (,1)
(p*f*/F*) <1+%>, where the (*) index denotes free solutions. A careful

computation shows that this is so. Hence one can generalize (3.48) and (3.49),
replacing 6 by (6 —0,) and v by (v—1v,). Note that this scheme only holds when the

+ o0
“compensating asymptotic term” Z is chosen to be cosh | 0(r)dr, i.e. the mean
0

value of the two asymptotic behaviours of qlo/goo . In this sole case the infinite
(|£] = + o0)

contributions to K ,(r, r) coming from integra|tion over the circle at infinity in (3.38)

cancel between the two semi-circles. Otherwise one gets a divergence for K (r, r) as

K, (r,r)yoc(# —R#). R, where #’ is any “wrong” compensating term, and R the

radius of the circle. This is also the case for s-wave Klein-Gordon equation

(=energy-dependent-potential Schrédinger equation), see [14, 15].

The relations (3.30), (3.51) are exactly similar to the one obtained in [15] for
s-wave Klein-Gordon equation. Moreover, when =0, one sees directly from
(3.38) that K, is equal to the kernel interpolating between free and interacting
solutions of the radial Schrédinger equation [9] and that it obeys in (3.47) the
usual GLM equation with integral kernel 2, (we define:

_ Ql QZ
o=(or o)
and when =0, the SD are such that Q, =Q, =0, and K, = K;=0). Finally when

the SD have the properties of real-potentials-scattering data, namely (£g<>/%,
cxecg, D*(t)=D(—1)), one clearly gets a real kernel Q(r, r'); therefore, (using the
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hypothesis that the SD are regular enough to guarantee the unicity of the solution
of the GLM equation), K is real, and so are v and @; this shows that the whole
scheme is self-consistent. Finally it is possible to obtain a differential expression of
the Gel'fand-Levitan equation; by infinitesimal change of the SD, and using (3.50),
(3.51), one ends with the following equations:

50(r)=j< Mg k(M) + f DZ() -sinh#t - 8D(7) - o(r, i) (1, iT) - dr)

(3.52)
so(r)=1 4 ( 8(cx- (Ux—100)- o)1)
+ 0o (it—rf) sinhnt . .
+ ‘j‘oo dt- W 5D(T)(P(r, lT)QD(T', lT)) . (353)

This will be used now to obtain two non-standard trace identities. First of all:
+ o0
Q,= | 6(r)dr can be evaluated by differentiating with respect to cy, /x and
0

D(7), computing the resulting integral, thanks to the asymptotic behaviour (3.2), in
terms of the SD, and integrating back to obtain a closed expression in terms of the
scattering data,

InD (’L')

j G(r)dr—ZZ(sgnRe/K)ln(/K) + =§= (3.54)

It was to be expected that the “asymptotic behaviour” j O(r)dr was not an
0

independent SD, since it did not appear in the closure relation, nor in the inverse
scattering kernel Q. Note that the continuum term in TR0, TR 1, TR 2 ... goes in
increasing powers: 1/7, 1,1, ...; in fact, TR(0) is almost a standard trace identity in
this respect.

A second identity can be obtained in the same way:

+ o0
0,= [ rv(r)Inrdr
0

will appear in the next section as a result of the renormalization of the functional
determinant. This trace identity was already derived in the case of the Schrodinger
equation. One has to use the wronskian identities (3.22), (3.23) to compute the
resulting integrals which have the form:

+ o

(f)712-(/—r@)(p(/,r)q)(/,r)dr(t’=/,< or /=ir). (3.55)

[For the previous trace identity (TR 0), the differentiation with respect to the SD

lead to an exact integral directly.] In particular, when differentiating with respect

to cg, we obtain, after part integration, the above expression, which is exactly

—1/cx. Hence Q,=3" —Incg+f(dg, D(7)). Differentiation with respect to the
K
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scattering data / leads, after part-integration, to the following expression:
00 el (g +0lg—10)9 (¢ +0lx)— Lk —10)9*(Ck)

= .56
6 0 r2 K 0 g dr, (3.56)
which by wronskian properties, can be recast as:
6Q e 1 {.. 1 /d
5/1( g Ck* 5/ {l—»o 26 ( W(p(lx+0/x+e), o(¢x+6( k)
d
=5 Wlxte), co(/K)))}, (3.57)

and finally, at leading order in ¢ and 9, as:

(ot +x+0). p(lx+5Ly)

0Q t= 1 . dr
5ty z[) 2extx 5k fimg (2 +26x+¢)- 2
d d
ar W(p(£x+e), p(£x) ar W(p(lx+e), p(£x) - cx Lk
4 .
Qfet6) 26 Gt larerorg |

(3.58)

The first two terms are formally identical to the two terms one gets when
computing this trace identity for the standard Schrédinger equation (see [10b, ¢]);
hence the result will be the same, written in terms of the Jost functions at £, =/.

. .1 . . .

The third term finally gives 7 which adds a factor In /¢ to the expression of Q: this
K

merely compensates the normalization of the factor cg here, when one compares it

to the normalization chosen in the standard case [9, 10].

Similar features appear for the continuum contribution. One finally ends with a
similar expression for Q, in terms of the scattering data, as in the standard case,
with the important differences that: the zeroes are no more real and do not go by
pairs (—7k,/x); similarly InD(z) is no more real, nor even. This generalized
expression reads:

+o +o 1
12 i _i‘;d cdv nD((r)ln)lZ(t)

x (P(it)+ P(—ir) +1n2)dr- — f dt- <Z m lnD(r)>
T —w K it—{(g

n/K 22(1—~£K~sgnReé’K)>
T2 <(r(fK senReZ)

+ > (sgnRe/y(sgnRes)In(fx—7¢)— > Inck. (3.59)
K=+L K

- j InD(z)

Note that the ¢ here is equal to (£ x ¢k) to make the link with the standard case
clearer. Now that we have developed the whole scheme of inverse scattering for
Eq. (3.1), we can come back to our problem and express the CPy effective action as
a local function of the SD. We shall see that this is possible for all terms.
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IV. The Effective Action of CP,

We recall that the effective action reads as a “renormalized series” plus a
counterterm:

(¢—r0)>—1/4 o

—d2+ﬂz+
v—-2 + o0 r 2
Serr=L" 2 j (dz)vk; > Indet ;2 a
(e — A4+
r
r(t—vp2
onLr? 24 )V‘Z) V=2 5 ro(r)dr. (@.1)

We shall now replace the radial functional determinant by its expression in terms
of the scattering data:

e %k, [ e F(4k)) r(t—v2) *
Seff L j (2“)\, P <[_z—:wlnm> —27[—(4—)‘,—/2— j rv(r)dr (4 2)

¢ being any positive or negative integer.
Let us now use the “partial wave expansion” of the renormalization coefficient

2 B +to T2 too
G 4;;,2 ra—ym =T S 3 CLKAYmER), @43)

where ¢ is any positive or negative integer. This follows from the Gegenbauer sum
rule: [24]

+ oo
Kow)=I,Kow)+2 ¥ IK,(w)cosZp, w=]/2-r-(1—cosp)'/?, (4.4)
=1

and from the limit behaviour of K (w) when w—0 as:

K,(w)~ln(w)+0(1), 4.5)
once one assumes the following rules of dimensionally regularized integration
[257:

+§°° PkP()=0 for any polynomial P,ve R*/N, (4.6)

+ o

I @k f (k)= f(0)+ O(v), v—0, when f is a test function, decreasing fast enough
for |k| = + oo, and well-defined when |k|—0. 4.7

The identity (4.3) can be obtained in another, more formal, way. Using the
identity between the functional determinant expressed as a sum of partial waves,
and the original expression, which reads

> Indet

—D,‘Dﬂ+o -2 j .
w )7

—02+m?
— 2+ (21D +o+m? + k2
— >+ (= 1Dr? +m? kP

a4~ sz. + o

In det
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(when 0=0), one can write in two ways the linear part in v; the left-hand side
yields a
r(t—v/2)

2n "

+ o0
L' 2m~% | ro(r)dr,
0

and the right-hand side yields a

L2 f - Zkl Eo +foOIK( ¥) - ro(r)dr
QR 4 0 ¢ AN .

Since this equality is true for any function v(r), one obtains (4.3) as an immediate
consequence. This “partial wave expansion” was already used in [5c] and [11],
together with its four-dimensional analogue, to obtain the renormalized effective
action for fermionic models in two and four dimensions. Using now the expression
(4.3), we can rewrite the complete effective action as an integral over d*~ 2k, :

%k, e F(t,k) *=
Ser=L""2 _500 @ — 3 {1 Fo(( 7 ki j LK, (r)/m* +k2)rv(r)dr}
(4.8)

We shall now recall another useful sum rule. Using the Gegenbauer sum rule,
together with the following equality

5 80 o, 4.9)
£>0
we get
1
I,K+ (t;o + Z ) (IKKJ— m) ()Y m?*+k})=—In()/m*+k? -r)—y+2In2,
(4.10)

by taking the limit ¢ —0. Going back to (4.8), we can take directly the limit v—2 of
this expression, since all functions of k, in (4.8), are test-functions.

We shall make some comments about this regularization scheme now: As we
have just mentioned, both InF(Z, k,)/F (¢, k,) and I (ur) K [(ur) are test-functions,
since they behave as 1/|k | when |k | goes to + co. This is evident for I,K, using its
asymptotic expansion (¢-finite, m*+ k3 — + 00), and also for the Indet, which is
formally obtained as a loop expansion containing powers of (I,K,) multiplied by
potentials (02, 0/r,v). However one cannot apply this scheme to the separated

. . F
terms of the series. Indeed, neither > In 7 nor (Z I K) are defined when k, —0.
2 0 ¢
They can be considered as defined under the integration sign, and when v=2. Let us

explain this more precisely: We have mentioned in Sect.II that the series
> InF/F(¢) was divergent. Rigorously speaking, we assume that these divergent
2

undefined series (Z IK) and (Z InF/F 0) have been regularized everywhere as
7 7
F(/)

Fo(/)
series are convergcnt when ¢@=+0, and the subtraction of the “asymptotic”

Z I,K,-cos{¢p and 2 In cosZ @, with ¢ going to zero. In this case, the two

. . . 1 L
behaviour given by the series (constant) x Y. - 7 cosZ ¢ (which is also convergent
>0
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+ 1
for ¢@=+0), gives a finite result for both > (IK——) and

o F TRI1 e 211
> <1n F, 2 fl ) (no more “¢” regularization is needed then). All this must
0

£=—o0

be done under the f -d” 2k, sign so as to use (4.6) and formally be able to speak
F

of Z In IR and | Z I,K, as being well defined, since this integration over d*~ %k

0

enables one to add any constant or polynomial (in k,) quantity. (This is how one

demonstrates (4.3).) However, once the two series are thus “made convergent,” the

use of (4.7) to get the limit v—2 is forbidden for each separately, since these two

. F . . 1

objects: ZlnF— —linear part in 1/7 or > I,K,— 2' 7] are no more test functions.
3 0 ¢

The expression (4.8) is the only one that, at the same time, is entirely written in

terms of test functions, and subtracts its divergent term to each of the series

> InF/F,and 3 I,K,. This mutual subtraction clearly appears when one writes

‘ ¢

+ o
(under § d”“zkl):

<y F( k) F(=4k) 2
! ! ° 5 (sgnRey) ¢
% {nFo(/,kl) gk T R OER

+ ;; TO ro(r)dr—2 TO LK (r)/m* +ki)-r-o(r)- dr} . 4.11)
0 0

Using the trace identity (TR 1) shows that (4.11) and (4.8) are identical. Now both
+ oo

N S
(=Y}

(Indet) and | -I,K,rv(r)dr in (4.11) are test functions. Moreover this series is
0

convergent: the last two terms give back Eq. (4.10) (when sum is taken over 0
and 7 =0) and the first two terms lead to a series behaving asymptotically as 1/£2
(the term of order 1 exactly cancels in Z owing to its dependence on the sign of 7,

£+0
as + f O(r)dr.

Hence the function under the integral sign in (4.8) is a well-defined test function,
and the limit can be taken. One finally gets

e RO FD |
Sur= 2, (1“ Fo) T F(—o)

=0

Z Zx(sgnRe/ K))

1. D) *= 1o 1
= 2 K,—— . .
+51n EROM £ {IOKO 23 (15 =5 /)} ro(r)ydr.  (4.12)
F*OF () _, D)

Fg(0)Fo (0)  Do(0)’
justified by noting that F(0) is not a well-defined object, since the Jost function is
F™ for Re/>0and F~ for Re/ <0, and the limit |/|—0 is not well controlled (for
interacting solutions). Actually, all through this paper we have used
F(it)=F* (it +¢&) or F (it —¢), e—0, according to the side of the imaginary axis on

We have replaced here InF(0)/F,(0) by 1/2 In This is
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which the spectral parameter was to be taken. This prescription was never
ambiguous. Here however it is clear that the full expression of S, has a manifest
symmetry by exchanging (£ — —/); therefore we understand that In F(0) has the
meaning of 1/2 In(F*(0)F~(0)). Now we only have to apply the sum rules and
series equalities so as to get the effective action in terms of the SD. We know that
(3.30),

In

F(f) (1% +°°InD(r)d_t< >0
Fo(f)—-l_ f 9()dr+21n/ [;(r-f_-_jw 7 Re/<0 . (4.13)

The first term cancels between > (£/>0) and Y (£ <0) in (4.12). The following
‘ ‘

terms lead, together with the counterterms in (4.12), to the series:

/e 2\ @ +@ (InD() InD(x)
Z % Genkeln (m [+t " 7> £, (W 7 ) 2’
(4.14)
which is obtained as [30]
r(+¢
 (sgnRec) <2ny+1n FE = + fﬁ) + I (p(1 —it)
+p( +it)—29)InD() . (4.15)
27r

Using now the sum rule (4.10) for k, =0, together with the trace identity for
+ o

{ r-Inmr-o(r)-dr, (this term arises immediately when inserting (4.10) into
0

(4.12)), we finally get the expression of the effective action as a function (in a
completely closed form) of the scattering data:

1 *tete  InD@D(E) D(0)
Swr=—z ¥+ duav T 21 D.(0)
1t sgn Re/y
7 _jm <% TK——T > IIID(T) -dt

+2 > (sgnResg)(sgnRes;)In(fx—¢;)
K#+L

+2 Y In(4/% sinn(/x sgn Resy))—2 Y Inéy. (4.16)
K K

Note that when =0, one can apply the particular properties of the scattering
data derived in Sect. III; and when v is real, one recovers in that way the 1/N-
effective action of the non-linear sigma model [10]. The clearest property of this
effective action is that it can be written in a closed form as a function of the
scattering data. This feature was always met with whenever we studied 1/N
expansion of 2-dimensional integrable models, NLo or Gross-Neveu, or Chiral
Gross-Neveu [27]. However there is a difference here. The CPy_, model is
classically integrable (the field equations are the compatibility conditions of an
associated linear system, see [ 121). This integrability is broken at quantum level by
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renormalization effects [187]. However this does not seem to affect the separability
of the 1/N action. Of course we have restricted ourselves to spherically symmetric
fields; we have already seen effective actions that were separable in terms of the SD
(while their “integrability” properties were not clear), once one had restricted the
study to spherically symmetric fields: in particular, this was the case for the
massless @*-model in four dimensions, either classical or 1/N action, and also for
the 1/N expansion of massless ®*+ Yukawa model in four dimensions with a
convenient relation between the coupling constants [5c], but there is a more
immediate reason. The terms inducing the non-conservation, at quantum level, of
the first non-local charge, are obtained at the 1-loop level in the 1/N perturbation
expansion [18]. Since we are dealing with a “classical” 1/N-action, finite at tree
level, but without any higher order effects (which should appear with higher orders
of 1/N), it is normal that we do not see any influence of the non-integrability of the
model on the large-N effective action. Anyhow we believe that the link between
classical integrability and/or quantum integrability, and separability of effective
action, should be further investigated. In particular, one notes that in the case of
the massive Thirring model, which is an integrable theory [28], the effective action
obtained as a function of the auxiliary field:

+ oo
Sr=Indet(@+m+A)+ [ A?-d*x

does not seem separable in terms of the SD of the associated linear problem (taking

+ oo
A,=¢,,0"h(r), and making IST in angular momentum, | AﬂA‘idzx does not
appear as a trace identity). T
Let us go back to our specific problem of instantons. The second property of
this action is that it does not have any (spherically symmetric) instanton, owing to
the (In Cy) dependence in (4.16). Any instanton would have to obey the following
equations: ss 2

=—=0, 4.17)
ock ¢k
oS
— =0 418
57 =0 (@18)
oS
= 4.1
oD(7) 0 (4-19)

Equation (4.17) implies that an instanton of S cannot have a bound-state (£, c)
since any bound state would lead to a finite value of cg. Equation (4.18) is then
purposeless and we remain with (4.19), which merely implies (using S.¢ without
bound states)

t©  InD(r) _
% p -0 T

or equivalently:

“ InD()

= m—z‘d‘f=0
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for any 7/, which means that:

d 1F+e—f9dr F—ej'odr
E(“ Fe "F, >=°

(from the definition of D(t) and the dispersion relations (3.13)). Hence the quantity
F+ — f6dr F—
o(r)= f—_mr is a constant for all 7, and since () =1 when t— + o0, it has a
FO -F F+ e~ _f0dr
trivial value 1 for any t. But we can write a dispersion relation for
F e §0dr 0

—? and
, using the quantity d(t) instead of D(t). We get

0

Fe®ioar +© |nd(r) >0
1 = Rel 4.20
n——r3— oi ()“) I (lT _ A,) dT 0 ( )
F+ F [6dr
Hence, since 6(7) is equal to 1, TR is also equal to 1, which means that D(7) is
0
equal to 1, and finally the configuration (6, v) which has no eigenvalues /x and a

unit continuous SD D(7)=1, is trivial. Hence no instanton exists with a finite
action (at least spherically symmetric.)

However we do not know whether the 1/N series of the CPy_, model is more
than Borel-summable, or even convergent, as it seemed to be the case in the NLo
model [10] and the Chiral Gross-Neveu model [11]. Owing to the breaking of
integrability by quantum effects, the S-matrix is not known, and therefore no
indications, even indirect, exist about the 1/N series. Our general conclusion,
therefore, is that the absence of spherically symmetric instantons is probably a
proof of particular (more than Borel-summable) behaviour of the 1/N series, but
that since no exact result is available, this conjecture is not supported by other
facts.

However it must be emphasized that the inverse scattering method exposed in
this paper (and also in all the other papers dealing with this subject, see [22]) can be
used for other purposes than studying saddle-points of effective actions; in
particular it is possible to use these methods for estimating the effective actions of
background field configurations, thereby studying the structure of non-trivial
vacua (see for instance [16]). In the particular case of CPy _ ,, it should be possible
to study the confinement of the field (4,) by computing directly by IST the action
of a non-zero-A4, configuration (for instance a soliton-like (6, v) configuration with
trivial continuum contribution D(t)=1, that can be obtained by explicitly solving
the Gel’fand-Levitan equation with a degenerate kernel), and studying it when its
range should go to infinity: therefore IST would provide us with a method for
exact computation of the 1/N action for these “unconfined” configurations; we
could in this way study how exactly they are suppressed in the functional integral.
We shall leave this problem open here.

This type of study could also be extended to abelian, and possibly non-abelian
gauge theories, but we have not formulated until now the proper inverse-scattering
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problem, even for maximally symmetric gauge fields. In fact, with massless vector
fields in four dimensions, it should be necessary to introduce two independent,
angular-momentum-like spectral parameters (see [29]). This also remains a
completely open problem.
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