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Abstract. Effective actions, containing the logarithm of a functional Dirac
determinant, appear in 1/N expansions of fermionic theories (N being the
number of flavours). We introduce a method to find symmetric solutions of the
corresponding non-linear and non-local saddle-point equations. This method
consists in using the scattering data of the rotationally symmetric Dirac
equation in two dimensions with the angular mometum as a spectral
parameter. We apply the method to fermionic theories with scalar and
pseudoscalar quartic couplings. The effective action that generates the 1/N
expansion admits a closed form in terms of the scattering data only in the
particular case when the model is integrable (Gross-Neveu and Chiral Gross-
Neveu model). No instanton solutions are present in these two particular cases.
This fact, together with the exact results for the S-matrix and form factors,
suggests that the 1/N expansion could be convergent. In the general case, the
quantum model has an additional dimensionless parameter gy - gg— + 00 gives
the Chiral Gross-Neveu model. When gi >0, tachyons appear. For gz—0",
and gr— —oo, generically complex-action instantons exists, indicating a
possibly Borel-summable 1/N expansion.

I. Introduction

Effective actions play an important role in many problems of quantum field theory
[1]. At the one-loop level they have the general structure:

LogdetO(v,w, ...)+ [ d*xL(v, w, dv, 0w, ...), (.Y

where (0 is a partial differential operator and L a polynomial. Both ¢ and L contain
the fields v, w, ... and their first derivatives. So the effective action contains a non-
local functional of the fields [the Logdet in (1.1)] plus a local functional (the
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polynomial part L). The saddle-point equations of such effective actions lead to
non-local and non-polynomial equations.

In a series of papers we were able to study effective actions in bosonic field
theories. This was the case for the N-dimensional anharmonic oscillator (x?)? in
the framework of the 1/N perturbation series [2, 3], generalized to an O(N)
invariant potential V(x?) [4], and to (®?)? field theory in 2, 3, and 4 euclidean space
dimensions [ 57]. The technique used was the inverse scattering transformation. The
fields v, w,... were replaced by the scattering variables associated to them
through the auxiliary linear problem

O, w,...)p=0. (1.2)

This can always be done provided the fields depend only on one variable, that can
be the distance to the origin (spherically symmetric fields) [5-7] or one of the
cartesian coordinates in euclidean space [8]. In terms of the scattering data the
In det(O) becomes a local functional. In some cases the integral-polynomial part of
S.s:J d’xL(v) is also a local functional of the scattering data, indicating that
the saddle point equations associated to S, are completely integrable. This
happened for the N-dimensional anharmonic oscillator [2, 3], the non-linear
sigma model in 2 dimensions [5, 9], and the massless (®%)* theory in 4
dimensions [5]. Here the use of the scattering data allowed us to find saddle
points of the effective action in every case (integrable or not). In the integrable
cases they were obtained in closed form. These instantons rule the large orders
of perturbation in 1/N for (92)? [2-6, 10]. In the case of the g(@?)? theory in 4
dimensions, the instanton found for gg., <0 [5] connected the (®) =0 vacuum
with an infinite field configuration, showing the unstable character of the theory
and providing an estimate for its lifetime.

This paper deals with fermionic effective actions; namely, when ¢ is a Dirac-
type differential operator. This case has a considerable interest since one finds
fermionic effective actions of the type (1.1) after integration over anti-commuting
variables in theories like Yukawa, QED and QCD. Analogous actions appear in
two-dimensional fermionic self-coupled models like:

$=¢5T+g1(lpq[)2+gz(q—j"/5lp)2> (1.3)

where ¥ =(¥, ... ¥y)isan N-component Dirac field. One constructs here (Sect. IT)
a 1/N expansion through the introduction of auxiliary fields v and w. This leads
after renormalization to an effective action:

Sefszogdet<—@+m+v+1y5w>

—J+m

r(i—v/2)

+ o 1 + 0
Wzvlz_ljoo @*+2mv+wHd'x+ — | wid’x, (14)

R —©

where 1/g must be kept negative so as to get a tachyon free propagator for the field
w. The renormalized mass m is generated dynamically [the classical Lagrangian is
scale-invariant; see formula (1.3)]. gy is a renormalized coupling constant. Here a
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fermion-antifermion bound state appears in the w-channel. It becomes massless
(infraparticle) [11, 14] in the chiral symmetry limit 1/g,—0. The saddle point
equation for the effective action reads:

1 r(1—v/2)
2v/2 —
Tl'<x{ —@+m+v+ly5w |X>+ (4n)v/2 (U+m) 07 (1 5)
L T=v) '
. 2v/2 =0.
T —J+m+v+iysw Wsho+ (4m)'* w=0

Here v and w are a priori complex potentials, and Tr stands for trace on chirality
indices. We shall look for rotationally invariant stationary points. They usually
dominate in the semi-classical regime (large N in the present case) [12]. For such
fields the inverse scattering transformation in the angular momentum for the Dirac
equation is the appropriate tool, as was the case (Schrodinger equation) for the
bosonic fields [5]. When v and w depend only on the radial coordinate r,
one can expand the Indet in Eq. (1.1) in partial waves as

+ o
Indet2= 3 IndetD,(J), (1.6)
J==-0

where D;;(J) stands for the radial Dirac operator in two dimensions:

D, ()= . (1.7)
—0,+— mtv—iw
r

The spectrum of D,;(J) can be analysed (Sect. III), with the help of the Jost
function, defined as:

F()= lim e ™., (1.8

where ¢! is the upper component of the regular solution (near r=0) of D;;¢ =0.
This spectrum consists of a continuum part for purely imaginary J, plus a discrete
part {Jg}. This discrete spectrum corresponds to solutions regular at r=0 and
r= + 00, or equivalently to zeroes of the Jost function. It can be shown that the
following set of scattering data (S.D.) is in one-to-one correspondence with the
fields v(r) and w(r):

SD.={D(1), 1eR; J§,cx, K=1...N5} (ReJg>0;ReJg<0), (1.9
where

_ F(it+0)F(it—0)
DO = F i1 0)Fo(ic=0)"

(1.10)

F, is the Jost function for v=w=0, {J} are the zeroes of the Jost function, and
{ck} are the normalization coefficients of the corresponding wave function. It can
then be shown that:
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FUJ) J—J% 1+ dr

Fo) ~ Redisod+df P on 1 (t—J)

.<1nD(1)+ Sin (ierjK)) (ReJ >0), (1.11a)

iT—Jg

F(J) Iy o L s
Fo)  retecoJ4dg P on o GimT)

.<lnD(r)+ > In <”+j">> (ReJ <0), (L11b)

iT_ K

DetD,,(J)=F(J)/Fo(J). (1.12)

Moreover, one can derive from (1.12) trace identities that connect integrals of local
polynomials in r, v, w, ... with the scattering data. The first one reads:

1 ©
3 !) r(v? + 2mo+ w?)dr

ReJg >0,

ReJz <0, D

+ o
=—>Ugi—=J)+ | dilnD(r), where {
K S 27

S.er can finally be reexpressed (Sect. IV) in terms of the scattering data, using the
previous results. One gets:

_ 1 F% InD(r)lnD(z") , cos(nJg)
Sar==gm $# — o7 dudr+ Ein|

_ % T <z M) InD(z)dz

—o \ K JK—iT

—23¥> sgnRe(Jg)sgnRe(J ) In(Jx—Jk)

K*K
1 +
—Ylncg+—— [ rwi(r)dr. (1.14)
K 2gR 0

In the derivation of this equation one uses (1.6) to (1.13) together with a non-
standard trace identity, derived in the Appendix:

+ 0
0= [ rinmr(v®+2mv+w?)dr
0

1 *= InD(c)InD(7)

==z :JE:‘!: E—= drdt’
[+ sgn ReJ
- —joo<K Tin) >lnD(1)d1

1 + o
+5- | InD(x)2In2+w(G +it) +pG—iv))dt
—2In2¥ (sgnReJy)Jx— X (sgnReJ ) InI'(3+Jy)
K K
-2 3 sgn(ReJg)sgn(ReJg)In(Jg—Jg)— X lncg. (1.15)
K+ K

K’
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This expression arises owing to renormalization effects in the term ~1I <1 - 5)

| d’x(v? + 2mv + w?) for v—2. Note that a similar identity was found in the bosonic
case [5]. This remarkable relation should be linked to an invariance of the linear
problem. {

The expression (1.14) has a closed form either when w=0, or when — =0,

9r
which respectively correspond to Gross-Neveu and Chiral Gross-Neveu, that are

known to be integrable in 2 dimensions [11, 13-16]. We find again the upper-
mentioned correspondence between classical and quantum integrability and
separateness of the action expressed as a function of the scattering data. The study

. - 1
of instantons gives the following results. The K™-order coefficient of the N
expansion of any physical quantity behaves as [2-6, 10]:

I'(K+Ny/2)
(’_—va

Ax=C (1+0(1/K)),
where
S, is the effective action of the instanton,

N, is the number of zero modes,
C is the determinant of small fluctuations around the instanton.

Integrable models do not exhibit any instanton; this can be matched with the
fact that in both cases (Gross-Neveu and Chiral Gross-Neveu), the 1/N expansion
is known to be convergent for the S-matrix [11, 13-16] and form factors [15]. As
was the case for the non-linear o-model [9], this suggests that the 1/N series can be
convergent for the Gross-Neveu and CGN models. When g, — — 00, a complex
action instanton appears, with an effective action Sy~ —In|g|; the 1/N
expansion is simply Borel-summable when one perturbes the Chiral Gross-Neveu
model with such a small non-integrable term. Moreover, when gr—07, one finds
again that the effective action of the instanton is dominated by a complex term

1 . .
—é—f rw?(r)dr. In this case, too, the 1/N expansion is Borel-summable. For g >0,
R

the 1/N series is also Borel-summable, but this case is not really interesting since

tachyons are present. In contrast with what happened in the bosonic models, there
is no clear relation between the limit g, —0" of the saddle-point Egs. (1.5) and the
classical fermion field equations.

The general conclusion is that a special role seems to be assigned to the two
integrable models (Gross-Neveu and Chiral Gross-Neveu), since they seem to be
the only fermionic self-coupled models of the type studied that admit a possibly
convergent 1/N expansion.

II. The Model

We shall consider in this paper the following U (N)-symmetric and classically scale
invariant self-coupled fermionic model:

_ e b o
=VP¥ + (PP — = 2 :
Lo=PV + 55 (PO = = (Fys¥) 2.1)
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This is not the most general Lorentz-invariant fermionic Lagrangian [17]. Vector-
vector couplings of the type (¥y,¥)* can also occur in self-coupled theories. We
shall not discuss such couplings in this article. In (2.1), ¥ is a N-component field
(¥, ... ¥y),whereeach ¥, (a=1... N)is a Dirac field in euclidean space. Note that
one gets from (2.1) the Gross-Neveu model when 4,=0, and the Chiral Gross-
Neveu model when 1, =4, [18].

In order to use dimensional regularization [19], we shall introduce Dirac
matrices yL“) in any number v of (assumed even) dimensions. These matrices satisfy
a Clifford algebra:

GO0} =26, [Swpo=y, (2.2)

and act on a 2"2-dimensional spinor space. A well-known and useful recurrent
construction reads [20]

(v):y(2)®11(v~2) y(zv):y(zz)®]1(v*2)’

2.3
(v)_y(2)®y(v 2) 2<usv). >

Here the subscript is a Lorentz index; the superscript indicates the dimension of
euclidean space on which the spinorial representation is built.

One can easily check on (2.3) that all trace properties and anticommutation
relations of y™-matrices are verified, provided that the relations are verified for
90"~ 2 (recurrent construction of y-matrices):

{0y =26,,,
Tr(y)=0, Tr(YY)=6,,2"2, (2.4)

Tr[odd number]=0.

The 7 and y{? are Pauli matrices, respectively: o, and o,; 7@ is the ¢,-matrix.
We also need to define y‘“’ This is more difficult: it is well known that
dimensional extension of y; is linked to subtle problems, such as the triangle
anomaly in spinorial QCD [19]. For later convenience, we define:
=PI =g

We shall see that this definition is appropriate to dimensional regularization of a
two-dimensional theory, and especially to the reduction of a v-dimensional-space
Dirac equation to a 2-dimensional-space one. However, chiral invariance is
partially lost for v=2. Moreover, non-standard relations will appear. Namely:

9 =0 (1=p=2), DPI-=0 Q2<u=y). (2.5

Trace properties remain. It is easy to check that [omitting the superscript (v) for
simplicity]:

Trys=0, Try,pys=0, Tr(ysy,y,7)=0, (2.6a)
and of course,

(ys)* =1, (2.6b)
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We shall later comment on the consequences of the commutation relations
(2.5). The generating functional of the model reads:

_ + oo ’ _ /’{ _ /12 _
3"=“I;[9‘I’a@‘1’aexp _jwd x -[—wﬁq’— ﬁ(wf)% é—ﬁ(%sw]. (2.7)

A counterterm of the form (¥y, ¥)? will also appear in the exponent (2.7). However,
this term, which is generated by renormalization effects on the theory defined by
(2.1), will be suppressed by an order (1/N) with respect to the other terms in (2.7).
Therefore, it will not appear in the saddle-point equations, and will only contribute
to small fluctuation effects around the extrema.

Source terms have also been omitted in (2.7). It will be easy to reintroduce them,
when one computes a given Green function. They are not necessary as long as

1
we discuss saddle-points. The N expansion of the theory now follows by
introducing auxiliary field variables v and w through the Hubbard-Stratonovitch
transform [21],

+ o
exp—% _fwd”x(‘l—’ﬁ")2 {{@vexp f d’x [T1 +20¥"IIJ
2.8)

+ 0
exp - x(Pys¥P)* = wexp X +2iwPy ¥
o2 T (= fawesp | x| N7 Lo

Az
Inserting (2.8) into (2.7) and integrating over fermionic variables leads to the
generating functional:

¥ ={{DvPwexpN [Log det (@ —v—iysw) +a f d*xv*(x)
o .

It is clear from expression (2.9) that we have obtained an effective (non-local)
theory with 1/N as coupling constant. The action of this theory has the well-known
structure of a “1-loop-effective action,” introduced in [1], namely the Indet of a
differential operator containing the fields, plus local terms in the ficlds. We have
already met with such effective actions when we were studying 1/N expansion of
bosonic theories V(®?) and (%) [2-9]. Owing to the fermionic nature of the initial
field variables, the In det now exhibits a + sign (instead of the — sign of bosonic
1/N theories).

Let us now proceed as usual and look for constant saddle-points. One gets in
the present case:

1 v s w
t =-—, UX[z———X)=-, .
g o= Gl = @10)
where “tr” means taking the trace over spinor indices. Constant solutions of (2.10)
can be found in general by computing exactly the constant field propagator in
(2.10). We shall study the vacuum structure of these fermionic models, using
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another regularization. Dimensional extension of y5 according to ys = H y; (for v
even) is such that

{75,)’#}=0a (V5)2=11a Try5=0, Tr(y5yu)=0,

for all 1<u=v. Equation (2.10) can be rewritten now as:

221 (1—v/2) y !;_2_ v 3
_W)W—'v'(v +w?) = (21=9,), (2.11a)
2'20(1—v/2) , V_‘ZZ_ w 3
W-w~(v +w?) _a (A2=9,). (2.11b)

In the general case when g, is different from g, (other models than Chiral Gross-
Neveu), these saddle-point equations only have two possible solutions: either
v=0, w=m, which leads to a renormalization of g, according to:

1 22T (1—v/2) 5

e e S 2.12

oo @me " 1
or v=m, w=0, with a corresponding renormalization of g,. Note that vand w have
a physical meaning, whichever regularization scheme is chosen, since the
propagator of fermions, to leading order in 1/N, reads:

G(x,y)= y>- (2.13)

N §+vo+iyswg
mis the dynamically generated mass (to leading order in 1/N) of the physical N-plet
of fermions. Actually, these two saddle -points genecrate equivalent theories:

through a finite chiral rotation ¥ —e e *¥. one can see that v is exchanged with w
in the functional determinant. Hence the 1/N expansion around any of the two
vacua is the same, provided that one also exchanges the role of g, and g,;
moreover, the non-constant saddle-points of the renormalized action, v,w,,
corresponding to the two possible choices of background configuration, will be
obtained one from the other by exchanging v, and w,. It is therefore enough to
study one of these two theories. We shall use v=m, w=0 as the background
configuration for instantons, since the mass term is here more natural than the “y
mass corresponding to w=m, v=0.

In the case of the Chiral-Gross-Neveu model, (2.11) reduces to a single
equation: any couple of values v and w such that v* + w? = m* is a possible vacuum;
m is again the physical mass of the N-plet of fermions, and g, =g, is renormalized
according to

v/2
l:_wmv-y (2.14)
g (4m)”?
This degeneracy is due to the chiral invariance of the theory. Now if one does a
careless expansion around one of those degenerate vacuum solutions (for instance
v=m, w=0asin [22]), one gets infrared divergences owing to this illegal breaking
of chiral invariance in two dimensions [23]. Perturbation theory (here 1/N
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expansion) must be done according to [14] or [16]: one extracts from the initial
fermionic field ¥ a massless field, corresponding to local chiral transformations
that leave S invariant; this massless field compensates the infra-red divergences
of the theory. This procedure can also be done in the framework of path integral
method through a change of variables in the integral [24]. However, only the
gradient of the chiral phase of v+iysw is the relevant massless field. One
can then choose the absolute chiral phase of the vacuum configuration. We shall
set again v=m, w=0. Of course, if we want to do a perturbative expansion of the
functional integral around non-constant saddle-points, we should be very careful
about the treatment of such IR problems. Anyway, the conclusion is that, as long
as we are looking for saddle-points, we can choose the vacuum configuration v=m,
w =0 as a background for the instantons, without any problem, for all the quartic-
coupled fermionic theories that we are studying.

Let us now come back to our non-chirally-invariant regularization ys=y,y,.
The previous choice of vacuum v=m, w=0 still holds as a solution of (2.10), as can

easily be seen by computing directly {(x|-—— (?9 |x>. Again, g, is renormalized
according to:

1 2PI(—v2) .,

a——’—(m‘vo 5 (215)

and again v, =m is a dynamically generated mass for the N-plet of fermions. As is
clear, the physical results, including non-constant saddle-points, and the large
order behaviour of 1/N expansion for physical quantities, controlled by these
saddle-points, will not depend on the regularization scheme, as long as the
independent parameters (mass spectrum...) are the same in the end, as is the case
here for the fermion mass. We shall therefore keep from now on this non-chirally
invariant regularization scheme, which is much easier to deal with, as we are going
to see, when one looks for non-constant saddle-points.

Let us make a few comments about Eq. (2.15). We find the well-known mass
generation of the quantum theory in first order of the 1/N expansion [18]. From
now on we shall set v, =m. Indeed, it is clear that at first order in 1/N the spectrum
of the theory contains N massive fermions. Moreover, Eq. (2.11) clearly provides
dimensional transmutation in v =2 dimensions. The coupling constant g,, which is
dimensionless, is replaced after renormalization through (2.11), by a dimensionful
parameter m. When g, and g, are independent (neither G.N. nor C.G.N.), a
dimensionless parameter g, . [see (2.17)] will remain in the quantum theory. We
now rewrite the effective action in (2.9) in term of the renormalized parameters, and
shifted fields v—v—v,y, w—w. We assume from now on that v and w are a priori
complex functions. S reads

d—m—v—iys o m' 2
Seff:Logdet(v)<—-T -2V G ra—v/2)
+ o0 ] *w
- f d"x(vz+2mv+w2)+£—]— | dxw*(x). (2.16)
— 2r —®
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As already mentioned, our choice of y5 restricts chiral invariance of the theory to
two dimensions. An alternative “recurrent” construction y¥) = H 7Y would

preserve complete chiral invariance, but as we shall see afterwards, 1t would make
the mechanism of dimensional regularization of the Logdet more difficult to
handle for non-constant fields.

It is necessary to make a comment on the expression (2.16). Equation (2.11)

1 . .
insures that % = % =0 when the shifted potentials v and w are set equal to zero.

Equation (2.11) only implies a renormalization of g,. However, one can see that the
In det has two divergences: one is the term linear + quadratic in v which is exactly
cancelled when (2.11) is satisfied, and v is shifted as v—>m+v, the other is purely
quadratic in w. This last divergence will be cancelled by a renormalization of g,
according to:

o o)

925 91s 92xr
(B for bare, R for renormalized). (The Chiral Gross-Neveu model corresponds to
1/gr=0.) One can then show straightforwardly that S in (2.12) is indeed finite. As
we explained in the beginning, no term other than those already existing in S . will
arise through renormalization, at least at order N. The theory defined with only
scalar and pseudo-scalar coupling can be renormalized at leading order in N, and
therefore the computation of saddle-points and the qualitative conclusions that we
shall draw on the large order behaviour of the 1/N expansion will be correct (see
[10] for a discussion on saddle-points+large orders of a renormalized field
theory). An interesting feature arises when one does the computation of S, by

v4iysw .

IsW, Owing to the
d—m

commutation of y$’ with the y for u>2, we must separate (p,, p,) and (p,), 1 >2,

when integrating. The use of commuting or non- commutmg p%) matrix leads to a

systematically expanding the Indet in powers of (

regularized (In det) differing by a (const) times f w2(x)dx, +0O(v—2).

This effect, that follows from the aforesaid dimensional extension of ys, arises
therefore in the same way as the triangle anomaly in spinor electrodynamics [19].

We shall now analyse the particle spectrum in the large N limit by computing
the small fluctuations around the saddle-points v =0, w=0 of the effective action
(2.16). We obtain the following inverse propagators for v and w fields (v=2):

5%8 a*p
Py 1
00OV =0 =V any oz A @), (2.18a)
5245‘ — ‘f dzp eip(x—y)A—l(p) (2 18b)
OWxyOW ) =0 (2m)? w > .
6%8
oS _w=o =0 (2.18¢)
U OWmly=o
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Here:

4, (p)=—— I/ Argtanh‘/,_ (p* +4m?)p*>0, (2.19a)
1([’)—-——
|/1+h |/1+—

Apart from the supplementary term g— in A4,,*(p), one finds here the propagators

Arg tanh ————— (2.19b)

obtained in [22] when “naively” computing the 1/N expansion for Chiral Gross-
Neveu around the vacuum v=m, w=0.

It appearsin (2.19) thatif g, >0, 4, (p) exhibits a pole for some p* = m2 > 0. This
corresponds to a tachyon in the w channel. So we have to set gz <0. In this case,
one finds a pole in 4,(p) at some p*= —mj <0, where my(gy) is the real positive
solution of the equation

L 1 ———Arctan ———————

— 4=
gr 4m
MB

One finds 4m?>M3%(g)>0 for 0>gr> —o0. We can therefore interpret this
physical pole in the w-channel as a fermion-antifermion bound state. (Remember
that wis associated to Py ¥.) It can easily be checked that the residue of 4, has the
correct sign, so that this pole does not correspond to a ghost. This allows a physical
renormalization-invariant interpretation of g as being a function of the two
independent masses in the theory. The propagator 4,(p) has no poles. Both
propagators have a cut for p? < —4m?, corresponding to two-particle production.
Finally, we note that in the CGN limit, 1/gz—0, and the w-bound state becomes
massless. This is the well-known “naive” result of infra-red divergence in the 1/N
expansion of CGN, and can be cured (as explained before) by a careful treatment of
this infra-particle [ 11]. We will now compute the functional determinant in (2.16).
The structure and recurrent construction of y, and y s matrices will be very useful in
this computation. We choose v and w to depend only on the two variables x; and
X,; we shall later on reduce it to a spherically-symmetric dependence on
r=]/x}+x3. Taking a v-dimensional spherically symmetric ansatz would lead to a
more involved regularization procedure. The eigenvalue problem reads:

Y =8Y,

(2.20)

where
D=9 —m—v—iyPw
=(0,0; +0,0,) M1 D 45,02
—ml® — 1Y —iw(e, @1~ 2)

[(:ﬁ (m+v+iw)1¢~2 (0, +i0,)10~2 ]

@, —i0) 107> —p—(mtv—iw)102 | (2.21)
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The elements of the 2x2 matrix (2.21) are operators acting on a 227 !-
dimensional space. 2"/>-dimensional spinors have been decomposed into “upper”
and “lower” components, each taking value in a 2>~ '-dimensional space. The
eigenfunctions will be the combination of such “upper” and “lower” 2%/ !-
dimensional spinors.

Using the cyclic symmetry of the x* (A>2) variables enables one to conclude
that eigenspinors can be chosen with a well-defined transverse momentum (K*,

A>2).
Yi(x, x2)\ iz
N I 2>e‘K", (2.22)
('Pz(xlaxz)
where
K,=K,=0.

Itis now possible to expand ¥, and ¥, on a base of eigenspinors of K. This is made
possible by the recurrent construction of y,-matrices: it insures that the

“supplementary” operator in §® is y@® @ "2, where ¢~ 2 is a complete free
Dirac-equation operator acting on a 2*/>~ '-spinor space, and that the matrices 7",
v, and 7Y act trivially on the “upper” and “lower” subspace. The eigenvalue
equation now reads:

[iK—(m+v+iw)]¥, +[8x+i6y]‘1’2=é”‘1f1}
[0, —id,]¥, +[— K —(m+v—iw)]P,=E¥,)

Expanding now ¥, and ¥, in a base of eigenspinors of K, and projecting
the eigenvalue Eq. (2.23) on this base lead to the following equations:

[iA—(m+v+iw)]f, + [0, +i0,1f,= é"fl}
[0,—i0,]f, +[—it—(m+v—iw)lf,=6f,)

where 1 is the eigenvalue of K. A can take the two values + ]/I? Hence the
eigenvalues & have an intrinsic degeneracy 2*/?~ 2, associated to the degeneracy of
afree Dirac eigenspinor, in (v — 2) spatial dimensions, with a specified eigenvalue A.

Again we would like to emphasize that this sort of “dimensional reduction” of
(2.22) to (2.24) heavily relies on the recurrent tensor-product construction of ¢

(2.23)

(2.24)

and on the definition y{) = y‘”@ 1072, Otherwise <1f we had for instance chosen a

recurrent definition y¥) = H y‘“’) we would have had to deal explicitly with those
i1
2¥2~1.dimensional spinors which we have introduced before.

It now becomes easy to express the determinant in (2.16) in terms of the two-

dimensional operator D, (/) that appears in (2.24). We have:
L v—2 B + . ~
Logdet%,,,= (%) 2272 [ " ?KlogdetD,(4), A=+|/K*. (2.25)

Let us make a few remarks concerning this formula:
— the (L/2m)*~? comes from partial Fourier-transform that changes the
variables x,, u>2, intoK ,u> 2, when computing the trlog¥,,,; integration over

d*~2x, when computing j (x|log%D,|x)>d"x, generates the (L/2n)"~ 2 factor;
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— the factor 2¥/?~ 2 is the “intrinsic degeneracy” of any eigenvalue & associated
to a given 4;
+

— the [ d”~2K means that we have not only to integrate over the length and
direction of transverse momentum K, but also to take into account the two possible
signs of the eigenvalue A in (2.24). In fact, this is a correct expression for

> IndetD, ().
@

Assuming now that v and w are 2-dimensional rotationally invariant, enables
one to compute logdetD,(A). First of all we shall recast it into a simpler form,

using the rotational invariance of »(r) and w(r). We introduce the angular
. . . . . . 4
momentum operator in 2 dimensions acting on spinors: ¥ = +idy+ 73, where

polar coordinates are introduced: x, =rcos@; x,= —rsinf. This operator clearly
commutes with D, The eigenvectors of D;, can therefore be chosen as
eigenvectors of .#. Namely:

(2.26)

P(r,0 J):e*i10<(/’+(")e+w/2>.

@_(r)e 2

The logarithm of the determinant of D,; will then read as a sum of logarithms of
determinants in each partial wave sector. D, ,(J) reads then:

J+3

—m—v—iw+ild d, +—2
D)= J_1 (2.27)

d—=-2 —m—v+iw—il
r
We can now rewrite (2.26) as:

L\ 2 + J=+w+1/2
Indet2, = <——> A d”zl( > In detD”(J)). (2.28)

27 J=—o+1/2

The eigenvalues J are taken to be half plus integer, so that ¥(r,0+2x,J)
=Y(r,0,J). This is compatible with the fermionic nature of the eigenvectors (i.e.
half plus integer angular momentum). No degeneracy arises due to J, since angular
momentum is not degenerate in 2 dimensions (J can be positive or negative).

Expression (2.28) holds for any two-dimensional rotationally invariant
potentials v and w. This restriction is not too serious, since our final purpose is to
compute large orders in 1/N by evaluating extremal action configurations. The
dominant instanton usually exhibits maximal symmetry (note that this was proved
[12] rigorously in the case of a local euclidean action).

We shall now express the complete effective action (2.16) in a partial wave
expansion. We need therefore to obtain such an expansion for the local term
~TI'(1—v/2). This will be provided by the following remark. The linear part of
Indet2(v) in v reads

D(v, A) _o m' 2

1
ndet g =2 @me

r(1=v/2) ffo o)+ 0w, w).  (2.29)
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We can also obtain this linear part from (2.28), which gives:

D(v, A)

Do(v, 4)

e (+) dv—2/1 +o +oo+1/2

=2-1py=2 R £ JZ:O (412K s 12+ 112Ky 1) )/ 2% +m?)]
I=1/2

-mro(r)dr + O(w?, w?). (2.30)

DUA)
Do(J, /1)

Indet

Equation (2.24) follows from expanding In det

DUJ,}) .t
Do(J, /1)‘“ (f) v(r)drG(r,r, 2) + O(v*, w?). (2.31)

Here G,(r, 7, A) stands for the Green function of the operator Dy(J, 4). We have:

In det

trGyr,v’, 4)
=r{(m+i)I;_y p(ur Ky p(urs) +(m—i)I ;4 p(ur DKo o(ur )],
(2.32)

where u=J/ A*+m? and r,r_ are respectively the larger and smaller of r and 7".
Matching now (2.30) and (2.29) for a spherically symmetric v(r) immediately
gives

2Y2[(1—v/2)-

(4 )v/2
Al 2/1 +o+1/2
=22 2)’(2 2 Z [y s 12Ky g2+ 112K 12)() A2 +m?r)].

(2.33)
The series in (2.33) is formally divergent. It must be understood everywhere in this

paper that such divergent series are regularized as lim Z (I,K;)cosJo. The
divergence now appears as 90 7=

Z I,K;cosJp= —Ing-+finite part. (2.34)
J=0

Since the divergent term “In¢” does not depend on 4 in (2.33), the dimensionally
regularized integral of this term gives 0, and therefore the integral in (2.30) and
(2.33) is well defined once this regularization procedure is assumed. Note that this
divergence is not the same as the I'(1 —v/2) divergence in (2.33). This can easily be
seen when proving directly (2.33). In fact, the finite part in (2.34) is known to be

equal to —y+2In2—In()/ A2 +m?r) ( thlS follows from taking the limit of the
Gegenbauer sum rule K (w)=J,K,+ }: I,K;cosJ @, where w= |/2r J/ 1—coso,

and expanding K, around w=0 [25]). It is this part, ~In]/ 2% +m?, that gives the
divergent behaviour for v—2 after integrating over d*~24. Equation (2.33)



Instantons of Two-Dimensional Fermionic Effective Actions 477

immediately follows from:

+ -2 /2
2v/2 -2 j' d’ i

2 In)/22+m’=—I(1 -v/z)w.zan'l. (2.35)

+ o
It is now possible to replace the counterterm I'(1 —v/2) | (v*+ 2mv+w?)rdr in the
0

effective action S, by its “partial wave expansion.” The effective action can thus be
recast into the form

v—2 +
Sef(= Lv 2v/2—2j‘dv—2/1

(27.[)(3 - 1)

+
-3 <ln detD(¢ +3, A)+IndetD(—¢ —4, 4)

=0

+ o0

— (j) r(? +2mo+w?) - (I (ur)K fur)) - (2 — 5fo)dr>. (2.36)

As we shall see, the existence and nature of trace identities, together with the
+ oo +o

finiteness of the series Y (I,K;—+J), will imply that the series 3" (...) under the
J=1 =0

integration sign is convergent [this time without any regularization as in (2.34)].

It becomes now possible to take the limit v—2 of the effective action, and as it

was to be expected (since the theory is now renormalized), this action is finite. Since
+

the functions appearing in (2.36) under the I d*~*/ are test-functions, decreasing to
0 when A goes to + oo, we can use the limit:

T2 = 2/0).

The effective action now reads:

+

Seee= 2 [ln detD(J)+IndetD(—J)

J=1/2
+ oo
— g v*+2mo+w) (I, _ 12mr)K ;5 (mr)(2—0, - 1/z’o)nlr]. (2.37)

Using the equality (2.34) finally gives:

+ o

+
Sec= Y [ln detD(J) +IndetD(—J)— %( | r@?+2mo+ wz)dr>]
0

J=1/2
+

+ | rlnmr(v? 4 2mo +w?)dr+(—21n2 +)
0

+ oo |
< r@*F2mo+widr+ —— | rwi(r)dr. (2.38)
0 2gR -

II1. Inverse Scattering Transform

The effective action obtained in Sect. II has a non-local form that makes its direct
study rather untractable. It is necessary to introduce new variables, in terms of
which S, will have a local form. This will enable us to study the saddle-points of
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such effective actions by extremizing S, with respect to those new variables, and
to draw conclusions about large order behaviour of 1/N expansion, that is known
to be dominated by those “instantons” [10]. Note that a rigorous proof of this
domination® was recently given for g(®%)%, [26a, b] and g(®?)?,; [26¢]. The shape
of S in (2.30) clearly indicates to us that the new variables which must be
introduced are the scattering data associated to the linear problem of Dirac
equation in 2 dimensions with rotational symmetry of the potential, and the
angular momentum as spectral parameter. Indeed, S, appears as the sum of
Fredholm radial determinant of Dirac equation plus local terms in the potential.

We shall give now the main features and some useful results for inverse
scattering transforms (IST) in Dirac equations, using the angular momentum J as
the spectral parameter. Note that the IST for the one-dimensional Dirac equation,
using energy as a spectral parameter, has already been considered [27]; we believe
that the IST in angular momentum is new; moreover, it allows one to solve
interesting field-theory problems. The main characteristics of this IST and the
framework of reasoning are the same as for the IST in angular momentum for the
Schrodinger equation [ 7]. The Dirac equation in 2 (regularized) dimensions reads:

iA—m—v—iw ei0<a, + ;@;) "
e“"’(a,—_ao> —iA—m—v+iw
r

where v=uv(r), w=w(r), v and w are complex potentials; 4 is defined in Sect. II (it
corresponds to the degrees of freedom in v—2 dimensions); polar coordinates
read:

x.=rcosf, x,=—rsinf. 3.2)

The differential operator (3.1) commutes with the angular momentum

5 =idy+ 2. (3.3)
Denoting by J its eigenvalue, one gets the reduced system:
<dr+ %) P® =(—id+m+uv+iw)yp?
; , (3.4)
(dr— 7) @M =(iA+m+v—iw)p®?
where we have set
(1) _ 1) 1 1
' =yP(r)exp(—z(J —3)0)
P 3.5
(oo i1+ 0 o
and
M) =y | /rom. (3.5b)

1  For the perturbation theory in g
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We shall now study the linear problem (3.4) where we consider J as the spectral
parameter.
Let us first define the “scalar product” of two spinors. We set:

@0y = "1 L @Peeg0) + 90, (36)
0

This “scalar product” is neither hermitian, nor positive definite. However, this
definition implies that the differential operator D is symmetric with respect to (3.6).
Moreover, we shall see that amongst the scattering data, a term appears which is
the normalization coefficient of the eigenfunction (@) with respect to this “scalar
product.” We shall now define the Jost solutions and the Jost functions, which are
the fundamental objects of this study. The Jost solutions are defined as (regular
solutions for r—0):

JoJ
ReJ>0: fr() =4H" 37
f ( )(r—>0) 7 —ll+m+U+lW(0) }"J+1 ( a)
# 2741 ’
g —ga1 [iA+mF+v—iw(0)
weor 27 +1 :
ReJ<0: f7(J) = 3.7b
I (3.7b)
and the regular solution at r— + oo is defined as:
P=e™ M ! (3.8)
Pt .
iA+m

In all those formulas, one has set u=]/4*+m?. Now we define the Jost function
through:

S N=F (), ))=F () f (. J), (3.9)
Fiost()=F*(J), ReJ>0, (3.10a)
Fiost()=F~(J), ReJ<0. (3.10b)
They can be written in terms of the wronskian of two solutions ¥, and ¥,:
WI¥,(J,); Vo)1= — PP+ PP, (3.11)

One clearly has:
FY*()=W(®),f*(J)), ReJ>0,
F~())=W(@(J),f (), ReJ<O0, (12
and conversely:
f*=F*5+G"®,

fT=F E+G & G139
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where Z is an exponentially increasing solution normalized by:

- . W(E, =1,
drj;ooe” +u |7 W(ELE)=0. (3.14)
m—i
All those identities follows from the wronskian property:
d
W), Fa()]
_Ui=T) g @ @FH PO
= —T‘—['P1 JDYPI )+ PPV )], (3.15a)

whose immediate consequence is:
W(¥,(J), ¥,(J))=const. (3.15b)

This property shall be extensively used to compute “scalar products” (3.6) (which
shows again the interest of this definition!).

In the free case (v=w=0), one can get exact solutions. Eliminating one of the
two components in (3.1) and normalizing adequately leads to Bessel functions:

- I,
fien=2rrg e[ o, 616
TIJ+1/2(Q)

m+il

11/2‘J(Q)
- —n-J~-12pl
Jole =2 IG=DV e\ e (3.17)
@(Q,J)=+1/%Q— MKH’Z(Q) : (3.18)
KJ+1/2(Q)

m+il

where ¢ =(|/ 4% +m?)r is dimensionless.
The Jost function reads:

F5()=2""2*TG+J).

In the case when v and w are non-zero, we shall now define the spectrum of the
operator D;,. This spectrum consists of a discrete plus a continuum part.

1) The Jost solutions corresponding to the zeroes of F and F . These are the
only regular solutions of Eq. (3.4).

2) The “continuum” solutions @(it), for 1€ ]— 00, + co[. As we shall see, this
set of solutions forms a complete base of orthogonal functions. Using the “scalar
product” (3.6) and the relation (3.15) together with the normalization conditions of
the eigenfunctions, one gets, in particular:

— eigenfunctions associated to different eigenvalues J are orthogonal,

continuous and discrete eigenfunctions are orthogonal,

- {D(it), P(it")> = 6(t1 —1)F " (it)F " (it) . (3.19)
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To prove completeness, we have to introduce the “Green function” associated
to the operator D;;. We define it through:

Dy (1)G(e, 0, ) =16(¢—¢). (3.20a)

It is easy to show that the matrix operator G defined by:

G(e,0,J)= F(J)([f(Q,J)®<P(Q ,J)]O(" —0)

+[f(@, H®P(e, /)]O(e—¢"))os (3.20b)

(where J can be positive or negative, f is respectively f* or f~, and 0 is the
Heaviside function) fulfills this equation together with the required boundary
conditions G(p, ¢’,J)—0 when |¢ —o’| becomes large.

We shall now compute in two ways the following integral:

d@

lim _idJ f - Glo, 0, D@,

R—+o0 &T
where a(g) is an arbitrary function,
Ir'=r+tur-

is a contour which goes from —ico +(—)e to +ico +(—)e and closes to the left
(right) with a circle of radius R. It is straightforward algebra to see that
J-integration over the circle will generate a (¢ —¢’), and integrating over the two
straight lines ]—ioo+e, ico +e[ generates an integral over the continuous
scattering data. The global integral can be evaluated by Cauchy’s theorem, and
since the only poles in G(J) correspond to F(Jg) =0, and therefore to eigenvalues of
D, we are finally left with the following completeness relation:

+o @j -
|zaedooye- [ 2EOSHED 40,

=0d(¢'—0) 1, (3.21)

where @ =d(J, 0); F(Jg) =0, which shows that our definition of the spectrum of
the operator D;; is consistent. Here,

1

k=
Now that we have obtained all these preliminary relations, we shall define the
scattering data of this problem, and we shall relate those S.D. with the Fredholm

> We define:
II
— {J}¥5 | which are the zeroes of the Jost function, and correspond therefore,

as we have already seen, to regular solutions. We define:

Ji e Re(J)>0; Jg <> Re(Jy<0.

Dy,
determinant In ( Do

— {ex}¥5 |, which are the normalization coefficients of the eigenfunctions @
with respect to the “scalar product” (3.6). They read:
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1 ~1
=t B2 p=rmE iy

k=
+ 2d
( f 7‘-’ <p}<”(9)<0‘1?’(@)>

[this follows from (3.6), (3.15)].
F*(it)F~ (ir)
_ D(t)= — 72\
O Fs ks ()
We shall prove later that this set of scattering data is sufficient to solve inverse
scattering problems (up to the resolution of a Volterra-like integral equation).
Several properties can be derived here.

If v and w are real functions of r, one can show that every eigenvalue J, must
verify Jx= —J§. This follows from computing:

(continuous contribution).

+ o0
g [e@* P (dy@® +(m+v+iw)e™) — 00* P (d, 0" + (m+v—iw)p®)]dg

=7 To dQ[(p(l)(p(“* + q0(2)(p(2)=r<] .
0

Taking its complex conjugate gives J = —J*. However, any eigenvalue Jy has to
satisfy ReJ ¢ #0. Otherwise ¢{® ~ ¢’ is not regular when ¢—0. Hence no discrete
eigenvalue exists in this case (see [27]).

If the potential w is zero, which corresponds to the Gross-Neveu effective
action, a supplementary symmetry exists in the linear system. Namely, one can
exchange the roles of o) and ¢®, by changing (J, 1) into (—J, — A) in the linear
system. This leads to the following properties:

Fi()=Fa(=),
Fo(Jp)=0 < F(—Jxg=0,
k(I =c-g(—Jg),
Dy(t)=D_(—1).
It is now possible to relate the scattering data to the Fredholm determinant
Indet—-. Using the identity that gives the Green function of D, {g| DLH 0>, we

get an expression for the following quantity:

4 (Dyl)
armaet (D?,u))

+ oo
~lim | wzdftr[G(g,g,J)—G"(g,Q,J)], (3.23)

>0 ¢
where G° is the free Green function that can be computed exactly from
(3.16)3.18), and (3.20). Introducing the definition of G together with the
wronskian property (3.15), we can compute the integral in (3.23). Straightforward
computation leads to:

D) _ d | F()
Di() ~ dI T Fo()’

d
— 24
1 In det (3.24)
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F(J) Dy (J)
Fo () and Indet D2.(J)

Since the limit of In when |J|— + o0 is clearly O (from the

D .
definition of F, and from expansion of In det D{)I(j) ) , we end up with the very
important relation: i)
Dy (J) F(J)
Indet——= =Indet : (3.25)
DY (J) Fo(J)

Again, as in the previous case of the Schrodinger equation, this relation between
the determinant of a differential operator and an associated “Jost function” is a
particular case of a general theorem [28]. Using now a standard dispersion
relation for F(J) (F* being analytic for ReJ>0 and F~ being analytic for
ReJ <0):

FX(J) N (J—J3 1 +o ar
FEU) KH1 <J+JK ¥ o I g
.|:1nD(‘E')+ ¥ in (ff”")], (3.26)
K=1 1T — JK
. . . : DII(J)
we obtain therefore an expression of the functional determinant det D9,J) as a
11

local function of the associated scattering data. Notice that such a relation has
already been obtained for the Dirac operator with energy as spectral parameter,
and closely looks like (3.26) [27]. From now on, we shall always consider A=0.
This is justified by the fact that all the results which we shall now derive are used in
the article after dimensional regularization has been achieved, which amounts to
setting A =0. We therefore need not introduce this supplementary variable, and we
shall omit it for the sake of simplicity. The problem now is to try to reexpress the
local terms in w which appear in the effective action, in a local form as functions of
the scattering data. We shall compute the corresponding “trace identity.”

Relations between integral of potential and scattering data can generally be
obtained by expanding both sides of Eq. (3.25) in powers of J ! and identifying the
integrals of the potentials that appear on the left-hand side with the functions of
S.D. that appear on the right-hand side, order by order in 1/J. It is here possible (as
in the Schrédinger case) to proceed more quickly. We set:

fiy(r) Jost solution) =£3,e"” = 1(0)=0,

(regular at r—0) . F() (3.27)
(ReJ >0) (o) =l
Inserting this into the system (3.4), we get the following Ricatti equation
” 72 7 /__2 _ 2___ 2 v,_iW/ ’ /__J __:0’ 2
PP+ 20 —2my — v —w +<-—‘~m+v—iw (W+ao' —J/o) (3.28a)
where we have set p
o= p Inf3)(r); (3.28b)

1M =)/e 1,_1,(¢) - (constant). (3.28¢)
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We know that

; (("}) =p+o0)= | e (3.292)

We set:

0.(r)
Jr

o(r) = % +yx (3.29b)

[Q,(r) can be obtained exactly since f is known analytically.] One gets:

Qi(r)=m?r/2, (3.29¢)
Q,(r)=—m?r/2. (3.29d)
We set:
Y= 2 hJ(r ) , (3.29)
nz1
FU) _ 5o (3.29f)

Fo(d) w51 J"

The ¢, can be obtained straightforwardly by expanding the dispersion relation
(3.26) in powers of 1/J; their generic form is

N + 0
2 0= | pi(im)inD()ds,

where p, is an n-degree polynomial.
Solving now the Ricatti equation (3.28), order by order in 1/J, and using
relations (3.29), one obtains the following solutions:

hy(r) =Lr(v? + 2mv +w?), (3.30a)
2h,
o+ X hh 4+ X Quh,
r p>0 p>0
p'>0 p>-1
ptp' =n—1 pt+tp' =n—1
v —iw’

+ (m) (hn— 1 + Qn— 1):-‘0’ (330b)

+ o
and [cn = h,,(r)dr} are the trace identities. We shall give explicitly the first trace
0
identity, since it is the only one that is used in this article.

+o InD(1)
0 27

1+CD Np
3 [ r@?+2mo+w?dr= Y (—sgnReJ)J+ dr.
0 K=1

[TR1]
Forthcoming papers will use higher order trace identities that will be given then.
There remains now to write the inverse scattering formula, and to obtain

explicit expressions for the functional derivatives of v with respect to the S.D., and
reciprocally. We shall here show that the scattering data defined above are a
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complete set in that they fully determine the potentials v and w, and there exists a
biunivocal relation between the two “sets of fields.” As usual, we define a (matrix)
Kernel K which connects free to interacting solutions (@-like solutions!)

{ ®(J,0)= T K(0,0)Po(J,0)de'+ Po(J, 0), (3.31)

K(g,0)=0, when ¢>¢"

From this definition of K, and using the closure relation (3.21) one can show, after a
long but straightforward computation, that K is the solution of a Gel'fand-
Levitan-like matrix equation

+ 0
K(0,0)+%(0.0)+ | Qe.0")K(e",0)de"=0 (e<¢),
0 (3.32)
K(0,0)=0 (0>0),
where Q is a function of the scattering data:
Q0,0)=— 5 ‘(@o(n 0)®D,(ir, Q))(D( ) >(Sinhm}
Np
+ ¥ cxPo(Ux 0)®P(Jg,0). (3.33)

This equation has a unique solution K(g, o) if the scattering data {D(t), ck, Jx}
verify properties analogous to the properties required in the case of the
Schrodinger equation with an angular momentum variable. This shows in fact that
{Ax cx, D(7)} is a complete set of S.D., and justifies our replacing {v, w} by {S.D.} in
our problem. One can obtain v and w from K: introducing the operators D,; and
D?,, one gets:

V#(1+K)=[DY,K], where D, =D}+V. (3.34)
Simple algebraic manipulations lead to:
1
v(r)=—Tr(0:K(e, ), (3.35a)
iw(r) =~ ~Tr(0:K(e. ), (3.35b)

/ d 7/ d /7 L /7
-0 ~a—éK(Q,9)-03+Q-63-d—QK(@,Q)-WK(Q,Q)sz

+ira,K (g, 0Ym=rVK(o,0). (3.35¢)

To complete our study, we need to compute derivatives of v and w with respect to
the S.D. (which amounts to obtaining a differential expression for the G.L.M.
equation). Using (3.35) and (3.32), (3.33), one gets (m=1):

d

1 )
()= Tr (@@ Pelocyc+ Tr <dJK

1
®¢K> CK6JK“—5

sinhnt
I

! ey 0D(7) Tr(P(it) @ D(it))dr, (3.36)
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where the @ are, of course, interacting ®-like solutions (i.e. exponentially
decreasing).

The derivative, idw(g), follows from replacing Tr(®®®) by Tr[d*o;P] in
(3.36) [which we shall also note Tr® (®® ®)]. We can invert (3.36) by using closure
relations, or by direct perturbation theory. One gets for instance:

0/ =Pl o3P =cptr® (DR dy), (3.37a)
51;( )
and
0J
—r e, DD, (3.37b)
5W(Q) K*¥K ¥K

which shall be the most useful inverse functional derivatives when studying S
(Here tr® on a 2 x 2 matrix M means taking the trace of o3 - M.)

IV. The Effective Action and S.D. Analysis

Let us now come back to our main problem, which is to recast S in (2.32), as far as
possible, as a local functional of the scattering data previously introduced. We
know that the Fredholm determinant coincides with the Jost function, and can
henceforth be expressed in terms of the S.D.:

D)) F*J)  _ J-Ji 1 +o dr
DetDé,(J,z)‘Fg(J) Wiy s ey
<lnD(‘c)+ I <”+j’<>> (Re(J)>0),  (4.1a)
K
P J-Jgp 1 e
Re()<0)= =7y = HJ+J“ Por _jm it J
<lnD(r)+ SIn <”+JK)> (4.1b)
it—Jg

where D(z), J5, J¢ are the scattering data previously introduced. Moreover, we
also recognize in (2.38) the first trace identity (TR1), derived in Sect. III. The
logarithmic term in (2.38) can also be expressed in closed form as a local functional
of the scattering data with the help of a non-standard trace identity [see (1.15)].
[“Non-standard” means here that, as it was the case for Schrodinger equation with
angular momentum, we had to derive it by hand, unlike (TR 1) or (3.30).] Using
now (TR 1):

[ rdr(v? +2mv +w?) = — Z (sgn ReJ)J ¢ +5- I InD(t)dr,  (4.2)

Nl>—‘

and the non-standard trace identity (1.15), together with the functional
identity [297:

+ o0 /-I—%—Z 2z B F(%-!—Z)
/;o [ln</+%+z> B /+%:| _LOgF(%—z) +(22)(y+21n2) (4.3)
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enables one to obtain the effective action as a local functional of the scattering data
(except for a single term, which we shall discuss below). This fully justifies the use of
IST. to simplify the study of this effective action. S reads:

1 d d
Ser=— 7,2 :j: 4: o e OL L)

1+ sgnReJK cosmJ g
- = == 1

- —fw <§ - )1 D(z)dt + Z n—
-2 ¥ sgnReJngnReJKIn(JK—JK)

K*+K'

+

—Ylncg+ —— | rdrw?(r). (4.4

K ZgR 0

Several remarks must now be made concerning this effective action.

1) Terms linear in the scattering data In D(r) and J were present in (4.2), (4.3),
and [12], but they cancel in S, (4.4). This was to be expected since such terms are
associated with the only trace identity containing a linear part in v. Since S 4 is
quadratic in v (for v small), no linear term in the S.D. can appear in it. The same
feature appeared for instance in the NLo-model in 2 dimensions [5, 6, 9].

2) The I' functions [12] and (4.3) combine in (4.4) to form trigonometric
functions. This phenomenon was also to be expected, since a
InI"(Jg) S Jx InJ behaviour is not natural for such an effective action. Again,

K>+t

this was also observed before for bosonic theories [2, 5].

3) It does not seem possible to rewrite the last term in S (4.4) in closed form as
a function of the scattering data. It is not a standard trace identity, neither does it
appear as directly derivable by computation of functional derivatives with respect
to the S.D., as in the Appendix. On the other hand, this term is absent in two cases:
w=0, which corresponds to the Gross-Neveu model, and 1/gx=0, which
corresponds to the Chiral Gross-Neveu model. Those two theories are known to
be integrable models at the quantum level [12-16]. We find here a feature that
already appeared in bosonic models, such as the anharmonic oscillator, and the
NLo-model in two dimensions: integrability of the minkowskian model, and
separation of the euclidean effective action expressed in terms of the S.D. seem to
go together.

We can now investigate the instantons of the effective action, which will give us
indications about the behaviour of the 1/N expansion. We shall not here make
numerical computations, and restrict ourselves to an analytic investigation of the
limiting cases gz—0F and gr— =+ co. Indeed, numerical computations would be
longer than in the case of bosonic models, owing to the presence of two potentials.
Moreover, the effective action exhibits a property that will make such an
investigation more difficult: in the bosonic case [5], the configuration space of
fields was separated into homotopy classes labelled by the number of bound states,
and separated by infinite action barriers. This is no more the case in this two-
potential problem, since the J can be arbitrary complex numbers. Hence S, does
not exhibit infinite barriers between sectors with different Ny, but rather infinite
action lines each time some Jy equals 1/2 plus an integer. One could think when
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examining (4.4) that J,=0is also a singularity. However, it is clear that each term
of the effective action, taken individually, is not divergent when Jz—0. Any
numerical analysis will have to extend over all the functional space.

1. Integrable Models: Gross-Neveu and CGN Model. The integrable character of
these models reflects itself, as we have seen, in the closed form of S, expressed in
the S.D. It is therefore possible to analyze the saddle-points of S, without any
approximation, by extremizing independently with respect to each S.D. Extremiz-
ing with respect to D(t) gives:

88 2 d
=500 ~ ab(e) dc O “3
where
. (F*(it) Fg (iv)
5(t)=In (Fg = F‘l (it)> ) (4.6)

This follows from the fact that Ilinear terms in the Indet <g>
II

+ oo
j rlnmr(v? + 2mv +w?)dr, and f r(v?+2mv+w?)dr, cancel, while there only

sub51st in S ¢ terms in In D(7) commg from the non-linear part in the non-standard
trace identity. Equation (4.6) follows immediately. Let us introduce now the
dispersion relation (not derived in Sect. III) that expresses F(J) as a functional of

Ui 0(0)}:

F*(J) J— JK 1+t dv
Fi I—[ p py ./
) kxJ+JE 2n Sy it'—J
(s + 3 i EFIx) _ s (EFTK)) %)
K it—Jg K it—Jg

Assuming that (4 c0)=0 as a normalization condition on the Jost function,
we find from (4.6) that d6(t)=0. We finally get, after integrating in (4.8):

D(x)= n(””") . 48)
Extremizing with respect to the discrete eigenvalue J leads to:
0= ;J—SK =ntanzuy—2 K;(l sgn(Reé,;)ig;}(()ReJ}()
+ -~ j sgn(ReJy) - InD (T))z dr. (4.9)
Inserting (4.9) into (4.10) leads to:
mtannig+ 3 Sen RZ"_S%‘; ReJu | ) JKi 7 =0 (4.10)
Finally, extremizing with respect to ¢y gives:
0=5_1 4.11)

Oock  Ck
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This cannot lead to any finite action maximum or minimum. Moreover, if a
solution to the gap equation exists with a non-zero eigenvalue Jy, it will lead to a
singular field v, w near r =0, since In D(t) given by (4.9) vanishes too slowly when

Finally, Levinson’s theorem fails if Ny;+0, since it implies that §(0)=1tNpg,
while §(t)=0 from (4.6). However, it is interesting to investigate those “singular
instantons,” because the general gap equation looks exactly like these equations,

T—+00: InD(1) ~

+
apart from a term 1/gx | w(r) gg—wﬁ rdr. Hence we expect that when |gg|— + o0,
0

the instantons (if any) of the general fermionic models will tend towards these
“limit instantons” of the CGN model. Note that we do not know a priori whether
inverse scattering on the solution-S.D. will generate limit-GN (w=0) or CGN
(w=0)like potentials. We know that “Gross-Neveu” instantons have the following
features:

F(J=0 < F(=Jg=0, J g=-Jg,
D(7)=D(—1),
Ck=C_k;

following from the property F(J) = F(—J). Hence, depending on whether solution-
S.D. verify or not these properties we shall obtain “GN” or “CGN” instantons.

Anyhow we can already, before investigating gap equations, draw some exact
conclusions for the two integrable models. Since no instanton exists with a finite
action, we are bound to conclude that the 1/N expansion is probably more
convergent than the usual K!/a¥ behaviour. This conclusion is confirmed by the
exact results on the S-matrix for these models [ 13, 14]: the S-matrix exhibits in fact
a convergent 1/N expansion. It is possible (as it is also possible in the case of the
NL— o model, [30, 2, 15]) that this property should extend to off-shell quantities,
but we have no indication on this question (see below for supplementary
discussions).

Let us now discuss the gap equation (4.11). The simplest possible set of
solutions compatible with the properties of S.D. is a couple of real solutions
Jx —J. Equation (4.11) then reads:

1
ntannJg— — =0, 4.12)
Ik
which has an infinite set of solutions that can be numerically computed. Note that
since Jx and —Jg are real, D(z) will read:

D(t)= (T +;JK>2 <T “T” K>2 —D(—1). @.13)

These relations lead us to conjecture that the limit solutions v and w are such that
|v| > |w| so that the S.D. become those of a “Gross-Neveu” set of potentials (see Sect.
III). Of course, we have no well-defined cx and we do not know whether cx=c_g
when gp— — o0 (see below).
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2. Intermediate Models. 1/gg+0; w=0; gg <0 (no tachyons). The limit gz— — co
has already been partially discussed: In fact, it amounts to adding a
1 . .
1/gx j w(r) -rdr to all gap equations, with 5 Sv;)) =functional derivative
0 A,
of w with respect to the corresponding scattering data. Assuming that the limit
potential w is not too singular (it is the strongest possible assumption since we
suspect, from our previous discussion, that at least one of the two limiting

—iT7.\?
potentials v and w is singular) leads us to the limit S.D.: D(1) = H( ! K) and
{Jk} solutions of (4.11). '

The equation 9 =0 leads to:

deg
1 + o0
L e 2 ar—o. (4.14)
¢k Jgr © deg

This means that if wis not too singular, ¢, will behave like g or more generally [as
it happened in the limit gg— — 0o of (@*)?;-model] cx ~ |ggl% o« >0. Since this term
dominates the effective action [neither D(7) nor Jg-dependent term can create a
divergent behaviour in S,¢ when |[gg|— + 00 we expect that S,~ —aln|gg|+ O(1).
Let us now recall the structure of the “large-order integral” first derived by
Lipatov [10].

Z(K)=§dN | | QvPweNSersv- )+ KN 4.15)
The double saddle-point equation reads:
(;—i =0; g—i =0; S‘(U’w)+11\1_<; =0 = N = -:Sf(
Hence
K
f(K)~e‘KW. (4.16)

Owing to the fact that the saddle-points are a priori complex, Z°(K) will probably
exhibit a phase fluctuation due to (—S,)X. Hence the 1/N expansion is Borel-
summable in the neighborhood of gg— — oo [10]. This is correct, unless a real
negative action instanton appears. Our present analysis cannot solve this
problem: one should go further in the study of S, and probably investigate it
numerically to have an indication. Anyhow it clearly appears here that Gross-
Neveu and Chiral Gross-Neveu models have a special role amongst the other self-
coupled fermionic theories; their 1/N expansion has much less divergent
behaviour than in the other models, and could even be an entire series. This result
can be compared with a recent exact result concerning perturbative (g) expansion
of the massive Gross-Neveu model & = P(§ +m)¥ + g(¥ ¥)*: perturbative expan-
sion in g is much more convergent than any and could even be summable [32].
We shall now briefly investigate the limit gg—0~ of the instanton. The
extremum with respect to ¢y reads:
N 1 1+

bex =0= o — 4+ i f Ww(r) tr (D (r) Q@ D (r))dr . 4.17)
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Assuming that neither w(r) nor @ (r) are singular, we obtain that all normalization
constants cg go to zero like gg. Since cx(ReJx>0)= —1/F (Jx)F'*(Jx) (and
+ > — when ReJg <0), this means that F~ (Jx) must have a singular behaviour.
Note that F~ need not be analytic for ReJg >0, so that this property is consistent
with the normal behaviour of Jost functions. The same argument holds for
ReJ; <0. Let us now study the complete gap equation:

oS rw(r)

0 =
ow(r) gr

+continuum contributions=0. (4.18)

+iY (meg Tr(P @ Dg) tannJ )
K

Unless w(r) goes to zero when g goes to zero (—) [meaning that the theory has a
Gross-Neveu-like limit (w=0)], we have to cancel in (4.18) the singular behaviour
1/gg by another singular behaviour. Such a cancellation is clearly realized if one of
the eigenvalues (and, in fact, then two of the eigenvalues, as we shall see later)
approaches a half-plus-integer value. Owing to the additivity of such singularities

Sesr~ Z IncosnJ), and since the most important contributions to 1/N large

order behav1our come from the lowest-action instanton, we shall restrict ourselves
to the smallest possible number of eigenvalues. The simplest possible case is then
J§ =14 0(g? [since cx~0(g)].

The second gap equation can be studied in a similar way:
o8 =0= Zn cg tre (P R@Py) - tannJ
50(7') K K K nJg

+continuum contributions. 4.19)

[See note following (3.31) for explanation of the “tr®-symbol.] We therefore need at
least two critical eigenvalues; otherwise we shall get 0 =singularity. If we have two
eigenvalues —1—0(g?) and 1+ 0(g?) when gr—0", then Eq. (4.19) implies, to
leading order in (1/g), that

cr tr8(Pf @PL ) =uack tr® (P ®P) (xeC). (4.20)

It is difficult to go any further in (4.19) since we would have to study the (assumedly
finite) continuum contributions. However, it is possible to draw conclusions on the
saddle-points. Cancellation of singular parts in (4.17) and (4.18) implies, if we
assume that neither w(r) nor & are singular:

. - =
Ck =% gr;, Cg =0 gJg;

cosnJg=B"-gx-m; cosmJg=B -gi-m; 4.21)
sinntJg =1; sinnJg=—1;
J & (simplest eigenvalues)= +1+p%g2, 4.22)
+ -
rw(r) =l[ﬂ+ tr(Px ®P¢)— ﬁ~ o= (P ®¢E)], (4.23)

ﬁ—+tre(d§+®d§ )=%;tre(¢,§®¢,;). (4.24)
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Inserting (4.2) in the diffusion problem (2.12) leads to compatibility equations

for &% :

. o + N - ] +

03d,—ioy(m+v)—i Fq—"tr(@K ®Px)— Ftr((b,( ®Py) |01 Pk
=—®g/2,

a+

| B
=dg /2. (4.25)

It is possible to solve (4.25) and (4.24) numerically. However, it will not give us
more indications about these instantons. In fact, Eq. (4.25) looks like a “field
equation” for the Lagrangian & = PJ¥ + g,(P¥P)* + g,(¥ys¥)* were it not for the
term (m + v) that replaces the ~ tr® (9, ® @) term we would expect. However, the
&y in (4.25) are c-numbers, while the ¥ in the Lagrangian & are anticommuting
(Grassmann) numbers; it is known [31] that large orders in g, do not follow from
such “classical” equations, merely because the “classical” limit of a fermionic field
is not the same thing as the classical limit of a bosonic field. We cannot therefore
obtain the same “limit exchange” between 1/N-governing instantons and
g-governing instantons, as we had done in the bosonic case.

Our conclusion will be simply that S, is probably dominated by the term

{a3d9—i62(m+v)—i tr(¢§®d§,§)~%;tr(d§,§®¢g) 01} [

+ o
1/gr § w?(@r)rdr, since other evaluable terms behave like Ing,. Large orders
0

behaviour in 1/N is Z(K)~ K!/(—S,)%, where S, is generically complex. The large
orders exhibit a phase oscillating behaviour, and therefore the series can be
probably resummed by Borel transformation.

Appendix

+ oo
We shall here derive the trace identity for [ rlnmr(v? +2mv+w?)dr, which

0
appears in the effective action after dimensional regularization. We shall here
extensively use the relations of differentiation of the potential with respect to the
scattering data, which were derived in Sect. III. We recall that we have obtained:

ov(r) 1 sinhzt

5D(z) - Wtr(di(r, t)®d(r, it)), (1a)
ov(r) _ 2 dd
5T, =k tr(d—J(r, J) J'K@)@K(r, JK)>, (1b)
0
B - (e )@ L), (19

The same relations hold for iw, except that we have to replace tr(a®b)
(=a;b; +ayb,) by tr®(a®b) (=a,b, —a,b,) in (1).
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We shall also use the linear system:

J
d,pV— g(p(”=_(v+ 1—iw)p@

: (m=1), )
d,® + ¢ PP =+ 1+iw)p"
and the wronskian property:
d
2"V (@@, 0,0 =102 Q Dt (009 + 0 20). (3)

Now we shall proceed as follows: Computing the functional derivatives of
+ o0
0= | rinr(v*+2mv+w?)dr,
0

we shall obtain from (1) expressions that can be computed exactly, thanks to (2)
and (3), in terms of the scattering data. A trivial integration then leads to the
solution.

Let us compute the cx dependence. We get:

0Q * ov . [ diw
ek g rlnr[(20+2) bex —2iw (E)] dr. 4)
Using (1c), we get:
+ o0
(?TQ =2 | rinr % [0+ 1—iw)p L+ @+ 1 +iw)p@ e dr. (%)
K 0

Using now (2) gives:

+ ©
52 =2 [ inrtdootof?

d (2) (l)d
7 +dogi’px)dr

+ oo

2 lnri(co‘é%p‘z?’)
0

Il

+o0 W@
=2 dr after integration by parts. (6)
0
oQ . .
Hence Se. = 1/ck. Note that Q, as a functional of the potentials, only depends
Ck
analytically on the S.D. and not on their complex conjugate. Hence

Qz—%“lncKh%'(D(r),JK). 7

We have here given in detail the procedure of computing the functional
derivative and integrating with respect to the S.D. For the two other derivations,
we shall merely give the framework of computation,

5Q +

5= 1 rlnr[(20+2) +(—2i ) ] ®)
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Using (1) and (2), together with the expression of @-solutions near the origin

¢V~ —F (o' +F*(J)- " Vo™, o)
9P ~F (e ™' =F (D' a®,
and the definition do(r, J) = o, ) = (. J) ' , we obtain:
dJ J—J lys
00  F'(Jy
5l FUY 10
. . 00 . : . .
An exactly similar computation for 3D(0)’ using the same tricks for integrating
. +eo dr
terms like ~ | v-(p(J1)~go(J1)7, leads to:
0
6g 1 [Fi(it) F.(iv) (1)
oD(t)  2mD(t) \F.,(it) F_(iv))’

Using the dispersion relations obtained in Sect. III for the Jost functions F* and
F allows one to integrate these two differential equations, not forgetting that the
independent variables are {cg, Jg, D(7)}:

+ o
0= f rlnr(v? + 2mv +w?)dr

1

+ drdr
=—13 :fji:

N
lnD(t) InD(t")+ 7

InD(7)

._j dt[2ln2+?’(%+it)+‘l’(2 i) — 2255—“—(5#’3]

—2In2Y sgn(ReJy) - Jx— 3 2InT(3+ J(sgn ReJy))
K K
—2 ¥ sgn(ReJg)sgn(ReJy)In(Jx—J3)— > Incg. (12)
K#*K' K
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