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It is usually accepted that the solutions of the N/D equations are seriously affected by the
uncertainties of the input data as well as by the lack of information about short-range forces
(distant regions of the left-hand cut of the scattering amplitude). However, so far little at-
tention seems to have been paid to a systematic investigation of the mathematical ways in
which the influence of this lack of knowledge could be minimized. To this end, it appeared
desirable to also include as input data the real part of the amplitude which can be found in
essentially the same way as the imaginary part by analytic continuation from the crossed
reactions. Then, the basic idea is to exploit the fact that different theoretical methods which
are logically equivalent and yield exactly the same results for the same set of “correct” data
(we call these methods ‘“tautological”) nevertheless could behave in totally different ways
when faced with “wrong” (error-affected) data. “Correct’” in our case would mean left-hand-
cut limiting values absolutely consistent both with analyticity and unitarity. Hence, the
problem that arises is first to find all the possible tautological integral kernels and then to
choose among them that one which is most insensitive to the lack of knowledge concerning
the input data. Such a kernel is shown to be obtained by replacing one of the Cauchy kernels
in the integral equations by a Poisson kernel weighted with a function determined by the
errors. Optimal methods of construction, not based on integral equations, are also presented.

I. INTRODUCTION

As is well known, in relativistic scattering it is
always possible to evaluate the partial waves (both
their real and imaginary parts) on their left-hand
cut by analytic continuation from the physical re-
gions of the crossed reactions.! Then solving the
relativistic N/D equations? essentially comes to
performing a new analytic extrapolation from the
left-hand cut I to the right-hand one y, where the
amplitude is moreover subjected to the unitarity
condition

Ima,(s)=p(s)|a,(s)|2, (1.1)

where p(s) is a given function. So stated, the prob-
lem departs a bit from the conventional N/D one,
as the latter starts solely from the imaginary part
of the amplitude on I'. Nevertheless, there is no

a priori strong reason to throw away the informa-
tion about the real part which can be obtained from
the crossed reactions essentially in the same way
as the imaginary part.® On the other hand, the use
of the whole amplitude gives one much more flexi-
bility in handling dispersion relations and leads one
to trying to write integral equations optimized with
respect to the input errors. This is an important
question as in practice the knowledge of the ampli-
tude is always limited to a small part I", of the
left-hand cut I where, moreover, it is affected by
errors. As the conventional N/D equations re-
quire the imaginary part over the whole I', the
absence of information on I', ="'\ I, (the comple-
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ment of I'; with respect to the set I') as well as the
errors on I'; will cause their solution to depart in
an uncontrollable way from the true amplitude.
The purpose of this paper is just to optimize the
way of writing N/D integral equations to make
them as insensitive as we can to the errors of the
input data.

Indeed there are many (infinitely many) ways of
writing mathematically equivalent equations ~i.e.,
logically deducible from each other and having ex-
actly the same solutions —as long as the data we
have to use are given with infinite accuracy. We
will say that all these equations are tautologically
equivalent. However, as long as the input data (or
the calculation) are error-affected, the tautology
may be broken, i.e., the results of formally equiv-
alent equations are no longer identical. This can
be seen on the simple example of dispersion rela-
tions:

If f(2) is a holomorphic function in a domain D
bounded by T, its values can be computed at any
interior point either by writing a usual Cauchy in-
tegral

f(2)=i Mdt (1.2)

21/t =2

or by any of the weighted Cauchy integrals

1 f(Hg@)
f(z)‘zm‘g(z) e dt, (1.3)

where g(z) is a function holomorphic in D.
When f (¢£) on the right-hand side of (1.2) and (1.3)
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actually takes on the boundary values of f(z), the
results of the integrals are of course identical.
However, if instead of f(¢) we are forced to use
approximate values (which in general are not the
boundary values of functions holomorphic in D), or
if owing to the lack of information on some part

I', of I we restrict the range of integration only to
the open contour I', =\ T,, the values of f(z) com-
puted by (1.2) and (1.3), respectively, may differ
by arbitrarily large amounts. Therefore, it is
meaningful to choose that g (z) weight function
which makes the calculation of f(z) least sensitive
to the uncertainties of its boundary values; for dis-
persion relations this has been solved.* A com-
pletely similar question arises in the N/D problem,
in choosing those integral kernels which yield so-
lutions least affected by the limitation of our
knowledge concerning the left-hand cut.

At this point it may be worthwhile to notice that
there may exist some subgroups of the initial tau-
tology transformation group which leave the equa-
tions and their solutions invariant even if the data
on the left-hand cut are not accurate. These sub-
groups are obviously meaningless for our optimi-
zation problem. For instance, changing the sub-
traction point in the dispersion relation for D, al-
ways amounts to multiplying Dby a constant factor,
irrespective of the uncertainties of the input data.
This is a consequence of the linearity of the D
equation. Indeed, if D obeys an equation of the

type
D(z)=1+(KD)(z) (1.4)
with K a linear operator, one can obtain the sub-

tracted equation by adding to (1.4) its value at a
specified point z:

0=D(z,) -1 - (KD)(z,). (1.5)
Then D obeys
D(2)=D(z,) + (K D)(z) = (K D)(z,) . (1.6)

By dividing (1.6) by D(z,) one can see that D’(z)
=D(2)/D(z,) is the solution of the subtracted equa-
tion

D'(z)=1+(KzOD’)(z), 1.7)

where K, is the subtracted kernel.

Since only the linearity of the equations was in-
volved, the subtraction point is irrelevant to the
optimization problem.

After some technical preliminaries in Sec. II,
in Sec. IIT we shall look for that tautology 7, which
realizes the minimum

min “KT_‘QT“ (1.8)
T

of the norm of the difference between the operators

K, and . of the exact and approximate equations
for D,

D=1+K.D, (1.9)
D,=1+8 D, . (1.10)

(Here 1 is the constant function equal to unity.)
Notice that the solution of the exact equation (1.9)
is independent of the choice of the tautological ker-
nel K . (this is the whole point) whereas the solu-
tion of (1.10) is not.

Of course one would like to minimize directly
the norm of the difference between the two resol-
vents

mT—RTE(I—‘QT)-l—(I—KT)_l
=R (R -K IR,

which is seen not to be identical to (1.8). However,

in physics we are actually interested in the mini-

mization not of the norm of the left-hand side of

(1.11) but of that of its action on the function 1 [the

unique inhomogeneous term of Eqs. (1.9)and (1.10)].
Noticing that

(1.11)

R, 1=R,1=D (1.12)

irrespectively of 7, solving (1.8) amounts to find-
ing the minimum of (the bound of) the “relative
error” (|| D] is constant with respect to 7):

W—T—MSCOHSHIRT—KT”.

IR
As will be seen in Sec. III, the result of the opti-
mization is remarkably simple, although mathe-
matically not straightforward. It will amount to
replacing one of the Cauchy kernels appearing in
the equations by a suitably weighted Poisson one.

(1.13)

II. STATEMENT OF THE PROBLEM

For convenience, we first map the whole cut s
plane onto the unit circle cut between 0 and 1 (see
Fig. 1) so that the upper (lower) lip of the left-hand
cut I comes onto the upper (lower) semicircle,
and the right-hand cut y onto the cut between (0, 1).
If the left-hand cut I" runs® from —« to s,, and the
right-hand cut y from s, to «©, the mapping is given
by

_(31 - s)1/2 - i(Sz - 81)1/2

—(31 _ s)l/z +i(32 - 31)1/2 ’ (213)
which, if s, =0 and s,=4, becomes
2-Vs
R==5 /s’ (2.1b)

where the square root is defined as having a cut
along the negative semiaxis. As will be shown
later [see discussion following Eq. (2.13)] there is
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FIG. 1. The conformal mapping
z2=[(s1=8)V2 =i (s, — sV /L (s; =)V 2 +i(sy —51)?)

leading from the cut energy plane to the cut unit circle.

no loss of generality with this special choice of the
conformal mapping.

The elastic unitarity for the lth partial wave @,
of the whole scattering amplitude is

Im@,(s)=p(s)| @,(s)|2. (2.2)

If @, vanishes as s™ when s goes to infinity (z~1),
and if we take into account the %22’ threshold behav-
ior, we define a “reduced partial wave” A,,

A(2)=@,(2)/} (1 -2)?, (2.3)

for which the unitarity reads

ImA,(2)=p,(2)|4,(2) |2, (2.42)
where
py(2)=2'(1 - 2)%p(2)
=2z'(1-2Vz/(1+2). (2.4b)

The last equality of (2.4b) holds only in the special
case s, =0, s, =4 when

p(s)=Vs=-4/Vs
=2vVz/(z+1).

We prove now that the amplitude can be written
as N/D, with N analytic inside the whole unit cir-
cle, whereas D is analytic in the whole z plane cut
along (0, 1) (see Fig. 2). To this end, assume that
the true amplitude has no poles (their discussion
is delayed until Sec. IV). Then, let all the zeros
of A, be included in a Blaschke factor B(z). This
can be done even if there is an accumulation of an
infinity of zeros on I'; however, if the zeros ac-
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FIG. 2. Holomorphy domains for N (z) and D@), re-
spectively.

cumulate on the y cut, the Blaschke product in the
z(s) variable diverges, and one has to resort to
the variable ¢(s)defined in Sec. IV and the methods
discussed there. Since A,(z)/B(z) has no zeros or
poles in the cut unit circle, one can write a dis-
persion relation for its logarithm:

In[A,(2)/B(z)]=n(z) - d(z) (2.5a)
with
n(@)= ¢ WA/ BN, (2.5b)

211 J ' -z

z2' -z

d(z):—%flAln[A'(Z’)/B(ZI)sz’

(ar@aglie+-re=io]) . @s0)

Notice that d(z) is analytic in the whole z plane cut
along (0, 1) and vanishes at infinity.
Therefore, defining

N(z) = B(z)e™® (2.6a)

and

D(z) =@, (2.6b)

A,(z) can be written as N(z)/D(z), where D(z) has
no zeros [A,(z) has no poles] and is equal to unity
at infinity. If furthermore ReA In[A,(1)/B(1)] in
(2.5¢) is smaller than m, one can write usual dis~
persion relations for N(z) and D(z). [If not, one
has to introduce Castillejo-Dalitz-Dyson (CDD)
poles, but this sort of questions will not be consid-
ered here; we refer in this context to the excellent
analysis of Frye and Warnock.?] Hence,

" n
Mz ==t § REDAGET) ;) (2.72)
2niJy 2" -z
and
1 ’NZV
D(z):l—lf—el—(f,—)—(-—zdz'. (2.7b)
7J, 2z'-z

These equations are true remembering that D(z) is
equal to unity at infinity and that
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ImD(z'Ey)=—p,(2')N(2") (2.8)
as a consequence of the unitarity (2.4a).
Substituting (2.7a) into (2.7b) we get an integral
equation of the Fredholm type for D(z):

— _Lf ” n "
D(z)=1- 5% dz"D(z")A,(z")

: (=)
fd = __z) —ny- (2.9)

This is a Fredholm integral equation of the second
kind, which readily yields D(z) on the circumfer-
ence I Further, one proceeds by analytic contin-
uation, either using the right-hand side of the equa-
tion itself to obtain D(z) at all interior points, or
the dispersion relation for N(z), (2.7a), to obtain
first N(z) everywhere, and then, D(z) via Eq.
(2.7b).

In practice, the data for A,(z”) in (2.9) are given
on part of the left-hand cut of the s plane (i.e., a
part T'; of T in the z plane) under the form of a
function 4,(e*®) which approximates the reduced
true amplitude A,(e’®),

[A;(e*®) ~A4,(e'%) < e(9), z"=€%=T,. (2.10)

As in other papers*® concerning stable extrapo-
lations, we assume that some boundedness’ condi-
tion has to be fulfilled by the reduced partial-wave
amplitude A,(¢*%) on the remaining part T, of the
cut I'. Thus, we assume

[A,(e*®)|<M on I,=I\T,. (2.11)
Both (2.10) and (2.11) can be written together
defining

€(6) on I,

M onT,’

A4,(e'®)=0 on I, and e(@):{
(2.12)

|A,(e*®) - A, (e

The conventional equation (2.9) is far from being
the only one consistent with the requirements of
analyticity and unitarity [Eq. (2.8)]. Indeed, fol-
lowing the Introduction, a tautological equation for
D(z) can be written using instead of (2.7a) an arbi-
trary reproducible kernel

fd" NG, (")
Z -z’

(2.13)

where g, ..., .(2”) is an arbitrary holomorphic func-
tion of z” and with any dependence on the remaining
variables z, z’, . Indeed, one can write Cauchy
integrals for N(z")g(z”) as well as for N(z”), as
long as N(z”) and g(z”) are both holomorphic; on
the other hand, the free dependence of g(z”) on
other variables means nothing else but the fact that

) r<e(6), z=e*.

N(z’)=2—1-—
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in various situations one might use various weight
functions g(z”) (the only relevant parameters are
nevertheless only z and z’).

[Remark. At this stage we can show that among
this general set of dispersion relations we also en-
counter the one written for N(z’) in the original s
plane. Indeed,

s
Wy L [
1 N(s”) "
“omid s~ s
_ 1 N(z”)( -z’ ds) "
T2mi 2" -2 -5’ dz" dz

But there exists a tautology, namely,

2" —z' ds” dz’
s" —s' dz" ds’’

gz ( ”)_
such that, since
. 2" -2’ ds” >
z%},x}:,(s ~s dz” 1,

we have

2" —z2' ds” 8, (&")
SII — S/ dz” _gz'(zl) .

In this way we have also implicitly proven that all
conformal mappings of the I" cut plane are tauto-
logical, and thus there is no loss of generality if
one uses the special complex plane z(s) of Fig. 1.]
No similar changes can be made in the disper-
sion relation for D(z), since, in order not to spoil
(2.7p), the g...(z’) function has to be real along
(0, 1) and analytic throughout the z plane, therefore
a constant. [In principle it could have had a single
pole, but this corresponds to changing the subtrac-
tion point and this has been shown in the Introduc-
tion to be an irrelevant tautology; see (1.4)—(1.7).]
For what follows, it is convenient to extract from
g...(z") an exterior weight function® C(z2”), defined
as having modulus €/¢(6) on I'" and being without
zeros in D,

i6
C) =exp(2inf b 1n[€/e(0)]d0> ,  (2.14)
so that
[A;(z")C(2") = A, (2")C=") | srer < €, (2.15)

where € is, for instance, the mean value of the
error €(6).
In (2.13) we set

gz,z’(zﬂ) C(zll)

g0 C(z') (2.16)

[1+(Z, "Z”)fzz'(z”)]y
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where f,./(2"”) is a function holomorphic in z” in the unit circle and with arbitrary dependence on z and z’.
After substituting (2.13) and (2.16), instead of (2.7a), in the dispersion relation for D(z), we get in place

of the conventional equation (2.9),

D(z)=1+ f dz"k(z,2")D(2"),
r

where

p(2")

(2.17a)

1 , p(&)

kz, z”)=2—71r7A,(z”)C(z”)<% f "z ey

A (@")[C=") + ).

2
Here
A, (z2")=A,(z")C(z"), (2.17¢)
_1 pi(2")
2 e iy (2.170)
where
ﬁz(zl)=‘gzz,;

and F,(z”) is an arbitrary function holomorphic in z”
and with any dependence on z. [This is due to the
arbitrariness of f,,.(z").]

In the next section we will look for those F ,(z”)
for which the difference between the exact equation
(2.17a) and that obtained by replacing A,(z”) by
A, 2"y =A4,(2")C(2"), is minimal,

III. OPTIMIZATION OF THE INTEGRAL EQUATION

As stated in the Introduction [Egs. (1.8)~(1.13)]
we shall use the tautologies produced by the func-

@@ - 1), ¥ cenE -2

Sfe”)

(2.17p)

r
tion F,(z”) in the D(z) equation (2.17) in order to
minimize the norm of the difference K — &, where
® is the integral operator of (2.17b) with A,(z")
replaced by the error-affected values .4 ,(z”).

A natural frame for this problem is the Banach
space C(T') of all complex functions f continuous
on I"' with the norm:

If 1l c= sup |f(z")]. (8.1)
g"er

Then it can be shown (see Appendix A) that the
norm of the integral operator K: C(I')~C(I'), with
continuous kernel k(z, z”), is

I Klo=sup § |de”| |k(z, 2")]. (5.2)
2eTTYTI

As we do not know the true reduced amplitude,
we cannot minimize the norm of the difference of
the kernels, but we can minimize its upper bound
with respect to all reduced amplitudes consistent
with the error channel condition (2.15)

1 " A 4 7 ” 4
sup | KT-RTIlc=supsup2—f ldz"| |A,(2") =A,(z")| [G,(z") +F,(z")|
A

<5 sup § [d"] [Gle") +EL),

zel

(3.3a)

where G,(z”) and F,(z") are given by (2.17d); the inequality comes from the condition® (2.15).

[Remark: At first glance one could believe that it is possible to obtain better bounds working with differ-
ent tautologies for the exact and approximate kernels. Then (3.3a) turns into

sup [[K, - & llc=sup sup f ldz"| [[A(z") = A@")]G,(=") +Fz") ] +A(2")F(2")], (3.3p)
z

where F and F’ are holomorphic functions defined by the tautologies 7, and 7,. Now, if nothing is known
about the relative phases of the error term A(z”) —.4(z”) and the data functxon A(z"), in computing upper
bounds one is forced to resort to the sum of the absolute values of the two terms in the right-hand side of
(3.3b). The minimization with respect to F’ is then immediate (F’=0) and one gets back the right-hand side
of the inequality (3.3a).]

Hence we are left with the problem of finding that function F,(z”), holomorphic in 2” in the unit disk (and
continuous in z), which minimizes the upper bound with respect to z of the pl norm of G, (z")+F,(z"), i.e.,
finding

inf sup |G, + |, =inf sup = § [de”| |G (e")+ Fe")], (3.4)
F zeT F z€T T
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where according to (2.17d) G,(z”) is a given function holomorphic in the whole z” plane except for a cut be-
tween zero and unity.
A. A Minimax Theorem

Assume (it can be proven!®) that there exists a function £ 9z”) analytic in z” (and continuous in z) which
for each z realizes

inf |G, +F [,1=]G,+F|. (3.5)
F
z
In that case it is true that
m®=infsup |G, +F,| 1 =supinf ||G,+F,|:. (3.8)
F, zeT 2€l’ F,
Indeed, on one hand one always!! has
supinf |G, +F,|[;1 sinfsup |G, +F,[,:. (3.7)
zel F, F, 2€T
But since F%z”) is continuous in z and analytic in 2”, and therefore is an admissible function, we get,
owing to (3.5),
supinf |G, +F,ll;1=sup || G,+F?| ;1> infsup |G, +F,l,1, (3.8)
z€T F, z2€T F, z€T

this inequality being a consequence of the fact that the infimum of the right-hand side of (3.8) is meant to be
taken over all functions F,(z”) depending not only on z”, but also on z. Hence the “minimax” property (3.6)

is proven.

B. A Dual Problem

The search for the function F(z”) analytic inside the unit circle which realizes the infimum of |G, +F,||,t
for every z, is a well-known problem in mathematics. Partial solutions can be found in the work of Riesz!?

It can be readily'® turned into its dual problem (see Fig. 3)

. 1 fﬁ
" ” - s - ” " ”
mf1 |G.(z")+F,(z") || n;ég“’ P 1ﬁhz(z )G (2")dz" |. (3.9a)

FeoH g =<1
Here, first, h,=L", which is the space dual** to L', and also, because it has to be “orthogonal” to all

F,=H' (the subspace of analytic functions belonging to L' on the boundary),
1 :
z_ﬂifrdzuhz(zu)Fz(zﬂ)—_-O, (3_9b)

h,(2”) has to be holomorphic in the unit disk, i.e., 2,(z”)=H *. The norm in L™ is

1.l = =ess sup | h(z")]
z"eT

so that the second condition in (3.9a) means

ess sup |2, (z")| <1. (3.9¢)
2"eT
It can actually be shown'® that |%,(z”)|=1 almost everywhere on I". Then it is obvious that the optimal
h(z")=h%z") should be such that the phase of 2”2%z")[G,(z") + F%=z")] be constant along the unit circle.

Indeed,

lﬁ ”i ” Of 51 - 1 dZ" Of ”n ” Of 51
o rlﬂlz [ 1G.(") + Fyz") | =5— | 122" [G (2") + F3(2")] |
1 § npO( 1 "
= 377 Fdz hY(2")G (2") (3.10)

and equality holds in the last bit of (3.10) if and only if 2”4%z")[G ,(z") + F%2")] has a constant phase along
I'. On the other hand, we know from (3.9a) that equality does occur, so that #%(z”) has indeed the specified

property.
This property of 4%(z”) makes the construction of the function F%(z”) straightforward once A%(z”) is found:
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1 la |
Fg(z”):m o7 fd@ P Im[e'eh"(e'e)G ( '6) a ]I—c‘l—l

E{Q[a*-L(Z"Gzhg f(l/z”*)+1J (2"G hO) // }/z”ho //)’ (3‘11)

where (+++),(u) are the Fourier positive- and negative-frequency parts of (-« )(x), where u stands either
for z” or for 1/z2"*, and a=(2"G,h?),(0).

C. The Point z=1 and Determination of m°

With these preliminaries, although we are not always'S able to construct the function FY(z”), we are
nevertheless in a position to find the bound

m®=supinf |G, +F, IILx-supHG +FO. (3.12)

2Tl F,

Indeed,

supinf ||G,+F,|,1=sup sup

1 f Yy ” n
P rdz h(2")G (2")

zeT F, 2€T lhgli=1
1 f 1fl £,(2")
=sup sup |-— P dz"h,(z")= | d2' 55—
ze? un,ug 2mi Jp ( )77 ) (2" =2)(2" - 2")
sup Sup fd ’.:__I_)..M
zeT =1 2’ -z

; 1[1 , p,(2")
ssup~- | dz'—
erdy |2 =2z |

1f1 ,0(27)
7). 'y (3.13)

The first inequality in (3.13) holds because p,(z’), defined by (2.17d), is always positive and |k,(z')[<1
for z’ inside the unit disk, by the maximum modulus theorem and (3.9¢). The second inequality is obvious
on geometrical grounds: If 0<z’<1and z=¢'%, then |[z~2'|>1~2'. Moreover, it can be immediately
seen that for z=1, %9_,(z')=1, because %,.,(z') =1 effectively saturates all the inequalities!” in (3.13). At
the same time, the last inequality in (3.13) ensures that sup,. . || G,+FS|l,: is veally attained for z=1 and
equals

lfl ~l(zl)
0 l‘
mo= . d; 12" (3.14)

For z=1and 4% (z')=1 we get from (3.11)

(&[G ey (") + FO (")) ——j e L (z )’ e A ,,f - )o1/2" f W

1)(2 -1z "7 z - 1
_lfl /ﬁl(z’) "e 1
=2J, dz 1_Z,(P(z 32'). (3.15)
Here ®(2”; z’) stands for the Poisson kernel for the unit circle
®(z"; 2')do" =id[8(z"; z") +i3C(2"; 2') | = as(azn £ )de” (3.16a)
mt

where §(z”; z’) is the Green’s function of the unit circle with respect to z’ and ¥ (2”, z’) its harmonic con-
jugate,

2" +z' 1—72
” ’ = = 3. 6
(P(Z ,Z ) ReZ”—-Z’ 1_2,',1 COS(G"—@’)+7’2' ( 1 b)
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D. The Poisson Kernel

For other points z #1 (z& ') one might again proceed by finding directly the optimal function F(z”). This
is not an easy task,® but one can avoid this by noticing that the function F,(z”) which realizes (3.14)

m°=infsup || G,+F HLL—If dz ,p,(z) (3.17)
F, zeTD

is not unique. Indeed we notice that the holomorphic function F£(z”) which is used to construct the Poisson
kernel in (3.15), namely,

1t p,(z 1/2” f pi(z’)
HEP( 1) == ’ ’ 3.18
2"Fe(@") 0 -2)(z l/z”) m dz z' -z’ ( )
although for z#1 it does not attain
inf" Gz+Fz“L1 = “ G2+F2”L1 (Fz¢1¢Fg¢1) ’ (3'19)

FZ
nevertheless satisfies

lf lfl B '
P —_ n ol ’ ”n, !
“G“Fe““'_“zﬂ Fldz l'” . dz' —— 6 (2";2')

’ 1 PY Z’
<1_§,d,,,_fd, btz ) ) lf ;Z)Slfdzlp_i_?;_mo' (3.202)
ZTT T z| T 0 1-2z
In (3.20a) we have used (1/27) $d6”®(2",z’)=1, and the last inequality is the same as the last inequality of

(3.13).
Since for z=1, F%.,(z")=F9%.,(z"), the bound m° [Eq. (3.14)] is attained by F£(z”) as well, and so the

proof of its optimality, together with F%(z”), is completed.

. L -
E. Short Review _z_l_f |dz" | |Gz(z")+Ff(2")|<%f dzl‘[l]l(zz?,
Recollecting all the results obtained so far, the 4 0
optimized kernel of the integral equation should (3.20b)

then be written

optima " ] " together with the Schwarz inequality [and
P P = 4,(2")C (2"
( ) znzv{l( ) ( ) §I‘dz”Fz(Z”)=0]

fd, p.(E) @z, 2')

Cz')e'=2z) =z"

(3.21) 5
//
where .4,(z")represents [see (2.10)] the data func- e G,
tion for the reduced amplitude A,(z") defined in 7 W
(2.3), whereas p,(z’) and C(z’) are defined in (2.3), Z I T
(2.4b), and (2.14), and ®(z”, z') is the Poisson dor, b
kernel (3.16). The optimized equation to be solved ) g % ! Al
for D(z) then reads /_7‘——5:/—————3’-"’- Y
1 [ da" iF) %ot = e
D(z)=1- 7 D(2")4,(2")C(2")
2n% : FIG. 3. A geometrical view of the duality principle:
, Points are to be interpreted as elements of a L ! space,
f1 dz’ p,(2') ® " 2') while planes mean level surfaces of linear functionals
) e over L!, i.e., elements of the dual space L*. Then,
the smallest (L1!) distance agp between a given point G
(3.22) and points of a linear subset { F} coincides with the
) ) o . ) greatest distance 67 5 between the linear subset {F} and
It is probably illuminating to notice that the in- the planes whose normals are orthogonal to {F}, passing

equalities (3.20a) observed by FZ(z"), through G.
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sup—l-f |dz"| |G (") +F,(z")|
zeT 27/

> sup 2_711?§ dz"G,(z")

zel

1 o ’
1/ PRIICH)

’
0 R =z

=sup
z&ET

_1fl PR
=2) dz' T—7=m°, (3.23)

are enough to prove the optimality of the Poisson
kernel. However, by itself, Eq. (3.23) does not
show that the bound m° is actually attained; for
this, one has either to resort to a direct guess of
the optimality of the Poisson kernel [i.e., to
(3.20b)], or to the duality principle which, as we
have seen, provides a constructive proof of it.

F. Analytic Continuation of N and D

We now proceed to the determination of the am-
plitude, i.e., of N(z) and D(z) in the whole cut
unit disk; there arises the problem of finding
optimal values R(z), D(z) for these two quantities
at every point of the cut disk [optimal with respect
to all admissible amplitudes in the error channel
(2.12)]. In principle, an optimal D(z) can be found
by using the integral equation (2.17) as an integral
representation for D(z) in the cut unit disk in terms
of the solution of (3.22) appearing on its left-hand
side, and optimizing with respect to the available
tautologies.

It is apparent that the latter again consist of the
set of functions F,(z'’), holomorphic in 2’/ [so
that they do not spoil the integral representation
when D(z) is exact, i.e., D(z)=D(z)], and of any
dependence on z. [This means that the optimal
D(z) need not be holomorphic in the cut disk, but
that, as far as the tautology group is concerned,
it departs least from the admissible exact D(z).]
As a matter of fact, if we use FF(z’’), i.e., the
one that led to Eq. (3.22), the D(z) extrapolated
by (3.22) is a function holomorphic in the whole
cut plane [the solutions of (3.22) being its values
on the unit circle]. Nevertheless, this extrapolat-
ed D(z) is not optimal.

In general, for an arbitrary F,(z’’),

sup | D(z) - D(z)]
A

=sup

_2_717 i dz ;/[A'I(Z ")D(Z") _'/'1"(2 ”)5)(2")]
X [G,(&")+ F,(2")]

< € const zin f]dz"l |G, (") + F,(z")], (3.24)
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so that it is clear that the optimal extrapolated
D(z) is the one obtained by using that F,(z”) which
renders the L norm [|G,(z")+ F,(z")||;t minimal,
and so we fall back on the problem of Riesz.!?
However, as we have pointed out, only partial
solutions (i.e., corresponding to some z only) are
available at present.

In what follows we construct a solution which,
although not optimal, should be good enough for
practical purposes. To this end, we take
A (2")D(2") with the D(z”) solution of (3.22) as a
good enough determination of 91(z”). We then use
the tautologies (2.13) available for the dispersion
relation (2.7a) in order to obtain an optimal extra-
polation of this 9(z”). For this, we take exactly
the same steps as described in Ref. 4. Following
it closely, one comes to the conclusion that the
required dispersion relation reads

s;z(z)=2—m,1—c(—z~)}Gr dzi,, A 2")Ce D" (2" 2) .

(3.25)

Here, C(z) is again a weight function, necessary
to bring the problem to the canonical form

| Ay(2")C(2") —=A4,(2")C(z")| < € throughout the
boundary of the unit circle, and is the same as
thatused in (3.21) for the optimal kernel ™ (z z");
®(z", z) is the Poisson kernel (3.16). After having
found 91(z), one uses it in the dispersion relation
(2.7b) to find D(z) everywhere. It is easily seen
that due to the happy recurrence of the Poisson
kernel in both (3.25) and (3.22), we find the same
D(2) as the one yielded by (3.22) used as an inte-
gral representation for D(z) in terms of its values
on I'.

IV. DISCUSSION

We have shown that one can always find a tauto-
logy for which the norm of the difference between
the real and approximative kernels is least. As
was shown in Sec. III, the result turned out to be
very simple, namely, one obtains this kernel by
first introducing an exterior weight function [de-
fined in (2.14)] in both .4,(z”) and p,(z’) and sub-
stituting the Cauchy kernel of the dispersion re-
lation for J(z’) with the Poisson one. The result-
ing optimal kernel is written in (3.21).

A. Range of Validity of the Results

There are two possible limitations of the above
method.

(a) First, as it was pointed out in the Introduc-
tion, the fact that the kernels are close to each
other does not always mean that the resolvents
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(the solutions) are close to each other. Indeed,

it may happen that the data are such that the eigen-
values of the tautological kernel obtained with
FF(2") get close to unity, and in this case the
norm of the resolvent i of ® in (1.11) will be very
large (and strongly dependent upon the chosen
tautology).

However, at least in the case ||® || small (weak
potential case), the exact and approximate solu-
tions should approach each other, and the opti-
mized kernel (3.21) should yield excellent results.

(b) Another question may arise when the input
data .4,(z") are wrong (at least from the point of
view of analyticity) in the sense that there is no
function «4,(z) holomorphic inside the cut unit disk
and obeying the unitarity (2.4a) which passes
through the given error channel (2.12). This situ-
ation arises in the dispersion relation case, too,
and is treated in detail in Ref. 6.

When uncertainties arise concerning these two
possible situations, one should compare the re-
sults with those obtained by the optimal unitary
S-matrix method, to be sketched below.

B. Optimal Unitary S-Matrix Method

Following the methods of Sec. 3 of Ref. 19, one
can directly find a function S°(s) satisfying the S-
matrix partial-wave unitarity on the physical
region vy,

‘So(s)l)/l:ly (4.13,)

7"nCvy,

[8%s),, =n(s), 0<m(s)<1, y,=v\v,, (4.1b)

and which is closest to a data function 8 =1 + 2ip.A4(s)
on the left-hand cut T,

[S°(s) -
Here €(s) is an error function connected with the
progressive fading of the information along I', as
in (2.12). If we use the canonical variable £(s),
which maps the right/left-hand cut on the right/
left-unit semicircle (see Fig. 4), and if we define
the C-weight functions?®

L f-*—i In[e ( 6)]d9>, (4.32)

8°(s)| /e(s) ~minimum =€, . (4.2)

C,(£)=exp <-ﬂ

C,(2) exp( fe +§1n[n(9)]d9> (4.3b)
such that

[C.(OIr=1/e(6), [C(0),=1 (4.4a)

[G©lr ey, =1, G0, =1/n(6), (4.4b)

we can bring the conditions to be obeyed by S(¢)
into a suitable standard form. Indeed, if
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ims
Y, Y, Res
'O S,

Im T(s)

Y

/
Y,
r
Y
FIG. 4. The canonical mapping
=)@+ e @ -u),

ReT(s)

gs)=la+u)/e-
u = (25 =Sy —Sy)/ (Sg = Sy)

transforming the left-hand cut I' into the left unit semi-
circle and the right-hand cut vy into the right semicircle.

| S(&) - 8(8)|r<e(8), (4.5)

and if we define

§"(8)=8(£)C,(£)C,(2),

) ) ' (4.6)
S/(e;e)Es(eze)cl(eie)cz(ele),
then (4.1) and (4.5) merge into
[8'(¢)-8"(9)|r<1 (4.7)
and
(4.M)

[, =
Our aim is to discover among all functions S’(¢)
satisfying (4.7) (if they exist) that one, S’°(¢),
which best approximates the data function $’(e*®)
on the left~hand cut I'. To this end, we shall take
advantage of the fact that, given a (data) function
#(e'®) on the whole unit circle | ¢|=1, one knows
how to construct (Ref. 6 and Appendix B) that
holomorphic function f°(¢) which is “minimal” in
the sense that

|2(e°©) = FO(e* )| 4y =€, [R] (4.8)

so that there do not exist other holomorphic func-
tions f(¢) with

[2(e'®) = F(e'O)r sy <e

throughout I'+y, with € smaller than € [k]. The
value of €,[%] is completely determined by the

negative-frequency Fourier coefficients c_;, c_,, . ..
of k(e*?), being the norm of the matrix M,
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C-l C_2 C—3 s e

M[R]=| €2 S8 77T T (4.9)

C_3 s0e see s

€[] = ||M| = square root of the largest eigenvalue
of the Hermitian matrix MM T,
Let then C(e; ¢) be a weight function with

[Cle =1, [C(g8)],=¢ (4.10a)
and with a still undefined ¢, i.e.,
e 1§ 1+i§> }
Cle; 8) = exp|:<2 - Iny— it Ine | . (4.10b)

Then, for the data function

(ei®) = 0 on Y (“§TT.<9 <3m)
Cle; e')8"(e*®) on T (37 <0 <inm)’

the minimal function 7°(¢) satisfies

[7(e?®)/C(e; €'®) - 8(e'®) [ =€,[8"; €], (4.11a)

[7(e*®)/Cle; )|, = €[8"; €] /€, (4.11pb)

€,[8’; €] being determined by (4.9) via the Fourier
coefficients

1 3m/2
c_n[8; e]=§T~r f 8(et®)

/2
Xex ( ilneln——cgs—g—>e""ed9
P\=7 1+sing ’
(4.12)

Therefore, it is apparent that if we pick out that
very € =€, for which €,[8'; €] [corresponding to
it by (4.9) and (4.12)] is just equal to it, i.e., the
solution of the transcendental equation'®'2°

€00 = €87, €00) » (4.13)

we manage [see (4.11b)] to satisfy the unitarity
condition (4.7b) with the function

§7°%2) = Fool£)/Col8) - (4.14)

Here f,,(¢) is the minimal function 7°(¢) corre-
sponding to

n(Z)=Co(£)87(2) (£=e'9), (4.152)
where
Co(2) = Clegp; ) - (4.15b)

It is obvious that S’°(¢) given by (4.14) is the
optimal holomorphic unitary function, which is
closest to the data function 8/(¢) on I'. For the ef-
fective construction of S’°(¢), see Appendix B.

We would like to stress that, as far as unitarity
was concerned, it was essential that the modulus
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of the minimal function happens (it is proved in
Ref. 19) to be strictly constant along y. As has
been repeatedly stated, the optimal S-matrix par-
tial wave constructed above is expected to be close
to that obtained from the solution of the optimized
N/D equation (3.22), at least when the norm of the
Poisson-weighted kernel is small.

C. Dynamical Poles

If the data are wrong, i.e., .4,(e'%) are not the
boundary values of a unitary function holomorphic
in the z-plane cut unit disk (Fig. 1), but rather of
a function exhibiting one pole, it is to be expected
that the D(z) constructed in Sec. III will have a
zero (dynamical pole).

In contradistinction to the conventional (error-
less) N/D equations, the appearance of the zero of
D(z) is dependent upon the relative magnitude of
the influence of the pole upon the data on the left-
hand cut I" and of the width of the error channel.
This is especially clear in the optimal unitary S-
matrix approach (described in Sec. IV B). Indeed,
if the error is so small that the analyticity of the
boundary values is strongly affected by the pole,
it will be very hard to find a function holomorphic
in the unit disk and close (within the error) to
these data. In other words, €y, will be very high.
Then,?° to find the actual position of the pole, one
multiplies 8/(e*?) with a factor

1oy €0 =&y
B!o(e )= 1~ defe ’

and then solves the ¢,, problem for the function
8'(e‘6)B§o(e"9) for every (real) ¢, until €,,(&,)
reaches a minimum. This minimum corresponds
to the exact cancellation of the pole of the ampli-
tude by the zero of the factor Bgo(g). Computer
calculations done®® on model amplitudes show in-
deed a dramatically narrow dip of €y(¢,) in the
neighborhood of the pole.
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APPENDIX A: PROOF OF FORMULA (3.2)

We show that if K is an integral mapping from
C(T") to C(TI") with continuous kernel k(z, 2”), then
its norm is

Ikl = sup ¢ [dz"]| |k(z, 2")]. (a1)
zel JT
Indeed,
= dz" ” ”
Iklo=, sup. sup | § dzk(z, ") (")
Ifllg=1
<l £ lesup § ldz" | [k, ")
ze J T
=sup ¢ldz"||k(z,2")]. (A2)

zeTl

Conversely, there exists a function f,&C(T") for
which the right-hand side of (A2) is attained. Since

f |dz" | |k(z, 2")|

T

is continuous, there exists a point z =z, where the

supremum is attained; then let
folz”) = exp{ —i phase[k(z,, 2")]}.

fo(2”) is continuous, since & is continuous and has
norm unity. Thus

(A3)

K o le = sup f dz"k(z, 2")f o(2")
ze D T

> § lde" | k(20 2")|
r

=sup ¢ [dz"||k(z,2")], (A4)

zel' YT

the last equality of (A4) resulting from the defini-
tion of z,. Combining (A4) with (A2), we get (Al).

APPENDIX B: OPTIMAL UNITARY PARTIAL WAVES

We show here how one can construct an optimal
S-wave amplitude without solving N/D equations
but following the direct functional methods de-
scribed in Sec. 3 of Ref. 19. We shall, namely,
construct the weighted S-matrix partial wave

§7%g) =C1(£)C,(£)S%(2)
[see Eq. (4.6)] which obeys the (weighted) unitarity
[$'°¢)[=1 for cE&y
(i.e., £=€'9, —4w<6<im) (B1)

(see Fig. 4) and which deviates least from the
(weighted) “data function”

87(£) =C,(£)C,(£)8(2)
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on the left semicircle T,
IS'O(Q)—S'(Q')I=€OO for zeT
(i.e., £=¢'% im<o<3im). (B2)

Here €, is the smallest number € for which a
holomorphic function S’(¢) satisfying both (B1) and

[S"(£) - 8’(£)| - <e still exists, and is the solution €,

of Eq. (4.13) [see also (4.9) and (4.12)]

€00 =€l 8%; eoo] . (B3)
Conditions (B1) and (B2) are equivalent to
[S7°(2) = 8"(¢) [=€qo (B4)

on the whole unit circle I' +y with

{0 for —im<g<in

Ir(,i0y _ . i
8'e )_lCo(e’e)S’(e‘e) for ir<@<im,

where the new C-weight function C,(¢) is defined
in terms of €,, by (4.15b) and (4.10). We write

$'(e*9) =8, (e'%) +8"(e'9),

§(€)=84(&) = x(&),
where g; are the positive- and negaﬁive—frequency
parts of the Fourier series for §’(e*®) on the unit
circle. Since 8.(e'?) can be continued analytically
inside the unit disk, the problem comes to finding
that holomorphic function —x(&) which best approx-
imates the “nonanalytic” part §”(e*®) of §'(€?°) on
T'+y:

[x(e*®) +82(e'®) =€

Restricting ourselves to a finite number, N, of
negative Fourier coefficients (4.12),

(B5)

(B6)

~-Nif

—219+"'+C_N€

87(e'®) =8 M (') =c_e"%+c_,e
(B7)

we come to the problem of finding® a holomorphic
function

9o(&) = £" [ 819&) +x(6)] /0o (B8)
of unit modulus on [¢|=1 and with its first N
Taylor coefficients fixed,
N
Pol8) =o,0 +Po &+ ““‘/’o.N—-lgw—l + : GX(g) ,
00
(B9)

Zpo,i = C-(N—i)/€00 ’
,‘po(eie),: 1.

The existence of this function is granted by Eq.
(B3) and the function itself can be constructed in a
recurrent way. Indeed, if the first N-% Taylor
coefﬁcients ¥, of the unit-modular function ¢,(¢),
|4,(e®)|=1 are given, then

1 lpk(g) - ¢k.0

T =020 tal2) (B10)

ZPIH 1(§

s
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is again a unimodular function,

Iwkn(eie)l:l:

but with only N — (k +1) preassigned coefficients
Drer,i [which may be determined via Eq. (B10)

from the ¢, ;, and hence from c_j, ¢y, ..., Cyl.
It can be shown that it follows from (B3) that the

last function ¥y(%) has to vanish identically; hence,
coming back step by step, one can determine ,(¢)
completely [and hence x(¢) and also $°(¢)] in terms
of the constants c_,, ..., c_y [Eq. (4.12)], in the
form of a (finite, for N finite) Blaschke product.

It is obvious that the amplitude constructed above
is the best unitary amplitude one can produce from
the left-hand cut data function, $(e‘®).
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