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Abstract

In this dissertation, the nucleon-nucleon interaction is investigated by using the
meson exchange model and the two body Dirac equations of constraint dynamics. This
approach to the two body problem has been successfully tested for QED and QCD
relativistic bound states. An important question we wish to address is whether or not
this approach is also valid in the two body nucleon-nucleon scattering problem. This
test involves a number of related problems.

First we must reduce our two body Dirac equations exactly to a Schrodinger-like
equation. This can be done without making any assumptions or approximations and
unlike other relativistic approaches these equations have effective potentials that are
local. We then develop a matrix scale transformation that successfully removes first
derivative terms that appear naturally in those Schrodinger-like equations because they
are inherent in the our two body Dirac equations. This removal is important since it
then allows us to use techniques to solve our two body Dirac equations that have been
already developed for Schrodinger-like systems in nonrelativistic quantum mechanics.

We use nine mesons in our two body Dirac equations to fit the experimental scatter-
ing phase shifts for n — p scattering. The data involves seven angular momentum states
including the singlet states 1Sy, 1Py, ' Dy and the triplet states 2Py, 3Py, 351, 3D;. Two
models that we have tested give us a fairly good fit. The nucleon-nucleon potentials that

we use are also called the semi-phenomenological potentials due to the incorporating of
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the meson exchange model into the invariant potentials appearing in our Dirac equation.
Our approach gives the nucleon-nucleon interaction a physical meaning beyond just the
curve fitting which a purely phenomenological potentials provides.

The parameters obtained by fitting the n—p experimental scattering phase shift give
a fairly good prediction for most of the p—p experimental scattering phase shift(for states
of singlet 1.5y, ' Dy and triplet Py, 3P;). This means that the two body Dirac equations
of constraint dynamics show promise in describing the nucleon-nucleon interaction. We
outline generalizations of the meson exchange model for the invariant potentials that

may possibly improve the fit.
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Chapter 1

Introduction

Nuclear physics is the study of the structure of the nucleus and the interaction between
nucleons. The basic building blocks of all nuclei are the protons and neutrons. The
proton and neutron are regarded as two different aspects of the nucleon with different
isospin. The study of the nucleus has taught us many new things about nature; the
interaction between two nucleons is one of the central questions in nuclear physics. In
this century, physicists have devoted a huge amount of experimentation and theoretical
work to this problem.

The five most important properties of the nucleon-nucleon interaction are:

1. Nuclear force is of short range. That the range of nuclear force is shorter than
interatomic distance we can conclude from the fact that at the molecular level we only
need to consider the electromagnetic interaction. When going from the A = 4 nucleus,

helium, upwards to higher-A nuclei, we realize that the binding energy per nucleon



remains approximately constant. The density remains roughly the same, the radius
of heavy nuclei being proportional to A5, If the nuclear force was of long range, the
potential energy per nucleon would increase with A and so would the density. On the

other hand, the binding energy per nucleon grows with A for light nuclei(A < 4).

2. The nuclear force is attractive in its intermediate range. The proof for the attractive

character of the nuclear force is provided by the fact of nuclear binding.

3. The nuclear force has a repulsive core. Such an assumption could help explain the

saturation properties of nuclear forces and the constant nuclear density.

4. There is a tensor force. The important piece of evidence for this fact are several
properties of deuteron; the quadrupole moment, the magnetic moment(which requires
a D—state contribution), and the asymptotic D/S ratio of the scattered wave. Further
evidence is provided by the nonvanishing mixing parameters, ¢;, as obtained in a phase

shift analysis of nucleon-nucleon scattering.

5. There is a spin-orbit force. A first indication for this fact was observed in the
spectra of nuclei. Clear evidence came from the first reliable phase shift analysis at
high energy. The triplet P wave resulting from the analysis can only be explained by
assuming a strong spin-orbit force.

As we deal with the spin dependence of the nuclear force, we should also mention

that there is a spin-spin force, which is not as important as the last two forces described



above. Furthermore, the nuclear force is isospin dependent and is charge independent.

In order to learn detailed features of the nucleon-nucleon potential, we must study
nucleon-nucleon scattering, and obtain the phase shift of the nucleon-nucleon inter-
action. A very important feature of nucleon-nucleon interaction is the reaction cross
section. The cross section is closely related to the phase shift, so to study the phase
shift of the nucleon-nucleon interaction is essential. The natural starting point for a
study of the nucleon-nucleon interaction is the two nucleon system. The combination of
the proton and neutron is a deuteron. This system possesses precisely one bound state.
The properties of this bound state tell us a fair amount about the nuclear forces.

The first experimental data bearing directly on the nucleon-nucleon interaction came
from low-energy scattering done in the 1930’s. The data had little to say about the
nature of the nuclear force. Almost any potential well with two adjustable parameters
could be made to fit all low energy proton-proton(pp) data and a similar situation held
in the neutron-proton(np) case.

In 1939, Rabi and co-workers!! showed that the deuteron has an electric quadruple
moment. This experimental result guaranteed that nuclei would be much more compli-
cated structures than atoms for it implies that part of the NN interaction has a tensor
character. In the later 1940’s effective range theory explained the cause of the low en-
ergy “ two-parameters-only” trouble mentioned above. Due to the short range of the
nuclear force, scattering below 5 MeV takes place with the nucleons almost entirely in

an S state and due to the strength of the force, the energy dependence of the S wave



phase shift is adequately described by only two parameters.

Whereas at low energies the scattering process is very simple, at higher energies it is
very complicated. For example, the pp scattering matrix contains the known Coulomb
amplitude plus five unknown, linearly independent, complex functions of the energy and
scattering angle. The effort involved in phase shift analyses of two nucleon interaction
is massive, and we do not attempt to fit the data above about 350 MeV. At higher
energies, pion production(within 280 MeV threshold) becomes important and both the
two-nucleon Schrodinger equation and the two body Dirac equations are inadequate.
We limit our fitting to elastic scattering below 350 MeV.

Because of progress of technology , the method to measure the more sophisticated
spin observables, became feasible around 1957. Thus, in a very extensive set of experi-
ments, Chamberlain and co-workers/?) made measurements on proton-proton scattering
at Berkley. For the first time, a complete set of observables was measured. The phase
shift analysis based on essentially these data performed by Stapp et all®l has been of
great importance to subsequent developments of phenomenological potentials.

The basic aim of a potential description of the two-nucleon interaction is twofold.
One is to provide a summary of the data for comparison with potential-like results from
theory. The other aim of a phenomenological potential is to serve as an input for nuclear
structure calculations.

There have been several different approaches to the nucleon-nucleon scattering prob-

lem. Earlier approaches based on pure Feynman diagrams and pion exchange were not



successful because of the large pion-nucleon coupling constant. The second set of ap-
proaches used phenomenological potentials. The phenomenological types of potentials
have been improved over the past several decades. Later ambitious attempts have been
much more successful. Examples of the hard-core type are those constructed by Hamada
and Johnston[¥ and by the Yale groupl®). These models employ a one-pion tail and re-
produce the deuteron properties accurately. In the mid 1960s, Reid® developed hard
and soft core potentials. His potentials became the most applied potentials in nuclear
structure physics in the 1970s. Although Reid’s phenomenological hard core and soft
core potentials are widely accepted, his potentials lack physical content.

There are a lot of phenomenological potentials. Some of the most important are
Reid’s soft core potentials. He obtained a very good fit to the experimental data for
states of singlet 'Sy, ' Py, 'Ds, and triplet 3Py, 3Py, 351, 3Dy, and he also included
pp scattering for some states. He used the nonrelativistic Schrodinger equation, and
used different potential forms for different angular momentum states. He assumed the
potential in the asymptotic region was as a Yukawa form due to the pion exchange.
Although his results are good, his potentials have different forms for different angular
momentum states. Most terms in his potentials do not have a clear physical meaning.
Because he used the nonrelativistic Schrodinger equation, when the energy is high, his
potentials become inadequate.

The third categoryl”12:40:41.42,43] of 4 yhroaches to nucleon nucleon scattering problem

combines Feynman diagrams with the relativistic wave equation. They have been very



successful. Franz Gross!” studied the nucleon-nucleon interaction relativistically, and
he obtained semi-phenomenological potentials for singlet 'Sy and triplet 3Py, 3Py, 351,
3D, states, etc. Although he used relativistic wave functions, his equations can be
reduced to Schrodinger-like equations only at the nonrelativistic limit, unlike the two
body Dirac equations which can be reduced to Schrodinger-like equations without any
limitation. His potentials/”) are nonlocal, velocity dependent and not symmetric under
the exchange of two particles. He obtained his potentials by fitting to Reid’s potentials
rather than by fitting the experimental phase shift data. However, Reid obtained his soft
core potentials by fitting the experimental phase shift data nonrelativistically. Gross
obtained a good fit only for the singlet 1Sy state. For all the other triplet 3Py, 3Py, 351,
3D, states, Gross’s potentials are just reasonably good!”.

In this dissertation, I obtain a semi-phenomenological relativistic potential model
for nucleon-nucleon interactions by using two body Dirac equations and Yukawa’s the-
ory. One can derive the two-body Dirac equations for all Lorentz invariant interactions
acting together or in any combinations. We also reduce the two-body Dirac equa-
tions to coupled Schridinger-like equations, which unlike all the other relativistic semi-
phenomenological approaches our potentials are local. By doing this, we can take advan-
tage of earlier work done by the other people on the nonrelativistic Schrodinger equation
in this way. Our potentials for different angular momentum states are constructed from
the combinations of several different meson exchanges. Thus our potentials are semi-

phenomenological potentials. Unlike Reid’s potentials, every terms in our potential has



clear physical meaning. Furthermore, our potentials, as well as the whole equation,
are local. So it is possible that some different angular momentum states may have the
exact same potentials, for example, singlet 'Sy and ' Dy states. It is the aim of this
dissertation to see if our potentials are adequate to describe the elastic nucleon-nucleon
interactions from low energy to high energy when using them together with two body
Dirac equations of constraint dynamics[21:23:31],

Although many people work on this subject, all the other people’s approaches have
not been tested nonperturbatively in both QED and QCD. The two body Dirac equa-
tion approach yields manifestly covariant coupled equations for all the covariant in-
teraction acting simultaneously. Unlike some of the other approaches, the relativistic
spin corrections need not be treated only perturbatively. This mean that we can use
nonperturbative methods(numerical methods) to solve the two body Dirac equations.
This is a very important advantage of the two body Dirac equations and this approach
has been successfully tested in QED and QCD. This gives us confidence that they are
appropriate relativistic equations for phase shift analysis of nucleon-nucleon scattering.
Since this approach is very useful in numerical calculation of atomic physics and particle
physics, we propose to test this method in nuclear physics in the phase shift analysis
nucleon-nucleon scattering.

To construct the potential of nucleon nucleon interaction is an old problem. A
quote from an article entitled “ What Holds the Nuclei Together” by Hans A. Bethe

published in Scientific American in 19538 characterizes and summarizes the work done



on nucleon-nucleon interaction:

In the past quarter century physicists have devoted a huge amount of experi-
mentation and mental labor to this problem, probably more man-hours than

have been given to any other scientific questions in the history of mankind.

Although decades have elapsed, many physicists still work on this rocky subject, in
which the efforts were larger by about several orders of magnitude than before.

In chapter 2, I discuss Yukawa’s theory which is the basic idea of our meson exchange
model, phenomenological potentials, semi-phenomenological potentials and the works
done by other people in the area of nucleon-nucleon scattering phase shift analyses. All
these works are closely related to my dissertation. In chapter 3, I introduce the two
body Dirac equations of constraint dynamics. I mainly concentrate in the chapter on
the deriving work I have done, which includes reducing the two-body Dirac equations
to coupled Schrodinger-like equations and eliminating the first derivative terms which
are inherent in the two body Dirac equations. This chapter is a crucial part of my
dissertation. The detailed procedures of my derivations are presented in the Appendix
B and Appendix C. In chapter 4, I discuss the phase shift methods used in our numerical
calculations, which include phase shift equations for uncoupled and coupled states and
the phase shift equations with Coulomb potential. In chapter 5, I present the models
used in our calculations, including the expressions for the scalar, vector and pseudoscalar
interactions, and the way they enter into our two body Dirac equations, mesons used

in our fitting and the modification of our phase shift equations we found necessary. In



chapter 6, I present the results we have achieved. Chapter 7 are the summaries and

conclusions of our work.



Chapter 2

Nucleon-Nucleon Potential

In this chapter, I discuss Yukawa’s theory, which is the basic idea of our meson exchange
model, phenomenological potentials, semi-phenomenological potentials and the works
done by other people in area of nucleon-nucleon scattering phase shift analyses. All
these works are closely related to my dissertation.

The fundamental view of the nuclear force is that it arises from the exchange of
mesons. Although one can infer the forms of potentials based on this view, one can not
obtain the precise form of the potential in a convincing way starting from this picture.
It proves to be the case that one can construct semiphenomenological potentials that
account for the properties of the nuclear forces reasonably well for scattering energies
up to a few hundred MeV. It is our aim to determine if such a semiphenomenological de-
scription is adequate for the N-N potential with two body Dirac equations of constraint

dynamics.
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We first consider the nonrelativistic Schrédinger equation for the two-nucleon sys-

tem,

—3
p . o mama
ﬂ + V(T) 7/) - Eﬂ)(?”)a w= mi + ms (21)

For uncoupled states, we have s = 0, j =l or s = 1, j = I, for example, for 1Sy, ' P,

1Dy, and 3Py states, this leads to the radial Schrédinger equation

2
[% + k2 — l(l; D _ U(r)u(r) =0 (2.2)
k? = 2;:5 Ulr) = 2“;/2(7’) (2.3)

For coupled states, s =1, j =1+ 1. In general, the potentials consist of a central part

Ve(r) , a tensor part Vp(r), a spin-orbit part Vig(r) and a spin-spin part Vgg(r)

V(r)=Ve(r)+ Vr(r)Siz + VosL - S+ Vggor - 02 (2.4)

S12 =3(01 - 7)(o2 - T) — 01 - 09 (2.5)

The Si5 operator is known as the tensor operator, since in configuration space it is a
second order tensor rather than a scalar as was true for the central potential V,(r). Due

to its tensor character in configuration space, it will admix states of different orbital
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angular momentum, in particular, for [ = j — 1 and | = j 4+ 1. Furthermore, in order
to have an admixture of the two states with [ = j — 1 and [ = j + 1 we must clearly
have spin 1 states(triplet states) and not singlet states. This means the tensor force is
operative between triplet states only, for example, 2S; and 3D; states. This leads to

the coupled radial Schrédinger equations

2 o . .
[% +k? - J(JTQ b _ Uc(r) — Uss(r) + W — (= DULs(r)]u—(r)
2 : . r
[% + k2 (J + 222] +1) Uc(r) — Uss(r) W + (4 2)Ups(F)us (r)
where
Uc(r) = QM;;;(T),
Ur(r) = 250,
Ups(r) = QM%QM,
Usstr) = 2V ©8)

u_ is the wave function for [ = j — 1, uy is the wave function for [ = j 4+ 1 channel and

12



j is the total angular momentum.

These radial Schrodinger equation are coupled, and the potential is in matrix form.
For the states 3Py and 3P;, these coupled equations become an uncoupled Schrédinger
equation.

Even though the above equations are nonrelativistic Schrodinger equations, we shall
see in the later section that the central part Vo (r) , tensor part Vp(r), spin-orbit part
Vis(r) and spin-spin part Vgg(r) come out automatically after we reduce the two body
Dirac equations to Schrodinger like equations. This is the primary value of the rela-

tivistic approach.

2.1 The One-Pion Exchange Potential (OPEP)

In 1935, Yukawa proposed that the force which acts between two nucleons may be
produced by the exchange of mesons. This theory is an extension of ideas that arise in
quantum electrodynamics and that describes the force acting between charged particles
in terms of the exchange of photons.

When one meson is transferred between two nucleons. The intermediate state in
this process contains a virtual meson connecting the initial and final states. This situa-
tion is of course permitted in quantum mechanics because of the uncertainty principle.
However, it can only exist for a time interval compatible with the energy uncertainty,
that is, the lighter the meson the longer the ranger of the force component which it

can carry. The lightest meson is the pion , and it will mediate the force component of
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longest range. We may extend the Yukawa theory beyond the OPEP. We may do so by
considering the exchange of several pions at once, but it is more efficient to use a wave
equation than to use more complicated Feynman diagrams with just pion exchanges.
Because the coupling constant of nucleon-nucleon interaction mediated by pions is large,
it may be questionable whether a perturbation expansion make any sense. On the other
hand, using the single pion exchange potential in either a nonrelativistic or relativistic
wave equation efficiently iterates the single pion exchange to all orders. This can be
explained by the following:[¥!

For the higher order Born approximation, we define the transition operator 1" such

that

V[t =T ¢), (2.9)

where | ¢) is the solution to the free-particle Schrédinger equation

Ho | ¢) = E| ), (2.10)

and | 1/1(+)> is a plane wave in propagation direction k£ plus an outgoing spherical wave

of scattering amplitude f(k’, k):

ikr
T R (2.11)

T 1/,(+) —
(| ) )

This leads to the Lippmann-Schwinger equation

14



T|¢)=VI[¢)+VGT|9) (2.12)

where

1

G=—"—7-—.
E — Hy+i¢e

(2.13)
This hold for | ¢) to be any plane-wave state; furthermore, we know | ¢) are complete.
so we have

T=V+VGT. (2.14)

We can obtain an iterative solution for T as follows:
T=V+VGV+VGVGV +--- (2.15)

the scattering amplitude f(k', k) can be written as

1 2m

— 5z QTP T ) (2.16)

f(klv k) =

Thus to determine f(k k) , it is sufficient to know the transition operator T. We can

expand f(k', k) as follows:

fk k) = i FO(K k) (2.17)
n=1
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where n is the number of times the V operator enters. we have

1 2m

O gy = L2 3
FOE k) = I 72 @m)* (K |V | k), (2.18)
FO k) = —%2}3—?(%)3%’ VGV | k), (2.19)

etc

Solving the wave equation nonperturbatively for phase shift is equivalent to finding
T, and that in turn is equivalent to iterating the Lippmann-Schwinger equation to all
orders. This has the effect of including multiple pion exchanges in an approximate way,
provided the scattering potential V' is adequate.

We may also supplement the OPEP in the wave equation by considering the exchange
of single bosons other than the pion; the corresponding potentials form the class of
one-boson exchange potentials (OBEP). They may be constructed from the observed
properties of the various strongly interacting bosons (mesons); Such as those listed in
Table 2.1.

In some case it may be necessary to postulate the existence and properties of ficti-
tious mesons. The need to introduce such mesons in the OBEP arises because they sim-
ulate effects that correspond to aspects of the exchange of several mesons not accounted

for by the iteration of the Lippmann-Schwinger equation with the given potentials. Such
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Table 2.1: Data On Mesons(T=isospin, G=G-parity, J=spin, m =parity)

Particles Mass(MeV) T¢ J° Width(MeV)
T 139.57018+0.00035 1~ 0- —

70 134.9766 &+ 0.0006 1~ 0= —

n 547.3 & 0.12 0t 0~ (1.18+0.11) x 1073
p 769.3 4 0.8 1t 17 150.2 + 0.8
w 782.57 + 0.12 0~ 17 844+ 0.09
n 957.78 + 0.14 0t 0~ 0.202 + 0.016
¢ 1019.417+ 0.014 0~ 1~ 4.458 + 0.032
fo 980 + 10 0T 0t 40 to 100

a0 984.8 + 1.4 1= 0% 50 to 100

o 500700 0t 0t 600 to 1000

Source: Review of Particle Physics, D. E. Groom et al., The European Physical Journal
C15 (2000) 1.

is the case of the very broad sigma meson(o).

A derivation of the complete two nucleon potential from the meson theory would help
greatly to solve the problems in the N-N interaction, but this does not seem possible.
Therefore we have had to confine ourselves to phenomenological potentials or semi-
phenomenological potentials based on the concept of meson theory in the context of the
Schrédinger equation or two-body Dirac equations.

From the practical point of view, the meson-exchange theory is a useful starting
point for studying the nucleon-nucleon interaction. In Yukawa theory, the interaction
between two nucleons is mediated by the exchange of various mesons. Although it is
extremely difficulty to make a quantitative connection with the underlying quark struc-
ture of the hadrons, the theory makes it possible to relate the nuclear interaction with

various other hadronic processes, such as the strength of meson-nucleon interactions.
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The Yukawa theory provides us with a reasonable form of the radial dependence for a
nuclear potential. Such a form may be used as the starting point for constructing the

phenomenological potentials and semi-phenomenological potentials.

The Yukawa potential form is

o(r) = 4%6_%’", (2.20)

here m is the exchanged meson mass. ¢(r) reduces to Coulomb potential on letting
m =0, and g = 4mq. In this case, the exchanged particle is a photon, which is massless.
On the other hand, if the field quantum has finite mass, we find the strength of potential
drops by a factor 1/e at a distance ro = h/me. The quantity rop may be taken as a
measure of the range of the force mediated by a meson of mass m. For pions(m = 140
MeV/c?), the value of rq is around 1.4 fm. For sigma meson(m = 500 MeV/c?), the
value of rq is around 0.4 fm. For p meson (m = 770 MeV/c?), the value of 7 is 0.254
fm. For w meson (m = 783 MeV /c?), the value of rq is around 0.25 fm. We will see
later that the exchange of a single pion gives a good representation of the long-range
part of the nuclear potential.

The present view is that the nuclear force may be divided into three parts. The
longest part(r > 2 fm) is dominated by one pion exchange. If the exchange of single
meson is important, there is no reason to exclude exchange of mesons heavier than
pions. The range of force associated with these more massive bosons is shorter, the

intermediate range part of nuclear force (1 fm > r > 2 fm) comes mainly from the
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simultaneous exchange of two pions and heavier mesons. The shorter range (r <1 fm)
in the interaction of two nucleon is made of heavy mesons exchange. The pion mesons
mediate the longest range of nucleon-nucleon interaction, the ¢ and 1 mesons mediate
the intermediate range of the nucleon-nucleon interaction, the p, w, ¢, ag, fo and 7’

mesons, etc, mediate the short range of the nucleon-nucleon interaction.

2.2 Phenomenological Potentials

Potentials based on the Yukawa theory can achieve some fair success. A phenomeno-
logical potential is one which displays the two-nucleon Yukawa interaction behavior in
the asymptotic region but in other regions with a behavior having no clear physical
connection to meson exchanges.

There are a lot of phenomenological potentials. Three of the most used phenomeno-
logical hard core or soft core potentials in nuclear structure theory are Hamada and
Johnston, Yale and Reid’s phenomenological potentials/®'%11,  Hard core potential
mean wave functions vanish at nonzero radii, that is the potential becomes infinity at
nonzero radii. Soft core potential mean wave functions do not vanish at nonzero radii;

the potential is finite for finite radii. The longest range part of these phenomenological

potentials is the OPEP and has the following form:

3

3
VOPEP — (g2 /12Ympc®(mg /M)*7y - 79 |01 - 02 + S12(1 + P ;) e "fx,  (2.21)
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where m, is the pion mass, M is the nucleon mass, < 7-7 > is 1 or -3 for isotopic spin

1 or 0 and x = pr with g = myc/h. This constitutes most of the N-N interaction at

distances greater than about 2 or 3 Fermis. All models contain this part.

The Hamada and Johnston potentials are[1%

V(r) =Veo(r) + Vr(r)Si2 + VisL - S+ Vi L2,

where

Ly = (al-az)LQ—%[(al.L)(a2-L)+(02-L)(al-L)] = [6p7+01-09)L* — (L-S)?

and

—x —2z

e
+ bo 3
X X

e

Vo = 0.08 - (1/3)mgc* (11 - 1) (01 - 02)(1 + ac )

Vi = 0,08 (1/3)mac(r 1) (1 + > 4+ 201+ apt + byt
pr— . . . p— — a/ [ PR
T vy 1 2 T .’,1')2 T T T x2 T
e T 672x
Vis = mﬁC2GLS(1 +brs ) 5
r  x
1 3 3 e * e o7
2
= 1+ 2+ Z 4 .
Vir = mgc x2( +$+$2)( +arL—— +brr—s ) .
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and x = pr with © = myc/h. In the Hamada and Johnston potentials, the hard core
is accounted for by setting all the potentials V' (r) equal to infinity for x < 0.343. The
choice of the constant obtained by Hamada and Johnston after fitting the experimental
phase shift data for the two nucleon system.

The Yale potentials! are given by
V(r)=VOPEP L Vo (r) + Vip(r)Sia + VisL - S + V[(L-S)* + L-S — L?], (2.28)

where

Vg = Za,(f)x_"e_%, 8=C,T,LS,q. (2.29)

In the VOPEP | the pion-nucleon coupling constant g2 is 14 x 0.94 for singlet even states,
and is 14 x 1 otherwise. Also the mass of the pion is replaced with m, = m..o, for single
even states and triplet odd states, m, = %mﬂi + %m,ro,for single odd states and triplet
even states.

Reid’s potential has the same OPEP behavior in the asymptotic region. He obtained
two set of potentials, the hard core potentials and the soft core potentials. His choice
for g% is 14. At intermediate distance, the potential was represented by sums of the
convenient Yukawa form, exp(—nx)/x, where n is an integer. No attempt was made to
make n - m, correspond to the mass of a known particle. He expressed the short range

repulsion by means of soft (Yukawa) cores. Their Yukawa cores are soft in the sense
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that wave functions do not vanish inside them at nonzero radii. Some of his soft core
potentials are listed below!®!

Soft core potentials T'= 1, h = 10.463, and = = pr with p = myc/h:

e~ 67490 67790
V(1Sy) = —h— —1650.6 + 6484.2——, (2.30)
x x x
e~ 6—251: 6—451: e—?cc
V(Dy) = —-h —12.322 —1112.6 + 6484.2 ) (2.31)
x x x x
4 4 16 4 —2z —4x —Tx
VEP)) = —h[(14+=+—)e " — (= +—5)e 4] Jo+27.1335— —790.74°— 420662 °—,
T x T x x x x
(2.32)
VER) = —hj(1+ 24+ Zer - (2w 2 ety 135255 4+ am281S . (2.33)
=— —+ =) ?—(—+—)e T — . . . (2.
! x  x? x2 T x
Two alternate potentials are
e T 6—337 e—4x e—6:r
V(*Sp, alternate) = —h—— + 105.32 —2401.9 + 5598.2 , (2.34)
x x x x
e~ 6—333 6—533
V(! Dy, alternate) = —h— — 318.64 + 526.27 , (2.35)
x x x
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Soft core potentials T' = 0,

e % 672:): 673:)3
V(1P) = 3h— —634.39 4 2163.4—, (2.36)
x x x
V(D) = —3h[(14 2 + 2y — (3 1 2 )emte] /5 — 220125 485715 (2.37)
= — —+ =)t —(—+ —)e T — . .
2 x a2 x? x x
V(351 _3 Dl) = VC<T‘) + VT(T)SH + VisL - S, (2.38)
where
e~ 6721 6741 676x
Vo = —h— + 105.468 — 3187.8 +9924.3 , (2.39)
T T T T
Ve = b1+ 2 4 2 peme - (20 3ty g mrt ae3s s, (2.40)
= — —4+ =) ¥ —(—+ —=)e T . — . .
T x a2 x  x? x x
6—433 e—Gx
Vis = T08.91~—— — 2713.1——. (2.41)

Two alternate potentials are

23



V(3S; =3 Dy, alternate) = V.(r) + Vi (r)Si2 + VisL - S, (2.42)

where

e~ T e—?x 6—450 6—61‘
Vo = —h— +102.012 — 2915 + 7800 , (2.43)
T T T T
3.3 12 3 e 4
Vi=—hl(14+ 2+ 2)e @ — (= + S)e ™ 163 2.44
= —h[(1 4+ e - (C 4+ e 16—, (2.44)
6—41
Vis = 251.57 , (2.45)
T
1 e % 672% 676:2
V(* Py, alternate) = 3h — 240 + 17000 . (2.46)
T T T

Reid’s potentials are local, but a different potential is used for each state of distinct
isotopic spin, total spin, and total angular momentum(similar ad hoc assumptions are
made by Hamada and Johnson and Yale group). He also obtained several alternate
potentials for some states. Potential V' (1Sy) and V(1Sy, Alternate) have the different
form, but they are fitted from the same experimental data. Likewise, for V(35 —2 Dy)
and V (381 —3 Dy, alternate). Alternate potentials are a feature of the phenomenological
potential. Because of the lack of a clear physical meaning for most of the terms in

the phenomenological potential, we may obtain another set of alternate potentials by
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changing the potential forms. If every term in the potentials have clear physical meaning
and origin, we can not obtain the alternate potentials because we do not have the
freedom to change the form of the potentials although coupling constant may vary.

In Reid’s nonrelativistic phenomenological approach, the central part Vo (r) , tensor
part Vp(r) and spin-orbit part Vzg(r) are fitted separately for each angular momentum.
For example, for the triplet 3S; and 3Dy state soft core potential, Reid’s central part

Ve (r), tensor part Vp(r) and spin-orbit part Vig(r) are given by

e~ 6—238 6—4;18 6—6;18
Vo = —h&— +105.468°— — 3187.8°— 4992435 (2.47)
x x x x
Vi = —h[(14+ 2 4 2ye (24 30190 4 351 e erast (2.48)
= z  z2° z  2° v oz R '
and
e—4x e—ﬁx
Vis = T08.91°— —2713.1°—. (2.49)

Every term in the central part V.(r), tensor part Vpy(r) and spin-orbit part Vig(r) are
independent from each other. This means that Reid can put any terms he wants and
remove any terms he does not want. This makes his fitting much easier. In the following
chapters, I show that every terms in the central part V.(r) , tensor part Vp(r) and spin-
orbit part Vzg(r) of our semi-phenomenological potentials are correlated by the physics

of the two body Dirac equations, and hence we do not have the freedom that Reid had
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when we fit the experimental data.

2.3 Semi-Phenomenological Potentials

In this approach the behavior of the two-nucleon interaction semi-phenomenological
potential in the asymptotic region is a Yukawa potential due to pion exchange and in
other regions is given by fixed potential forms due to exchanges of several different types
of mesons. By semi-phenomenological potential, we mean that we just fit the coupling
constants not the actual form of the potentials as Reid did in his phenomenological
potential fitting.

Franz Gross used a relativistic , three dimensional wave equation which restricts
one of the two particles to its mass shell and applied it to the study of nucleon-nucleon
scattering phase shifts. He examined a simple model in which the nuclear force is
represented by the exchange of four mesons; the 7w, p, w, 0. In order to study the
dynamics of his equation without solving for the phase shifts, he took the nonrelativistic
limit and obtained a Schrodinger equation with an effective potential, which could be
compared with Reid’s phenomenological potentials. This limiting process is very well
defined, but its accuracy is doubtful, particularly at short distance. He fixed g2 to agree
with Reid’s g2 /47 = 14.0, so that Gross’s long range part of the OPEP is identical to
Reid’s. By adjusting some of the coupling constants and taking the nonrelativistic limit
he obtained a fit to the phenomenological soft core potentials previously obtained by

Reid.
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In momentum space, Gross’s quasipotential equation is

s d®k o~ ~ ~
(FC)MV(p) = — / WV#H/WV/(]), k, W)GM/;L”,I//V”(k7 W)(FC)”//V//(k)], (250)
where p and v are spinor indices, P = (W, 0) is the total energy-momentum 4 vector,
p and k are relative 4 momenta, V is the interaction kernel with particle 1 on the
mass shell, C' is the charge conjugation matrix, I',, is the covariant two nucleon vertex

function. G is two body Green’s function

[M + - (% + %)]Mu”[M +- (% - E)]V’V”

G///////]%W: 251
vy ( ) ) 2EkW(2Ek—W) ) ( )
where
k= (ko, k); b= (Po, ); (2.52)
~ w . w
ko = Ey, — o Po = Ep - 2 (2-53)
Ep = (M2 +12)2 (2.54)

Gross’s explicit form of relativistic wave equations and potentials can be written as

d3k ~ ~ ~ ~
(@EB,~ W) () = - [ e Vet (B Wy (R) 4V, (B K W ()], (2:55)
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— d’k -+ (5T + (F -— (5T - (r
_szrs(ﬁ/) - / (271')3 [‘/rr’,ss/ (p7 k? W)wrlsl(k) + ‘/7'7‘/,&9/ (p7 ka W)wrlsl(k)]u
where
pim M w DG (=p)(0C), ()
= e BeE,-w)
M u " B (B) (), (5)
V() = — oo e

VoW E,W

Hence his potentials are defined as

2

o~ M
Vit (B, ke, W) = (

7 (5= (8) (_ =T ")y, (8
EpEk)uu (ﬁ)uy ( @VMM’,I/V’(pvk7W)Uu’ (k)uy’ ( k)?

- M? - ) e (s

Vily (0,5 W) = (g )i ()0, () Vi (5B W (R (8),
p

M? -
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2

T M
V1,2 (p7k7 W) - (

)T )0 BV (5, Wy (R (B). - (2.62)
p

The exact details of Gross’s relativistic and semi-phenomenological wave equations are
not important to explain our points. We observe that like many other such equations,
it is nonlocal® in momentum or coordinate space.

To make this clear, consider a simple two body relativistic Hamiltonian operator for

equal mass particles

H =2\/m?+p>+V(r). (2.63)

If this is expressed in coordinate space, then the square root operator is nonlocal; if this
is expressed in momentum space (as Gross did), then the potential energy is nonlocal(
the nonlocality in Gross’s equation is represented by an integral form of the potential
energy).

To obtain the nonrelativistic limit of these wave equation and potentials, Gross
takes the limit in which the external 3-momentum p, internal 3-momentum E, and
e =W — 2M, can all be regarded as small compared to M. The assumption that k is
small compared to M requires that the above wave equation will be dominated by small
values of k, which in turn will be true only if the range of the force is large compared

to M~!. This assumption is not very good, but it gives some physical insight into the
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nuclear force. In the nonrelativistic limit, Gross’s relativistic wave equation becomes a

Schrédinger-like equation of the form

VQ
—(57 TOvr=-Vir. (2.64)

Gross’s nonrelativistic potentials are in the form

V(r) = Ve(r) + Vssor - 02 4+ Vp(r)Si2 + VisL - S+ VipL - D, (2.65)
where
D
Vo(r) = =—Uc + VZ, (2.66)
Dr
D
Vss(r) = D Uss + Vs, (2.67)
D
Vr(r) = =—Ur + Vi, (2.68)
Dr
D
Vis(r) = FTULS + VL%7 (2.69)
Vip =Vih, (2.70)
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where

1
L-DziL'(Cfl—Ug),

Uc = =V5 + V5’ + (1 ) V4,

2 2
_ ., My 2 myg,
Uss = (11 -12)[Vg + (1+ K,)* Vgl + e

6M2 (1 + Kw)2‘/0p7

Ur = (r1-m)[V5 — (1+ K,)*Vf] - (1 + K,,)*Vs",

mﬂ' g w
Urs = —m{% + (7’1 -Tg)(1.5 + 2Kp)vlp + (1.5 + 2Kw)V1 }a

1
DT=D+§ﬁ,

1

D=1-
2M

(V5 +Vo* + (11 - =)VY),

1
v = V6 + (m-m) V7 + Vi
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Let £ = myr, then

2 3 —x
a_ 9 My €

VT = 2%
O " 4r12M2 g’

_ I Mr g \E
1 4772M(+a:)x’
™ ﬁmi( 34_3)2

Let o = 2=, then

2 —ox
g e
Ve =22
0 47TmTr x
o ﬁ”ﬁr( +l>e_m
1 4 2M r x
Let p = %‘i, then
Vg = o <
A" g
2 2 —px
g, m 1 e ”
VP=2P T - ,
1 4 M (p :17) T
p_gjmi(2 3£+i)e_px
2 A7 12M x 2z =z
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Let w = ;"T:, then

g e
Ve = “my——o, 2.87
0 47rm T ( )
2 2 —wT
gsm 1l e
VY = Jw T _ 2.88
e VA i (2.88)

2 2 —wz
g5 m 9 Bw 3.e
Vy =221 —+ = 2.89
2 471'12M(w + x +x2) z ( )
The quadratic contributions to each potential are given below
2
8]\/[DTVCC,2 =203 + v+ ] — %(204_ — Vg — Up) — D[%(2v+ — vy — )],
21}1 ?)lD/ 81)1 UID/ 'UlD/ 'UlD//
AM 2 2Fb o P N2 A O e Sl 4 1 N2 4 "o 9.
1 2u; 2 1 v 2 1
SMDrVE = 202 + 202 —of = = (Zoy — Jua+ ) — DIk (5os — sva+ )], (291)
12MDVE =2 — o2 + %(u + ) — D[%(v+ + )]s (2.92)
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2
2M DV = —u(vy — va) + D[%]’, (2.93)
Q UZZ/
2M D1V = vi(vy — vp) — D[B] , (2.94)
where the v’s are defined as
1 o P w
UIZM[% —l—(Tl-Tg)Vb —f-VO], (2.95)
o 1 w T 1 14
vye = -V + 3 WV (1) [V + 5val], (2.96)
o 3 w T 3 P
Vg = ‘/1 — (1 —+ §Kw)‘/1 + (7_1 . TQ)[Vl — (1 =+ iKp)‘/l ], (297)
o 1 w T 1 P
vp=V"+(1+ in)VI + (m ) [V + (1 + §KP)V1 ]. (2.98)

Up to now, it is obvious that Gross’s potentials are in a very complicated form. His rel-
ativistic wave equation can be reduced Schrédinger-like equation only in nonrelativistic
limit. He made some assumptions and ignored a lot of hard handled nonlocal potential
terms before he compared his potentials with Reid’s phenomenological soft core poten-

tials. In contrast to Gross’s relativistic and semi-phenomenological wave equations, we

34



find that the two body Dirac equations of constraint dynamics can be exactly reduced to
local Schrodinger-like equations. This allows us to gain physical insight into the nucleon

nucleon interactions without making any assumption that are questionable.
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Chapter 3

Two Body Dirac Equations

In this chapter, I introduce the two body Dirac equations of constraint dynamics. The
materials presented here( up to Eq.(3.173) are reviewing the previous work done by
other people. My work start from Eq.(3.173)). I mainly concentrate on the deriving
work I have done, which include reducing the two-body Dirac equations to a coupled
Schrodinger-like equations and getting rid of the first derivative terms which results
from the reduction of the two body Dirac equations. This chapter is a crucial part of
my dissertation. The detailed procedures of my derivations are presented in Appendix
B and Appendix C.

It is our aim to obtain a semi-phenomenological fit to the experimental phase shift
data by incorporating the meson exchange model and the two body Dirac equations
of constraint dynamics. I am studying nucleon-nucleon interaction by using two body

Dirac equations. Dirac proposed single particle Dirac equation in 192813; it has been
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successfully applied to describe the relativistic effect in hydrogen-like systems. This is

the single particle Dirac equation.

[a-p+m+V(r)y=E¢ (3.1)

«a and (§ are 4 x 4 matrix, their expressions are not unique, in the Pauli-Dirac represen-

tation, they are in the form

o= , B = (3.2)

where o is the Pauli matrix and [ is the unity matrix. V(r) = A(r) + 85(r) is for
interactions that transforms as a world scalar and time-component four vector.

Its successful application to hydrogen-like systems is based on the assumption that
the proton mass is much larger than the electron mass, so we can consider the proton as
static and its magnetic moment can be ignored compared to the electron magnetic mo-
ment(there would be no dipole-dipole electromagnetic interaction between the proton
and electron). The single particle Dirac equation is not suitable to describe the system
such as the mesons,(quarkonium), muonium, positronium and deuteron, because the
particles may have equal or near equal mass, and there is a dipole-dipole electromag-
netic interaction between the particles that is not negligible. However, two body Dirac
equations can solve these problems.

Theories that put both particles on an equal footing in describing two interacting spin

37



% particles have all built on the single particle Dirac equation. In 1929, G. Breit[14:15:16]

introduced an extension of the single particle Dirac equation to a two-body equation.
However, the Breit equations do not retain the manifest covariant form and his equations
can not be treated non-perturbatively beyond the Coulomb term™®.

Several authors!7—28]

have applied the approach of Dirac’s Hamiltonian constraint
dynamics to two body bound state wave equations and it appears to have been quite
successful and shows additional promise. This approach provides a manifestly covariant
detour around many of the problems that hamper the implementation and application
of Breit’s two body Dirac equations and it also can give us a local Schrodinger-like
equation.

The approaches discussed in this dissertation derived from Dirac’s relativistic Hamil-
tonian formalism. Dirac’s relativistic Hamiltonian formalism is well known for the co-
variant canonical quantization of relativistic two-body dynamics models such as Todorov’s.
In a series of papers Dr. H. Crater and Dr. P. Van Alstine have embedded Todorov’s
effective particle approach in the framework of Dirac’s Hamiltonian constraint mechan-
ics for a description of two body systems. Their approach yields manifestly covariant
coupled equations. Standard reductions of the Breit equation to a Schrodinger-like equa-
tion yield highly singular operators (like § function and attractive 1/r3 potential) that
can only be treated perturbatively. In our treatment of the two body Dirac equations

of constraint dynamics, we shall find that all the operators are quantum mechanically

well defined and we can use nonperturbative techniques(analytic as well as numerical)
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to obtain solutions of bound state problems and scattering.( A quantum mechanically
well defined potential is one no more singular than —1/4r2. If they are not quantum

mechanically well defined, they must be treated perturbatively).

Using techniques developed by Dirac to handle constraints in quantum mechanics
and the method developed by Crater and Van Alstine, one can derive the two-body

31, These include

Dirac equations for all Lorentz invariant interactions acting together
world scalar, four vector and pseudoscalar among others. We can also reduce the two-
body Dirac equation to a coupled Schrodinger-like equation. This is very important in
the study of nucleon-nucleon interaction, because it allows us to use techniques already
developed for the Schrodinger-like systems in nonrelativistic quantum mechanics. Two
body Dirac equations of constraint dynamics has been successfully applied in numerical

calculations in atomic physics and particle physics. We propose to test this method in

nuclear physics in the phase shift analysis of the N-N scattering problems.

3.1 Hamiltonian Formulation Of The Two-Body Problem

From Constraint Dynamics

3.1.1 Dirac’s Constraint Dynamics For Relativistic Classical Mechan-
ics
Dirac!'3 extended Hamiltonian mechanics(which deals with systems in which the con-

jugate variables, ¢'s and p's, are independent of each other) to a mechanics that deal
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with systems in which the conjugate variables are related by constraints of the form

#(q,p) = 0. For N constraints, we may write

With these constraints the Hamiltonian of the system

H =g, Py, —L (3.4)

is not unique, we may add any linear combination of the ¢, (g, p) to the Hamiltonian.
We can not distinguish the difference between the Hamiltonian H and the modified or

Dirac Hamiltonian

H =H + Ay (3.5)

H is called the Legendre Hamiltonian. The A, may be the functions of conjugate
variables ¢’s and p’s. We may write the equation of motion for any arbitrary function

g of the conjugate variables ¢'s and p’s as

9= [g, H]. (3.6)

Dirac called the conditional equality, ~ as a “ weak ” equality which mean the constraints

¢rn ~ 0 must not be applied before working out the Poisson brackets of above equations.
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13 )

Dirac called = as a nonconditional equality or a “ strong ” equality.

9= [97H] = [g,H—l— )\n(bn] = [gaH] + An[gy ¢n] + [97 >\n]¢n (37)

for ¢,, =~ 0, the bracket is worked out first and then we use the “ strong” equality ¢,, = 0.
The weak equality in the above equation means that the sides of the equations differ at
most by terms proportional to the constraints ¢,, ~ 0.

In the two body system, we have two constraints ¢, (q,p) =0, n =1,2. They are

the mass shell constraints of the two particles/28 namely

Hl = p% + m% + (bl(xaplvp2) ~ 07 (38)
Ha = p3 +m3 + Co(z,p1,p2) = 0, (3.9)

where
T =T — To. (3.10)

The Dirac Hamiltonian becomes
H=H + A\H1 + AoHs. (3.11)

In our case, the Legendre Hamiltonian H is zero. As an example, consider a single
2
particle Lagrangian of the form L = m\ —x . The canonical momenta would be

. 2
p=-mx /\/—x from which we obtain a single particle constraint p? +m? = 0, so
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we have H = ¢, Pn —L=0and

H = \p? +m?). (3.12)

The Hamiltonian constraints 1 and Hs are conserved in terms of a unique evolution

parameter 7 , so we must obtain

Hi=[H,, H] ~ 0, i=1,2. (3.13)

Working out this Poisson brackets, we get a new relation between the constraints

[H1, Ha] ~ 0 (3.14)

This compatibility condition guarantees that with the Dirac Hamiltonian, the system

)

evolves such that the “ motion ” is constrained to the surface of the mass shell described

by the constraints of H; and Ho.

3.1.2 Dirac’s Constraint Dynamics For Relativistic Quantum Mechan-
ics

5[28,29,30]

Two spin 0 particle Because the two spinless particle equations and the

two spin % particle equations are both constraints on the wave equation, we introduce
the two spinless particle equation first as it is simple. Both of the two spinless particle

equations and two spin % particle equations use the same kinematic variables. This
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facilitates the extension of the two spinless particle case to the two spin % particle case.

The relativistic treatment of the two-body problem for spinless particles(29-30)

can
be written in a way that has the simplicity of the ordinary non-relativistic two-body
Schrodinger equation and yet maintains relativistic covariance. Spin and different types
of interactions can be carried out in a more complete framework2427:31:321 " Dirac ex-
tended his idea of the previous section to quantum mechanics by replacing classical
constraints ¢, (q,p) ~ 0 with quantum wave equations ¢,(q,p) | ¥) = 0, where g and

p are conjugate variables. One assumes a generalized mass shell constraint of the form

for each individual particles

Hilp) =0  for i=1,2 (3.15)

where

H; = p? +m? + @, (3.16)

and @, and ®5 are two-body interactions dependent on x15. We can construct the total

Hamiltonian H from these constraints by

H = MH1 + AoHo, (3.17)

(with A; as Lagrange multipliers). In order that each of these constraints be conserved

in time we must have

dH
dr

[H, H[y) = i——|¢) = 0. (3.18)
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We can obtain

[Hi, MH1 + AoHal|Y) =

{[Ha, MIHA ) + M [Ha, Ha|[¥) + [Hi, Ao]Ha ) + A2[Hi, Hal}p) = 0.

Using Eq.(3.15), the above equation leads to the compatibility condition between

the two constraints,

[H1, Hal¢) = 0. (3.19)
This implies
([pF, ®2] + [@1,p3] + [@1, Ba])|¢h) = 0. (3.20)
Letting
@1 = q)Q = @(.%'J_) (321)

is the simplest way to satisfy the above equation, which is a kind of relativistic Newton’s

third law. Here, the transverse coordinate is defined by

zy1 = 2y (N — PuPy/P?), (3.22)
P is the total momentum
P = p1 + p2. (323)
Eq.(3.21) leads to
[H17H2H¢> =2P- 52:12‘1)(9&)!1@ =0, (3'24)
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and the compatibility condition (3.19) is satisfied.
The Hamiltonian H determines the dynamics of the two-body system. The equation

of motion of the two body system is

H|y) = 0. (3.25)

This equation includes both the center-of-mass motion and the internal relative motion.
To characterize the center-of-mass motion, we note that since the potential & depends

only on the difference of the two coordinates we have

[P, H]|¢) = 0. (3.26)

(This does not require that [P, A\;] = 0 since the H;|1)) = 0.) Thus, P is a constant of
motion and we can take [1) to be an eigenstate characterized by a total momentum P.
We need to separate out the internal relative motion from the center-of-mass motion,

introducing a transverse relative momentum p defined by

p1- P

P1= "5 P+ p, (3.27)
p2 - P

p2="pg P = (3.28)

where the first term on the right hand side of the above two equations is the projec-

tion of each momentum onto the total momentum. The above definition of the relative
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momentum guarantees the orthogonality of the total momentum and the relative mo-

mentum,

P-p=0, (3.29)

which follows from taking the scalar product of either equation with P. From Egs.

(3.27) and (3.28) we can rewrite this relative momentum in terms of p; and ps as

_ &2 &

where

pr-P P+ pf—p3

E =
' VP? 2/ P2
. P P2 2 _ 2
o = P2 TP (3.31)

VP2 2v/P?

are the longitudinal components of the momenta in the center-of-momentum system.

Using Egs.( 3.15) and (3.21) and taking the difference of the two constraints, we have

(= p3)|¥) = (mi —m3)|¥). (3.32)

Thus on these states |¢)) we get

P? 4+ m% — m%
2V P?
p2 2 2
g9 = M (3.33)
2V P2

g1 =
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Using Eqs.(3.27), (3.28), and Eq.(3.29), we can write H in terms of P and p:

Hlg )= {Mlel —mi+p = ®(aL)] + Aa[ed —m3 +p° — ()]} |v)

= (M + )PP (P*ymi,m3) + p* — (x1)][) =0, (3.34)

where

2 2 2 1

b*(P?,mi,m}) = €] —m] = e§—mj = @(P4—2P2(m%+m§)+(mf—mg)Q)- (3.35)

Equation (3.34) contains both the center-of-mass momentum P and the relative momen-
tum p. We can solve the constraint equation of P and p by the method of the separation
of variables. Introducing the bound state eigenvalue w to separate Eq.(3.34) into the

following two equations for the center-of-mass motion and the internal motion gives

{P2—w?}|y) =0, (3.36)

and

(A1 +20) {p” = ®(a) + 07w’ mi,m3) } [) =0, (3.:37)

We have used the first equation on the eigenstate |¢) , so that b%(P?,m?, m3) indicates

the presence of exact relativistic two-body kinematics:
1
v (w?, m?,m3) = T? {w4 —2w?(m? +m3) + (m? — m%)2} . (3.38)
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By this, we mean p? — b = 0, would imply w = \/ p? +m? + \/ p3 + m3, which is what
we mean by exact kinematics.

Note that if the relative momentum were defined in terms of Eq. (3.33) instead of
Eq. (3.31) then we would have

p- Ply) =0, (3.39)

but not p- P = 0, so that p?[¢)) = p? [¢b). In either case the coefficients ¢; are invariant
and hence Eq. (3.30) has the same form regardless of which frame it is evaluated in.

When we go to the center-of-momentum system, p = p; = (0,p) and x; = (0,r)
(relative energy and time are therefore removed from the problem). We have the equa-
tion for the relative motion,

{p2 + 20 b2} ) =0, (3.40)

2 2 2
where p is the non-relativistic reduced mass,

mima

- 3.41
e (3.41)

We may rewrite Eq. (3.40) into the form of a non-relativistic Schrédinger equation. By
renaming ®/2u as V, and b%/2u as E, Eq. (3.40) becomes

p2
< + V) ¥) = E[). (3.42)

21
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We can solve the above Schrodinger equation to give the eigenvalue E. Then, from

the equation b?(w?, m$,m3) = 2uFE, we can solve for w in terms of E and obtain

w = \/2uE +m? + \/2uE + m3. (3.43)
It is easy to show from this that in the nonrelativistic limit, we have the familiar result
w=mq+mg+ E. (3.44)

If we are only interested in the effect of exact two-body relativistic kinematics with
® an energy-independent nonrelativistic potential, the bound state eigenvalue w for
the relativistic two-body problem is related to the eigenvalue E of the nonrelativistic
problem by Eq. (3.43). The potential ® in relativistic constraint dynamics includes
relativistic dynamical corrections as well relativistic kinematical correction. These cor-
rections include dependence of the potential on the CM energy w and on the nature of
the interaction. For spinless particles interacting by way of a world scalar interaction

S, one finds/30:35:36]

® = 2m,,S + S? (3.45)
where
Mgy = A2 (3.46)
w
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while for (time-like) vector interactions, one finds/30:35:36.37)

P = 2e,A — A2, (3.47)
where
w? — m? —m3
w=———— 4
© 2w (348)

and for combined space-like and time-like vector interactions (that reproduce correct

energy spectrum for scalar QED[29) )

P =2e,A — A%+ V2log(1 — 24/w)Y? + [Vlog(1 — 24 /w)/?)2. (3.49)

The variables m,, and &,, (which both approach p in the nonrelativistic limit) are called
the relativistic reduced mass and energy of the fictitious particle of relative motion
which were first introduced by TodorovP®® in his quasipotential approach. In the
nonrelativistic limit, ® approaches 2u(S 4+ A). In the relativistic case, the dynamical
corrections to ® referred to above include both quadratic additions to S and A as well
as CM energy dependence through m,, and &,,.

Eqgs.(3.40), (3.42), and (3.43) provide a useful way to obtain the solution of the
relativistic two-body problem for spinless particles in scalar and vector interactions. In
other works they have been extended to include spin and have been found to give an
excellent account of the bound state spectrum of both light and heavy mesons using

reasonable input quark potentials.
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These ways of putting the invariant potential functions for scalar S and vector A
interactions will be used in this dissertation, for the case of two spin one-half particles
(see Eq.(5.9) to Eq.(5.13) below), these exact forms are not unique but were motivated
by work of Crater and Van Alstine in classical field theory. They play a crucial role
in this dissertation since they give us a nonperturbative structure for the form S and
A to appear in the equations we use. This structure has been successfully tested in
QED(positronium and muonium bound states) and is found to give excellent results
when applied to the highly relativistic circumstance of QCD(quark model for mesons).
An important question we wish to answer in this dissertation is whether such structures

are also valid in the two body nucleon nucleon problem.

Two spin % particles We continue our review in this section by introducing the two
body Dirac equation of constraint dynamics. We summarize the kinematical variables
introduced above to be used for the constraint two body Dirac equations®!]

1) relative position,

T1— T2 (3.50)

2) total momentum,

P=p+p (3.51)

3) total c.m. energy

w=/-P? (3.52)
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4) constituent on-shell c.m. energies,

w? +m? — m3 w? +m3 —m?
€ =—"—", €= —""—

2w 2w

5) relativistic reduced mass for fictitious particle of relative motion,

6) energy of fictitious particle of relative motion,

w? —m? — m3

Cw = 2w

7) relative momentum

p = (eap1 — e1p2) /w.

On mass shell,

In term of these variables,

m=aP+p, p=eaP-p

where P = P/w.
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(3.53)

(3.54)

(3.55)

(3.56)

m3 (3.57)

(3.58)



The Dirac equation for two free spin % particles are

Sy = (91 -p1+ m1051)¢ =0 (3.59)

Sa0tp = (02 - p2 + mabls2)) =0 (3.60)

where 1 is the product of the two single-particles Dirac wave equation(these equations
are equivalent to the free one body Dirac equation). These two equation are compatible.

That is, [S10, S20]1 = 0. Substitute p; and ps2 to the above two equations and we obtain
S0t = (01 -p+ €161 - P4+ myb51)9 =0 (3.61)

Sooth = (=02 - p+ €ably - P+ mabso)ih = 0 (3.62)

when expressed in terms of the Todorov variables. The ” theta ” matrices

1
92“ - i\/;’y%%“a p=0,1,2,3, =12 (3.63)

05 = i\/g’%i (3.64)

satisfy the fundamental anticommutation relations

[04,07], = —g", (3.65)
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[05:,64], =0, (3.66)

05, 05:] , = —1, (3.67)

The projected “ theta ” matrices then satisfy

i P.0;-P| =1, :
[0:- P L (3.68)
0:- P, 9§1L -0, (3.69)
where
0" = 6, (n" — P*PY). (3.70)

A A
Note that defining aﬁ = 20, P 9&, and 3; = 260;- P 05;, the above two body Dirac
equations become

(o1 -p+ Brima) = ey (3.71)
(—ag - p+ Bama)th = ey (3.72)

which have the form of single free particle Dirac equations.
These fundamental anticommutation relations guarantee that the Dirac operators
S10 and Sy are the square root of the mass shell operators —% (p?+m?) and — 3 (p3+m3).

Using above relations, we can get

1
(87 — Sz0)1 =0 = 5(]0% +mi — pj — m3) (3.73)
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This leads to the equation

Popt = Sfuler - ) — (md —md)v =0, (3.74)

The orthogonality condition P-py = 0 is a constraint on the relative momentum p such
that it has no time-like component in the center of momentum frame. Just as in the

spinless case, where we have the compatibility condition.

[H1, Hol) = 0 (3.75)
so we use here the compatibility condition commmutor to guarantee that the Dirac
equations for two spin % particles form a compatible set

[S1, Sa][y) = 0. (3.76)

The attempt to introduce a Lorentz scalar interaction by making the minimal sub-
stitutions, which in the case of the single particle Dirac equation (see Eq.(3.1) with
V(r) = pS(r) ), become

m; — Mi(r)=m; +5; i=1,2 (3.77)
so that

Sy = (01-p+erby- P+ Ms1)yp =0 (3.78)
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Sytp = (=0 - p+ €263 - P+ Mafisp)ip = 0 (3.79)

is not successful. The two equations are not compatible because

[S1, S2]|Y) = [61-p, MaBs2)tp+ 02 - p, M1051]1) = —i(OM261052+0M1602051)1) # 0 (3.80)

In order to make the interactions to meet the compatibility condition, H. Crater and
P. Van Alstine found®¥ that the two body Dirac equations must be modified in some
way. For the scalar interaction this comes from two steps. The first is the introduction
of interaction by way of constituent mass potentials M; related to one another through

a relativistic “ third law ”

O(M? — M2) =0. (3.81)

Integrating the “ third law ”, we obtain

M? — M3 =m? —m3. (3.82)

with the hyperbolic solution
M = mych(L) + mash(L) (3.83)
My = mgoch(L) + mysh(L) (3.84)
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Furthermore, as in the spinless case M; = M;(x) depend on the separation variable
only through the space-like projection perpendicular to the total momentum, where
AA
! =0, (n""— PFPY)(z1 — x2),. (3.85)

Without the z; dependence of the potential and the relativistic “ third law ” condition
the constraints would not be compatible. The second step is to add a spin dependent
term to the mass potential terms M;. Now the compatible spin dependent constraint
operator §; and Sy become the strongly compatible commuting operators

[S1,82] =0 (3.86)

with the two body Dirac equations for scalar interactions given by[31]

St = (61 -p+ ey - P+ M85 — i0L - 62052051 )p = 0 (3.87)

Sotp = (—0y - p+ €20 - P+ Mlso + i0L - 01052051)1) = 0 (3.88)
where from Eq.(3.83) and Eq.(3.84)

_OM;  OMy
L=t = (3.89)

The extra terms 0L will vanish when the mass of one of the particles become infinite, so
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we can recover the expected one-body Dirac equation in an external scalar potential(see

Eq.(3.1)).

The Dirac constraint operators satisfy[17’18’23]

1
(St = S = —5 i +mi —pi —m3)Y = —P-pY =0 (3.90)

So that the relative momentum remains orthogonal to the momentum in the presence
of scalar interactions.

Note that the “ effective potential 7 framework each particles has in the presence of
the other in above two body Dirac equations. Crater and Van Alstine showed that they
can maintain such a frame work when all interactions are introduced simultaneously.

To do this, Crater and Van Alstine rewrote the two body Dirac equations for scalar

interaction in the hyperbolic form®¥ below(ch = cosh, sh = sinh)

Sy = (Ch(A)Sl + Sh(A)Sg)¢ =0 (3.91)

Sotp = (ch(A)Sy + sh(A)S1)Y =0 (3.92)

where A generates the scalar potential terms in the two body Dirac equation equations

for scalar interactions provided that

A= —952951L(ZCJ_). (3.93)
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Then they replaced the scalar potential by the vector, pseudoscalar, pseudovector, or
tensor potentials in above equations. The operators S1 and So are auxiliary constraints
of the form

Sli/) = (Sloch(A) + Szosh(A))ﬂJ =0 (3.94)

Sath = (Sa0ch(A) + S10sh(A))p =0 (3.95)

Crater and Van Alstine postulate that above two equation are valid for an arbitrary

Lorentz invariant A. Then a direct result is that[22:32:34]

[P p,Al =0 (3.96)

or A(z) = Az, ) and

P.pp=0. (3.97)

This in turn leads to the weak compatibility of both sets of constraint[22:32:34]

[S1,82]9 =0 (3.98)

[S1,S2]yy =0 (3.99)

4

They considered A for the sum of the four “ polar” and four “ axial ” interactions. The
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four polar interactions are
scalar

L
Ap = —LO51052 = —501, 01 = —751752, (3.100)

time-like vector

A A J J
A;j=J P60, P-t= (925 = ﬂlﬁgg(’)l, (3.101)
space-like vector
g g
Ag =GOy -0y = 035 = ’YlJ_’YZJ_goh (3.102)
tensor(polar)
A A F F
Ar =4F01, - 05050051 P -01 P -0 = 045 =1 - 012501, (3103)
and their sum
APZAL+AJ+AQ+A]: (3.104)

can replace the A in the two body Dirac equations for scalar without any change.

For time like vector interactions

Aj= =12 O, (3.105)

where Oy = 26, - P5 - P.

For space like vector interactions
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_03G(r1)  miLcov21G(7)
2 2

Ag 01

(3.106)

where O3 = 27; - y21. A matrix amplitude proportional to 74" - y2,, corresponding to

an electromagnetic-like interaction would indicate that J = —G (25]

The four “ axial ” interactions are

pseudoscalar

C C
Ac = 515 = —751%25017

time-like pseudovector
A A H H
Apg = —2H P -01 P 0205052 = —525 = 51751527525(’)1,
space-like pseudovector
I I
Ap = =216y, - 021051050 = —535 = —Y5171L 752’Yu§(91,
tensor (axial)
Y

A A Y
Ay =-2Y01, -0y, P01 P -6 = —545 = —01" 0’25017

A, =Ac+ A+ Ar+ Ay
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Crater and Van Alstine found that these would be used in Eq.(3.91) , Eq.(3.92),
Eq.(3.94), Eq.(3.95), but with the sh(A,) terms in Eq.(3.91 ) and Eq.(3.92) appearing
with a negative sign instead of the plus sign as is the case polar interactions®¥ . There
is no sign change in Eq.(3.94 ) and Eq.(3.95 ) for A,.

For systems with both polar and axial interactions®¥, one uses A, — A, to replace
A in Eq.(3.91) and Eq.(3.92), and A, + A, replace the A in Eq.(3.94 ) and Eq.(3.95).
L,J, G, F,C, H, I,Y are arbitrary invariant functions of z . In this dissertation, we
include only mesons corresponding to the interactions L, J, G(J = —G), C. Thus we
are ignoring tensor and pseudovector mesons, limiting ourselves to vector, scalar and

pseudoscalar mesons, all having masses less than or about 1000 MeV.

3.1.3 The General Constraints S; and S,

Crater and Van Alstine have derived®¥ the ¢ external potential ” forms of the constraint
two body Dirac equations for each of the eight interaction matrices, Ar, Ay, Ag, Ar,

Ac, Ag, A, Ay.

Polar constraints from the general hyperbolic form: For each of the polar
interaction Az, Ay, Ag, Ar or any combination of them, a generalization of Eq.(3.91)
and Eq.(3.92) for “ external potential ” forms of the constraints S; and Syhave the

following relation to the auxiliary constraints S; and Sy :

Slw = (ChApsl + ShApSQ)w =0 (3.112)
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Sop = (ChApSQ + ShApsl)Lb =0 (3.113)

using the generalization of these auxiliary constraints one findsl®* that S; becomes

S = (810 + ChAp [810, ChAp]_ + ChAp [SQ(), ShAp]+

—|—ShAp [520, ChAp], + ShAp[Slo, ShAp]Jr)l,b (3114)

Working out the commutation and anticommutation brackets in above equation,
Crater and Van Alstine found the generalized expression for A,

S19 = (Si0 + b2 - 0A,
—{[chAp, 0] -shA, — [chA,, 05]_chA, — [shAp, 05]+ shA, + [shA,, 0)] 1 chA,}O, A,
+ {chAp[0Y, chAp]— — chAp [0, shAp . — shA,[05, chAy] - + shA 01, shAp) 4 I,

A A A
+ chAp[qu- P, ChAp]_ + ChAp[€2(92- P, ShAp]+ + ShAp[fQ@Q' P, ChAp]_

N
+ ShAp [6191' P, ShAp]+ + ChAp [m1951, ChAp]_ + ChAp [m2952, ShAp]+
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+ shAp[m2952, ChAp]_ + shAp[m1951, ShAp]+)7,b,

One can obtain this expression for Sy by a similar method.

Axial constraints from the general hyperbolic form: For each of the axial inter-
action Ac, Ap, A7, Ay or any combination of them, a generalization of Eq. (3.91) and

Eq.(3.92) for “ external potential ” forms of the constraints S; and Syhave the following

relation to the auxiliary constraints S; and S[234} :

811/1 = (ChAasl — ShAaSQ)l/) =0 (3.115)

SQT,ZJ = (ChAaSQ — shAa81)¢ =0 (3.116)

The only difference with the polar interactions is the plus sign change to minus sign. In

terms of the axial invariant matrix A, Crater and Van Alstine found &; 34

S1v = (S0 + chAy[S10,chAg]— + chAy[So0, shAg] -

+shA, [820, ChAa]_ - ShAa[Slo, ShAa]_)l/J

+shA, [820, ChAa]_ + ShAa[Slo, ShAa]_i_)'lb (3.117)
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working out the commutation and anticommutation brackets in above equation, yields
the generalized expression for Sy

Sy = (810 + 109 - A,

—{[chAq, 0)]_shA, — [chAg, 05]_chAg + [shAg, 05]-shAq — [shAg, 01— chAg}0, A

+ {chAg [0, chAg)— — chAG[05, shA]— + shAG[04, chAg]— — shA [0, shA,]_}p,

+ chA[erf1- P, chAg]— + chAg]eafa Py shAg]— — shAg[eafe- P, chAg]_

— shAu[e101- P, shAd]— + chAalmifst, chia]- + chAu[mabss, shAy]-

— shAg[mabs2, chAy)— — shAy[m1051, shAg] )1

One can obtain this expression for Sy by a similar method.

The derivations for above two equations are very lengthy, for the simple case of
individual interactions, many of the commutators vanish, the calculation are fairly short.
Crater and Van Alstine found that the following two body Dirac equations are the
results of the calculation for the four polar interaction Ay, Ay, Ag, Ar and the four
axial interactions Ag, A, A7, Ay acting independently.

Polar Interactions A;s
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Scalar interaction: A = Ay,

. oL
Sy = (91 “p+e€161- P+ mlch(L01)051 — TI‘LQSh(Lol)Hg,Q — 10y - 701)1# =0 (3.118)

OL

Sg’lﬁ = (—02 “p+ €905 - P+m2ch(L(’)1)952 — mlsh(L(’)l)951 + 167 - 701)1/) =0 (3.119)
Time-like vector interaction: A = Ay
A A ) oJ
Sy = ((91 -p+ Glch(J02)91~ P+€25h(J(92)02‘ P +m10s51 + 05 - ?02)¢ =0 (3.120)

. A oJ
Sathp = (—b2-p+each(JO3)0; - P+ €15h(JO32)01- P +mabsy —ib) - 7(92)¢ =0 (3.121)

Space-like vector interaction: A = Ag

. 0
S1tp = (exp(G)01 - p + €161 - P+ m1651 + iexp(G)02 - 7gog)¢ =0 (3.122)

Sytp = (—exp(G)fa - p + €26y - P+ mabsy — i exp(G)b; - %OS)T/) =0 (3.123)

Polar tensor interaction: A = Ax

A A
Sﬂﬂ = (exp(}"é’g)ﬁl -p+ 616h(f04)01' P—|—€28h(.7:04)92' P

oF
+m16h(f(94)951 + mash(FO4)052 + iexp(fgg)eg . 704)”¢ =0 (3.124)
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A\ AN
Sotp = (—exp(F&E2)02 - p + each(FOy4)ba- PHe15h(FOy4)0:1- P

oOF
+mach(FO4)052 + m1sh(FOy)051 — iexp(FE2)01 - 704)¢ =0

Axial Interactions Al s

Pseudoscalar interaction: A = Ag

. oC
Sip = (01 -p+ ey P+ mabs +iy - =-E1)¢p =0

. . oC
Soth = (=0 - p + €203 - P+ mabsy — iy - 751)¢ =0

Time-like pseudovector interaction: A = Ay

A A\
S1p = (01 - p+ e1ch(HE)y- P+eysh(HE)bo P

oOH
+mich(HE1)051 + mash(HE )00 — 6o - 752)1/1 =0

A A
SQ'¢ = (—92 -p+ 620h<H€2)92' P+€13h(H(€2)01' P

OH
+moch(HE)052 + mish(HE )05 + 61 - T&W =0
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Space-like pseudovector interaction: A = Ay

A ol
S19 = (exp(101)01-p+e101- P +m10h(—753)951+m23h(153)952—iGXP([OI)@'?&&W =0

(3.130)
A ) ol
Sotp = (— eXp(101)02'p+€292' P +mgch(153)952+m13h(I€3)951+z exp(](’)l)el-?&;)w =0
(3.131)

Pseudotensor interaction: A = Ay

S1¢ =

A A )4
(exp(YOz)Ql -p+616h(yg4)91' P+€28h(Y54)92' P +m165; —ieXp(YOQ)QQ . 754)¢ =0
(3.132)

Sotp =

A A oY
(— eXp(YOQ>92'p+626h(Y54)92' P+€1Sh(Y€4)91' P +mals9-+i GXP(Y02)91'754)¢ =0

(3.133)

Combining Polar and Axial Interactions The preceding commutation relations
for S;and S» are also suitable for the combinations of the polar interactions A, =
Ar + Ay + Ag + Ay and axial interactions A, = Ac + Ay + Ar + Ay. To combine
the eight interaction together, we need to find the general expressions for S;and Ss that
are valid for the that is valid for the mixed symmetries of the general invariant matrix

A = Ay + A,. The resulting expressions for Sjand Sy are in very complicated form/[31].
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From these complicated expressions of Sjand Ss, the complete hyperbolic constraint
two body Dirac equations for all the eight interactions acting together was obtained by

Long and Crater(3!

S1p =
{exp(g+f52+101 +YOQ) [91 “D— %02 -8(L(91 —JO9—GO3—FO4—C&; +H€2+I(€3+Y(€4)]
+e1ch(JOy 4+ FOu + HEy + YENO, - P+ e35h(JOy + FOu + HEy + Y E,)by - P

+m1ch(—L01 +FO4+ HE + 153)951 + mgsh(—LOl 4+ FO4+ HE + 153)952}@D =0.
(3.134)

Sotp =
{—eXp(g—f—ng-i-IOl —|—Y02) [92 -p—%@l -8(L01—JOQ—g03—f@4—051+H€2+153+Y54)]
+e15h(JOg + FO4 + HEy + YENO - P + cach(JOy + FO4 + HEy + YE )0 - P

+mysh(—LOy + FOy + HEy + 1E3)051 + mach(—LO1 + FOy + HE> + IE3)052 1) = 0.
(3.135)

One can obtain all the Eq(3.118) to Eq(3.133) from above two body Dirac equa-
tions by imposing some limits. For example, let all the interaction vanish except C' ,
above equations will collapse to the pseudoscalar constraint equations. In the case of
combined scalar, time-like, space-like and pseudoscalar interactions,which we use in this

dissertation, the two body Dirac equations with
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A:AJ+AL—|—AQ+AC

are

(3.136)

- G
Sy = (G@l'p+E191-P+M1951 +’L'§(92'8QO3+92'8J02—92-8L01+92-8081))¢ =0

(3.137)

- G
Sop = (—G92-p+E202-P+M2952—i§(91-8g(93+91~8J02—01-8L01+01-8C<€1))w =0.

where

M = mych(L) + mash(L),

My = mach(L) + mysh(L),

F = Elch(J) + EQSh(J),

Ey = 620h(J> + elsh(J),

G=2¢Y,

(3.138)

(3.139)

(3.140)

(3.141)

(3.142)

(3.143)

The above two body Dirac equations( without pseudoscalar interactions ) have been

tested successfully in quark model calculations of the meson spectrall920:21,26]

In the limit m; — oo (or ma — oo ), this means one of the particles become infinitely

massive, the extra terms 0G, 0.J,0L and JC' in Eq.(3.137) and Eq.(3.138) vanish, one

recovers the expected one body Dirac equation in an external potential.

70



3.2 Pauli Reduction

Now, one can use the complete hyperbolic constraint two body Dirac equations Eq.(3.134)
and Eq.(3.135), to derive the Schrodinger-like eigenvalue equation for the combined
interactions: L(zy),J(z1), H(z1),C(x1),G(x 1), F(x1), I(x1),Y (z1)BY . In this dis-
sertation, however, we include only mesons corresponding to the interactions L, J,
G(J = —@G), C, thus limiting ourselves to vector, scalar and pseudoscalar mesons. The
basic method use here has some similarities to the reduction of the single particle Dirac
equation to a Schrodinger-like form (Pauli-reduction) and related work by Sazdjian!?227,

The wave function ¢ appearing in the two-body Dirac equations Eq.(3.134) and

Eq.(3.135) is a Dirac spinor written

U1

(0
= (3.144)

s
(on

where each 1); is itself a four component spinor. The wavefunction ¢ has a total of
sixteen components and the matrices O;’s, &;’s are all sixteen by sixteen. In terms of

the gamma matrices we use the Dirac representations with block forms

B = , Y1 = , B =pL=
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ﬁQ = ; ﬂ =
0 p 0 —14
v 0 0 14
V52 = , V5=
0 7 1, 0O
P 0 0 14
52752 =p2 = ) p =
0 p 1, 0
0 0 7
B1Y51752 = . Y5152 = , o Beys1vse =
- 0 v 0

=58y, i =1,2.

3% are four-vector generalizations of the Pauli matrices of particles one and two. In

the c.m. frame the time component is zero and the spatial components are the usual

Pauli matrices for each particle. Here, we include only mesons corresponding to the
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interactions L, J, G(J = —G), C. In terms of these matrices we rewrite Eq.(3.134) and

Eq.(3.135) by multiplying the first by v/2i3; and the second by v/2i3; yielding/3!!

[T1(B182) + U1 (B1B2)vs51752)0 = (E1 + M1B1)vs519 (3.145)
—[T2(B182) + Ua2(B182)v51752]¢ = (B2 + MaB2)v529 (3.146)

in which the kinetic and recoil terms are

Ti(f162) = exp(@)[S1 - p — & ifa(B - 0(~C + G s%n - S)

To(B132) = exp(G)[Z2-p — %ﬁlﬁ2(21 -0(—C + GB12 X1 - X))

Ur(51P2) = €$p(g)[—%51ﬁ222 -0(JB1B2 — L)

Ua(B152) = 6$P(Q)[‘%51ﬁ221 -0(JB1 B2 — L)

while the timelike and scalar potentials are

E = elch(J) + €2Sh(J)
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Ey = GQCh(J) + 61Sh(J)

M; = mych(L) + mash(L)

My = maoch(L) + mysh(L).

The end result of the matrix multiplication in Eq(3.145) and Eq(3.146) is a set

of eight simultaneous equations for the Dirac spinors 1,9, %3,14. In an arbitrary

frame, the result of the matrix calculation produces the eight simultaneous equations

(00 — B 1234):

Ti(+1)¢1 + Ur(+1)¢s = (Ex + M)y

T1(=1)h2 + Ur(=1)v3 = (E1 + M1)yy

Ti(=1)p3 + Ur(=1)2 = (E1 — M)y

Ti(+1)3a + Ur(+1)91 = (E1 — M1)to

—To(+1)¢p1 — Us(+1)va = (Ea + M2)yo

—To(=1)pg — Ua(—1)p3 = (B2 — Ma)y
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(3.148)

(3.149)

(3.150)

(3.151)

(3.152)



—To(=1)1p3 — Ua(—1)1p2 = (E2 + Ma)ty (3.153)

—To(+1)¢ps — Ua(+1)9h1 = (B2 — Ma)ys (3.154)

One now reduces the above set of eight equations to a second order Schrodinger-like
equation by a process of substitution and elimination using the combination of the four

Dirac-spinors given below[31:

¢+ = Y1 £y,
X+ = 2 £ Y3
Eq.(3.147) plus Eq.(3.150) yields
Dt ¢y = Eixy — Mix— (3.155)
Eq.(3.151) plus Eq.(3.154) yields
_pttg. —
D37 ¢4 = Eaxy + Max— (3.156)
Eq.(3.148) plus Eq.(3.149) yields
Ditxy = iy — Mig (3.157)
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Eq.(3.148) minus Eq.(3.149) yields

DI x- = —E1¢- + Mg

with the following definitions for the kinetic-recoil terms

DIt =Ti(+1) +

DIt =Ty(+1) +

D] = T (-1) —

U1(+1) =

i
oy -p— 502
Ua(+1) =

;
o -p— 501
Ui(—-1) =

)
eg[01 -p+ —09

Ui(—1) =

')
g[01 “p+ s02

¢ 2

-0[-C+J—L+Goy

-0[-C+J—L+Goy

9-C—J—L—Goy

-[-C+J+L—-Goy

Solve Eq.(3.155) and Eq.(3.156) for x4+ and x_.
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- 02]]

- 02]]

- 02]]

- 03]].

(3.158)

(3.159)

(3.160)

(3.161)

(3.162)



1
X+ = 5(M2Df+ — M1 D3 %)gy

1
X- = —5(E2D{ + E1Dy "oy

in which

D = E1Ms + EyM;.

Solve Eq.(3.157) and Eq.(3.158) for ¢.

EyD; x4 — MDDy x_ = B%¢,

in which

B*=E? - M}

(3.163)

(3.164)

(3.165)

(3.166)

(3.167)

Next combine Eq.(3.166) with Eq.(3.163) and Eq.(3.164) to yield finally our four-

component equation

1 __1
[EADy " (My D" = MyD3™) + My Dy~ S (Ba DY + ExDS )]y = B¢ (3.168)

Due to the relativistic “ third law ”, the above equation is symmetrical in particle one

and particle two. Using

7

(3.169)



or € —m?=é —m:="b(w). (3.170)

we find that

B2 — E12 _ M12 _ E22 _ M22

= b%(w) + (€2 + €2)sh?(J) + 2e1eash(J)ch(J) — (m? 4+ m3)sh?(L) — 2mymash(L)ch(L).
(3.171)
By the definitions of Diii , Eq.(3.168) is a second-order Schrodinger-like eigenvalue

equation for the newly defined wavefunction ¢4 in the form.

(p3 + ®(r,01,09,w))d1 = b*(w)py. (3.172)

Eq(3.171) provide us with the primary spin independent part of ®, the quasipotential.
Note that in the c.m. system pf_ = pZ.

We now proceed to review how the form for Eqgs.(3.168) displays all the general
spin dependent structures in ®(r, 01,092, w) explicitly. Very similar to what appears in
nonrelativistic formalism such as seen in the Hamada-Johnson and Yale group models(as
well as the nonrelativistic limit of Gross’s equation). Our new contribution begin from
Eq.(3.173). We proceed to the case of L, J, G, C interactions acting simultaneously. We
express Eq.(3.168) explicitly in terms of its matrix (o1, 02), and operator p structure in

the c.m. system (P = (1,0) ).

We use the following abbreviations for the kinetic portions by defining the scalar h
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and vectors k, z, d, o, functions:

h = eg,
1
k = —Vin(h),
2
1
1
1

o

I

|
A
Q

|
<

|
=

We are working in the c.m. frame (i.e. z; = (r,0)), so all the interaction functions

(L(zy),J(x1),C(x1),G(x,)) are functions of r, F = F(r). Using

where  denotes the unit vector, we can express the vector terms (k, z,d, o) explicitly
in terms of the unit vector . With these newly defined terms the first-order differential

operators of Eq.(3.159) to Eq.(3.162) become

DiH_ = h[01 'p—iUQ . (Z+k01 '0'2)],

DS = hlog - p —ioy - (z + ko - 09)],
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D1_+ Eh[al 'p—iUQ'(d+kUl'02)],

Di™ =hloy-p —io2- (0 +koy - 02)].

Long and Crater define the following terms in Eq.(3.168).

Flz%
F4E%

Using these definitions, Eq.(3.168) becomes

h[El[O'l -p—1tog- (d + ko - O‘Q)}hFl[O-l p— iO’Q'(Z + ko - 0'2)}¢+

—I—h[Ml[O'l p— i0'2-(0 + ko - O‘Q)]th[O‘l p— iO‘Q'(Z + ko - 02)]¢+
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—h[El[Ul ‘P — iUg'(d + ko - UQ)]hFQ[UQ ‘P — iJl-(Z + ko - 02)]¢+ (C)
+h[Miloy - p —ioe-(0 + koy - 09)|hFylos - p —io1-(z + ko - 02)] o4+ (d)
= B%p,. (3.173)

For future reference we will refer to the four sets of terms on the left hand side as the
Eq.(3.173) (a),(b),(c),(d) term.
Now we proceed in a different derivation than Long and Crater’s derivation®!l. The
aim is to produce a Schrodinger like form involving the Pauli matrices for both particles.
Substitute d, h, F1, z, k’s expressions to (a) term of Eq.(3.173), we obtain

(a) term =eYE{[oy -p — %0’2 -V(C+J+1L)—- %Vg (01 +io1 X 09)]

M . .
xegg[al ‘p— %O'Q -V(-C+J-1L)- %Vg (01 +i01 X 02)]} (3.174)

working out the commutation relation of o7 - p in above expression, we can find the (a)
term is(see Appendix B)

(a) term= eY E x

) M . .
+oo1 O[egf[m P %Uz -V(-C+J—-1L)- %Vg (01 +i01 X 09)]]—

v
2

u . ‘
[ag.V(C+J+L)+vg-(al+wlxa2)]e932[al-p—%@-V(—CH—L)—%vg-(amalxag)]}
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Likewise we can find (b),(c),(d) term.

(b) term= e9 M x

2 .
{e¥ f[p —702 V(- C+J—L)(01-p)—%vg-[(p+i(01 xp)—(o1:02)p+o1(o2-p)—i(o2xp)]]

1 E )
o1 - [ D[al p—§a2 V(- C+J—L)—%VQ-(01+1‘01><ag)]]—

09 V(O — L)+ VG- (o1 +io1 x05)e

Fo ) .
5 62 (51 p—s0yV(— C+J—L)—%V§-(01+w1xoz)}}

D 2

(c) term= —e¥ Fy x

{e¢ 7[(02 p)(o1- P)—igl V(- C+J—L)(01'P)—%Vg'[(UZ(Ul'P)—(Ul'0'2)P+0’1(U2'P)

1 M . .
+i(0’2 X p)]] + gO’l . a[egﬁl[@ pP— %O’l V( C+ J—L) — %VQ . (0'2 +i02 X 0'1)]]—

. A . .
%[UQ.V(C+J+L)+VQ-(01+1‘01XUQ)]egfl[ag.p—%gl-w—cu—L)—%vg-(og+mxm)]}

(d) term= e9 M x
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{eg%[(ag'p)(al-p)—%al-V(—C+J—L)(01-p)—%vg'[(02(01-p)—(01'02)p+01(02'l))

| 5 _ .
+i(o2 x p)]] + =01 9SS [z p %01 V(-C+J—L)— %vg (02 +ios x 01)]]—

%[UQ'V(C'—J—L)+VQ-(01+Z'01Xag)]egﬁl[Ug-p—%al~V(—C’—|—J—L)—%Vg-(02—l—i02Xal)}}

Combining all the (a),(b),(c),(d) term, we get(see Appendix B)

(a) + (b) + (¢) 4+ (d) term=

P>~ 102V (~C+T~L)(01P)~ yVG-(p+il01<P)~ (01:02)p+o1(02P)~i(02%D))]

B M . .
+7.101 . V[eg—Q[al P — 10’2 . V(—C+ J — L) — EVQ : (0'1 + iO’l X 0’2)“
7 D 2 2
M 5 . .
+7101 : V[egg[m ‘p— %Uz V(-C+J-L)— %VQ (o1 4 i01 X 09)]]
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B
~ Mo V(C + T+ L)+ VG (o1 + o1 X 02)]x

M. ' /
%9201 p = 00 V(=C+J = L) = 2VG - (o1 + i1 X 02)

) M
—%[Uz'v(c— J— L)+ VG- (01 +i01 X 09)]|x

FE ] '
xe9 [0y p - %@ V(-C+J-L)— %vg (01 + 0y X 09)]}

A . | .
+e9{=to1 VIe9 S 0w p— 501 V(=C+J = L) = VG - (0 + iz x )]

E M ) )
— 2l V9 oy p — Lor V(-C+J—-L)— 'vg. (o2 + o X 01)]]
7 D 2 2
MiE;

Fioy V(I + D)9 00 p— Loy - V(-C+J— L) — %vg (0 + io x o1)]]}

2
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We simplify the above expression by using identities involving o1 and oo and after a
lengthy derivation, we can group above equations by the p? term , Darwin term (f - p),
spin-orbit angular momentum term L-(o1+032), spin-orbit angular momentum difference
term L - (01 — 02), spin-spin term (o7 - 03), tensor term (oy - t')(o9 - '), additional spin
dependent terms L - (01 X 032) and (o1 - T)(02 - p) + (02 - ©)(071 - p) and spin independent
terms. The final result for above expression is(see Appendix B)

(a) + (b) + (¢) + (d) term=

EoMs + M Eq

1 1
Na . _\720_ 2012
(J+L)]r-p 2Vg 49

eQQ{pZ o i[?g, _

1 EsMy + M1 Eq

5 ) G(J+1L)

1
—(CH+T—L)(=C+J L) +

L-(O‘l—I—O'Q) _1E2M2—|—M1E1 L'(Ul—02)1E2M2—M1E1

’ "o /
+——7f—%g 2——f5——4J+M] . 5 5 (J+1L)
1 2 1 /2_1E2M2+M1E1 / /_1 / /_lg_l(_c'f_‘]_l’),

+(o1 02)[2V Q+29 5~  p G'(J+1L) QQC I R — ]

1 1
Hor D)o O[5 VA-C+ T~ L) = V26~ G(~C 4T~ LY ~G* + G
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3 }EQMQ + ML E;

43ﬂ—C+J—L)+2 B (J+L)(G—-C+J~L)]

i(J— LY

+L (o1 % 02)£M2E1 - MlEQ(J—}—L)’ — (01 -#)(02 - p) + (02 - F) (07 - p))T}

T 2 D

So our Eq.(3.173) becomes

EoMy + My Ey

Na . _1 2 _1 2
5 (J+L)t-p QVQ 49

9 {p? —i[2¢' —

1 EsMy + M1 Eq

> LG (T + L)

1
—jC+J—Lﬂ—C+J—LY+

L~(O‘1—{—O‘2) _1E2M2+M1E1 L‘(O’l—O'Q)lEzMz—MlEl

/ "o /
+——7f——w 5 5 (J+ L) " 5 5 (J+ L)
1 o, 1 _, 1E3Ms+ME; , 1., 16 1(-C+J—-L)

o)~ tgr_ 22T Al LY -—-¢c -2 _ = A
Hor o) [5VIG+567 — 5 D GI+L) =590 =5 —3 r )

Hor - B)(or D=y VH(-C T~ L) = V26~ G(~C+ T~ L) ~ %+ ¢
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3 }EQMQ + ML E;

+§(—C+J—L)+2 B (J+L)(G—-C+J~L)]

(74 L) ~ (1 8)(o2-0) + (2 D)o -p) - o,

L- ((71 X 0'2) ) M2E1 — M1E2
- 2 2

T 2 D

= B*p,. (3.175)

3.3 The Radial Eigenvalue Equations

For singlet states' Sy, 1P, ' Dy and triplet states 3Py, 3Py, 351, D1, we can get their ra-
dial eigenvalue equations from Eq.(3.175) for equal mass case as following(see Appendix

B)

d  j(G+1) ,d 1
—=3 . —(2g—ln(D)—J+L)(%—;)

1 1
+§v2(—c +J—L-3G) - JC+T-L=G+ 2In(D)) (—C + J — L — 3G) Yujo;
= BQG_QQUJ‘OJ',
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s=1,7=1

2 jG+1) ,d (-C+J—-L+G)
{—WJF 3 —(2Q+J—L—ln(D))d—+

T r

—%v%—c +J-L+G)+ %(2111(2)) —(C+J—=L+3G)(—=C+J—L+G) }uji;

_ Rr2,-2G6, ..
= B¢ uj ;.

The above two equations are uncoupled because we neglect the neutron and proton
mass difference. Below are the coupled equations for equal mass due to the tensor term

s=1,7=101+1

. 1 -2 . . /1 1 !~ 1 12 12
[—JID(D>+m((4j +i+1)G+J - L+(j—-1)C)] ;—igc +1(C - (J=1)")
PRSI VAT B N e W Ak Fo iy N S RES W10, 1 R B L A W

2 +1'\ 2 4 2 -

JjG+1) , d ) 1
PV — L (T = D)1 2) 436 —3C)
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~V(J-=L+G-C)+(J—L+G—C)(In(D) - 2G) }uy =B *u_,
s=1,7=101-1

.
{@$2+0+”§+”yumwyng+1u—Lwd

r 2j+1

. 1 .2 . . /1 1 7~/ 1 12 12
[(J‘i‘l)ln(D)—m((‘U +7J+4)Q+J—L—(J+2)C)];—igc ‘5‘1(0 —(J=L)")
1 1 2 /2j+5 ! 1 / !
+m((§v (J-L+G-C)+G'( 1 G+J—-L-C) —5111 (D) (G+J—L—-C))}uy
JJ+1) ,d ) /1
72], | {—=2[J — L] ar +[(J—L)(2j+3)+ 3G —3C] -

—V2(J-L+G—-C)+(J—L+G—0C)(In(D) —26) u_ = B *u,.

The above radial eigenvalue equations agree with Long’s results®l: we obtain the same
equations by using a different derivation method. All of above equations have a first
derivative term, this is a difference with the standard Schrédinger like equation. Before
we can apply the techniques which have been already developed for the Schrodinger-like

system in nonrelativistic quantum mechanics, we must get rid of these first derivative
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terms . Without the first derivative terms, we can use the phase shift equations which we
will discuss in the next chapter. For the uncoupled states, it is pretty straightforward.
For the coupled states, the radial eigenvalue equations is in a matrix form and the
process in getting rid of the first derivative term is very complicated. We were not
successful in getting rid of first derivative terms for coupled states starting with the
radial eigenvalue equations. However, we will describe later a different approach that is

very successful.

3.4 Removal Of The First Derivative Terms

First, let us start from the uncoupled states, we take 1S state as an example, the radial

eigenvalue equation for singlet 1Sy state is

i 2G —In(D) —J + L) d _Lileeeysot 3G
{_W_( —In(D) - J + )(%—;)‘f‘i (-C+J—-L—-3G)
—i(c +J—L—G+2n(D))(—C+J—L—3G)}u =By, (3.176)

Let u = fv, substitute to above equation and let —2f'v" — K’ fv/ = 0, we get



K/

o= f0(2)2677—f0(*)67 :

K = 26-In(D)—J+1L (3.177)

fo is a constant, the above equation become

? K? K' K 1
(ot +5+ -+ v2( C+J—L—3Q)—Z(C+J—L—Q+2ln(D))’(—C+J—L—3g)’}v

= B% %y (3.178)

This has the desired Schrodinger-like form similar to Reid’s non-relativistic equation.

So our potential for this Schrédinger-like equation is

K? K" K 1 '
@(r)f7+7+ += v2( C+J—L—3Q)—Z(C+J—L—Q+2lnD) (~C+J—L—-3G)

—B%e7% 4 b (w) (3.179)

For the coupled states, the way to get rid of the first derivative term is very compli-
cated, it is significantly different from the above approach for uncoupled states. How-

ever, the new approach gives the same result for uncoupled states.
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The general form of the eigenvalue equation given in Eq.(3.175) is:

/

[pQ—ig’f“p—i-Qg—rE-(al—i-ag)—ih’(al-f'ag‘p—i-ag-f'ol-p)

—|—]€01'Jg—l-j(fl'f‘Jg'f‘—FlI_:'(01—02)4-’571[_:'(01 XUQ)—I—m]\IJ

B2 29w, (3.180)
the m term is the spin independent term. For the equal mass case, two terms drop out(
see Eq.(3.175)), the above equation becomes

/

[p2—ig'f'-p—i—g—l_;-(01+02)—ih’(01-f‘ag-p—i—ag-f'al-p)

2r
—|—k'0'1'0'2 —|—j0’1 'f‘dQ'f'—Fm]\I/:BQE_Qg\I’. (3.181)
We let
U =exp(F + Koy - toy - t)) = (A + Boy - oy - T)1. (3.182)

We find that (see Appendix C)

pY = (A—l— Boy - tog - f‘)p'lﬂ — Z(A/ —I—B/O'1 -Tog - f‘)f‘w
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—Z'f[(al — 01 f‘f‘)O’Q T (0’2 — 02" f'f')al ’ f‘]w, (3'183)
r

and
9 = 9 =
g/
—|—;B[20’1-O’2—4i7“0’1-f‘02~f‘f‘-p+2i7’(0'1-f‘0'2~p—|—0'2-f‘0'1-p)—601-f‘0’2-f‘]¢, (3.184)
T

We thus find that

—ig't - p¥ = (A + Boy - fog - £)(—ig't - p)y + Cy (3.185)
and
—ih'(o1 -fo9 - p+ 09 -Fo1-p)V = (A+ Boy-tos-#)(—ih'[oy - Foo - p + 0y - Fo1 - p))Y
+D1)
and finally
p’¥ = (A4 Boy-fog-#)p*y — 2i(A' + B'oy - foq - £)f - py

2B
+i7[201 foy -t -p— (01 -Fo2-p+o2-Tor-pl+ EyY (3.186)
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where C' and D and F do not involve p and are given by
C=—¢(A"+ B'oy-foy - 1), (3.187)

B -
D = 21 (01 oy - 2A'+ B') — 20 =[L - (01 + 02) + 2 — 01 - ROy - £ + 01 - 02, (3.188)
r

and

2 B
E = —(A,/—}-B,/Ul -Tog f') — *(A,-I—B/Ul -Too f‘) —2?(0'1 -09 — 307 - Tog f') (3189)
T T

The general form of the eigenvalue equation becomes( for detail, see Appendix C)

/

(A4 Boy - fog - f‘)[p2 —ig't-p+ %E (01 + 02) —ih' (01 - Foo - p + 09 - Fo1 - D)W

/

+(§B[201 o9 — diroy - fog - T - p+ 2ir(oy - tog - p + o2 - oy - p) — 607 - Fog - T
"
. / / ~ AN\ A 2B A A A ~ A~
—2i(A"+ B'oy -fog - B)F-p+i1—[20) - Toy - T -p — (01 - Toy - p+ 02 - Foq - P)]
T

—i—(kal - 09 + joy - Too 'f')(A+B01 -Tog - f‘) +R+m)1/1

B% % (A + Boy - toy - #)1 (3.190)
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in which R=C+ D+ E. Now, to bring this equation to the desired Schrédinger-like

form we multiply both sides by

A— Boy oy 1
(A+ Boy - foy )1 = Az"i ;SQ £) (3.191)

and find using the exponential form above that appears in Eq.(3.182), (see Eq.(C.9) to

Eq.(C.10) in Appendix C)

(A4 Boy -foq - #) 7 [=2i(A' + B'oy - #0q - #)]F - p

= —2i(F' + K'oy -foq - )i - p, (3.192)

2B
(A+ Boy -f‘ag-f)_liT[Qal -fog - TT-p— (01 Tog-p+ 02 Toy-p)]

21 sinh(K') cosh(K R . . A
= (: ( )[201-r02'rr-p—(01-I‘02'p+02'1'01'P)H‘G

(3.193)

where(see Eq(C.11) in Appendix C)

2sinh?(K) -

r
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and

/
(A+ Boy - oy - f~)*12’iB[2a1 .09 — dirgy - Foy £ P
T

+2ir(o1 - foy - p+ 02 - o1 - p) — 607 - Foy - 1]

iq’' sinh( K h(K
_ W&o (2)COS ( )[—4r01-f'og-f'f‘-p—|—2r(01~f'02-p—|—02-f'01-p)
,
—2i0y - o9 + Gioy - oy - £] + H (3.194)

where

_ ¢'sinh*(K) -

H 5 [ZL'(01+02)—20'1-f‘Ug-f'+201'02+4].
T

For detail see Eq(C.13) in Appendix C, note G and H do not contain linear p type of

terms. Now collect the three different linear p type of terms in equation( 3.190):

(—2iF" —ig) - p, (3.195)
inh(K) cosh(K
(=S ):OS ) _ i1+ ig' sinh(K) cosh(K))(o1 - 5 - p + 02 - o1 - p), (3.196)
inh(K) cosh(K
(4750 ):OS ) _ 9 sinh(K) cosh(K)g' — 2iK")oy - £ - 7 - p. (3.197)
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If we set the first equation to 0, we obtain the expected result

F'=—4)2. (3.198)

If we set h' = —K’ and use p = £(£.p) — £ to combine the two expressions(3.196 and

3.197), we get

inh(K) cosh(K - fog - FL -
() cosh(K) (k) cosh(k)) TL R0z TR (1 0) g g0,
r r
which contains no f - p. Thus the matrix scale change
U = exp(—g/2) exp(—hoy - Fog - )¢ (3.200)

eliminates the linear p terms.

Further note that

(A+ Boy - #oq - #) " (koy - 09 + joy - Tog - T)(A+ Boy - fog - #)  (3.201)

= (/{70’1 - 09 + joyp - Tog - f‘),

(A+ Boy -tog-#) 710y = —¢ (F' + K'oy - foa - )9, (3.202)

and( see detail in Appendix C)
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(A+ Boy -0 -#) 1Dy = <21/ (K" + Floy - tog - )9,

h(K)sinh(K) , »
_2h/COS ( )SlIl ( )[L'(0’1+0’2)+2-0’1'f‘O’Q'f'—FO’l'O’Q]'Ib

r

o sinh?(K)

o1 oy £L - (01 + 09) 4 301 - oo - T — 01 - 0o]ih. (3.203)

also

(A+ Boy -tog-#) 'Ep = —[F" + F? + K? + 2F'K' + K)oy - tos - #]

—2[F’ L Koy oy B — 2cosh(K) sinh(K)

r 7“2 (01'0'2—30'1'f'0'2-f')

sinh?(K)

r2

+2 (01 -fog-T—o01-02—2) (3.204)

So combining all terms, we have our Schrodinger-like equation

/
{P2+§7L‘(01+02)+k01'02+j01'f‘0’2'f°
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01 'f'UQ'f'E'(Ul+02)

smh(K)rcosh(K) + 1’ — ¢ sinh(K) cosh(K)) .

+(2

+g’ cosh(K) sinh(K)
r

(01-0—301-foy - 1)

’sinh?(K
+gsm (K)

o [25‘(0’1"‘02)_20’1‘f'O’Q'f'+20']_‘02+4]

sinh?(K)

-2
r2

E' (0'1 +02) —g/(F/+K/01 . f‘O’Q f') — 2h’(K’+F’O’1 : f‘O’Q . f‘)

,cosh(K)sinh(K) -

—2h [L-(01+02)+2—01'f'Ug'f‘-i-O'l-UQ]

r

inh? (K -
—|—2h/81nr()[0'1 -Tog - TL - (0'1 —|—O'2) + 301 -Tog-T— 07 - 0'2]

2
—[F"+F?+ K? + 2F'K' + K")o, - #0y - t] — =[F' + K'oy - f0y - 1]
T

h(K) sinh(K
908 ( )28111 ( )<Jl 09 — 307 - Foy - F)
T
sinh?(K
+2T2()(al foyF 01002 = 2) +mly
o2, (3.205)

99



Grouping the above equation by p? term , spin independent terms, spin-orbit angular
momentum term L-(o1+02), spin-spin term (o7 -02), tensor term (o1 -t) (o2 1), additional

spin independent term, the above equation becomes

! ik .
2 2¢'sinh*(K) JF —on' K — 4h,cosh(K) sinh(K)
r r

{p

_F// _ F/2 _ K/2 _ %F/ _ 481nh2(K>
r 72

- / ! o3 h2 . 2 )
+L - (0 +02)[Qg L, gsin (K) 2sinh*(K) 2h,cosh(K)smh(K)
T

]

r r2 r
. 2 . / s
b oor-foy-fL- (o0 + 02)<2h,smhr(K) n 2smh(K)T;:osh(K) N h? g smh(Kg cosh(K))

g’ cosh(K) sinh(K) n g sinh?(K) 2h,cosh(K) sinh(K)
r r r

+ O‘1-Uz[k‘+

on sinh?(K) cosh(K) sinh(K) sinh?(K)

-2 -2
T 72 72 I+
o1 - Fo Bl — 3¢’ cosh(K)sinh(K) ¢ sinh? K K W+ 2h' cosh K sinh K
r r
. 19 . . 19
+6h’smhr(K) _QF K+ K") - %K’ +Gcosh(K)281nh(K) n QSlnhQ(K)] -
r r
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= B2 29y (3.206)

The above equation and it’s derivation is an important and crucial part of this
dissertation. It will provide us with a way to derive phase shift equations using work
by other authors who use nonrelativistic methods. First we need the radial form of this
equation.

The following are radial eigenvalue equations for singlet states 'Sy, ' Py, !Dsy and
triplet states 3Py, 3Py, 351, 3D1, after getting rid of the first derivative terms(see Ap-
pendix B). We emphasis that unlike the potentials used by Reid, Hamada Johnson and
the Yale group, our potentials are fixed by the relativistic Dirac equation and we do
not have the freedom of choosing different potentials for different angular momentum
states.

150, 1Py, 1Dy ( a general singlet 1.J;)

2 (s o o 12 o _ " _ _ /
_52+](] —;— 1>+ (26 —In(D) —J+ L) +(2§ In(D) —J+ L) +(2§ InD—-J+1L)
r r 4 2 r

+%V2(—C+J— L—3G)—~(C+J—L—-G+2In(D))(=C+J—L-3G)}v = B% 29,

1

4
Our radial eigenvalue equations for singlet states 'Sy, 'P;, 'Dy appear to have the
J+1)

’f‘2

same potential forms, except for the angular momentum terms. Later, we shall

show that their potentials actually are different due to the inclusion of isospin 7 - 7o
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terms. Comparing the above equation with Eq.(3.172), we can see our potential for
above equation is

(26 —In(D) — J + L)? N (2G —In(D) — J + L)" N (26 —In(D) —J + L)’

(r) = 4 2 r

1 ,
+§V2(—C+J—L—3g) (C+J—L—-G+2nD) (—~C+J—L—-3G) —B* % +1*(w)

1
4

For the 3P, state the radial eigenvalue equation is

@ 2 (20-(D)-J+L)” (20 -In(D)~J+L)

{2+t 1 5
(D) — _ _ ’ 2
+(“( ) (4%:‘] L - 20)) +%V2(—C+J—L+9)—%Q’C’+i(0 —(J-L)?

+g’(§g +J-L-C) — %ln%D)(J ~L—C+G)}tv=DB%u,

so that, our potential for above Schrodinger-like equation in this case is

—In _ 12 —In . " n o _ . /
(I,(T):(zg I(Dz)L J+ L)% (26 1(@; J+ L)' (In(D) (4gtJ L—20C))

12
+%v2(—c+ J—L+G)— %g’c’ - %(C —(J-L)*)+ g/(%g +J—-L-0)

—%m’(p)u _L-C+G) —B% % 4 p(w),
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For the 3P; state the radial eigenvalue equation is

> 2 (26-W(D)+J-L)?  (26-W(D)+J-L)"  (G+J-L-C)
Camt e 4 * 2 * r

—%VZ(—CJr J—L+G)+ %(2111(1)) —(C+J—L+3G))(J-L-C+G)}v=DB%%y,

so our potential for the above Schrédinger-like equation is( the general form for arbitrary
j is given in Appendix C)

(2g—ln(D)+J—L)’2+ (29—1n(1>)+J—L)”+ G+J—-L-0)

(r) = 2 r

—%v2(—O+J—L+g)+i(2ln(D) —(C+J—=L+3G))(J-L-C+G) —B%* 29 +b*(w),

The 35 and 3Djare coupled states described by u_ and u, and their radial eigen-

value equations are

_ d* | 84'sinh’(h) L 16 h' cosh(h) sinh(h) 16 sinh®(h) N (26" — In/(D))? N (J —L)?
dr? 3 T 3 r 3 72 4 4

(28 TWONI LY | OG- WD) LY 0T WD) UL

%[—%Vz(—CJr J-L+G)-G(J-L-C+G) + %ln’(D)(g +J—-L-C))
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&9’2 - %Q’C’ - i(c +J = L) (=C+J = L)}u+

2\/5{39’ cosh(h)sinh(h) ¢’ sinh®(h)  2h/ cosh(h)sinh(h) N 64’ sinh?(h)
3

r r r r

h(h) sinh 2sinh? 1
_ 6cos (h)281n (h) sinh (h) _QVQ(_CJFJ_LW)_g'(J_L—C+g)’

r r

BG+T-L-C) 1 (26' ~W/(D)(J ~ L) | (J - L)'

i ) _ o /
o +oW'(D)(G+ T ~L—C) + 5 5

TV
—i—(J L) Yy = B%e 29u_

and

d> 6 8g'sinh*(h) 16 h'cosh(h)sinh(h) 16 sinh*(h)

{_W—i_ﬂ 3 r 3 r + 3 72

(2¢' —W'(D))?  (J—-L)? (2¢' —W/(D))(J - L) (26" —In"(D))
* 4 L 6 * 2
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L (J-Ly 200 -W(D) 2] -L) (G+]-L-C)

6 r 3r r

1

7[—%v2(—c +J-L+G) -G J—-L-C+G)+ %m’(p)(g +J—-L-0C))]

3

1 1 1
167 =560~ {(C+T—L)(=C+ T = L)' }uy +

2\/5[39’ cosh(h)sinh(h) ¢ sinh?(h) _ 2h/cosh(h)sinh(h) N 6h/ sinh?(h)

3 r T T r

{

6 cosh(h) sinh(h) L2 sinh?(h)

r2 r2

—%Vz(—CJrJ—LJrQ)—Q’(J—L—C+g)’

Chs JQ_TL —9 %m’(p)(g e ln/(?)u L)

(J —ZL)” N (J ; L)’] B 4\/5[%’ siihQ(h) 2 cosh(f;)zsinh(h)
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+h7’ N g’ cosh(h) sinh(h)

. . Ju_ =B 29u,

here the h = % and g = 2G — In(D), and note that g and G are different variables.

The above equations can be put in the form

d2

{25+ Pul)}tu- + Qua(rjuy = Beu_ (3.207)
d 6 _ Rr2,.—-2G
{= ozt 5+ Pn()}us + u(rju =B *u, (3.208)
where
Biy(r) — 8 ¢’ sinh®(h) N 16 h' cosh(h) sinh(h) 16 sinh®(h) N (26" — In'(D))?

3 r 3 r 3 r2 4

(J—L)? (26 —W(D))(J — LY . (26" —n"(D))
+ 4 + 6 + 2

(J-LD)" (¢-w(D) (J-L)

+ 6 T 3r

%[—%VZ(—C+ J=L4G)~G(J~L—C+G) + W(D)G+J~L-C))
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1 1 1
197 —59C" = J(CH T —L)(-C+J - L) - B%e729 4 b (w)}

2v/2 3¢’ cosh(h) sinh(h) g sinh?(h) 2/ cosh(h)sinh(h) n 6h/ sinh?(h)

(I) =
12(7) 5 1 " . ; r

6 cosh(h) sinh(h) n 2sinh?(h)
- 2

1
—§V2(—C+J—L+g)

r r2

3(G+J—-L-CY +11n’(p)(g+J—L—C)’

_/ o o /
G(J-L-C+G)+ 5 5

+(29’ - ln’(ZZD))(J — L) n (J —2L)” n (J ; L)’}

Boo(r) = _iw_fh’cosh(ﬁ)sinh(h) N 136sin1;z<h) N (29’—21'(17))2

LU-L? 0 -WD)I L) | (20 -W'(D) (J-L)
4 6 2 6

2020 -W'(D)  2(J-L) (G+J-L-CY

T 3r r

—%[—%VQ(—CHL J-L+G) -G (J-L-C+G) + %ln'(D)(g +J—-L-0C))]
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1 1 1
197 —59C" = J(CH T —L)(-C+J - L) - B%e729 4 b (w)}

2v/2 3¢’ cosh(h) sinh(h) g sinh?(h)  2h/ cosh(h) sinh(h) n 6h' sinh?(h)

Pa(r) = | 3 [ T r r r

6 cosh(h)sinh(h)  2sinh?(h)
- 2 - 2

1
—§V2(—C+J—L+g)

r r

3G+J—-L-0C)
2r

_GJ-L-C+G)+ +%ln’(D)(g+J—L—C)’

+(29’ - 1n’(22)))(J — L) n (J —2L)” n (J ; L)’]

_4\/5[2h’ sir;h2(h) _ 2cosh(h) sinh(h) n (J—-L)Y n g’ cosh(h) sinh(h)]}

r2 2r r

In appendix C, we give the completed equations for triplet 3 Jj—1 and 3 Jj+1 for general
7.

Right now, we can apply the techniques which already developed for the Schrédinger-
like system in nonrelativistic quantum mechanics to the above radial equations. We wish
to compare this directly with Reid’s potential and use it to fit the experimental phase

shift data.
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3.5 Relativistic Schrodinger Equation For Reid’s Potential

The two body Dirac equation to be applied in this paper can be reduced to the

Schrodinger-like equation(see Eq.(3.206))

(p* + (1)U = b* ()P

In the c.m. frame, this Schrodinger-like equation can be written in the familiar three

dimensional Schrodinger form

(p* +@(r)) ¥ = b (w)¥

We can rewrite this expression as

2 2
p ®(r) b (w)
-+ — W =—V
(2mw + Qmw) 2my,

Comparing with the standard Schrodinger equation

2

1Y
— v =FEV¥
(3 + V()
we get
2 2 o 2
p p , (T') V(T), b (w) E,
2My, 2m 2My, 2My,

Define 2m,, V (r) as the relativistic Reid’s potential. By comparing ®(r) and 2m,,V (r)
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we can determine whether our ®(r) is similar to Reid’s potentials or not.
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Chapter 4

Variable Phase Method

In this chapter, I will discuss and review the phase shift methods which we used in our
numerical calculations, which include phase shift equations for uncoupled and coupled
states and the phase shift equations with Coulomb potentials.

We discuss an approach®! to the problem of evaluating the scattering phase shift
produced by a spherically symmetrical potential. Actually, the phase shift equations
which we used in this dissertation are slightly different from phase shift equations I talk
about here because of the small r behavior of phase shift equations and our potentials.
We modified the phase shift equations in some way to get our phase shift equations. In
the chapter 5, I will talk about how to modify the phase shift equations to achieve our
goal.

This method has several advantages over the traditional approach. In the tradi-

tional approach, one integrates the radial Schrodinger equation from the origin to the
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asymptotic region where the potential is negligible, and then compares the phase of the
radial wave function with that of a free wave thus obtain the phase shift.

In this approach we need only integrate a first order non-linear differential equation
from the origin to the asymptotic region, thereby obtaining directly the value of the
scattering phase shift. This approach is termed the ” variable phase method ” or simply
the ”phase method” because the dependent variable on which we focus may always be
interpreted as a scattering phase shift.

This method is a very convenient one for deriving general properties of the scattering
phase shifts, and for performing numerical computations. A further advantage of this
approach is its formal simplicity and the straightforward physical interpretation that
may be given of its basic quantities and equations. In short, it is appears that the
variable phase method is in all respects superior to the traditional method for studying
scattering phase shifts. Most important for us, since we can reduce our two body Dirac
equations to Schrodinger-like form, we can use this variable phase method to compute

the phase shift for our relativistic two body equations.

4.1 Phase Shift Equation For Uncoupled Schrodinger Equa-
tion

For the scattering on a spherically symmetrical potential. The scattering situation is
described by a stationary wave function , which is that solution of the time-independent

Schrédinger equation[38},
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V24 k2 —V(r)(r) =0, (4.1)

characterized by the asymptotic boundary condition

ezkr

Y(r) = ™+ f(6) (4.2)

r

We have assumed here that the incident beam travels parallel to the z axis; the
scattering angle 6 is the angle between the direction of observation and the incident
direction. The function f(#) is the "scattering amplitude, ” and it yields the differential

cross section through

=| f(0) I” (4.3)

Thus the scattering problem consists in the evaluation of f(#). The symmetry of the

problem is exploited by setting

w(r) = % S () Pi(cos ), (4.4)
=0

where the P/s are Legendre polynomials. Because t(0) must be finite, this equation

implies the boundary condition for u;(r) is
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Insert the Eq.(4.4) into Eq.(4.1) and we obtain the radial uncoupled Schrédinger equa-

tion

I(1+1)
72

uf'(r) + [k* ~ = V(r)u(r) =0 (4.6)

14

The radial wave function thus is real, and it defines the “ scattering phase shift ” ¢

through the comparison of its asymptotic behavior with that of the sine function:

r—00 . l
w(r) — const - sin(kr — g +6;) (4.7)

combining above equation with Eq.(4.2) , Eq.(4.4) and asymptotic equation,

ey oo 1 >
" . Z(2l + 1)it sin(kr — Z—)Pl(cos 0),
1=0

we obtain for the scattering amplitude expression

Z (21 4 1)e™ sin §;P;(cos ). (4.8)
=0

wM—‘

We thus see that the scattering amplitude is expressed as a sum over the ”partial wave

amplitudes”

A; = € sin g,

We may write the integral equation satisfied by the radial wave function
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r

w(r) = Githe) = ¢ [ dslihr)i(hs) = kDl (s (49)
0

the Riccati-Bessel functions J;(kr) and #y(kr) are define in Appendix A, This integral

equation is equivalent to the radial uncoupled Schrédinger equation (4.6).

¢

Now, we review the derivation of the “ phase equation ”. First, we introduce two

auxiliary functions, defined in terms of the radial wave function. They are

silr) = 7% / 'V () (e Y ()
0

a(r) =1— % / 'V (Y (e Yy ()
0

from these definitions, and the behaviors of the functions V (r), j;(kr), 7y (kr) and w(r),

in the neighborhood of the origin, we infer

si(r) =0
r—0

c(r) —1

we can compare the definitions of two functions s;(r) and ¢;(r) with the integral equation

satisfied by the radial wave function u;(r), Eq.(4.9); we obtain

w(r) = ci(r)ji(kr) — si(r)iy(kr) (4.10)
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The asymptotic behavior of w;(r) is

r—00

w(r) — ¢(o0) sin(kr — %r) + s1(00) cos(kr — —)

to obtain this expression, we have used the asymptotic expression of the Riccati-Bessel

functions. A comparison of the above expression with Eq.(4.7), yields the equation

This function vanishes at the origin exactly in the same manner as the function s;(r) :

ti(r) =20 (4.11)
the asymptotic behavior of function t;(r) yields directly the value of the tangent of the

scattering phase shift:

lim t;(r) = t;(00) = tand; (4.12)

T—00

At this point, we have learned that we may introduce a function t;(r) whose value
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at the origin is known, and whose asymptotic value yields directly the tangent of the
scattering phase shift. Now the question is, is it possible to go from the origin to the
asymptotic region 7 One shows that the function ¢;(r) satisfies a first-order differential
equation, so that once its value at the origin is known, we can obtain it everywhere; and
we can evaluate its asymptotic value by integrating this differential equation from the
origin to infinity. To derive this first-order differential equation of ¢;(r) , we differentiate
the equations that define the auxiliary functions s;(r) and ¢;(r), we also use Eq.(4.10)
to substitute for w;(r) in the right hand side of equation. We thus obtain the following

system of the two coupled first-order linear equations
/ 1 ~ o ~
si(r) = =2V r)a(kr)ler)ji(kr) = si(r)iu(kr)]

r) = V)i (kr)elr)ilhr) — sryiuhr)]

Now we multiply the first equation by ¢;(r) and second by s;(r), subtract the second

equation from the first, and divided by c?(r).We obtain

1) = V) ikr) — tr)ih) (113)

This is our anticipated first-order nonlinear differential equation. Now we introduce
another function ¢&;(r) by

ti(r) = tan o;(r) (4.14)
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Then from the Eq.(4.11) we also obtain for §;(r)
a(r) =% 0
and from Eq.(4.12) we find that

lim &;(r) = 0;(00) =

T—00

Inserting Eq.(4.14) into Eq(4.13), we find the differential equation for &;(r)8!

5j(r) = —k~'V (r) [cos (r)ji (k) — sin 5l(r)m(k;r)]2 (4.15)

It is first order nonlinear differential equation and it yields asymptotically the value of

the scattering phase shift.

(51 = lim 51(7’)

r—00

function §;(r) is named the “ phase function ”, Eq.(4.15) is called ¢ phase equation ”.
It is our main tool for studying the properties of scattering phase shifts. The Eq.(4.15)

become particular simple in the case of S waves, for S waves, it become

5o(r) = =k~ 1V (r) sin®[kr + 0o (r)] (4.16)
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Eq.(4.15) can also be written in other forms

8(r) = —k~V (r)D? (kr) sin®[6; (kr) + 6;(r)] (4.17)

Where D?(kr) and &;(kr) are defined in Appendix A.

Now, since our Schrodinger-like equations in c.m. system has the form
(V2 b —®]yp =0

we can directly follow the above steps to obtain the phase shift by swapping kK — b ,
and V — ®. There is no change in phase shift equation, even though, our potential ®

depend on the c.m. system energy w.

4.2 Phase Shift Equation For Coupled Schrodinger Equa-
tion

For coupled Schrédinger equation, the phase shift equation has a more complicated
form. We discuss an approach®¥ in this section how to handle the coupled Schrédinger
equation. Generally, the coupled(multi-channel) radial Schrodinger equation is in the

form

d2

SSW(r) + MPE - TizLM—1 OV ()] (r) = 0, (4.18)
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In this equation M is the diagonal mass matrix, L indicates the diagonal angular mo-
mentum matrix with elements l;(I; + 1)d;; and V(r) is the potential matrix which we

assume real and symmetric. The matrix elements satisfy the usual conditions:

lim 7V;i(r) =0

r—00

/ r|Vij(r)| dr < oo
0

T—00

Vij(r) — Voir™,  nij > —1

Let ¥, (r) (« = 1,2...n) be the n linear independent regular solutions of the n-

channel differential Eq.(4.18) with the boundary conditions

U, (0) =0, (e =1,2...n)

introduce

[m; , li
k? = 2m;E, ¢t = n]z— exp|£i(k;r — g)]

and the asymptotic expression
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Bla(l_ (T) - AlaCf_ (T)

Vo (r) =X | (4.19)

BhaGy (1) — Ana(y (1)
Let A and B be the constant matrices as introduced as through Eq(4.19). Then

the S matrix of the scattering process is defined by

S=AB!

With the help of the Riccati-Bessel functions(see Appendix A), one introduces the

following diagonal matrices:

J(r), with elements iy /%%i (kir)
N(r), with elements 0ij\/ Fimu, (kir)

Then the regular solution of W(r) is

~

U(r)=J() -2 / [J(X)N () — T YN @)V (@)U )dr'
0

Let us consider the following matrix
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F (r) =M H(r)-(¥(r)) — —(H (r))¥(r)] (4.20)

from which it follows that F'(0) is the unit matrix and F'(co) exists and is finite. So we

consider the matrix

S(r) = F(r)F*1(r).

is the scattering matrix and is then given by

S = lim S(r).

T—00

Using the Schrédinger equation and the following relations

H(r)V (r)(H™ (r)F*(r) = H(r)F(r))

|
~
=
I

one obtains the many channel S-matrix equation
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——S(r) = i[(S(r)H" (r) — H(r))V(r)(H*(r)S(r) — H " (r))] (4.21)

with the boundary condition:

S(0) = 1. (4.22)

It is convenient to introduce three real parameters to define the eigenvector and

eigenvalues of the matrix S. Let d1, d2, € be the three parameters defined by:

Sv; = exp|2id;]v; i=1,2, (4.23)
Ccos € —sine
V] = s V9o = (424)
sine COS €

We call §; and J2 the phase shifts, and ¢ the mixing parameter. Wi(r) and Wy(r)
are the two linearly independent solution of the radial Schrédinger equation with the

asymptotic behaviors

m : L
\/ 7k cosesin(kir 461 — )

Uy(r) = ,
\ /%2 sin e sin(kar + 0o — l%’r)
—/sinesin(kir + d; — ll—”)
Uy(r) == o ’

m : lom
\/ 72 cosesin(kar + 02 — &)
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We consider three function d;(r), da(r), e(r) defined as in (4.23) and (4.24). In order
to express these three real functions as solution of a system of differential equation it is

more convenient to use the reactance matrix in place of the S-matrix:

T(r) =i(I—S(r)) I+ S(r))~ L (4.25)

Note from this equation and Eq(4.23) and Eq(4.24) we have

T(r)vi(r) = ti(r)vi(r), i=1,2, (4.26)

with ¢;(r) = tgd;(r).
From Eq(4.25) and S-matrix Eq(4.21) a real differential equation for the reactance-

matrix is immediately obtained:

—T(r) = =2(J(r) = T(r)N(x))V (r)(J (r) = N(x)T(r)) (4.27)

with boundary conditions

T(0) = 0. (4.28)

Using the following relations

< VZ'(T),V]'(T) >= (51‘]‘, (4.29)
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d )i 2
%Vi(r) = (-1 +1 z:: (1 —=845)v,(r

which may be immediately verified using the definition of v ;(r)

cose(r) —sine(r)
vi(r) = , vo(r) =

sine(r) cose(r)

and taking into account the derivative of Eq(4.26) we can write

2
() BT I0)) = i)+ (-1 ) D (1) — 155

Jj=1

(4.30)

(4.31)

(4.32)

(4.33)

and using the notation A;; =< v;, Avy > if A is one of the matrices of (4.33), we can

obtain the following system of differential equations

d z 1 :
gt + (=1 e (r) Do (tilr) — t(

Jj=1
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I;m-(r)—i—ti (T)Cki<r)+tk (r)Cik(r)—i—tk (T)ti (T)N]m(r) (4.34)

For a simple case of equal masses and angular momenta in all the channel, the above

differential equation becomes

%tl(r) = —2Zl<COS (r)Vi1(r)+sin 2e(r)Vig (r) +sin? e (r) Vag (r))- Gy (kr) — 1 ()7 (kr) )2
(4.35)
Do) = 2 sin () Vi )~ sim 25 () Vi) -cos? (Vo) -Gk — () ()
(4.36)

1)~ ) () = P fsn2e(r) VY2 o 0o
Gilhr) — (k) Gulkr) — to(r)mkr))  (4.37)

We see from these last equations that at a distance r from the origin, the function
e(r) gives through the linear combination

cos? e(r)Vi1(r) + sin 2e(r)Via(r) + sin e(r) Voo (r), if i =1,
< Vi(I'),V(I')Vi(I‘) >=

sin? e(r)Va1(r) — sin 2e(r)Via(r) + cos? e(r)Vaa(r), if i =2,
of the element of the potential matrix, an equivalent potential related to the process in
the i-th channel as it appears in the one-channel equation for the tangent of the phase
shift. A system of differential equations for the phase shift can be derive easily from

above differential equation
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%(Si(’r) =-7 < vi(r), V(r)vi(r) > D (kr)sin®(&;(kr) + 6;(r)), i=1,2,
sin(dy(r) — 52(7”))%5(7“) = _Q?m <vi(r),V(r)va(r) > ﬁ?(kr) sin(gl(k:r) + 01(r)) x
sin(0(kr) + da(r)) (4.38)

where the function ﬁl(kzr) and Sl(kr) are the amplitude and phase shift of the Riccati-

Bessel functions as defined in Appendix A. In the general case, a more complicated

system of differential equations are found. They arel3"]

—51(7*)
=~ () VIV () DR (k) sin® (B (k1) + 81(7)

+21/2y/mima Dy, (k1) Dy, (kar) Vi (r) () (sin 6y (r) sin(8;, (k17) + 6y, (ko) + 61(r))

+sin &y, (kur) sin oy, (kar)) + v2maVas (r)p? (r) D, (kar) sin® (3, (kar) + 01(r))}

(4.39)
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(L 2() VB Vi (7)) DY, () sin® (8, (k) + 8a(r)

EH

—2/2/mimy Dy, (k1) Dy, (kar) Via (r) u(r) (sin 8o (r) sin(éy, (1) + 61, (kar) + 62(r))

+sin by, (k1) sin 0y, (ko)) + v2maVaa (r) DE, (ko) sin® (&, (kar) + d2(r)) }

(4.40)

sin(d1(r) — d2(r)) %M(T)

(VI Via () DR (k) sin(By (kar) + 61(r)sin(By (k) + 6(0)
—/2maVaa (r) u(r) D7, (kar) sin(0y, (kar) + 01(r)) sin(dy, (kar) + 85(r))
+21/2/mima Dy, (k1) Dy, (kar)Via (r)[(12 (r) — 1) sin &y, (k1 7) sin &y, (kar) cos 81 cos by

+ sin 81 (1) cos 8o (r) (U2 () cos &y, (kar) sin oy, (k17) — cos &y, (k1r) sin by, (kar))

+ sin 8y (1) cos 81 (1) (2 () cos &y, (kv 7) sin 0y, (kor) — cos by, (kor) sin &y, (k7))
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+sin 81 (1) sin 8o (1) (12 (r) — 1) cos &y, (k1) cos by, (kar)]} (4.41)

where we have

p(r) = tge(r)

4.3 Phase Shift Equation With The Coulomb Potential

We review here the necessary modification of our phase equations when we consider

[25].

the pp scattering When study the pp scattering, we must consider the Coulomb

potential. The general form of the uncoupled Schrédinger-like equation with Coulomb

potential is(25]

2 I(l+1) 20 5
- — Ad = 4.42
72 2 . + u(r) = b u(r), ( )

where AP consists of the short range parts of the effective potential. « is the fine
structure constant. Due to the long range behavior of the potential in above equation,

the asymptotic behavior of the wave function is

u(r) == const - sin(br — nln 2br + A), (4.43)
in which
lm
A = 5[ -+ g] — 5,
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EwQ

where 07 = argI'(l + 1 4 in) is the Coulomb phase shift, here n = —<.
We also use the variable phase method to calculate the phase shift with Coulomb

potential. Consider two differential equations

' 4+ (B2 =W —W)u =0,

and

7"+ (b* —W)u =0, i=1,2

in which «(0) = @;(0) = 0. Let

so that

Ty (r) == const - sin(br — nln 2br + A),

Ta(r) —= const - cos(br — nln2br + A),

where A = 0.
Just as in the variable phase method, we obtain a nonlinear first order differential

equation for the phase shift function ;(r) such that ¢;(c0) = d;, and 6;(0) = 0. This is
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done by rewriting u(r) as

u(r) = a(r)[cosy(r)uy (r) + siny(r)ua(r)]

so that

Since we have rewritten u(r) in two arbitrary functions, we are free to impose a condition

on u(r)

u'(r) = o(r)[cos y(r)ay (r) + siny(r)5(r)].

Combining u(r) and /(r) leads to

where v(0) = 0, wy(r) = Fo(n,br) and ua(r) = Go(n,br). With the Wronskian FyG{—

FiGo = b, we obtain by differentiating the differential equation

7' (r) = =W (r)[cos v(r) Fo(n, br) + siny(r)Go (1, br)]* /b

Note that for
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W(r)’:QM AA+D) _(i+1) o?

r2

Fo(n,br) =2 Cobr,

0 1
GO(nvbT) T—>0 ~

we obtain the relation

Letting

where ((r) is defined as

B(r) = _;)[COS () Fo(n, brr) + siny(r)Go(n, br)]? /b
B(r) has the exact solution
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Fy(n, br) Fy(n, br) — F{(n, br)Fo(n, br)
-Fl(n’ bT)Gf)(?% bT) - -Fl/(na bT)GO (TL bT)

,1[

]

v(r) = — tan

with $(0) = 0 and /(0) = — (8% and f(c0) = o1 — ' — 0y, lead to

(51 = 6(00)
Thus , if we solve
) = - Aweos(B0) + () Byl br) + sin(3(r) + ()G, br) 2/
MW cos ) o, br) + sin () Gl b))/

with the condition €(0) = 0, we obtain the additional phase shift(above the Coulomb
phase shift ) by integration to €(c0).
There is no Coulomb scattering for the triplet 36, and 3D; states as a consideration

of Pauli principal would show.
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Chapter 5

Model

In this chapter, I will talk about the model we used in our calculation which include
how to model our A, S and C invariant potential functions, the mesons we used in
our calculation and the way they enter into the two body Dirac equations, and how we

modify the phase shift equation for singlet and triplet states.

5.1 Two Body Dirac Equations For Scalar And Vector In-
teractions

The Dirac equations!!7-18:19:2L.23] of congtraint dynamics for two relativistic spin-one-half

particle interacting through scalar and vector potentials are

S1Y=vys1(n - (p1— A1) +ma +51)Y =0 (5.1)
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Sot) = ys2(72 - (P2 — A2) +ma + S2)Y =0 (5.2)

the subscripts ¢ = 1,2 stands for the ¢ th particles, so m; and my are masses of two
interacting fermionic particles. AY and S; introduce the interactions that the i th
particle experience due to the presence of the other particle, we call this form of the two
body Dirac equations in the “ external potential forms ” . In QCD, the scalar potential
S; is semi-phenomenological, the vector potential A/ is semi-phenomenological in the
long range and in the short range are closely related to the perturbative quantum field

theory. S; and Sy satisfy the compatibility condition[3!]

[S1,82] = 0. (5.3)

The vector potential A¥ are given in terms of three invariant functions2213] G, By, By

by
.G oF ~ i
Af = (e = B1) =i (G +0mGly - PYP! 4+ (1= G = 530G (54)
G oF ~ i
Ag = ((62 — EQ) — 15’71 . (E712 + 0ln G)’)/l . P)Pu + (1 - G)p“ - 586"’7175 (55)
while the scalar potentials S; are given in terms of three invariant functions20:21:23 @,
My, My by
i oM
S1 =My —mq — 5G”Y2 : M; (5.6)
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OMy
M,y

7
SQ = Mz —mo — §G71 . (57)

In Eq(5.4) to Eq(5.5), the variable P = p; + ps is the total four momentum, —P? = w?

is the c.m. energy squared, so P2 = —1, where P= g

. The variable ¢; are the conserved

c.m. energies of the constituent particles given by

61:w2+m%—m§ 62:w2+m%—m% (5.8)
2w ’ 2w '

S0 w = €1 + €. The relative momentum defined by p; = 61]5 +p, po = 62]5 — p become

p = (e2p1 — €1p2)/w.

In order that Eq.(5.1) and Eq.(5.2) satisfy Eq.(5.3), it is necessary that the invariant
functions G, Eq, s, My and My depend on the relative separation, x = x1 — x2, only

through the space-like coordinate four vector
ot =z, + P*(P-x)

z!! is perpendicular to the total four-momentum P. For QCD application, G, Ey, E are

functionst7-19:235 f A. The forms for functions F1, Fs, G are

By = G(e — A) (5.9)
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By = G(es — A) (5.10)

and

(5.11)

function \A(r) is responsible for the covariant electromagnetic-like parts of AY. Even
though the dependence of E1, F3, G on A is not unique, they are constrained by the
requirement that they yield the correct nonrelativistic and semi-relativistic limits. For
QCD application, M; and M, are the function of two invariant functions!*®23] A(r)
and S(r)

M2(A, 8) = m? + G*(2mwS + 5?) (5.12)

M3(A,S) = m3 + G*(2m,,S + S?). (5.13)

The invariant function S(r) is responsible for the scalar potential since S; = 0, if S(r) =
0, while A(r) contribute to the S;(if S(r) # 0 ) as well as to the vector potential A%
Finally, the five invariant functions G, Fq, Fo, M7 and Ms depend on two independent
invariant functions S and A. The kinematical variables m,, and ¢, are relativistic

reduced mass for fictitious particle of relative motion(see Eq(3.50) to Eq(3.57)),

(5.14)

and energy of fictitious particle of relative motion,
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2 2 2
ws—mqy —m
€w = # (5.15)

the corresponding value of the on-mass-shell relative momentum squared takes the form

2 2 o wh—=2w?(mi +m3) + (mi —m3)?
4w?

The two body Dirac equations are two body counterparts of the one body Dirac
equation with eliminated field and possess an analogous inherited dynamical “ gauge
invariance”. In fact, Eq.(5.1) and Eq.(5.2) are invariant under any gauge transformation
of the form AY — AY + 0! x(x,) with y the phase change of the single wave function.

To express G, E1,FE, My and Ms in terms of S and A are important for semi-
phenomenological and other applications that emphasize the relationship of the inter-
actions to external potentials of the two associated one-body problems. However, five
invariants G, E1, Ey, M, and M, can be expressed in the hyperbolic representation (24!

in terms of L, J and G. This representation is(for detail see chapter 3)

My =my ch(L) 4+ mg sh(L), (5.16)
My =mg ch(L) +m; sh(L), (5.17)
Ey =€ ch(J) + essh(J), (5.18)
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Ey = €9 Ch(J) + €1 Sh(J), (5.19)

G=¢é, (5.20)

L, J and G generate scalar, time-like vector and space-like vector interactions respec-

tively. If we use Eq.(5.16) to Eq.(5.20) and the “ theta” matrices

1
05 = i\/gr)%ir)/z”a p=0,1,2,3, 1=1,2 (521)

05 = i\/g%i (5.22)

we can put Eq.(5.1) and Eq.(5.2) in the form[*]

Sy = (SwCh(A) + Sgosh(A))¢ =0 (5.23)

Sorp = (SQOCh(A) + SloSh(A))1/1 =0 (524)

where
A=AL+A;+Ag

and for scalar interactions
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_OlL(xJ_) _ _IlIQL(xJ_)
2 2

A = 01, = 2951952 (5.25)

I; and I, are identity operators. For time-like vector interactions

Aj= =L : Oy Oy =20, - POy - P (5.26)

for space like vector interactions

_ 0sG(z1) _ mo - v21G(x)

A
g 2 9

O, O3 = 2711 - 721 (5.27)

We may use Eq.(5.23) and Eq.(5.24) to relate the matrix potentials A to a given field
theoretical or semi-phenomenological Feynman amplitude. A matrix amplitude propor-
tional to v}’ - 7o, corresponding to an electromagnetic-like interaction would indicatel25]
J = —G. Matrix amplitude proportional to either I1Is or ;- ]/3 Yo f’ would corre-
spond to semi-phenomenological scalar or time-like vector interactions. The two body
Dirac equations in hyperbolic form, Eq.(5.23) and Eq.(5.24), give a simple version?¥
for the norm of the sixteen component Dirac spinor. The two body Dirac equations
in “ external potential 7 form , Eq.(5.1) and Eq.(5.2), are simpler to reduce to the
Schrodinger-like form and are useful for numerical calculation(see however Sazdjian!?”

for a related reduction).
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5.2 Mesons In Our Fitting

We obtain our semi-phenomenological potentials of two nucleon interaction by incor-
porating the meson exchange model and the two body Dirac equations. We put all
the possible mesons which have physical meaning in nucleon-nucleon scattering in our
fitting. The pion mediates the long range part of our semi-phenomenological potentials.
Because the pion is the lightest meson, its exchange is associated with the longest range
nuclear force. The short range behavior of our semi-phenomenological potentials are
modified by the form factors, which are treated purely phenomenologically, because we
do not have a very good theory about quarks and gluons. So there is no reason to
include the heavy mesons that mediate the range which is shorter than the range mod-
ified by the form factors. The intermediate range part of our semi-phenomenological
potentials comes mainly from exchange of mesons which are heavier than the pion. We
use a total of 9 mesons in our fitting, these include scalar mesons o, ag and fy, vector
mesons p, w and ¢, and pseudoscalar mesons 7, 7 and 7’. In this dissertation, we are
ignoring tensor and pseudovector interactions, limiting ourselves to vector, scalar and
pseudoscalar interactions, all the mesons we used have masses less than about 1000
MeV. See the Table 2.1 in chapter 2 for the detail features of the mesons we used.
Our scalar interactions enter into two body Dirac equations in the form(see Eq(5.6),

Eq(5.7), Eq(5.12), Eq(5.13))

- (Tl : 7—2>ga0 r - ng (528)
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where g2, ggo, g?o are coupling constants for mesons o, ag and fo. ms, Mg, and my, are

the masses for corresponding meson, (71 -72) is 1 or 3 for isospin triplet or singlet states.
Our pseudoscalar interactions enter into two body Dirac equations in the form(see

Eq(3.175))

ﬁe—mﬂr i%e—mnr 9727, e~/

C:(Tl‘TZ)w —t et (5.29)

where w = €1 +¢s is total energy of two nucleon system. g2, g%, 9727’ are coupling constants
for mesons 7, n and 7’ respectively, mr, m, and m,  are the masses for corresponding
mesons. We chosen this form for C, because it yield the correct nonrelativistic limit at
low energy.

Our vector interactions enter into two body Dirac equations in the form(see Eq(5.9)
to Eq(5.11))

e~ Mo e~ Muw’ ) e~ MeT

A= (r-m)gy——+ 09—+, (5.30)

where gg, g2, gé are coupling constants for mesons p, w and ¢. m,, m,, and mg are the
masses for corresponding mesons.

We use the form factors to modify the small » behaviors in S, C' and A. The meson
exchange model is used to describe the nature of the nucleon-nucleon scattering in the
long range and the intermediate range, but is not sensitive to the short range behavior.

We use the form factors to modify short range part of nucleon-nucleon interaction. The
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final results should be independent on the detail of how the form factors are chosen. We

choose our form factors by modifying small r in S, C' and A to

r— /T2 + 13 (5.31)

In our first model, we just use two different rg to fit the experimental data, one ry for
pion, one for all the other 8 mesons whose masses are heavier than pion’s mass. We set
our two rg as two free parameters in our fitting.

In the constraint equations, A and S are relativistic invariant functions of the invari-
ant separation r = xf_ It is possible that A and S as identified from the nonrelativistic
limit can take on all value between positive and negative infinity. So it is necessary to
modify G, Fy, Es, My and Ms so that the interaction functions remain real when one
of the masses becomes very large or when A become large and repulsive**). These
modifications are not unique but must maintain correct limits.

We have tested several models, two of which can give us fair good fit to the experi-

mental data.

Model 1 For E; = G(¢;—A) to be real, we need only require that G be real or A < w/2.

This restriction on A is enough to ensure that M; = G\/mf(l — 2A/w) + 2m,, S + S?
be real as well(as long as S > 0 ). In order that A be so restricted we choose to redefine
it as

A=A, A<0 (5.32)
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A

This parametrization gives an A that is continuous through its first derivative.

We next consider the problems that may arise in the limit when one of the masses
becomes very large[‘l‘q. We must modify M7 and Ms so that it has the correct static
limit(say me — o0). It does appear that M7 — mq + .S when mgo — 0o. However this is
only true if m; +.5 > 0. In the other word, in the limit my — o0, the two body Dirac

equations would be reduced to

(v-p1+|mi+ S|y =0.

this would deviate from the standard Dirac equation in the region of strong attractive
scalar potential (S < —my). In order to correct this problem, we take advantage of the
hyperbolic parametrization. We desire a form for M; that has the expected behavior
(M; — m; + S in the limit when S becomes large and negative and one of the masses

is large). So we modify our L in the following way!44]

S (ew — A)S
hL = 1.0 + , S <0 5.34
s D D TJFSQ) (5.34)
where
p_1_24
w
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and for

S >0

M} =mi + G*(2m,,S + S?)

M2 = m3 + G*(2m,S + S?) (5.35)
with Eq(5.16), Eq(5.17) and
oM,
L=="21
0 VA

A crucial feature of the shL extrapolation is that for fixed S, the static limit(mg >
my1) form is shL — S/w which leads to M; — m; + S. The above modifications are not
unique, we may choose other way to modify our A and L, but the above modifications

give us best fit up to now.

Model 2 This model come from the work of H. Sazdjian!*3l. Using the special
techniques, he is able to sum an infinite number of Feynman diagrams(of the ladder
and cross ladder variety). For the vector interactions, he obtained results that corre-
spond to Eq.(3.47) to Eq.(3.49) and Eq.(5.9) to Eq.(5.11)(modify here in Eq.(5.32)) for
A > 0). For scalar interactions (L(S, A)) he obtained two results. One again agrees with
Eq.(3.45) and Eq.(5.12) to Eq.(5.13). As we have seen above this must be modified(see
Eq.(5.34)) for S < 0. His second result is one that give us another model for (L(S, A))
that would replace Eq.(5.12) to Eq.(5.13) with Eq.(5.36). We use this as our second

model modified as below
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If

S+A>0

we let
(S+A)w
S — —A

+\/4(5 + A)? 4+ w?
If

S+A<0
we let

S— -A+S+A

and we let

S+ A)

shL = sinh(—% In(1 — 2 )—G). (5.36)

w

5.3 Non-minimal Coupling Of Vector Mesons

We mention that the coupling of the vector mesons in Eq(5.30) corresponds in quantum
field theory to the renormalizable minimal coupling ngHEVN 1) that is analogous to
eAﬂﬁvu 1 in QED. In our model, we are not concerned about renormalization, since
the quantum field theory is not fundamental, so that we can not rule out the non-

minimal coupling of the p, w, ¢ analogous to

iz O, 7 1Y P, (5.37)
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We can convert above expression to something simpler/33.

By integration by part
and using the free Dirac equation for the spinor field, this non renormalizable interaction

can be converted into

[7”7'YV]¢FMV — —i

RN Gt A — i (G0 — (D) A (5.38)

. e -
oY M

The first term can be put into the standard coupling while the second term gives
rise to an amplitude written below. Now changing from photon to vector mesons (p)

and using on shell features

o + S PV ) appay)?  —AfRm 4+ ¢)
M?2(q* + m2 — ie) MA@ +mk—ie)  MZ%(q?+m2 —ic)
(5.39)

where ¢ = p — p/. The mass M is a mass scale for the interaction, my is the fermion
(nucleon) mass and m,, is the p meson mass.

How does this interaction modify our Dirac equations? Which of the 8 or so in-
variants are effected(see Eq(3.100) to Eq(3.111))7 In terms of its matrix structure, the
above would appear to contribute to what we called A, (see Eq(3.100)). It is as if we
include an additional scalar interaction with an exchanged mass of a p and subtract

from it the Laplacian(the ¢? terms in Eq(5.39)). That is

S — S —V25/4m3
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where

B 16m3; f; exp(—m,r)

5= M? r

Ignoring the delta function would give

S — S(1—m3/4m3%;) (5.40)

so that the modification is rather simple. It appears to have the opposite sign as the
vector interaction. That is, it would produce an attractive interaction for pp scattering.
In our application, this mean the Eq(5.28) and Eq(5.30) are replaced(including the rq

in Eq(5.31)) by

B 2€fmg? 9 e MagT 9 e—meF ,
S=—9o—— "9 7 9 7 5 (5.41)
where
2 —mpT 2 —MaT 2 —mgT
e M Ve e e M
S' = (11 -72)g(1 — 2(1 - SIS 16— .
(11-72)9, ( 4m?v) + gu 4m?v) —— gl ?V) -
and
o e ™" o, e T o, e T
A= (m-72)(9,+9,) + (9w + 9u) + (95 +95)— (5.42)
where g;?, g2 gg are also coupling constants we will fit.
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5.4 Modification Of Our Phase Shift Equations

The phase shift equation which we used in our calculation are different from Eq(4.17)
and Eq(4.39) to Eq(4.41). Because of the small r behavior of our potentials, these
phase shift equations leads to numerical instability if we use Eq(4.17) and Eq(4.39) to
Eq(4.41) directly in our calculations, especially, for p states and the coupled states. For
1Sy we never have any problems which other states may have. The forms of Eq(4.17)
and Eq(4.39) to Eq(4.41) for different angular momentum states are different, because
they have different angular momentum barrier terms. To solve our problems, we put all
the angular momentum barrier terms in the potentials, and change all the phase shift
equations to the form of S state-like phase shift equations. So our phase shift equations
are in a much simpler form.

For spin singlet states, our phase shift equations become

§j(r) = =k~ Vi (r) sin®[kr + &;(r)] (5.43)

this equation is similar to 1Sy state phase equation(see Eq.(4.16)), but it works well for

all the singlet states when the angular momentum barrier terms (l(l;”) are included in
Vi(r).
(141
Vi) = v + CED
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For spin triplet states, our phase shift equations become(see Eq(4.38))

%51-(1“) = —Q?m < vi(r), V(r)vi(r) > sin®(kr + 6;(r)), i=1,2, (5.44)
sin(61(r) — 52(7“))6%5(7“) = _Q?m < vi(r), V(r)va(r) > -sin(kr + d1(r)) sin(kr + d2(r))

(5.45)
Because the nucleon-nucleon interaction are short range, we integrate our phase
shift equations(for both the singlet and triplet states) to an distance( for example 6

fm) where the nucleon-nucleon potential become very weak. Then only the angular

momentum barrier terms l(lrtl) dominate the potential Vi(r), then we let our potential
Vi(r) = l”:;”, and integrate our phase shift equations from 6 fm to infinity to get our

phase shift.
Because of the modification of our phase shift equations, we also need to modify our
boundary conditions for phase shift equations. For the uncoupled singlet states P,

1Dy and triplet states 3Py, 2P, the modified boundary conditions arel38]

l

5(0) = —— k.
1(0) I+1

This is implemented by an additional boundary conditions at r = h, so our boundary

conditions for uncoupled singlet states ! P, 1 Dy and triplet states Py, 3P; are

bi(h) =~ kh (5.46)
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where h is stepsize in our calculation, k = 2%‘;1 . So for P and D states, the new

boundary conditions are 01(h) = —3kh, 02(h) = —2kh respectively.
For the coupled 2S; and 3 D; states, the way to get the boundary conditions is a little
bit tricky. We start with Eq(4.27), note all the phase shift equations are S state-like,

so that the differential equation for the matrix T" becomes

T = —%[SiHQ(kT)q) + sin(kr) cos(kr)(®T + T®) + cos? (kr)TPT) (5.47)

Here, we use ® to stand for the potentials in matrix form. We try to use this equation
to get the boundary conditions e(h), 0_(h) and d4(h).
Assuming at small r

T(r)=T(0) +rT"(0)

where(see Eq(4.28))

SO

T(h) = hT'(0) (5.48)

at small r, we can approximate our ® as(see ®1; and P15 in Eq(3.207) and ®9; and Poo

in Eq(3.208). Here we let ®19 = ®9; — %(@12 + ®91))

i — (5.49)



substitute Eq(5.48) and Eq(5.49) we can find

a B
T(h) =T(0)+ hT'(0) = (5.50)
B —3+7
where
o= =1,
1
p= —3770
e
T
then we can find e(h), tand_(h) and tand;(h) by diagonalizing matrix T'(h). The
matrix to diagonalize matrix T'(h) is(see Eq(4.24))
cose —sine
sine cose
By doing this, we can obtain
30
tan(2e) = 3 (5.51)
n-—(G+ %)
_ _ 2 2 : Ty o2
tand_(h) = T4 = —n— cos” e — 3Mocosesine — (3 + E) sin”e (5.52)
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2 2
tan 8, (h) = Ths = —n_sin?e + —ng cosesine — (= + Ui cos? & 5.53)
* 3 3 45

Now, we can go ahead to do our calculation.
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Chapter 6

Results

It is our aim to determine if a semi-phenomenological description is adequate for the
N-N potential by incorporating the meson exchange model and the two body Dirac
equations of constraint dynamics. In contrast to the equations used in Gross’s and other

g[12,40,41,42,43,45] semi-phenomenological fitting, the two body Dirac equations of

people’
constraint dynamics can be exactly reduced to local Schrodinger-like equations. This
allows us to gain the physical insight into the nucleon-nucleon interactions without
making any assumptions and approximations that are questionable. We try to test our
models to find which one can give us a best fit to experimental phase shift data in the
nucleon-nucleon scattering. We have performed a bunch of model tests(two of which
are presented here).

The data set6) which we used in our test consist of all pp and np nucleon-nucleon

scattering phase shift data below T, = 350 MeV, all the data are published in physics
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journals between 1955 and 1992. All phase shifts and mixing parameters were deter-
mined accurately. The data can give very accurate predictions for all nucleon-nucleon
scattering data at any angle and any energy below 350 MeV. Since the data did not
include any constraints on the energy behavior of the phase shifts beyond 350 MeV,
the results at the high end of energy range(Trq > 325 MeV) may be somewhat less
reliable. Not all the angular momentum state experimental phase shifts are listed with
errors . For the data that have errors, the errors are all very small, this mean all the
data were measured very accurately. In our fitting, we use experimental phase shift data
for NN scattering in the singlet states 'Sy, 'P;, 1Dy and triplet states 3Py, 3Py, 391,
3D;. Because we intend to use our fitting results to predicate the result in pp scattering,
so we did not put the pp scattering data of singlet states' Sy, ' Dy and triplet states 3P,
3Py into our fitting(There is no pp scattering in Py, 3S; and 3D; states because of the
consideration of Pauli principle).

Since we are not at the phase to get the perfect fitting and we are still at the stage
to test our models, to expedite our calculation, we do not use the errors which the data
provide with us, we use one degree as our errors in our fitting. We still have a lot of
room to improve our model.

We use the 7 angular momentum states in our fit. There are 11 data points for every
angular momentum state, in the energy range from 1 to 350 MeV, so the total numbers
of data points in our fitting are 77. To determine the free coupling constant(and the

sigma mass m, ) in our potentials, we have to perform a best fit to the experimentally
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measured phase shift data. The coupling constant are generally searched by minimizing
the quantity x? . The definition of our x? is
h
e St (6.1)
where the 6" is theoretical phase shifts, the J;"" is experimental phase shifts and we
let Ad; = 1 degree.

We have tried several methods to minimize our y2. The gradient method, grid
method and Monte Carlo simulations. Our x? drops very quickly at beginning if we
search by the gradient method, then it always hits some local minima and can not
jump out. Obviously, the grid method should lead us to the global minimum. The
problem is that if we want find our parameters we must let the mesh small enough,
but the calculation time become unbearably long, if we choose larger mesh, we miss the
parameters which we are looking for.

We found that the Monte Carlo method can solve above dilemma. We set a rea-
sonable range for all the parameters which we want to fit and generate all our fitting
parameters randomly. Initially, the calculation time also very long for this method, but
it can leads us to a rough area where our fitting parameters are located in. Then we
shrink the range for all our fitting parameters and do our calculation again, our calcu-
lation time then being greatly reduced. By repeating several time in the same way, we
can finally find the parameters.

To expedite our calculations further, we put restrictions on 1Sy and 25; states. After
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every set of parameters is generated randomly, we first test it on the 'S state at 1 MeV .
For 1Sy state, if

| 6t — 55 |> 0.2 | 55 | (6.2)

we let the computer jump out this loop and generate another set of parameters and test
again until a set of parameters pass this restriction, then we test it on the 35 states
at 1 MeV with the same restriction. We only calculate 6fh at higher energy if a set of
parameters pass these two restrictions. Otherwise, to continue to calculate 5fh at higher
energy just waste time and is meaningless. Our code can run at least 50 times faster
by this two restrictions. After we shrink our parameter ranges 2 or 3 times, all of our
parameters are confined in a small region. At this time, we may change our restriction
to

| 68 — 55 |> 0.15 | 6P | (6.3)

and put restriction on ' P; states or any other states to let our code run more efficiently.

Using the method we discussed in this chapter, we try several different models to
fit the phase shift experimental data of seven different angular momentum states which
include the singlet states 1Sy, 'P;, 1Dy and triplet states 3Py, 3Py, 351, 3D;. Two
models which we discussed in chapter 5 can give us fairly good fit to the experimental
data. The parameters which we obtained for model 1 are listed in table 6.1, and for
model 2 are listed in table 6.2. For the features of mesons in table 6.1 and 6.2, please

refer to table 2.1 and Eq(5.28) to Eq(5.30).
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Table 6.1: Parameters From Fitting Experimental Data(Model 1).

n n o p w m ag

g’ 225 | 480 | 479 | 116 | 165 | 13.3 | 0.13
ro(x1073) | 2.843 | 2.843 | 2.843 | 2.843 | 2.843 | 0.645 | 2.843
¢ fO pl W’ ¢/ Mo

g° 5.64 | 19.9 | 0.34 | 20.6 | 3.10 | 724.1
ro(x1073) | 2.843 | 2.843 | 2.843 | 2.843 [ 2.843 | ——

Table 6.2: Parameters From Fitting Experimental Data(Model 2).

n n o P w T ao

g* 0.88 | 1.70 | 54.7 | 2.58 | 183 | 13.6 | 10.5
To(XlO_S) 1.336 | 1.264 | 3.180 | 6.640 | 2.627 | 1.717 | 9.282
¢ Jo 4 w’ ¢’ Mg

g’ 9.12 | 33,5 | 5.11 | 28.6 | 12.1 | 694.3
ro( % 10_3) 11.45 | 4.447 | 6.640 | 2.627 | 11.45 | ——

Model 1 The theoretical phase shifts which we calculated by using the parameters
for model 1 and the experimental phase shifts for all the seven states are listed in table
6.3. We use parameters given above results to predict the phase shift of pp scattering.
Our prediction for the four pp scattering states which include singlet states 'Sy, 'Ds
and triplet states 3Py, 3P, are listed in table 6.4. The results for np scattering are also
figured from figure 6.1 to figure 6.7 and for pp scattering are also figured from figure 6.8

to figure 6.11.

Model 2 The theoretical phase shifts which we calculated by using the parameters
for model 2 and the experimental phase shifts for all the seven states are listed in table

6.5. We also use the parameters for model 2 to predict the phase shift of pp scattering.
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The prediction for the those four pp scattering states are listed in table 6.6. The results
of model 2 for np scattering are also figured from figure 6.12 to figure 6.18 and for pp
scattering are also figured from figure 6.19 to figure 6.22.

Our results show that our fit is still not perfect, especially, for the higher angular
momentum states at higher energy. Probably, we have not set our model in the right
way. This means we have not put our angular momentum and energy related terms in
our potentials in the way they should be. The two body Dirac equations are relativistic
wave equations, they should give the correct results for higher angular momentum states
and at higher energy. So before we can obtain a perfect fit we still have a lot of work to
do in building our model. The other reason that may cause this problem is that we did
not include tensor and pseudovector interactions in our potentials. Maybe we should
also include some other elements that we have not realized yet.

Our results in pp scattering show that if we obtain a very good fit in np scattering our
predicted results in pp scattering will also very good. This means that it is unnecessary
to include pp scattering in the our fit, we may use the parameters obtained in np
scattering to predict the results in pp scattering. This indicates that our results are
promising and our two body Dirac equations of constraint dynamics and the meson
exchange model are suitable to construct semi-phenomenological potentials of the N-N
scattering.

[45]

In contrast to Gross’s semi-phenomenological potentials'*®!, we use nine mesons(see

section 5.2 of chapter 5) in our fit, but Gross just use four mesons in one set of fit and
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six mesons in another set of fit. He just ignores the other mesons which, as a matter of
fact, exist in the nucleon nucleon interactions.

Although Gross’s curves are better than our curves, our theories are different. His
relativistic wave equation can be reduced Schrodinger-like equation only in nonrela-
tivistic limit. He made some assumptions and ignored a lot of hard handled nonlo-
cal potential terms in his derivations. In contrast to Gross’s relativistic and semi-
phenomenological wave equations, two body Dirac equations of constraint dynamics
can be exactly reduced to local Schrodinger-like equations. This allows us to gain the
physical insight into the nucleon nucleon interactions without making any assumptions
that are questionable. Furthermore, two body Dirac equations of constraint dynamics
has been successfully applied and tested in numerical calculation in atomic physics and
particle physics. So we believe that the two body Dirac equations of constraint dynamics

should also give a good results in phase shift analysis of nuclear physics.

160



Table 6.3: mp Scattering Phase Shift Of 1Sy, 'Pp,

States(Model 1).

1D27 3P07 3P1> 3S1 And 3D1

’ Energy 1Sy Lp 1Dy 3P,
(MeV) Exp. The. Exp. The. Exp. The. Exp. The.
1 62.07 59.96 -0.187 -0.359 0.00 0.00 0.18 0.00
5 63.63 63.48 -1.487 -1.169 0.04 0.00 1.63 1.55
10 59.96 60.40 -3.039 -2.870 0.16 0.05 3.65 3.57
25 50.90 51.95 -6.311  -6.641 0.68 0.52 8.13 8.72
50 40.54 41.65 -9.670 -10.23 1.73 1.13 10.70 11.62
100 26.78 26.64 -14.52 -13.49 3.90 2.00 8.460 10.17
150 16.94 15.18 -18.65 -15.26 5.79 2.51 3.690 5.688
200 8.940 5.615 -22.18 -16.49 7.29 2091 -1.44  0.66
250 1.960 -2.719 -25.13 -17.60 8.563 3.11 -6.51 -4.38
300 -4.460 -10.16 -27.58 -18.63 9.69 3.55 -11.47  -9.206
350 -10.59 -16.94 -29.66 -19.68 10.96 3.311 -16.39 -13.81
Energy 3P 39, 3D,
(MeV) Exp. The. Exp. The. Exp. The. Exp. The.
1 -0.11  -0.33 147.747  142.692 -0.005 0.719 0.105 0.287
5 -0.94 -0.88 118.178 112.670 -0.183 -0.176 0.672 1.224
10 -2.06 -2.26 102.611 98.215 -0.677 -0.256 1.159 1.951
25 -4.88 -5.70 80.63 78.38 -2.799 -2.910 1.793 2.587
50 -8.25 -10.18 62.77  62.00 -6.433 -6.947 2.109 2.495
100 -13.24  -16.66 43.23 43.18 -12.23  -13.94 2.420 3.013
150 -17.46  -22.12 30.72 30.64 -16.48 -19.35 2.750 3.562
200 -21.30 -26.98 21.22  20.95 -19.71  -23.78 3.130 4.489
250 -24.84 -31.46 13.39 12.95 -22.21 -27.62 3.560 5.682
300 -28.07 -35.67 6.600 6.127 -24.14 -31.01 4.030 6.982
350 -30.97 -39.58 0.502 0.171 -25.57 -34.15 4.570 8.536

161




Table 6.4: pp Scattering Phase Shift Of 1Sy, 1 Dy, 3Py And 3P, States(Model 1).

Energy ! S() 1D2 3P() 3P1
MeV Exp. The. Exp. The. Exp. The. Exp. The.
1 32.68 51.95 0.001 -0.091 0.134 0.381 -0.081 -1.215
) 54.83 55.47 0.043 -0.183 1.582 0.954 -0.902 -2.536
10 55.22 54.45 0.165 -0.270 3.729 1.773 -2.060 -3.864
25 48.67 47.64 0.696 -0.441 8.575 5.422 -4.932 -7.932
50 38.90 37.77 1.711  -0.504 11.47 9.766 -8.317 -13.15
100 24.97 23.63 3.790 0.511 9.450 7.862 -13.26 -18.45
150 14.75 12.37 5.606 1.141 4.740 3.812 -17.43  -24.42
200 6.550 3.024 7.0568 2.407 -0.370 -1.178 -21.25 -28.50
250 -0.31 -5.15 8.270 2.994 -5.430 -6.193 -24.77  -33.26
300 -6.15 -12.55 9.420 3.136 -10.39 -10.98 -27.99 -37.63
350 -11.13  -19.27 10.69 2.902 -15.30 -15.42 -30.89 -41.13
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6.1: np Scattering Phase Shift of 1Sy State(Model 1).
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Figure 6.2: np Scattering Phase Shift of ! P; State(Model 1).
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6.3: np Scattering Phase Shift of ! Dy State(Model 1).
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Figure 6.4: np Scattering Phase Shift of 3Py State(Model 1).
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Figure 6.5: np Scattering Phase Shift of 3Py State(Model 1).
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Figure 6.6: np Scattering Phase Shift of 35; State(Model 1).
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Figure 6.7: np Scattering Phase Shift of 2D; State(Model 1).
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Figure 6.8: pp Scattering Phase Shift of 1Sy State(Model 1).
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Figure 6.9: pp Scattering Phase Shift of Dy State(Model 1).
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Figure 6.10: pp Scattering Phase Shift of 3Py State(Model 1).
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Figure 6.11: pp Scattering Phase Shift of 3Py State(Model 1).
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Table 6.5: mp Scattering Phase Shift Of 1Sy, 'P;, 'D,, 3P, 3P, 3S; And 3D,
States(Model 2).

’ Energy 1Sy Lp 1Dy 3P,
(MeV) Exp. The. Exp. The. Exp. The. Exp. The.
1 62.07 60.60 -0.187 -0.358 0.00 0.02 0.18 0.00
5 63.63 63.50 -1.487 -1.163 0.04 0.15 1.63 1.61
10 59.96 60.20 -3.039 -2.857 0.16 0.39 3.65 3.74
25 50.90 51.44 -6.311  -6.629 0.68 0.40 8.13 9.28
50 40.54 40.91 -9.670 -10.36 1.73 1.37 10.70 12.69
100 26.78 25.86 -14.52 -14.44 3.90 242 8.460 11.74
150 16.94 14.62 -18.65 -17.55 5.79 3.62 3.690 7.399
200 8.940 5.435 -22.18 -20.37 7.29 4.55 -1.44  2.36
250 1.960 -2.428 -25.13 -23.15 8.53 5.24 -6.51 -2.78
300 -4.460 -9.330 -27.58 -25.87 9.69 5.34 -11.47  -7.746
350 -10.59 -15.52 -29.66 -28.54 10.96 5.30 -16.39 -12.52
Energy 3p 35, 3D, €
(MeV) Exp. The. Exp. The. Exp. The. Exp. The.
1 -0.11  -0.32 147.747  144.797 -0.005 0.719 0.105 0.264
) -0.94 -0.81 118.178 115.232 -0.183 -0.172 0.672 1.106
10 -2.06 -2.08 102.611 100.668 -0.677 -0.239 1.159 1.723
25 -4.88 -5.07 80.63 80.66 -2.799 -2.834 1.793 2.099
50 -8.25 -8.68 62.77 64.30 -6.433 -6.798 2.109 1.708
100 -13.24 -13.55 43.23 45.68 -12.23  -13.77 2.420 1.663
150 -17.46 -17.74 30.72  33.35 -16.48 -19.34 2.750 1.541
200 -21.30 -21.67 21.22 23.80 -19.71  -24.11 3.130 1.648
250 -24.84 -25.47 13.39 15.90 -22.21 -28.38 3.560 1.834
300 -28.07 -29.14 6.600 9.099 -24.14  -32.29 4.030 1.965
350 -30.97 -32.67 0.502 3.095 -25.57 -36.01 4.570 2.147
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Table 6.6: pp Scattering Phase Shift Of 1Sy, 1 Dy, 3Py And 3P, States(Model 2).

Energy ! S() 1D2 3P0 3P1
MeV Exp. The. Exp. The. Exp. The. Exp. The.
1 32.68 52.40 0.001 -0.116 0.134 0.417 -0.081 -1.172
) 54.83 55.48 0.043 -0.232 1.582 1.042 -0.902 -2.434
10 55.22 54.24 0.165 -0.327 3.729 1.934 -2.060 -3.682
25 48.67 47.13 0.696 -0.524 8.575 5.943 -4.932  -7.355
50 38.90 37.04 1.711  -0.505 11.47 10.88 -8.317 -11.57
100 24.97 22.85 3.790 0.994 9.450 9.417 -13.26 -15.41
150 14.75 11.82 5.606 2.036 4.740 5.543 -17.43  -19.97
200 6.550 2.845 7.068 3.211 -0.370 0.495 -21.25 -23.23
250 -0.31 -4.86 8.270 3.648 -5.430 -4.589 -24.77  -27.28
300 -6.15 -11.72 9.420 3.956 -10.39 -9.516 -27.99 -31.05
350 -11.13  -17.85 10.69 4.014 -15.30 -14.13 -30.89 -34.22
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Figure 6.12: np Scattering Phase Shift of 1.5y State(Model 2).
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Figure 6.13: np Scattering Phase Shift of ' P; State(Model 2).
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Figure 6.14: np Scattering Phase Shift of 1 Dy State(Model 2).
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Figure 6.15: np Scattering Phase Shift of 3Py State(Model 2).
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Figure 6.16: np Scattering Phase Shift of 3P, State(Model 2).
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Figure 6.17: np Scattering Phase Shift of 35; State(Model 2).
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Figure 6.18: np Scattering Phase Shift of 3D State(Model 2).
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Figure 6.19: pp Scattering Phase Shift of 1.5y State(Model 2).
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Figure 6.21: pp Scattering Phase Shift of 3Py State(Model 2).
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Chapter 7

Summary and Suggestions

7.1 Summary

In this dissertation, we have reduced the two-body Dirac equations to coupled Schrodinger-
like equations. This work had been done in Long’s paper3!, but we use a completely
different derivation method. After we made several minor corrections in Long’s deriva-
tion, our equations get an agreement with his results although our derivation procedure
is completely different. So we are confident of our derivation procedure and our re-
sults. This is very important for my dissertation because this is just the first step of my
dissertation. If I made a error at this step, all my following work becomes a lemon.
After we reduce the two-body Dirac equations to a coupled Schrodinger-like equa-
tions, these Schrédinger-like equations have first derivative terms which are inherent in
the two body Dirac equations. This is a difference with the standard Schrodinger-like

equation. Before we can apply the techniques which have been already developed for
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the Schrédinger-like system in nonrelativistic quantum mechanics, we must get rid of
these first derivative terms . This work is an important and crucial analytical part of
this dissertation. For the uncoupled states, it is pretty straightforward. For the coupled
states, the radial eigenvalue equations is in a matrix form and the process in getting
rid of the first derivative term is very complicated. We were not successful in getting
rid of first derivative terms for coupled states starting from the coupled radial eigen-
value equations. However, we developed a different approach that works for both the
uncoupled and coupled states simultaneously.

We have tested several models by using the variable phase methods. Because of the
small r behaviors of our potential if we use Eq(4.17) and Eq(4.39) to Eq(4.41) directly
in our calculations, especially for p states and the coupled states, these phase shift
equations lead to numerical instability. We really experienced some hard time to solve
this problem. But finally, we found we never have such problem with 1Sy state. The
forms of Eq(4.17) and Eq(4.39) to Eq(4.41) for different angular momentum states are
different, because they have different angular momentum barrier terms. To solve our
problems, we put all the angular momentum barrier terms in the potentials, and change
all the phase shift equations to the form of S state-like phase shift equations. So the
phase shift equations which we used in our calculation are different from Eq(4.17) and
Eq(4.39) to Eq(4.41) which are the usually phase shift equations used by other people,
our phase shift equations are in a much simpler form.

After several models and several methods to minimize our x? tested, we found two
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models(see chapter 5) which can lead us to a fairly good fit to the experimental phase
shift data. This means that our work have showed a promising result. Here is a brief

summary of the important equation in this dissertation.

Our Master Equation

(p?+ 24’ sinh?(K) L JF WK — Al cosh(K) sinh(K)
r r
_pl _ " _ K2 2F/ _ 4Sinh2(K)
r 72
- ! 'sinh?(K)  2sinh?(K cosh(K) sinh(K
+L.(Ul+02)[§r+g T( )_ Tg( )—Qh/ ( )T ( )]

2h,sinhQ(K) n 2sinh(K) cosh(K) n h' g’ sinh(J) cosh(K)

r 72 r r )

+ o1-fog-PL- (01 4 02)(

4 o1-oalk+ g’ cosh(K) sinh(K) + g sinh*(K) 2h,cosh(K) sinh(K)

T T r

_Qh,sinh2(K) 5 C0sh(K) sinh(K) 2sinh2(K)

r B r2 B r2 I+

3¢’ cosh(K)sinh(K) ¢'sinh? K

r r

- . 2h' cosh K sinh K
o1 -Toy - F[j —

—¢K -2 F +
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2 cosh(K) sinh(K) sinh?(K)

inh?(K
+6h’smr() — (F'K'+ K") = 2K’ +6 e 2] mpy

— 826_2‘67}[)

see Eq(3.206) for the expression for ¢', b/, K, K’ and F".

This is our master equation used in our phase shift analysis for nucleon nucleon scat-
tering. It is a coupled Schrodinger-like equation derived from two body Dirac equations
without making any assumption and approximation(beyond those assumed in chap-
ter 5). All of our radial wave equations for any specific angular momentum state are

obtained from this equation.

Effective Interactions We use nine mesons in our fit. We summarize the meson-

nucleon interactions by writing the quantum field theory Lagrangian of their effective

interactions
Ly = go@wa + gfo@wf(] + gao%ﬁao
+9p$’}’“?w7u + gwE’Y“qu + gdﬂv“lb%
0V TYT + gy U + gy oy (7.1)
where 1) represent the nucleon field, o, fy, ag, 7, .... represent the meson fields.
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Variable Phase Methods The phase equations which we use in our calculation
are different from the usual phase shift equations used by other people. Our phase
shift equations are all in the S state-like form. For spin singlet states, our phase shift

equations is in the form

§(r) = —k7 Vi (r) sin®[kr 4+ 6 (r)]

this equation is similar to 1Sy state phase equation, but it works well for all the spin

singlet states when the angular momentum barrier terms (1(1:51)) are included in V(r).

For spin triplet states, our phase shift equations are in the form

Do) = =20 < i), VOwilr) > sin’(br 4 6()), =12
sin(d1(r) — 52(7‘))%5(7“) = _27771 < vi(r), V(r)va(r) > -sin(kr + 61 (r)) sin(kr + d2(r))

again, the angular momentum barrier terms (’(l;'gl)) are included in Vj(r).

Fitting the Phase Shift Experimental Data Several models have been tested
by using the variable phase methods, two models can lead us to a fairly good fit to
the experimental phase shift data. We use the parameters which gives the good fit
to predict the phase shift for the pp scattering, we also get a good prediction for the

pp scattering based on the parameters we obtained. This means that our work have
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showed a promising result. The following are some suggestions to improve our work in

the future.

7.2 Suggestions For Future Work

Other Model Test More model testing is absolutely necessary in the future. By
model we mean a way in which the perturbative interaction that arise from Eq(7.1)are
put into the nonperturbative form we need for L, C' and G. During our fitting, we found
that our final result are very sensitive to the model we chose. Some models give very
bad fit, others give good fit. Changing the way to modify the interactions and the way
of mesons enter into the two body Dirac equations can always produce new opportunity

to improve our fit.

Include Tensor Interactions We just have included scalar, pseudoscalar and vector
interactions in our potentials through the invariant forms like L, C' and G. Treating
two body Dirac equations with tensor interactions of the vector meson may greatly
improve our fit. These tensor interacting were discussed in chapter 5(see Eq(5.30))
and correspond to non-minimal coupling of spin one-half particle not present in QED
but which can not be ruled out in massive vector meson-nucleon interactions. The

corresponding field theory interaction is

ALp = gppo™ TU P 1y, + G0 Pwp + gybo™ Py,
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and would correspond to relaxing the free field equation assumption made in Eq(5.38)).

Include Pseudovector Interactions Another option is to allow the pseudoscalar
mesons(m, 7, and n') to interact with the nucleon not only by the pseudoscalar interac-

tion(as in Eq(7.1)) but also by the way of the pseudovector interactions as below

AL = gopy"y°T0, T + gryby > dun + grby o’

Include Full Massive Spin-One Propagator We have ignored a portion of the
massive spin-one propagator in our fit since it is zero for particle on the mass shell.
To include this portion of massive spin-one propagator we would change the vector

propagator as below

uv q"q”
" T

—
q* +m2 —ie ¢* +m2 —ie

Among all the four suggestions, the first one is easy to do and have more chance
to improve our fit. The last three suggestions would involve corresponding additions to
the interaction that appear in the two body Dirac equations. In particular, we would
have to modify our master equation which was derived from Long’s equation. This
means there is still a lot of analytical and numerical work to do to implement these

three suggestions.
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Appendix A

Riccatic-Bessel Functions

Definition of the Riccati-Bessel Functions

Here Jp(z) is the standard Bessel function.
The First Riccati-Bessel Functions

jolw) = sina,

A sinx
Ji(x) = —cosx + —

~

. I T )
J2(x) s.mac(ac2 ) — cos;
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fip(r) = — cos z,

. . cos x
ny(z) = —sinxz — ,
x
3 3
. _ 3 - 3sna
na(x) Cos x(x2 ) —sing

Wronskian Relation

Jul)ay(x) — jj(@)f(z) = 1.

Behavior Near the Origin

@) = ["/(20+ L+ O(=?)]

my(x) = [—z7H20 — DIN[1 4 O(z?)]

Asymptotic Behavior

Ji(x) == sin(x — 5) (x >1),
~ r—00 lﬂ'
ny(z) — —cos(w—g) (x>1).

Parity
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Amplitude and Phase of the Riccati-Bessel Functions
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Appendix B

Reduction To Radial Form

B.1 Reduction To Radial Form

Our Eq.(3.173) is
h[El[O'l -p— 109 - (d + ko - UQ)VLFl[O'l P — iUg-(Z + ko - 02)}(25_;,_

+h[Mifor - p —io2:(0 + kot - 02)|hF3[01 - p — io2(z + ko - 02)|d4
—h[El[O'l P — iUQ'(d + k0'1 . O'Q)]hFQ[O’Q P — iUl-(Z + k0'1 . 02)](;5+
—i—h[Ml[O'l P — iag-(o + ko - O’Q)]hF4[O’2 P — i01-<Z + ko - 0'2)]¢+

- BQ¢+.
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For future reference we will refer to the four sets of terms on the left hand side as
Eq.(B.1) (a),(b),(c),(d) term.

Substitute d, h, F, z, k’s expressions to (a) term of Eq.(B.1), we obtain

(@) = Bu{fo1-p— 502 V(C+J + L) = 5VG - (o1 + i1 x 02)

. | |
xe?Lo1-p =02 V(=C+ T = L) = VG - (o1 +io1 x o))} (B2)

using the commutation relation of p to move the second oy - p term in above expression

to the left, we can find the (a) term is

L . .
B {[e9 S o1 P — 502 V(=C 4+ = L) = 2VG - (01 + i1 X 02)|(071 - P)

X " . .
010901 P — 502 V(=C + J = L) = £VG - (o1 + i1 x 02)]

i

u .
2[02-V(C+J+L)+Vg-(01+i01 x 09)]e9 2oy - p — Eo'g-V(—CW—J—L)

D 2

—%vg (o1 +io1 x 02)]}

simplify the first term in above expression by using

(01-p)(01 - P) =P,
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oi(o1-p) =p+i(o1 x p),

(01 X 03)(01-p) =i(o1 - 02)p—ioy(o2 - p) — (02 X P) (B.3)
we can obtain
(a) term is
G oMz
e’ Er{[e ?[p — 502 V(-C+J—-L)(o1-p)

VG- [(p+i(o1 % p) — (01 92)p + 01(02 - B) (02 D]

. Iy . .
+-01-0[e9 S o1 -p - %ag V(-C+J-L)- %vg (o1 +io1 X 09)]]

] M-
—5lo2 - V(C+ T+ 1)+ VG - (01 +i01 x 02)]ed [0 - p

; .
—502 - V(=C+J - L) - %vg-(a1 Fioy x 09)]} (B.4)
Substitute o, h, F1, z, k’s expressions to (b) term of Eq.(B.1), we obtain

(b) term =e9M{[oy-p — %(72 -V(C—-J-1L)—- %Vg (01 +io1 X 09)]

. . .
X Slo1 P 502 V(-C+J = L) = 5VG - (o1 +ior x o)} (B5)
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using the commutation relation of p to move the second o7 - p term in above expression

to the left, we can find the

(b) term is
e Ml{[e 5[0’1 “p— 502 . V(—C +J — L) — §VQ . (01 + 1071 X 02)](01 . p)
+oo1 dle D o1 p— 502 V(-C+J-L) - 5Vo- (o1 +i01 X 02)]]

L
2

E
[o2-V(C —J—L)+ VG- (01 +i01 X 02)]6(;52[01 p

—%@ V(-C+J—L)— %vg (o1 + iy x 02)]}

simplify the first term in above expression by using Eq.(B.3)

(b) term is

Ey 2
eng{egg[P 502 V(-C+J—L)(o1-p)

—%Vg [(p+i(o1 x p) — (01-02)p + 01(02 - p) — i(02 X P)]]

Eg[
D

X . _
0109 o1 p— Lo3- V(=C+ ] = L) = £VG - (01 + oy X )]
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1

2

E
(02 - V(C —J = L)+ VG - (01 +io1 X ag>]e952[al p

202 V(=C+ T — L)~ -G - (01 + i1 x 33)]}

(B.6)
Substitute d, h, F, z, k’s expressions to (c) term of Eq.(B.1), we obtain
(0) term = —e9 By {[o1 - p — %UQ V(C+T+L) - %vg (o1 + io1 X 79)]
Xeg%[ag - %al V(—C4J—L)— %vg ostiosx o)} (B

using the commutation relation of p to move the second o3 - p term in above expression
to the left, we can find the
(c) term is

u ) )
—egEl{[egfl[ag ‘p— %al -V(-C+J—-1L)— %VQ (o9 +i0g X 01)](01 - P)

1 M . .
+50'1 '8[eg?1[0'2 p— %O’l . V(*CJF J — L) — %Vg . (0'2 +’i02 X 0'1)]]

1

M
Slo2 - V(C+ T + L)+ VG - (01 + o 02)]6931[02 p
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—201V(=C+ T — L) = 2YG - (02 + iz X 1))}

simplify the first term in above expression by using Eq.(B.3)

(c) term is

—egEl{eg%[(ag .p)(1-p) %al V(=C +J — L)(o1-p)

~2G - [(72(01 D) ~ (o1 02)p +04(02 - B) + (o x D]

. M ‘ .
+oo1 G[egﬁl[az P %Cfl V(-C+J-1L)- %V(J (o2 402 X 01)]]

) M
*%[0'2 -V(C+J+L)+VG- (01 +io1 X 02)]eg31[02 p

—%al.V(—O+J—L) _ %Vg'(02+i02 < o))} (B.8)

Substitute o, h, Fy, z, k’s expressions to (d) term of Eq.(B.1), we obtain

(d) term = e9M{[o) - p — %ag -V(C—-J-1L)— %Vg (o1 +i01 X 09)]

5 . .
xef oy p - %al V(-C+J—L)— %vg (02 + iy x o1)]} (B.9)

using the commutation relation of p to move the second o9 - p term in above expression
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to the left, we can find the (d) term is

E . .
eng{[eg—l g9 -p — z0'1 . V(—C-f— J — L) — %Vg . (0'2 —i—io‘g X 0’1)](0’1 . p)

D | 2

1 G ;
o1 e o p—5al V(- C+J—L)—%VQ-(02+Z'02><01)]]
i G Ei

—5l02-V(C =T = L)+ VG - (01 +i01 X 02)]e 5[02 p

—%al V(-C+J—L)— %vg (02 + ios x o1)]}

simplify the first term in above expression by using Eq.(B.3)

(d) term is

My {e? —[(02 p)(o1 - p)—501 V(=C+J - L)(o1-p)

—%Vg ~[(o2(01-p) — (01 - 02)P + 01(02 - P) + (02 X P)]]

1 E )
010l D[ag p—ial V(- C+J—L)—%vg.(a2+z‘agxm)n
i ‘ ¢ B
—5[02'V(C—J—L)+vg'(01+201XUQ)]G 5[02 P
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—%al V(-C+J-L)- %vg (09 + ioe x o1)]}

Combining all the (a),(b),(c),(d) term. Using D = EyMs+ E2M;, we can combine the
first term of (a) term and (b) term, the first term of (c¢) term and (d) term cancelled

each other, we also can combine the third term of (c¢) term and (d) term. Finally, we

can get

(a) + (b) + (¢) + (d) term=

eI {e9[p? — %ag V(~C+J—L)(o1 - p)

—%Vg -(p+i(o1 x p) — (01-02)p+01(02-p) —i(o2 X p))]

FE M. ;

+=tor VIed o1 p - %ag V(=C+J—-1L)- %vg (o1 + oy X 02)]]
M E ) )

+Tlal : V[eg%[al p— %ag V(-C+J—L)- %vg (01 +io1 X )]
1Fq

M.
—7[02 -V(C+J+L)+ VG- (01 +i0; X 02)}6962[01 P

—%02 -V(-C+J—-1L)— %VG (o1 + Qo1 X 02)]
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" E
‘171[02 V(C— T = L)+ VG - (01 +io1 x o)l Zon - p

—%U2 -V(-C+J-1L) - %VQ (o1 +io1 X 02)]}

M P . .
+eg{7101 : V[egﬁl[az P %0'1 V(-C+J—-L)- %VQ (02 +iog X 01)]]

. A . .
—7101 - V[egf[az p— %01 V(-C+J—L)— %vg (0 + o X 01)]]

My E

(05 p — L V(-C+J-1L)- %vg (02 +i0p x 01)]]}

+iog - V(J 4 L)[eY 5

applying V¢ = 1)V o+ @V to the second and third terms of above equation, and using
D = E1Ms+ E;M; to combine them, we can get three terms from this combination.
Also using D = E1 M+ E;M; to combine the terms with VG - (01 + i01 X 02) of 4th
and 5th terms of above equation. Keep all the other term unchanged, we obtain

(a) + (b) + (¢) + (d) term=

eg{eg[p2 — %0'2 -V(=C+J—L)(o1-p)

_%VQ ~(p—(01-02)p +01(02 - p) —i(02 — 01) X P)]
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g . .
+ (1 Vo1 -p— %ag V(=C+J—L)— %vg (01 + i1 X 09)]

1

g N . .
+7101 : V(egg)[al p— %Ug -V(-C+J—-1L)- %VQ - (01 +i01 X 09)]]

M P ‘ .
+7101 : V(eg%)[m P %Uz -V(-C+J—-1L)- %Vg (o1 +io1 X 09)]]

—%egvg (01 + oy X a9)[o1 - p — %Uz V(-C+J—L) - %vg (01 + ion X 09)]

——e'—09-V(C+J+L)[o1-p— %UQ'V(—C'—FJ—L)—%Vg‘(ol—i—ial X 09)]

. . .
—%eggag V(O —J—L)oy-p— %UQ V(-C+J—L)— %vg (o1 + iy x 09)]}

M P . .
+eg{7101 : V[egfl[crz ‘P %01 V(-C+J-L)— %Vg - (02 +iog X 01)]]

. ur . .
~—to1- VeI SHoz - p - %al V(-C+J-L)- %vg (02 + ia x 01)]]

VB . .
Vioy - V(J + L)[eg%[ag p- %al NV(-C+J-L) - %vg (0 + o x o1)]]}

Simplify above expression using (o - A)(c-B) = A -B +ic- (A x B), we obtain
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(a) + (b) + (¢) 4+ (d) term=

eH{e[p’ — 500 V(~C +J ~ L)(01 - P)

—2VG - (p— (01 02)p +01(02 - B) ~ i(> — 1) X )]

g

+ [V p+ioy - (Vxp)— 3

5(01-V)oy - V(=C+J — L) - %v2g

1
+§V . (ivg(Ul . 0'2) — iO’Q(O’l . Vg) — ngUQ)]

E My M By . ) . ] .
—i—[Tl(eg%) +Tl(eg52) |[£ - ptior - (F x p) — %(01 T)og-V(-C+J - L)

) 1
_%(f-vg +ioy - (ExVG)) + =& - (iVG (01 - 03) — ioa(01 - VG) — VGx02)]

\V)

—%eg[vg -ptioy - (VGxp) +i(—iVG(0o1 - 02) +ioe(o1 - VG) — VGx03) - p
—%(01 VG)(0 - V(—=C + J — L))

—%(—@'vg(al < 03) + i01(02 - VG) = VGx01) - V(=C + J — L)
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2 (VG = (VG-(o1 % 0))? +i(VG-(VG(01 - 02) — ios(e1 - VG) ~ VGx)))
+i(—iVG (o1 - 02) +ioa(01 - VG) — VGx0a3) - VG|

_, o2 V(C+J+ L)(o1-p)

—%V(C+J+L).V(—C+J—L) — %aa'V(CJrJJrL)(m'VG)

—%V(C + I+ L) ((VG(0r - 09) — o1 (09 - VG) — VGxa1)]

—%V(C—J—L).V(—0+J—L)—%UQ.V(C—J—L)((H-vg)

—%V(C —J - L) . (ng(Ul . 0’2) — i01(0'2 . VQ) — VgX(n)]}

My, gE1. Ey
— (=) =

M/
g g M
{57 e

) ll(o1 - #) (02 - p)

—%(f N(—C +J — L)+ioy - (#xV(~C + J — L))
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7

(o1 B)(oa vg)—%f (iVG (01 - 09) — i0a(01 - VG) — VGx0)]

MiE;

+ieY [V(J+ L) -p—ioy- (V(J+L)xp)

_%(02 V(J+L))(o1-V(=C+J - 1))
_%(V(j-}- L)-VG+ios- (V(J+ L) x VG))

1 . .
+§V(J+ L) . (ng(O'l . 02) - 20'1(02 . Vg) - ngO'l)]}
Simplifying above expression by letting
V(IC+J+L)=(C+J+ L)t

V(-C+J—-L)=(-C+J~-L)#,
VG = G’ ete.

and using

V() = F(r)" + 2 ()
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(VG-(01 % 02))% = 2(VG)? — 2G7(01 - £)(02 - £)

some terms may become zero because the vector dot and cross product properties. The
above expression become

(8) + (b) + (¢) + (d) term=

/{9 [p” — %(—C +J— L) (o2-%)(01-P)

—Eg'(f ‘p—(01-02)F-p+(01-1)(02-p) —if-((02 — 01) X P))]

2
ff[_;v?(—c +J = L)(oy - #)(o2 - ) + ?;W(Ul -)(0z - F)
(O 4T LY (o1 02) ~ 596

—%(z‘VQQ(al < 03) — iV2G (01 - ) (09 - ) +

g E5 M,
+ 16 = F5 P D pion - (Fxp)

—%g' n %g'(ol cog) — %g’(al #) (o 1))
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—%eg[g'f -p+iGor - (Exp) + G (01 02)F - p—G'(01-F)(02-p) —iG (X 02) - P
—%g’(—o +J = L) (o1-%)(02- ) + %9%—0 +J = L) (01 02)

_%g/(—c +J =LY (o1 )(0on - F) — %((VQ)2 —2(VG)® +2G%(01 - £)(02 - £)
—G*(01-02) + G (01 - #) (02 - #) + G(01 - 02) — G (01 - £) (02 - 1))

—%e —[(C+J+L)(o2-%)(o1-P) (C+J+L)(-C+J-L)

v
2

—%g’(C —|— J + L)/(O'l . f‘)(O’Q . f‘)

_%(C +J+L)'G (01 02) + %Q’(C +J+ L) (o1 )(02 - 1))

_%eg%[(c— J_L)’(O'2 f‘)(gl p) _ %(C_ J_L)/(—C+J—L)/
_%(C L LYG(oy 8o )

*%(C —J—=L)G (01-02) + é(c —J = L)G (01 - %) (09 - )]}
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_%(J +L)(=C+J ~ L) (01 - #)(02 - £)

—%Q’(J + L) + %Q’(J + L) (01 03) — %Q’(J + L) (o1 - #)(02 - 7))}

Some terms in above expression can be combined, some cancel each other. Finally, we
can group above equations by p?term , Darwin term f - p, spin-orbit angular momentum
term L - (01 + 02), spin-orbit angular momentum difference term L - (o1 — 02), spin-spin
term (o7 - 02), tensor term (o - )(o9 - ), additional spin dependent terms L - (o1 X 03)
and (o1 - t)(o2 - p) + (02 - )(01 - p) and spin independent terms. The final result for
above expression is

(a) + (b) + (c) + (d) term=

EsMs + M1 E 1 1
- %(!} + D) p - VG- 0"

e2g{p2 —i[2G’ 5

218



1 Eo Mo + My Ey

_} o 2 2
17 =1)% = C) + 2 5

g/(J+ L)/

L'(Ul—l-a'g) _1E2M2+M1E1 _L'(Ul—dg)lEgMg—MlEl

! ! /

pEN T SRR PR (g ) Loy LBt _ A T+ 1)
1 2 1 /2_1E2M2+M1E1 / /_1 / /_lg/_l(_c"i_J_L)/
Hor-o2)[5VEg+567 — 5 D GUIHL) =590 =57~ 3 r )

+(o1 - #) (02 - f)[—%VQ(—C' +J—L)— %v2g -G (-C+J—-L)Y-G*+ %g’

3 1 EyMs + M E
fo(—C4J - Ly 22

o 5 ) (J+L)(G—-C+J-1L)]

+L . (0’1 X Gg)zMgEl — M1E2
r 2 D

i(J — LY
2

(J+ L) = ((o1-%)(02 - P) + (02 1) (01 P)) }

So our Eq.(B.1) becomes

EoMy + My Eq

{p” —i[2G' — 5

Na _1 2 _1 2
(J+L)Ji-p = 5VG-19
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1
4

1 Eo My + My Ey

(J=1)=C%) 45—

g/(J+L)/

L-(Ul+0’2) / 1E2M2+M1E1 / L'(Ul—UQ)lEQMQ—MlEI ’
_ - L) — — L
+ ; G 5 5 (J+L)] . 5 5 (J+ L)
1 o, 1 _, 1EMy+ME, , , 1., ., 1G 1(-C+J-1L)

. et - _ LY - Z _-Z _Z
+(0o1 02)[2V g+2g ) D G (J+L) 2gc 55 . ]

+(o1 - £) (02 - f)[—%vz(—c +J—-L)— %vzg -G (-C+J-L)-G"+ %g’

3 1 EyM; + M E
b (—C 4 J - Ly 22

o S (T L)(G = C 4+ T — L))

L- (0'1 X Uz)ngEl — M1E2

L 0n) L SRETE (1 4 L) — (01 )02 B) + (02 )01 P))

+

=B% Wy, . (B.11)

This is our Schrodinger-like equation which we will use to fit phase shift experimental

data. We can obtain the wave equations for different states from this equation.
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B.2 The Radial Eigenvalue Equations

For singlet states 'Sy, Py, 1Dy and triplet states 3Py, 3Py, 351, 3Dy, we can get their
radial eigenvalue equations from Eq.(B.11) for equal mass case as following
s=0,7=1
& jE+1) d 1

{~os+ 75— — 26 -(D) - T+ L)( — )

%v?(—o =L =3G) = H(C+T—L—G+2Mm(D)(=C+ J — L —3) hu,

1
4

= 826_2QUj0j,
s=1,7=1

2  j(i+1) ,d (~-C+J—-L+G)
{_WJF > —(2Q—I—J—L—ln(D))%+ .

—%VQ(—C FI-L+0)+ i(an(D) C(C4T—L+36)(=C + T — L+6) Yuys

— 1r2,-26
= B“e Uj1j-
The above two equations are uncoupled. The below are the coupled equations
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s=1,j=1+1

? -1 1 , d

{(_W T3 ) + [In(D) — 2G — m(b’— )] ar
iln(D L @244+ T—L+G-1O)E = gc+ = (- 1)?
[—jIn( )+m((] +j+1)G+J-L+(j—1) )];—5 +Z( —(J=L)7)
e (I + 0 PG s L OY + S (D) G+ T - L—C) )
27 -1 2 4 2 -

+gtﬁD&QU—Lhi+KJ—DQ—2ﬁ+3Q—%Wi

VX J-L+G-C)+(J—-L+G~-0C)(In(D) —26) }uy = B 9u_,
s=1,j=1-1

_;:+U+29+”%Hmmyng+1U—LWd

{( 2j+1 dr

. 1 .9 . . /1 1 7~ 1 12 12
((+DI(D) = 5= (A4 T+ )G +T L= (+2)0)] = 56/C+ (€7 = (T = 1))
1 1 2 /2j+5 ! 1 / !
+§7¥T«§V(J—L+Q—Co+g( 1 g+J—L—C)—im(Dﬂg+J—L—C)ﬂu%
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iG+1)
2j + 1

4

{271

(T = L)(2) +3) + 30 30]'%

~V2(J-L+G-C)+(J—L+G—0C)(In(D) —26)u_ = B *u,.

The above radial eigenvalue equations agree with Long’s resultsY), but by using the dif-
ferent methods for derivation. We do not give the explicit detail of this derivation since
the method we used here are similar to one we use in Appendix C which we use for our
final equations . All of above equations have a first derivative term. This is a difference
with the standard Schrodinger-like equation. Before we can apply the techniques which
have been already developed for the Schrodinger-like system in nonrelativistic quantum

mechanics, we must get rid of these first derivative terms .
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Appendix C

Removal Of The First Derivative

Terms

C.1 Removal Of The First Derivative Terms

The general form of the eigenvalue equation given in Eq.(3.175) is:

/

[p2—ig’f“p—i-g—rl_:-(ol—i—az)—ih’(al-f'02~p+02-f'01‘p)

+koy - 09 + jo1 - Fog - F+m]U = B2 X0, (C.1)
The m term is the spin independent term. We let

U =exp(F + Koy - toy - £) = (A + Boy - toy - T). (C.2)
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Next we want to move all the p terms in above equations to the right side of (A+ Boy -
fog - 1). We begin with

pV = p(A + Boy - tog - )Y

and by using the commutation relation of p, we can move p to the right side, so

pY = (A+B(71 -fog - f‘)p¢ — la(A—l-BO'l -Toy f‘)w

= (A—l— Boi - togy - f')p’(/} — Z(A/ —I—Blal -Tog - f‘)f‘w — ZB(?[(O’l . f‘)(0'2 . f‘)]¢

Finally,

p\I/ = (A+BUl‘f‘O’Q'f')pl/J—i(Al-l-BIUl-f‘Ug‘f‘)f‘lﬁ
B . . . )
_Z?[(Ul — o1 -IF)oy - T+ (09 — 0o - £F)0q - B3, (C.3)

/ /

%E . (0'1 —|—O’2)\If = %E (0'1 +02)(A+ Boq - tooy - f‘)’g[)

/ /

-

= (A+ Boy - fos - f)Q%L (o1 4+ o) + 297[13. (01 + 03), (A + Boy - fog - 7))

/
N

:(A—l-Bal-f‘O'Q-f‘) L'(O‘l—I—O'Q)w

s

/

—l—g—B[Qal <09 — 4iroy -fog - TT-p+2ir(oy-toy-p+ o9 -toy-p)— 607 -Fog-T|h, (CA4)
,
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by making use of Eq.(C.3), we find that

—ig't - p¥ = (A + Boy - foy - £)(—ig't - p)y + C¢ (C.5)

where
C=—g (A + Boy toy- ),
and
—ih' (o1 -foy-p+o02-fo1-p)V = (A+ Boy-toy-1)(—ih/[oy -Foo-p+o02-Fo1-p))Y
+Dvy
where
D = —ihk'loy-tos-p+o9-foy:p,A+ Boy - togy - 1)

= —2h/(A/O'1 . f‘o‘g -4 g1 - f‘0'2 . f’BIO'1 . f‘o‘z . f')

1 . - .n o A “
—i—h/B{(Ul . f‘)[—;dg-(((jl — 01 - I‘I‘)Uz T+ (02 — 09 - I‘I‘)Ul . I‘)—Z[Uz,Ul - Tro9 - I‘]p]

o 1 . N . . R .
+(o2 - 1‘)[—;‘71‘((01 — 01 - tf)og - T+ (02 — 02 - IT)07 - 1“)—@[01,01 “rog - I‘]P]}
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= —2h/(A/O'1 -Tog - f’—i—B,)

1 oo L
+h'B{(o1 - f)[_;(Uz 0102 - T — 0y - T+20; - T) — 2%]
(o)) -f‘Ul - L

1
+(o2 - f‘)[—;(o’z 0101 - — 094209 F) —

= 2K (Ao -toy-t+B)

(0’1 +0’2) - L
T

}

1
+h B{—=[oy -0y - 0102 - £ + 02 - Pog - 01071 - P+2] — 2
r

(0’1 +O'2) - L
T

}

1
= —2W(Aoy-foy-t+B')+20WB{—=[2 -0y -foy - T+ 02 01] —
r

B -
= —2h,(0'1 -Tog - f‘A,—FB,) — 2h,f[L . (0'1 —l—O’z) +2—01 -Tog-T+ 07 - 0'2],
T
and

p’V = p?(A+ Boy-foy )Y

= (A+ Boy -toy - #)p*Y + [p%, A+ Boy - toy - Tt
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= (A+ Boy -fos-#)p°y + p[p, A + Boy - #o2 - #)¢ + [p, A+ Boy - foo - #]py)
= (A+ Boy -toy-t)p*Y + [p,[p, A + Boy - foq - #]1)

+2[p, A+ Boy - tog - T|py
= (A+ Boy -toy - #)p? — 2i(A' + B'oy - oo - #)F - p

2B
+i— 201 -foy - #F-p — (01 -Fog - p+ o0 -Toy-plY + EY (C.6)
where

E = [p,[p,A+BUl f‘O-Qf'H

B
= [p,—i(A'+ B'oy-toy - #)F —i—[(01 — 01 - PF)oo - £ + (02 — 09 - £F) 0y - F]]
r

2
= —(A” + B”O'l . f‘O’Q . f‘) - 7<A/ + B/Ul . f‘O’Q . f‘)
T

E(Q(Ul—gl-f‘f‘)(gg—Ug-f‘f‘) 401-f‘02~f‘)
r T r
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2 B
= —(AH + B”O’l -Toy - f’) — *(A/ + B/0'1 -Tog - f’) — 2*2(0'1 - 09 — 3071 - Tog - f‘)
T T

Note C and D and E do not involve p. The Eq.(C.1) becomes

/

(A+ Boy - fog - #)[p? —ig't - p + Q%E (01 + 09) — il (0 - F0 P + 09 - For - P

/

+(2—B[201 09 — diroy - fog - TF - p + 2ir(oy - tog - p + 09 - Foy - p) — 607 - Toy - T
r

—Qi(A/ + B/O'l . f‘0'2 . f’)f‘ ‘P
+i7[201 -Tog - TT-p— (01 -Tog - p+o09-Toy p)]
—|—(]€O'1 - 09 + joy - Tog 'f‘)(A-{-BUl -Tog - f‘) +R—|—m)¢

= B?¢%9(A+ Boy - fog - 1)1 (C.7)

in which R = C + D + E does not involve p terms(thus we have Eq(3.190) in text).

Using the exponential form in Eq.(C.2) we can find

A=el'chK
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B =el'shK

Now we multiply both sides of Eq.(C.7) by

~ o A— Boy -fog - T
<A+BO'1-I‘0'2-I‘) 1:( AQiBQQ ) (CS)

and find

(A4 Boy -foq - #) 71 [=2i(A" + B'oy - #0q - #)]E - p

LAA" — BB+ (AB, — A/B)O'l -Tog - T

= 2 A2 _ 32 JF-p
= —2i(F' + Koy -tosy - ©)F -, (C.9)
1.2B ~ ~ ~ N -
tfoy -1 -p— (01 -foy-p+ o0y -fo1-p)]

(A+ Boy -fog - 1) i—[207 -
r

2 sinh(K) cosh(K
- Zsm(r)cos( ) 201 -#03 -8 — (01 - 803 p + 02 - For - P)] + G

(C.10)
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where

G = —2ismh(Kr)Sinh(K)01‘f'og'f'[201-f'02-f'f'-p—(01-f‘og'p+02°f'01'P)]
= _mm?Q(K)[Qr"-p—(Jz-f‘ffz'p-i-m'f“ﬁl'P)]
_ _2iSiDThQ(K)[2f'-p—(f‘~p—|—i02-(f'><p)—|-f'-p—|-i01‘(f'Xp))]
_ —W[—i(al—l—ag)-(f‘xp))]
— —2811171}22(]{)[_':-(01—1—02) (C.11)

/
(A+ Boy - oy - f)—lgiB[zal -0y — diroy - Foy £ P
T

+2ir(oy - tog - p + 0y - oy - p) — 607 - Tog - T

g’ sinh(K) cosh(K
= zgsm(z)cos( )[—47'01-f'ag-f'f'-p—l—Qr(al-f‘ag-p—i—ag-f'al~p)
r

—2i01'02+6i01'f‘02'f‘]+H (0.12)
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where

g’ sinh? (K
H = —Z'gH;()O'l'f'O'Q'f‘[—ZlTO’l‘f‘O’Q'f’f"p—i‘QT(Oj'f‘Ug'p+02’f‘01‘p)
r

—2i01 - 09 + 6ioy - Fog - T

g sinh?®(K
= —ZgSH;()[—éLTf'-p—i—%(Jl-f'Jl-p—l—ag-f‘o*g-p)—%ol-f'og-f'al-02+6i]
,

ig' sinh?(K
= _g2r()[_4rf-.p+2r(f'-p+iag-(f'xp)+f"p+i01'(f><P))

—2i01 . f‘Ug . f‘01 - 09 + Gi]

A h2 K
- —ZgSH;H[%(apL@) L —2i(1— 0109+ 01 Fo9-F) + 6i]
.

'sinh?(K A )
= 9274()[2(0-14»0-2)’[’2(10-1'0-2+0'1'I'0'2'I')+6]
'sinh?(K) _ -
= ‘gSln2()[2L (0’1 —|—0'2) —20’1 'f'UQ’f'+2O'1 '0.2+4] (C]_S)
T

in which G and H do not contain linear p type of terms. Now collect the three different
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linear p type of terms in Eq(C.7):

(—2iF' — ig))i - p, (C.14)
inh(K h(K
(o SBE) COSME) s inb(K) cosh(K)) (o1 - £0 - p+ 03 - o1 - p), (C.15)
r
_sinh(K) cosh(K) . , ot . o
(44 — 2isinh(K) cosh(K)g — 2iK")oy - Tog - T T - p. (C.16)
T

If we set the first equation to 0, we obtain the expected result

F'=—4)2. (C.17)

XL
T

if we set b’ = —K’ and use p = #(f.p) —

to combine the two expressions(C.15 and

C.16), we get
(2sinh(K)Tcosh(K) LW~ ¢ sinh(K) cosh(K))Ul -fog - f‘l;i (01 4 02) (C.18)
which contain no - p. Thus the scale change
U = exp(—g/2) exp(—hoy - Fog - ) (C.19)

eliminates the linear p terms.
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Further note that

(A+ Boy - #og - #) ' (koy - 09 + joy - oy - ) (A + Boy - fog - F)

= (koy-o2+ joi-tog-T)

and
(A+ Boy 505 - £)7' 09 = —g/(F' + K'o1 - §05 - £)0 (C.20)
(A+ Boy-foz-8)"'Dy =
-4 _fzai 232 L. {—2W[oy-Poo-tA'+B'|— 2B 2—01-f00-F + 0109+ L-(01402)] }4)
_ (oA (A= BB, -foy £ BAY)

A2 _ B2

h(K) -
_Zh/COSh(K) sinh( )[L (o1 4+02) +2—01-Toy T+ 01 - 09]

r

inh?(K o .
+2h,51nr()[0'1 . f'O'Q -TL - (0'1 + 0'2) + 30’1 . f'0'2 r—o01 - 0'2]}1,[)
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Y cosh(K) sinh(K)

r

= —2h/(K/+F,O'1'f'O'2'f')1/J—2 [E'(01+02)+2—01-f‘02‘f‘+01-O'g]lﬁ

inh?(K -
+2h/81nr()[01 'f‘JQ -TL- (01 —|—02) +301 'f‘JQ T — o1 Jz]w

(A4 Boy -foq - #) 1By =

A — Boy -tog - T o 2 . . B S
= ( A2 i 322 ){(A”+B”O'1-I'O'2-I')T(A,JrB/Ul'I'O'Q-I‘)r2(20’1-0‘260’1-1‘0’2-1’)}¢

(AA” — BB" + (AB" — BA")o\ -#oy - £) 2 (AA' — BB + (AB' — BA)o, -foy - 1)

=1 A2 — B2 r A2 — B2

2 cosh(K) sinh(K .09 — 301 - o9 - T inh?(K
_ 2cosh(K) sinh( )(Z; 92 7 201 1 1o2 r)+2smr2( >(al~f-02.f—al.ag—2)}¢

2
={-[F'+F*+K?+ 2F K'+ K")o, -0y -] — ~[F' + K'oy - o3 - 1]
T
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h(K) sinh(K
_pcosh( )2sm( )(01_02_301.f'02-f')+2
T

sinh?(K)
r2

(01-Fog-T—01-00—2)}¢p (C.21)

So combining all terms, we have

/
{P2+57L‘(01+02)+k0’1'02+j01'f‘02'f‘

+(2sinh(K)rcosh(K) LB ¢f sinh(K) cosh(K))Ul ‘Foy - f-I;i (o1 + 02)
+g’ cosh(Kr) sinh(K) (010 — 301 - Foa - )

—I—QISinQ}f(K)BI_:-(Jl + 09) — 2071 - Fog - T+ 201 - 02 + 4]

25111};‘%‘2(1()E (o1 +03) =g (F' '+ K'oy -0y - ) — 20/ (K' + F'oy - foo - 1)
gy cosh(E )Tsmh(K VL (014 02)+2— 01 Fos -5 +01- 03]
—|—2h’sjnhi(K)[01 oy - PL - (01 + 02) + 301 - Fog - T — 07 - 09]
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2
—[F'+ F? 4+ K? + 2F'K' + K")oy -toy - t] — Z[F' + Koy - toy - 1]
T

h(K) sinh(K
_5C08 ( iQSIH ( )<01.02—301~f"02'f‘)
+2$1n7~2()(01 “Fog - —01-09 = 2) +m}py
) 826_2g¢ (C.22)

Grouping the above equation by p? term , spin-orbit angular momentum term L -
(01 + 02), spin-spin term (o - 02), tensor term (o; - T)(02 - '), additional spin dependent

term (o - T)(02-p) + (02 - T)(01-p) and spin independent terms, above equation becomes

24’ sinh?(K) S WK 41/ cosh(K) sinh(K)
r r

{p*+

2 4 sinh?(K)
2 g2 S
F'—F?— K" - ~F >

= / ! o3 h2 K . 2 .
+L - (01 +02)[§ L gsin (K) 2s1nh2 (K) 2h,cosh(K) sinh(K)
T r r r

]

sinh K cosh K N h'  g'sinh K cosh K

2 2

407 - fog - i (o1 + 02)(

o/ Sin}f K i )

r r r

237



g cosh(K) sinh(K) N g sinh?(K) ol cosh(K) sinh(K)
r r r

+o1 - Og[k—l-

. 12 . )
72h,51nh (K) 2cos.h(K);.mh(K) B 2smh (K)]
T T

AT

. 3¢/ cosh K sinh K ¢ sinh? K
+o1 - fog - Fj — _

T T

K — oW F + 2h,costhinhK

sinh?(K)

2 cosh(K) sinh(K
() s (K) s (K)o

-
v ) oy k2 2R g
T T

2
r2 + r

— 526_29'?!) (C.23)

C.2 Derivation Of Radial Equations

The following are radial eigenvalue equations after getting rid of the first derivative
terms for singlet states! Sy, 1 P, 1 Do( a general singlet 1.J;), triplet states >P;( a general
let 3J;), and a general s =1, j = [+ 1 ( 3P,2S; states ), a general s =1, j =1+1 (3D
state)

Compare Eq.(C.1) with Eq.(3.175) we can find

EyMy + My Ey

D (J+ L) =2G —1n'D, (C.24)

g/ :2g/_
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h' = ~— (C.25)

Ly 19 _1CCHIl g

1 1 1
sz 2 - /2_7 /1 /D_
gV 9ty —5¢'n 2 27 2 r

1 1 3
j= —§v2(—0+ J—1L)— 5v2g ~G(-C+J—-L)Y-G?+ gg’

bar(~C T~ L) 4 DG~ C 4~ L, (C.27)
1 2 1 2 1 ! / 1 / /
m:_iv g_zg —Z(C+J—L) (-C+J-1L) +§g In'D. (C.28)

1So, 1Py, 1Dy ( a general singlet 1.J;)

I_;-(Ul +02) =0, 0109 = =3, 01 - Toy -t =—1. Making use of F/ = —%/ and

K' = —h/, Eq.(C.23) becomes
d? 5+ 1)+29’ sinh®h g2 ,coshhsinhh ¢" ¢% gf’_llsi]ah2 h

_a 97 oy coshnsinhh g g°
a2t r 5 2R r R h 5 r2

"cosh hsinhh ¢ sinh? h
__ g coshhsin +g sin Lo

jcoshhsinhh sinh? h o cosh h2sinh ho, sinh? h
T T r T r T

5|

3k
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3¢ coshhsinhh ¢ sinh?h
n g cosh h sin g sm —|—g’h’ n h/g'
T T T T

, ,cosh hsinh h ,sinh? h
—[j —2h + 6h

, . )
—(h'g' B h") N ? B 6cosh h;mhh n 25111}; h] +mo = Bze_QgU,

r r

Simplifying above equation, we get

d2 s 1 12 " / Qh/
{—d2+](]—;— ) +gz+h/2+%+g—3k—j—glh/—h1/— ——i—m}v:BQe*ng,
T T T T

Substituting ¢’, h', k, 7 and m to above equation, we finally find

d jG+1) (26 —-In(D)-J+L)? (26 —In(D)—-J+L)" (26 —In(D)—J+ L)
] 5+ + +
dr r 4 2 r

+%V2(—C+J—L—3g) (C+J—L—G+2In(D))(—C+J—L—-3G)}v = B2 %y,

1
4
3Py ( a general triplet 3.J;)
L-(01402) = =2, 01-09 = 1, 01 - #03 - # =1. Making use of F' = —% and K’ = —h/,
Eq.(C.23) becomes
dz (i + 1)+2g’ sinh?h g2 h,coshhsinhh g g*

' 4sinh?h
9 1on244 9 9yl 9 ZHRL R
dr? r2 r + 2 + + r + 2 4 +7‘ r2
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_2[97' N g'sinh®h 2sinh2h | o Coshhsinh f

2r r r2 r

]

,sinh?h_coshhsinhh A ¢ coshhsinhh
h R A

—2[2 }

r r r r

/ : ! o3 2 - . 2 . . 2
—I—[k—g coshhsmhh+g sinh h+2h,coshhsmhh_2h,smh h+2coshh2smhh_2sm}; h]

r r r T r T

i+ 3¢’ coshhsinhh ¢’ sinh? h g — oW cosh hsinh h L 6h sinh? h
r r r r
/ : k2
(W — ) + 2n° 6cosh hzsmhh . 251nh2 h] +mlv = B2e-20
r T r

Simplifying above equation, we get

+1 12 /! ) o
{_W+](]T2 )—1—94—l—h/2—|—g2+k+]+g/h/—|—h//—|—m}1):32€ 2gv’

Substituting ¢’, A/, k, 7 and m to above equation, we finally find

(26 —In(D)+J—L)? (26-In(D)+J—L) (G+J—L-C)
{_W+7+ 1 + 5 + -
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—%VZ(—CJr J—L+G)+ %(ZIH(D) —(C+J—L+3G))(J—L-C+G)}v =By,

s=1,j=1+1 (39 states)

L. (01 4+09) =2(j—1), 0109 =1, 01 -Fog - T :ﬁ (diagonal term), and oy -

fog T :;W(off diagonal term). Making use of F’ = —%/ and K' = —h/, Eq.(C.23)

becomes

2 (- 1)+Qg’sinh2h+£+2h,2+4h,coshhsinhh+&”_£_h,2+g’_4sinh2h

_W—i_ r2 r 2 r 2 4 r 72

) ! "sinh? h sinh? h cosh hsinh h
42— 1)L+ 2 —2—— 4 20—
2r T r r

2(5 —1 sinh? h coshhsinhh A/ " cosh h sinh h
2;+1 T T

+
r r

’ . ) .12 . . 192 . . 19
g coshh81nhh+g sinh h+2h,coshhs1nhh_2h,smh h+2coshhsmhh_251nh h

+[k ]

r r r r r2 r2
1 . 3¢'coshhsinhh  ¢'sinh®*h , , ,cosh hsinh h ,sinh? h
— h+h'g —2h ———  + 6h
+2j +1 U+ T r tgh g r + r
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o2n/ h hsinh h inh? h
_(h/g/_h//) 4 7 _6COS TZSIH +2SH1T2 ]—l—m}u_,_

Vilg+1) [+ 3¢’ coshhsinhh ¢ sinh? h +g’h’+h’g’—2h’COShhSinhh +6h,sinh2 h

2
* 27 +1 T T r T

_(Wg — 1) + 20 6coshhsimhh N 2sinh2 h
r

r2 r2

2h' sinh®(h) 2cosh(l;)2 sinh(h) N ]:,/ N q cosh(f;) sinh(h)]}u_ B,

+2(7 — 1)

simplifying above equation, we get

d>  j(j—1) 3¢'sinh®h ,coshhsinhh  6sinh®h ¢’ cosh hsinh h
{5+ + +6h L

dr? r2 r r r r

inh? h hhsinhh g2 "og
_Qh,sm +2COS sin n g- —|—h’2 n 9 " g Tk
r r2 4 2 r

]

1o — 1)[97’ n g’ sinh? h B 2simh;h N 2h,coshhsimhh
2r T r r
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+2g —1) [%,smh?h B 2coshh2sinhh N n N q coshhsinhh]
27+1 r T T r

1 [3g' coshhsinhh  ¢'sinh®h ol cosh hsinh h Y sinh? b

27 +1 T T T r

coshhsinhh _sinh?h
-6 5 +2—
T T

2h’
+j+gn +1"+ —lEmius

+2\/j'(j + 1){39’ coshhsinhh  g'sinh®h 2h,coshhsmhh N 6h,sinh2h
27+1 T T T r

cosh hsinh h sinh?h | 2h!
—6 5 +2—3 +g+g’h’+h”+7

r

2h Sil’;hz(h) B ZCosh(fgSinh(h) N l:j N g cosh(l:q) Sinh(h)]}u_ _ B2,

+2( - 1]

s=1,7=1-1(3P)3D; states )

L-(o1403) =-2(+2), 01-02 =1, 01 - fog - # = —5-—(diagonal term), and

25+1
24/ (5 +1)

571 (off diagonal term). Making use of F' = —% and K' = —h/,

o1 - Tog - T =
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Eq.(C.23) becomes

d? i+ 1)(j+2) 2¢'sinh®>h g2
LU+DG+2) 2g'sinh™h g7

hhsinhh ¢" ¢? ¢ 4sinh?h
- op/2 4 COSLNIINN 97 Ty 9 2SR
dr? 72 r 2 et r * 2 4 * r r2

o +2)[Qg’ N g'sinh*h 2sin}fh \ gpyCoshhsinhi
r r r T

]

+2(]’ —1—2)[

] ol sinh? h B 2coshhsinhh N n N g’ cosh hsinh h
25 +1 r r

2 r r ]

/ . /am 2 . . 2 . . 2
+[k;_g coshhsmhh+g sinh h+2h,coshhsmhh_2h,smh h+2coshh2smhh_2smlz h]

r r r r r T

B .1 m 3¢/ cosh hsinhh g’ sinh® A T o COSh hsinh f N 6h,sinh2 h
27 +1 r r
20/ h A sinh h inh? h
—(h'g' _ h") 42 6Cos 2sm +2sm2 |+ mlu_

r r

2./7(j +1).. 3¢ coshhsinhh ¢ sinh®h cosh h sinh h sinh? i
+ 2‘2(11 ){] g . _g . +g/h/+h/g/_2hl " +6hl .
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_(h/g/ B h//) n 27}2, B 6COShhSinhh n 2Sinh2h
r

r2 )

20/ sinh?(h) B QCosh(h)Qsinh(h) N I3 N g’ cosh(h) sinh(h)]}u+ _ B2y,

—2(j +2)[ " .

r
simplifying above equation, we get

d? N G+ + 2)+39’ sinh? h +6h,coshhsinhh _ 6sinh®h g/ cosh hsinh

dr? r2 r r r2 r

: h2h h A sinh A 12 " /
_2h,SIIl +2COS 2SlIl +%+h’2+%+%+k

r r

) ! ’sinh? h
+2(j +2)[ L + 2 —2
2r T r

sinh? h 4o cosh hsinh h
2

]

r

+2(‘7: -1) [Qh,sinth B 2costhS,inhh N h' N g coshhsinhh]
27+1 r r r r

1 3g'coshhsinhh ¢ sinh? h

[

_2j+1 r T

,sinh? h

—2h 6h

,cosh hsinh h
" +

246



coshhsinhh  _sinh?h
—6 5 +2—;
T T

. AN} 2 2h/
+j+gh+h +7]+m}u_

+2\/j.(j + 1){3g’ coshhsinhh g’ sinh? h B 2h,coshhsinhh N 6h,sinh2h
25 +1 r r r r

_6coshhsinhh N 2sin:fh g W+ 2Th’

r2

2h' sinh®(h) 2cosh(l;)2 sinh(h) N ]:,/ N q cosh(f;) sinh(h)]}u+ By

—2(j +2)[

in above equation uy and u_ are the wavefunction for states s =1, 5 =1+ 1 and
s =1,7 =1—1. Here the h = % and g = 2G — In(D), and note that g and G are
different variables. Above two equation for states s =1, j=1l4+1lands=1,j=1—1
are coupled equations, we can put the two equations in the following form

d2

{_W + &1y (1) Juy + Pro(r)u_ = B2e Xu,

2 6 -
{_ﬁ"'ﬁ + Boa(r) Yu_ + Boy (r)uy = B2 u_
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where

3¢ sinh? h 6 coshhsinhh  6sinh®h g’ cosh hsinhh

r r r2 r

P11 (r) ={

: h2h h A sinh A 12 1/ /
_2h,SIIl +2COS 2Sln —I—gz—i—hQ—I—%—i—g?—l—k‘

r r

) ! ’sinh? h
o — 1)L+ Y 9

sinh? h 4o cosh hsinh h
2r T T

2

]

r

+2(j: - 1) [Qh,sinth B 2costhSinhh N h' N g coshhsinhh]
25 +1 T T T T

N .1 [39’ coshhsinhh ¢ sinh? b B 2h,coshhsinhh N 6h,sinh2h
25 +1 r r T T

cosh h sinh h sinh? h
—6 +

. 2h _
) 2=~ +i+tgh +h+ | +m} — B2 29 + v (w)

!/
r r

250 + 1){39’coshhsinhh _ g'sinh’®h ,sinh? h

,cosh hsinh h n
25 +1 T r

@12(7’) = —2h 6h
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h hsinh h inh? h o2h/
Ly Sy (s
T T T

2h/sinh?(h)  2cosh(h)sinh(k) R’ ¢ cosh(h)sinh(h)
- 2 + -+ ]}

+2(j = 1) : :

r

3¢’ sinh? ,coshhsinhh  6sinh®h ¢’ cosh hsinh h
+6h L

Doa(r) =1

r r r r

: th h A sinh A 2 " /
_opySin 4 908 2Sln R Y- A
T T 4 2 T

/ ! o h2 h
g N g sin .
2r r r2 r

sinh? o cosh hsinh h

+2(5 +2)

]

2(j—1 inh? h h hsinh " ¢’ cosh hsinh
(20— sinh®h  pcoshhsinhh | W of coshhsinhh,
2j+1 r r r r

6

[

2+ 1 r r

1 3g'coshhsinhh ¢ sinh? h o cosh hsinh h L 6h sinh? h
r r
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coshhsinhh  _sinh?h
—6 +2

2n'
+g'h + R+ — — B% %9 4 p?
2 3 +r+gh +h"+ T]—l—m} B e ™ +b*(w)

By (r) = 2YIU 1) (3g'coshhsinhh g sinh®h_, coshhsinhh o sinh® h
2j+1 r , . .
_6coshhsinhh n 2Sin:122 h g 2n

r2 r

2h/ sinh®(h)  2cosh(h) sinh(h) N n N g cosh(h) sinh(h)]}

r2 r r

—2(j +2)[

When [ =1, j =1 — 1 = 0. Above coupled equation collapse to the uncoupled 3P,
state. The eigenvalue equation for this 3Py state is

3PO

d? +3+ (2G —In(D) — J + L)"? N (2G —In(D) — J + L)”+ (In(D) — (4G + J — L —20))

{_W r2 4 2 r

2

1 1 1
+§v2(fc+ J—L+G)— ig’c’ +4(C = (- L)?) + g’(gg +J—-L-0)

—%ln’(D)(J —L—-C+G)}v=DB%y,
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Our potential for above Schrodinger-like equation is

(r) = (2G — In(D) — J + L)" N (2G —In(D) — J+ L) N (In(D) — (4G + J — L — 2C))’

2 r

12

FSVAC 4T~ L4 G) = 360+ (€ — (I~ DY)+ GG+~ L—O)

f%m’(p)u L C+4G) —B% % 4+ p(w),

Right now, we can apply the techniques which already developed for the Schrédinger-
like system in nonrelativistic quantum mechanics to above equations, we wish to com-
pare this directly with Reid’s potential and use it to fit the experimental phase shift

data.
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