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Investigation is carried out of the problem of the existence of stationary quantum states of a
system consisting of point nucleons which interact with a field of neutral and charged mesons.
Various types of interaction operators between the nucleon and the meson-field are considered.
With the motion of the nucleons treated non-relativistically, the absence of stationary states is
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proved for the case when the interaction is of a
none of the approximations employed, for examp

eudo-vector character. The proof involves
1?: in the weak or strong coupling method.

1. INTRODUCTION

variant of the meson theory of nuclear forces

most popular at the present time is based on
the assumption that 7 - mesons are describable in
terms of pseudo-scalars and that their interaction
with nucleons has a pseudo-vector character. It is
known that this theory based on the weak coupling
approximation for the nucleons in the meson field,
leads to the conclusion that in the g2 approxima-
tion the interaction potential of two nucleons
separated by a small distance r is proportional to

1/r%; this is why no stationary states are
obtained in the deuteron problem. Thus, even if
we ignore the infinite self-energies of the inter-
action between the nucleons and the meson field,
the system has no stationary quantum states.
Tamm proved! that the same difficulty is en-
countered when the motion of the nucleons is
treated relativistically, and also if several other
approximations of the theory, for example, the
quasi-static point of view, are not made.

When the next approximation of the weak coupling
theory, of the order of g*, was computed, new
terms? of an order of magnitude that is higher than
the previous terms of the g2 approximation appeared

in the interaction potential for two nucleons. In
particular, if the distance of separation is small,

the new terms are proportional to 1/r5, correspond-
ing to a repulsion, and predominate over the terms
of the earlier approximation; the -1 /r3 difficulty is
therefore eliminated.

The fact that going to the next approximation
alters even the qualitative nature of the theoretical
result is very unfavorable to the weak coupling
approximation. The question of the existence of

! 1. E. Tamm, Journ. of Phys. USSR 9, 449 (1945),

2 K. Nakabayasi and I. Sato, Phys. Rev. 88, 144
(1952).

stationary states of the system remains open, for
it is not at all excluded that high approximations
may show that at small values of r the interaction
potential for two nucleons is an alternating series
of increasing powers in 1/r. This means formally
that the existence of the stationary states depends
on whether the last term in this series is positive
or negative. In essence this means that for small
values of r the potential cannot be represented by
this series, and it may be that introducing a quasi-
static potential is in general meaningless. This
article therefore treats the question of the exist-
ence of stationary quantum states of nucleons in
a meson field without resorting to the weak
coupling approximation, and also without intro-
ducing quasi-static potentials for the nucleon
interaction.

We shall express the Hamiltonian of the meson
field without sources in the conventional form:

3 n‘z
Ho= ‘;‘2 S{TZ + (Ve )* + p“f??,] dt. (1)

a=] -

Here all the ¢, and #_ terms are real: ¢, and @,
are the fields of the charged mesons, and ¢4 is the
field of the neutral mesons; n_ are fields that are
.canonically conjugate to ¢_ . The masses of the
positive, negative, and neutral mesons are assumed
to be the same, and equal to m_, with p = m_c/ .
Introducing a complete set of functions

l/"_z— cos xr for », <0,
yz

X (r) = -
(sinxr for x>0,

(2)

which are orthonormalized in the volume L3, it is
possible to expand ¢_ and 7_ in Fourier series:

7= 2oz 1;(r), ®)
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o == 2 Tk (r).
x (4)
Then, assuming
o, =cl w132 (0, >0) ©)

and introducing the dimensionless canonically
conjugate quantities

1
9=V /M ()
8y =ra(l/c) ko),

the Hamiltonian of the meson field can be rewritten
as: .
H = =< S‘ > 2—» 2—» .
o =g Lol el )
ax

Instead of considering g, > and g,;» as operators
that obey the known commutation rules, we shall
take o5 to be the independent variable, and re-
present the operators g, 3 in the following form:

8,=—10/0q ~. (8)

As a result we obtain

a 1 2
HO =-TZ— Zhﬁ)’—: [q;;_ (az/aqi; )]' (9)

ax

The non-relativistic Hamiltonian of the ith nucleon.

in the absence of a meson field will have the
following form:

2
Ki=—o A (10)

The masses of the proton and of the neutron are

assumed to be the same and equal to m.
The interaction between the ith nucleon and the
meson field is chosen to be of the following form:

Hi= —V4n E Zaai {Aioq (1:), L},

a-=]1

{Aioa, Li}= Z (Api 9a) L,
<]

(11)
(12)

where g_ are constants, 7_; are the usual
*‘isotopic spin’’ operators, r are the nucleon
coordinates, and A ; is an operator acting on

Py (r;). It is assumed that operators B 5; conjugate
to A,Bi exist and satisfy the following relationship

V) Aty dmi = (3 0) Ba () de (13

for arbitrary quadratically-integrable f and x. The

463

operator L 4 acts only on the spatial and spin
coordinates of the nucleon, but not on its charge
degree of freedom. Thus t,Bi commutes with 7_.

We assume that operators B ? and L ;5 are homo-

geneous, that is, they satisfy the following rela-
tionships

By (kr) = k"By (1), (14)

Lo (kr) = kmLy(r), (15)

where k, n, and m are constants. The generally
known forms of interaction, namely scalar, pseudo-
scalar, and pseudo-vector, are particular cases of
(11) and possess propoerties (14) and (15). In
case of a mixture of meson fields having different
types of interaction Hl' , the values of n and m in
relationships (14) and (15) can be different for
each type of interaction.

2. INVESTIGATION OF THE EXISTENCE OF
STATIONARY STATES IN THE NON-
RELATIVISTIC TREATMENT
OF NUCLEON MOTION

The energy operator of the system has the
followingr form:

F[(r,q)zﬁ(...ri...,...q-.. .2

=Hy(q)+ R+ H'(q, r),

S 3 16)
K= 2 Ki(r); ' = D Ai(q. Ty,
i=1 i=1

If the system has a stationary state,the lowest
eigenvalue of operator (16) (the ground energy
level) should have a finite value. According to the
general assumptions of the quantum mechanics, the
average energy value of any arbitrary state of the

system ¥ (...r...q_ ...) is not less than the

lowest energy level W :

\
A=\¥HYdrdg> W, an

A
dr =] dxidy;dz, dg = [[dg -,

i=1 -
ax

W, is the absolute minimum of the integral in the
left half of (17), provided that ¥ (...r; ... ¢_>...)
is chosen from among the admissible functions,
i.e., normalized, continuous, with continuous first
derivatives, finite, and single-valued. Were the
system to contain only a single nucleon, ¥ would
be a four-component function, for two values as-
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sume the spin index and two values assume the
nuclear-charge index. If the system contains 4
nucleons, ¥ has 44 components. Treating ¥ as a
multi-dimensional vector, we can regard expressions
such as ¥*¥ and Y*H ¥ as being scalar products
(sum of the products of the components that have
equal indices).

Let us assume the following wave function for
the system

F(r,q)=0(r...1) (18)

1 1

x exp =4 3z~ + 5]
' ax .

where ¥ (r, ...r,) is a certain quadratically-

integrable function in the coordinate space x,, y,,

Zy e X Vg 2y of the nucleons.

0 . . .
Let g, 2 be, in accordance with equations (6) and
(3), the dimensionless Fourier coefficients of a
certain constant prescribed meson field

Mo (b Plexp {—pir—r'|}

9% (r) = S = dv, (19
where
A
Ne: [‘P, r] = 2 Nia [d‘)’ r]’ (20)
i=1
Mg [P, 1] (21)

Ea 5] . 7
= mg B, bty L} dx, . .. dr_dv ... dx

A,
{Ei. q).'tui[iq)} EZ. 39:‘1"‘%:1:9.-‘{). (22)
8

Elementary calculation, using Egs. (9), (10),
(12), (13), (16), (22), yield

A (23)
— 1 ) .
H = Do, —m Sq» Ap dr
ax —

3

—2c 3} Ve 19, 117019, 11

a==]

X exp{—plr—r|} I
lr—r'| drd’;

Furthermore, let

Yy r ) =B f(kr,, .., kry), (29

where f(r, ...r ;) is a certain fixed normalized ad-
missible function. It is easy to see that if f is
normalized, ¢ and ¥ (r,q) are also normalized for
any positive constant k. Simple interchange of the
variables under the integral sign results in

A A
2Vvavar=r3rafa, (@)
i=1 i=1

N [, ¥] = W3 [ £, kr]. (26)

The last equation results from Egs. (14) and (15).
In (25) and (26) f is a function of r, rather than of
kr .

12

Let us expand the last term of Eq. (23) in
positive and negative powers of k; ;{his is done
most simply by expanding the exponential function
under the integral sign in a series and taking the
quantities kr and kr“as new integration variables.
As a result, the expansion term having the highest
power of £ will be

— fi—samge 3 SS N Lf, 11, [f, '] de g, 20

Ir—r’|

Here the function under the integral sign no longer
contains k. It is easy to see that the term (27) is
always negative. At sufficiently large values of &
this is the governing term of the expansion.

The next to the last term of (23) is always
positive and is proportional to k2, as can be seen
from (25). Therefore if

1+ 2n 4 2m <0,
and k increases in (23), the (27) becomes the

dominant term, and H — ~c. As k increases,

¥ (r,q) continues to remain an admissible function,
and inequality (17) should be observed. Conse-
quently, the system has no ground state with a
finite energy W .

If the inequality sign is reversed in (28), then
as k increases, il — + o, W _ can be finite, and
consequently the existence of stationary state is
not excluded. However, there is no reason in this
case for insisting on a continuous existence of
stationary states, for it is not known whether the
absolute minimum of H will be finite after we
forego the particular form of the wave function
(18) and turn to its more general expressions.

The first term in equation (23) is the zero order
energy of the meson field and can be disregarded
in the discussion.

A) Pseudo-Vector Interaction between Nucleons
and Meson Field

(28)

In this case the operator ﬁ: has the following
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form

3

1:1[’ = _—VZ';E 2 gaTai (ci) Vi(Pd)’ (29)
a=1

where o is the nucleon spin operator. Comparing

this expression with (11) we see that

"4 Bi = a/axﬂi, Zﬂl = cﬁi) p"_‘ 11 2’ 3- (30)

Lonsequently, according to definition (13), we get

By = — 0/0xg. (31)

A A
The operators B,Bi and L 5, actually have the
homogeneity properties (184) and (15), whereby
n=-1 and m = 0. Thus,condition (28) is satis-
fied, and consequently the system has no stationary
states.

B) Scalar Interaction of Nucleons with Meson

Field

In this case the operator ﬁ: has the following
form

[q: = — VZ'E 2 8a%aiPa (ri)-

a=]1

(32)

Comparing this expression with (11) we see that

Ai=1,L=1. (33)
Hence éi =1,n=0, m=0, and consequently the
inequality in (28) is reversed. Thus the existence
of stationary states of the system is not excluded.

The two examples considered above show how
simple it is to apply the general criterion (28) to
specific variants of meson dynamics. In case of a
mixture of meson fields with different forms of the
operator ﬁi'and unequal p, the results obtained
above are generalized in a trivial manner: Instead
of equation (23) we get
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H= ,%,M;’ T im ,‘.2_.“1 | pdr (34)
—2n ;,, W 1ep 19, 11905 9, 11)
, x &P {——u-,,lr—r’l}drdt,'

Ir—r'|

Here the index p runs over the different types of
meson fields. All the integrals in the last term of
equation (34) are positive, and it is therefore
impossible for components with different values of .
p to cancel each other. Consequently if ine quality
(28) is valid for at least one of the meson fields,
the system has no stationary states; no addition of
any other meson fields can remedy the situation.

In conne ction with this it is appropriate to
mention the work by Moller and Rosenfeld? and
by Schwinger®*in which a mixture of pseudo-scalar
and vector meson fields is considered. When each
field is taken individually, no stationary states are
obtained for the deuteron problem; but stationary
states are obtained when mixtures of these fields
are taken in a definite ratio. Actually this does
not contradict the results of our work, for these
authors obtained a finite energy for the deuteron
only after using a quasi-static potential for the
nucleon interaction and discarding known infinite
self-energies of the nucleons in the meson field.
By neglecting these terms, these authors obtained
system epergies that are totally unsuitable as
eigenvalues of operator (16).

3 C. Moller and L. Rosenfeld, Kgl. Danske Vil. Sels.
Math. fys. Medd. 17, 8 (1940).

4 J. Schwinger, Phys. Rev: 67, 339 (1945)
* Translator’s note.- This reference is actually to a
paper by Ning Hu, not by Schwinger.

Translated by J. G. Adashko
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