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Scalar and pseudoscalar meson fields which interact with infinitely heavy extended
nucleons are considered in the strong coupling apﬁroximation. A theory of excitation is

developed in the reciprocal coupling constant of t

e nucleons with the meson field.

A series of experimental facts and, in particular,
the scattering of 7 -mesons by protons bear
witness to the inapplicability of the theory of
excitation (weak coupling) for the description of the
interaction of the meson field with nucleons. In
view of this, considerable interest attaches to the
study of another limiting case for the meson field —
that of strong coupling, i.e., expansion not in
direct, but in reciprocal powers of the coupling
constant of the nucleons with the meson field g2/#c.
In a series of published works, the meson field
interacting with nucleons in the approximation of
strong coupling has been studied. In the present
paper I and in the following paper1l, the nucleons are
assumed to be extended and to be infinitely heavy,
and the nucleonic vacuum is not considered. In a

H =5\ 3 (I + e (voe)

a=1

+ c22@% — 2V 4% gc0,®,) dr,

third paper, a field interacting with moving,
extended nucleons of finite mass will be con-
sidered, and an attempt will be made to set up a
relativistic theory with account taken of the
nucleonic vacuum. The extension of the nucleon
(smeared out interaction) is introduced temporarily.
After passing to renormalization, the ¢ ‘radius’’ @ of
the nucleon must be equated to zero. In certain
cases (nonguage coupling) such a transition to

a =0 can be made even before renormalization
(see II).

1. We consider first the meson field correspond-
ing to a spin of zero which interacts with a single
quiescent, infinitely massive, extended nucleon.
The Hamiltonian in this case has the form® -3:

(1

(L, (r), ®p (')] = — iRBagh (r — 1'); (I (1), T ()] = [ (r), Qg (r)] =0

Here O = 7, Ulr - rl) for the scalar field and
0,=(r /%) @,VU(r-r,)) for the pseudoscalar

field; in the case of a neutral field, o has only a
single value and 7_ must be replaced b% unity.
TI= Tad To= Tys T3= V¥ VT %= pe/f. Ulr - 1‘1)
is the source function; [ U (r) rdr = a is the
¢¢radius’’ of the nucleon; ¢ < %!, In the transi-
tion to a point source, Ulr — ;) — & (r —ry).

For U(r - r,), we can choose the formall.y covariant
expression (four-dimensional representation; see
reference 4):

Ur—r1,) = S F<(r-—r1)2—c2 (t—tl)2>dt1,

(1494%5'Mc Manus, Proc. Roy. Soc. (London) 1954, 323

where F is some function of the invariant (r - r1)2
- c2(t - tl)z.v

From the Hamiltonian (1) we obtain the field
equation:

@« — %20, = — (g)c) YV F= O,

We expand II_ and ®_ in plane waves:

L. Wentzel, Helv. Phys. Acta 13, 269 (1940); 14,
633 (1941).

2 W. Pauli and S. Dancoff, Phys. Rev. 62, 85 (1942).
3 R. Server and S. Dancoff, Phys. Rev. 63, 143 (1943).
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o, = thmei(k.l')/l/-v; Q, = 2 qhﬂei(k'r)/l»/v'

Then, from Eq. (1) we obtain

H= -% S (DrePre + Orgrage — £60argna); (2)

k,a

ol = ¢ (2 + B);

Oak =

2Vian (
A Se O, (r)dr.

For g = 0 the positions of equilibrium qzu of the
field are equal to zero; for g # 0, the ng differ

from zero, thanks to an energy of interaction of the
meson field linear relative to ¢,.. We can find
q(}m by minimizing the potential energy of the
oscillators of the field with respect to g, . In the
case of aneutralscalar field, when O, , is a
number, qzu is determined from the equation:

wrgre — (£¢/2) Our = 0.

In the general case O_ and, consequently, the
potential energy V . of the meson field are spin
operators (by spin we imply both ordinary and
isotopic spin):

V == 1/2 2 (m%q;taqka - gC qkaauk)‘

k,a

Therefore, in order to find the equilibrium positions
‘1/2« in this case, we must first diagonalize V; in
the spin variable and then minimize the eigenvalues
Vj 5 With respect to ;. Here the qzu will in
general be different for each of the four spin

states A . Inasmuch as the qzu are evidently pro-
portional to g, as in the case of a neutral scalar
field, the potential energy of the equilibrium posi-
tion will be proportional to g2. If we now take
into account the kinetic energy of the meson field,

Tf =-1—k2p’;;“pkx, and consider vibrations about the

position of equilibrium ql(z« for each of the spin
states, then the energy of vibration will be
determined by the usual expression:3(n kot R0,
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Then the energy of vibration is proportional to g°.
For the neutral scalar field, when O_ is not an
operator, preliminary separation of the potential

energy and minimization of it represents a rigorous
operation which leads to the same results as in the

well-known canonical transformation , which
diagonalizes the Hamiltonian [Eq. (1) 1°. In the
general case, when O_ is a spin operator, initial
neglect of the kinetic energy T, and diagonalization
of the single potential energy I; according to the
spin variables is sensible only if T, is signifi-
cantly less than Vf forq, .= qg*, i.e., as follows

from the estimates made above, if gz/fic is
sufficiently large. For a sufficiently large value
of g2/#%c ( a more precise criterion for the
a})plicability of the expansion for different variants
of coupling will be determined later), the scheme
of reasoning mentioned above can be assumed on
the basis of the simple method of diagonalization
of the total Hamiltonian (1) or (2). We first neglect
the kinetic energy of the meson field T, in the
Hamiltonian; we then diagonalize the remaining
potential energy in the spin variables and find the
eigenfunctions which depend on the spin variables,
and the eigenvalues. The eigenfunctions and
eigenvalues, like the parameters, depend on the

) o U we minimize the eigenvalues with respect
to g for each of the spin states, we find the posi-
tions of e quilibrium of the oscillators. In the
following approximation, it is possible to take into
account the kinetic energy neglected earlier and
consider the vibrations of the oscillators about the
known e quilibrium positions. In contrast to the
neutral scalar field, the potential energy of the
vibrations, in view of the operator character

of O, apart from terms quadratic in '

9o qzu (which are proportional to go), will
contain anharmonic terms which are proportional
to g2, g4, etc. For practical calculations it is
more convenient to consider the Hamiltonian (1)
directly, not expanding II_ and ®_ in plane waves,
as was done in Eq. (2).

The suggested method of solution of the
Schrédinger equation is similar to the method which
is employed in the theory of molecules. In the
Hamiltonian which contains the coordinates of the
electrons r; and of the nucleus R;;:

5 G. Wentze 1, Quantum Theory in Wave Fields, p. 61.



THEORY OF STRONG COUPLING FOR MESON FIELDS. I

p? p?
H= Y-+ 355+ V(nR)
=Te(pi) + Tn(P;)) + V(r;, Ry),

we first neglect the kinetic energy of the nucleus,
which is proportional to a small parameter m/M

(in our case we discard the kinetic energy of the
meson field), and the remaining Hamiltonian is
diagonalized in terms of the electronic variables
(in our case, in the spin variables). For each
electronic state the energy is minimized with respect to
the coordinates of the nucleus (in our case, with
respect to the coordinates of the oscillator field).
In the next approximation, the kinetic energy of the
nucleus is taken into account and, for each
electronic state m, the vibrations of the nucleus
about its known equilibrium position and the rota-
tion of the molecule as a whole are considered.

In the theory of molecules two variants of this
method are applied. In the first case we select as
the unperturbed Hamiltonian H# o7 et V(ri, Ri)
for arbitrary values of the variables R;, and as the
perturbation H  the kinetic energy of the nucleus
T,f’ *7. Here the ¢ function of zeroth approximation

1/121 (r;, R,) depends not only on r; but also on R;,

the eigenvalues E?n(Ri) also depend on the R;.
The total ¥ function of the system is sought in the
form of an expansion in the functions of zero

approximation l/l?n(l'i, R):

(1, R) = Xy, (R) 90, (i, Ry);

- — 0 "o
Lim = X0tm + Ay

As always in the theory of perturbation, it is
assumed that x| < x?. Substituting

¥/(r;, R) in the equation (H*+H ") ¥ =E Y, we
must take it into account that the momenta of the
nuclei, P;, do not commute with the R; which

enter into l/lgl(l'i, R,). However, in actuality, the
nuclei in the molecule contain vibrations close to
the minimum energy E ?(Ri) which plays the role of

A Pauli, General Principles of Wave Mechanics.

7 .
M. Born and R. Oppenheimer, Ann. d. Physik 84, 457
(1927). ppe ' yst
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potential energy for the nucleus. Therefore,
E ?(Ri) and t/f;(ri, R,) must be expanded in series

of R - Rl(:( R?‘. is the value of R; which corresponds

to minimum £ ?) and limit ourselves to the first two
or three terms of the series.

In view of this, we must go by a different path
in the consideration of the bound states of the

nuclei in the molecule; initially, we choose as the
unperturbed Hamiltonian H® = T etV R;)
where the Rli are fixed values of R;, which must
subsequently be sochosen that they correspond to the
minimum potential energy of the nuclei (reference

7, Sec. 3). The perturbation in this case is
evidently

H' =Tn+ V(l‘i, Ri) — V (ri, Ry).

We seek a ¥ function of the system in the form

Wi (ri, R) = D\ Xy (RD) 95, (1 Ri).

m

It was shown by Born and Oppenheimer? that the
R;; are determined from the equation

(4)
§ i R) [ G- (0 R, #0(r Re) T

1

ov

= | =— =0’
' ORy; n

which represents the condition of solvability for the
¥ function of first approximation. The condition
(4) corresponds to the minimum potential energy of
the nuclei in the Ith state.

- Two variants are also possible in the case
of the meson field which interacts with the
nucleon.

In the first variant:

H =2 3 [(vo. + e
~ 2VE7£0.0, ldr

H'=0s § Sinilar;
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we find the ¢ function of zeroth approximation,
which depends on the variable of ordinary and
isotopic spin s, from the equation

Hol,b%\( s, @)= E%(@R)oc 1/1%(3, ®_). In this case
it is expedient to construct ®_(and II ) from plane

waves. The functionals lﬁg\and Eg\ depend on the
®_ as parameters.

We seek the V¥ function of the system in the
form:
(5)

‘P‘A = E xl!" ((I)a) d‘)g (S, (Da).

In the case of a charged pseudoscalar field,
g =1,..., 4; for a charged scalar and neutral
pseudoscalar field, p = 1,2. If the eigenvalues
E)\ are degenerate, than, in seeking the correct
functions of zeroth approximation, i.e., x,,,, the
secular equation must be solved. This case will
be considered in III.

If all the Eg\ for a given ®_ are not degenerate,
it is immediately possible to assume that

X=X )\5 + x)\ 5X 0K x)\ Then substitut-
ing (5) in (l) and multlplymg by ¢ we get, for
p=Ac

VH Lo+ S H iy = (B, —ED s ©
and for p # A,
LH'YQ | -+ 2 'y = (Ex— ED % (D)

Here |fo'llw= (,/,?L"‘, H'X)\,}/'?) are the matrix
elements for the spin functions :,bz The H’ acts on
the parameter ®_ which enters into ¥°. Limiting
ourselves to terms of first order in H *, we get
from Eq. (7) an expression for xg\#()\ #* p):

Xop = (Ey— EQM H'yQ ®)

and substituting Eq. (8) in Eq. (6), the equation
for x%\(xi)\can be set equal to zero; see Landau

and Lifshitz®):

8 L. D. Landau and E. M. Lifshitz, Quantum Mechanics,
I, GITTL, 1948, pp. 162, 182, 498.
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l er;)‘ IM (9)
+ 3By — BN S o, + B9 = Hixd
VA

= S H;\dl' X?\ = E;\XB\

In the Hamiltonian H)\we must set @ = cpg +Q, -

0
If ¢,
variation minimum of #, (analogous to the condi-

tion dE ?/6 R; =0 in the theory of molecules):

is determined from the condition of the

8Hy,  oH S ( 0H, )
0 S0 25\ =0,

30, 0% P’ ox, \p (09° /0x,)

then the terms H(%\), linear in ¢_, will be absent

in the functional expansion of i[l)\ in powers of ¢_:

Hy,=H)+ A + H? + .

It is not difficult to show that FI’)\from the begin-

ning contains only quadratic terms in II_.
Concrete calculations according to the first
method are usually rather difficult in the case of
the meson field. Computations according to the
second variant, which we shall consider in more

detail® are much simpler.

In this case we immediately assume o = cpg A
+ ¢,. The field ¢? s Will be determined precisely

later. In view of the fact that P }\is not an
operator, the commutator relations for ¢, and H
have the same form as for ®_ and I :

(e (1), 05 (r')] = — iRBagd (r — ')

The unperturbed Hamiltonian is

3
Ho= 2%

3 [

«

+ 2 ()P —2V &= £ 0.3 df,

9 B. Geilikman, Dokl. Akad. Nauk SSSR 90, 359 (1953),
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with the perturbation

H = H—Ho = H" + H®;
(10)

= {3 1t £ 0

H® =1/, S N (ni + 20, (x2 — A) @a> dr,

o

H?) is first order in P H'® is second order.

The eigenfunctions of the zeroth approximation,
which depend on the variable s, satisfy the
Schrédinger equation:

H03, (5, 900) = 313, (s, 20). 11)

We seek the complete ¥ function of the system
in the form:

Wi (5, %) = D) Ly (%) Vi (5, 700)
v

(V5 == 2u),

where we write ‘I’)gx)w) and the eigenvalue £, in
the absence of degeneracy for E%)SE g\ﬁé Eg\“ for

g A) in the form of series in the expansion
parameter:

V=1 + ¥+ ¥+
o y0a (1) (2) .
/-7‘11 = Xl')).p- -+ l()\y} -+ XM:- R

BB ED LA B,

We then get for ¥{1) according to perturbation
theory,

(H° — ER) PS5 = (E5) — HM) ¥3;
W2 = 4303 (s).
This equation has a solution if the right side is

orthogonal (over spin coordinates) to !ﬁg\(s), i.e.,

(H — EM) X3 =0;
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Here
HY = (8, HO0)/(08, b3);

since E()\l) does not depend on the ¢_, this is
possible for x%:;é 0 only under the condition
H‘i{: 0, i.e., as is evident from Eq. (10),

(A_Kg),?g)\:_%]/?ﬁrl()a(r) [ 12)

| Oulia = (3%, 0x93) [ (43, 93).

Equation (12) is equivalent to the condition
SH,/ 8 ¢ =0 in the first variant. It also follows

from the re quirement of a minimum SER =0 for the
energy Eg = (0%, H%O) /(4°*, ¢°) (see refer-

ence 9). For such a choice of ¢2),
HO = gc Vx| (0.l — 0.) 2 dr.

The solution of Eq. (12) has the form

@ = =G r)0.(0) adr'; (13)
, e—ulr—r'l
a (r, T ) = ”-:},—" .
We substitute Eq. (13) in Eq. (11):
&1 S0 () i— 20 MO 1)

X G (r,r’)drafr’} = EQ00 .
Equation (14) represents formally a nonlinear
system of four algebraic equations for the four
components of ° (in the case of a charged
pseudoscalar fieﬁl). However, the system is in
reality easily solved in the following way!?. We
replace the mean values of the spin operators 7_and
7,0 by undetermined numerical parameters:
17l an= e 5 1TaOklo0= € - Then the system is
linear and can be solved without difficulty. The

10, Geilikman, Dokl. Akad. Nauk SSSR 91, 39 (1953).
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eigenfunctions and eigenvalues depend on these
parameters. Evidently the numerical values of
the parameters £, ,(7,) can be found from the
equations:

o«
Zak = (V32 (S, Eak)s TuTnVI (S, Ean)); (15)

Nae = ("‘.)0?\; (S» 7‘1)1 Ta'l.)gl (S, 72‘1)) (dl)o" d‘)o) = 1.

It is simplest to find £, and 7, by comparing the
expression for the eigenvalue £ g\)\which is
obtained by the solution of the system (14), in
which I-r*ak | and |7"x IM\are replaced by the para-
meters £, and 7, with the general expression

for E OM\:

=—(2%/2) | D10a (®) a1 0a | (') r

a

X G(r,r")drdr'.

Usually, as is easy to show, the equations (15)
are equivalent to the conditions of a minimum E ())\.)\.
with respect to £ ,(n,). Evidently, in the case

of the pseudoscalar field, E% ~ g2/a®»? and in
the case of the scalar field, lgo)\#’\' g%/a (see ' ).

The eigenfunctions of the Hamiltonian H % ng in

which are substituted the parameters fi‘ k(r)Z‘ )
found from Eq. (15), form a complete orthogonal
set. Here it is essential that for each state A the
sets of numbers f:‘k (n 2:) ( and consequently the

field cpg )) are different, as was shown in
reference 11. We assume that for the given
Hamiltonian # % the eigenvalues E K are not
degenerate, although there can be similar Eg\)\

among the different A (E (),\)F E 0)\’)\')’ as is the
actual case (see reference 11). The generaliza-

tion to the case of the presence of degeneracy
will be considered in III.

11p Geilikmann, J. Exper. Theoret.. Phys. USSR 29,
430 (1955).
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We now substitute the expression for the
complete ¢y function in the Schrédinger equation
with the total Hamiltonian (1) # = Hg\+ H! 1tis
appropritae here, as in the first variant, to write

1 2
(Nz’ x()\; etc.,

separately, and to obtain one equation for xX#

(2)
=x(iL+xM+ e o o

proximations. Multiplying the Schrodinger e quation
by l/l,?‘we get for A=p

down the equations for

in first, second, etc., ap-

Huox3 + D HyGw = Ey (08 + %) (16)

and for A 4 p
HudS, + Z Hyow = (ES— B3+ EX) %ay; A7)
Hyy = (3 H'"DY);
Bi=Ex— B — BN EP

Now, assuming that y; <« xo)\ we find x;‘#
from Eq. (17)(by the method of successive
approximations) with accuracy to terms of second
order in q,:

Yo = {Hn (B3 — B3 + E2) (18)

+ 3 HOHE (B — E3)™ (B — Eﬁp)"}xﬁ;

v+A

substituting Eq. (18) in (16), we find the equation
xg\with accuracy to terms of third order in ¢_ ( we
assume X ;, equal to zero):

(Fha + His + Hoo) 13 = E373, (19)

Mg = Hip + 2 HYHR (B — E3,)

pEA

3
=1/, { DA -+ 2 (voo)? + c%9) dr

3,3
+ ¢ S ZBKGB (r, 1') 9a (1) 9 (r')drdr’;
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10, (M) hy 105 () 1,
EX—Q,L ,

Hys = D) HOHQ) [(EY — E}u+Ep)™

pEA

Kag (r, 1") = 41‘:g2 2

wet A

- (E)? — Egp)—lk

Hs=2) D HYHYHY (ES — E3)* (ES — E)™;

PEAVEA

(2) N
H® — Hex,,.

It is essential that H‘b{: 0, whereupon the
smallest terms in Eq. (10) are second order in ¢_.

3. At first we neglect in Eq. (19) the terms H}:s
and /), . By a variation of the Hamiltonian or
with the aid of the quantum Poisson brackets,

<a = Lh [Fe, 94] I, = %[ng, Ha]) , it is pos-
sible to obtain the equation of the field:
0 % — %00 = S A Kep (1, 7) g (1) dr':
8
Kop = Kap (1, 1') 4 Ko (r',1);

(8

if we set @ (r, ¢) = g, (Re” ie'/ﬁ, then

~ (20)
02— A) gar + | 2 Kup (1,1) 90 (r') dr’
)
0)2
P
= 'ET Paks
ep = hﬁ);

Each solution of the system (20) can be repre-
sented in the form of a three component function
9f =1 981> cpiz, @f,}. For a given quantum num-.
ber k, which characterizes the motion of the meson
in the space coordinates, p =1, 2, 3. The eigen-
functions of Eq. (20), cp";‘ , form a complete orthog-
onal set: [ ( C{Jf,‘ @h ) dr = spp'akk ” w;‘:/cz are
the eigenvalues of Eq. (20).

We expand II and ¢ in the functions ¢f :

515

? = {P1 92 95} = g, 9% M= D) P
R,p

k,p

. . . 0
and .subs.tltute in the t:.quatlon H,x5= meg\.
Taking into account Eq. (20) we obtain

1/2 2 (pl‘tpphp + miq;pth) Xg (th) (21)
R,p

= E.,.x (g kp);

Eya = D\ (ttrp + /o) heon.

k.o

Equation (21) corresponds to a set of mutually non-
interacting meson oscillators. The eigenfunctions
cpz of Eq. (20) thus describe the motion of the
meson which interacts with the nucleon. The
energy of interaction

(52 ) 2) { Keg (1, 7)....,

is of zeroth order relative to g, since E?\—E%ﬂ'\' gl

As a — 0, the interaction undergoes transition to
point interaction.

We consider first the solution of Eq. (20) for

w2 cn(ex ycz; free motion of the meson). In
this case we get from Eq. (20)

P = aqeiter) — S S [L e (1)) Og (') |ua (22)

B

+'Low (r)| Og (1) ] 95 (r') @1’

Here

kz_m'z* 2. '
-z x5, Lap»(r)

SRIr—rl

= g*(E3— EX)™ S =57 | O (') by dr’,
L;n(r)

eih]r—r'l

= g2 (E;)s - Egp.)—l S‘I-r:‘ﬁ' lOa (l") Ip;'dl".
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The solution of the system of integral equatiolns
(22) with degenerate nuclei can easily be found 2

%x = @a®P 1 D) (Capy (K) Lip () (23)

®.8

+ Capn (k) Ly (1))

We get a set of equations for the coefficients

%p p and ¢ g, by substituting Eq. (23) in Eq. (22):

Casn+ 2 [Con, |08 () Ly (r)dr
v,Y

+ cory % | Og lyxiévdr]) (24)

+ aagloehxe“k")dl':();
Copp + 2 {C{m S | Og ,APL[,iv dr
v,Y

+ C,!,!‘ng I Oa I).pL;vd!’] “+ ag S | O‘5 'luei(k'r)dl‘ =0.

Equation (20) can also have solutions which
correspond to the coupled state of the meson
(€< pc?). For example, for a scalar, nonrelativis-
tic meson, for A = 1, Eq. (20) has the form (we
have assumed that E(I) - E(I) =Y g%/ a):

3
h2 4mhla
T 2 Agu + oy 32:_10 6 he | Ta |22

+ % halte o) U —1) § U (1) 05 () ar’

e =e—pc? < pct.

In the limit as a — 0;

12y, 1. Smirnov, Course in Higher Mathematics 4,
GITTL, 1951, p. 50.

%2 4mch2
¥ 14T T Tq
ZuA?“ - %(l 8 12 |Ta |21

+ | %a iz [ta |21‘)11m(l) al (r—r,) 9 (r) = ¢'0,.

Negative levels are not possible if the interaction
is not attractive, and in the case of attraction also

iU < %2/ paz(Uo is the depth of the potential
well )8, If this condition is not satisfied, coupled
states of the mesons are possible. These states
correspond to so-called isobars. The function of the
coupled s-state for r > a has the form
e *"/r; =y 2u|€’| / k. The energy of the
coupled state, as well as the energy of the free
state, is of zeroth order in g.

We consider the terms A, and H%,. The terms

in H>\'3 quadratic in¢ can easily be computed. The
Hamiltonian #,, + H}'\a is decomposed into a sum of
the Hamiltonians of the oscillators if we
decompose II and ¢ in the eigenfunctions k) % of

Eq. (20). Here, however, the quantities Eg\— E())\#
are replaced by the quantities E%— ng_

+E,, (n, ) [ with numbers n; which are defined
P . .

by the zero approximation, i.e., by Eq. (21)] . In

such- a substitution, only the frequencies w, of the

discrete spectrum (hw; < pc?) are changed. For

€3 pc?, the functions k) 2 have the form of Eq.
(23), but in the expression for L L and L] L (in

Egs. (23) and (24), we now have Eg\— Eg\#

+ E>\_2 (n kp) instead ofE())\— E())\,y,' The values

L; #(r) and L (r) represent diverging waves;
actually, asr — o , L, ~f () e®*7/r. Tt is there-
fore easy to find the scattering cross sections of
the meson by the nucleon, (p";c, from the expression
(23), for do. If we assume, in the factor

Eg\— E?\M +E,, which enters into Eq. (23),

Nk p= 1, "’k’p'=0; k’#k, p’# p, we obtain the
amplitude of the scattering of the meson in the

state p ( in the actual scattering problem the
initial and final ¢ functions of the state are linear

combinations of functions with different p = 1,2,3;
the degenerecy for different A must also be
considered, see below):
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1 gy
) =— E —_— (25)
fap( ) k B,ue(k)_(E{))\p—‘Eg‘)

° 1 ! (k' i
fon = kg? = | Cups(10) | 140 O (1) ar

+ clan (k) {09 Ox (1) e ]

k' =kr/r.

Damping has been introduced in Eq. (25) in the
usual fashion (see reference 8). It is essential
that the quantities Eg\— Eg\” which enter into Eq.
(25) as well as the eigenvalue of the energy of the
nucleon be of the order g2.

The term H}'\s, cubical in ¢_ , defines the inter-
action of the mesons ( in addition to the analogous
interaction between the nucleonic vacuum); it
forms a correction to the energy of order g2
(in the same way as the term of fourth order in
P~ H>\4)

Thus in the order g2 (zeroth approximation) we
obtain the classical field (pou (pseudomeson ) and
the eigenvalue of the energy of the nucleon; in
order g° (first approximation) — the second
quantized field--real mesons which do not interact
among themselves, free apd in a bound state
(isobars), and in order g (second approximation)
— the anharmonicity of the field of real mesons
(and corrections to the eigenvalue of the energy of
the nucleon).

Knowing the field ® = ¢ + ¢_ we can find the
magnetic moment of the nucleon M in the state A in
the absence of mesons (see reference 2):

My = Z%(;;\A + {Tz;}xx) -+ % S [r, S] dr1;

for the pseudoscalar field

S = VP — P VF2

-2(gV'r[xc) (‘PzA{H;}n — o {Tg;}n) U(r—r,).

In the zeroth approximation @ =~ 92 and in
accord with Eq. (13)

My= £ (5 + {%:5}) (26)

4dme

w2aq

4 <§_Zj‘f> ( e > [{%20}an, {1,0)al;

o= — a&drdr’xgl(l—r_i—ﬂ)U(r’) [U(r)

U(r"] d]'”] . o ].

1
+ Eglf—r” '3 >

The calculated field ¢_ gives the corrections of
order g9,

4. Let us consider the conditions of applica-
bility of our theories. We have assumed that

XK Xo)\; H « Ho(cp“ < ¢2). Inthe absence of
H 3

13)
mesons, cpiv 'v_mﬂ‘_(qi')“ ~ R (wmaxm £y,
c ca a
and ( QPo)a‘, ~E 3 ( CPO)ps "-’—g-; therefore
ca cn

H®) «< H® and xiﬂ« x%(H(Z) does not in general

have nondiagonal matrix elements), if gz/ﬁc > 1
in the case of a scalar field, and
gz/fic > %222 in the case of a pseudoscalar field.

In the presence of mesons the conditions below
ought to be satisfied: Enkpﬁ w, K gz/a (scalar

field) and Enkp'h W, K g2/ % 2a® (pseudoscalar
field).

In the method just set forth, use is made of a

system of spin functions l/l)?# and eigenvalues Eg\“
for each stéte, more precisely, one system z/;z

and EZ » but with different numerical values of the
parameters & Z‘k (n Z" ).

It was shown in refel(')ence 11 that in the case of
a symmetric field cE%.._ 9
It isyeasy tosee Ilzhailtlhi)\ﬁ\:r:nizual‘ ity fm'-
energy spectra found aboveg. acy cannot change the

For simplicity, let us consider a scalarfield, and
let us assume that for each A the energy and the
¥ function ‘I’)\= %X)\#lﬁ;?“(s) have been to terms of
order g 2,

If we have two ¥ functions ¥, and ¥, with
similar energies, then we can assume that the
correct ¥ function of the system has the form
Y= c, ¥, + 02‘1’2 .This problem is similar to the
problem of the particle which can move in two
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potential wells located at a certain distance from
each other. If the ¢ functions for the motion of the
particle in each well are known, the symmetric
function is a linear combination of these
functions13,

Substituting y =c, ¥, +¢c,¥, inthe
Schréndinger equation, we get the secular equation

for ¢, and ot

1
(Vi t+e)ey +(Se+ Vig) e = 0;
(Se+ Va) o + (Vo +€)c2 =0,

where
Vin= — \(¥5, (H— H,) ¥\) dx;

Ve = £ — E— | (¥, (H — Hy) ¥ d; -

Vie = S(E; — E,) — S (F5 (H — H,) ¥y dx;
Vg = — S(‘P‘;, (H—H,)¥,) d;
e = E— By de=I1 dq =1 dgty ;
S = 'S (¥, ¥,)dx;

k,p

1

whence Hl‘l’l = E1 ‘I’l and 1172‘~I’2 = E2‘I’2.

Inasmuch as we have assumed that E, and E2
have been computed with accuracy ~ g~ 2, then
Vii~g* and Vayo=E,=E, +0(g™*). We
estimate S1 V21 and V1 9t

$= B0 8 (otnds 4= 115, ()
®.y ,

F"kp is the Hermite polynomial. It follows from
Eq. (27) that

(2) — 0 0 ’ .
g =\(2— a8+ 3 ook obiar;
Y
It was shown in reference 11 that
Pk n™ Puk D oo 314 @y fy = Py p5 then
2 0 1 0 o 0
qofk) =quy * ‘Iik) 3 9o =0 fora=1.2; gz
_ £ (P W v _
= avm mpa S Y Sy eterhamear
and Vo = g___la'hc g—(g'/ht‘)ln(xa)"l; for the pseudo-

scalar field S~ xagﬂ e_gx/(hmtal)’

e = g3 | Vi + Vaa— ViaS" — VS

5P

FV Vit Vaa— ViaS — VuSE +4(1—|SP) (ViaVes —VuVa) | (28)

for Vig= Va1 =S =0 the correction € to E,| is
the same as for the nonsymmetrized function ‘I‘x
This correction, connected with V21 » ¥y 29
with the symmetrization of the function ¢, is,
according to Eq. (28), of the order of

e—g'ltc (e—¢" (ﬁf‘"“')) and in view of this is

negligible.

If we do not consider € but the ¥ function of the
system, then it is evident that, in the absence of
degeneracy, for different A we can use linear
combinations of the functions ;.

The results we have obtained are quite
intelligible, since in the decomposition in a
complete orthogonal set of functions ¥ g\# the

13 p, Gombas, The Problem of Many Particles, IIL,
1952, p. 219.

S, i.e.,

effect of the field corresponding to other A was

automatically considered (but with power, not
exponential accuracy).

The same results are obtained if symmetrization
of the functions of zeroth approximation is carried
out initially: y%s) = Ecx/l%\, but the computations
in this case are much more complicated.

The theory is easily generalized to the case of
several nucleons which interact with the meson
field! °> 14, The Hamiltonian for n nucleons has
the form

— SZ (1% + ¢* (Y0a)? + 22}
a (29)

—2V 4xgc 3 Oa (r — 1) @o) dr.

14 B, Geilikman, Dokl. Akad. Nauk SSSR 90, 991

(1953),
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As the Hamiltonian of zeroth approximation we
choose

o= 5§ aZ[(w‘i )? -+ (92 )?

—2V dxgc D) O <p';] dr,

satisfy the equation

in which the ¢?

n

— 8y = £V | Ouilun

Then 3,n,n

HO=£ (3 [ 0w (1) [ 11— 204 (011 0/ (') ia
a,i,j

(30)
X G(r,r')drdr',

and the perturbation has the form H’ = H)y g2,
HY = ge V| D ¢e (| Outfar— Out) dr;
a,i

H® — % S 2‘: (I2 + %9, (x* — A) ga) .

The equation for xiy_ and the equation for xo)\

have the same form as in the case of a single
nucleon — Eqgs. (18) and (19), except that K _ 8 is

now determined by the expression

K¢B

= 4ng? D) 2| Oui (1) 20| Ops (') o (ER — ERp)™

peEA i
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The equation for (p,’? coincides with Eq. (20), but
with the new expression for K_ ,. The more
general expression for the energy in the zeroth
approximation has the form

Eg = ng
2
— ___%. S Z | Oui () |xa | Oaj (') aa
a,i,J
G(r,r')drdr,

Here EO)\ is the self-energy and the energy of inter-
action of the nucleons. If all |r; — r.| > a:

o . g2\ —x[r, —r;|
(EA)sc = 1.%!‘; I Tai ,M\,Ta:] Ill lr —17]
~+ const;
(Edpe = — Z2 D)
Aps = — 2x’ ({‘Cmc}n, Vi)
itj,a
I —x ’ r—r; ]
({ca,c}n, V) _-_I -} const.
T

As is known, in the case of weak coupling, the
self-energy and the energy interaction of the
nucleons in the second approximation in the theory
of perturbations appear as the diagonal matrix
element of the spin operator V>:

1% (31)

£ lim drdr

2 a—>0

{2 0u0)0u() e

a,i,]

In the presence of strong coupling, O_ i(r)O“ j(r')
appears in Eq. (31) in place of O_ i(r)| o, ].(r') |M\.’
and IOM(r)O“j(r') l)\). appears in V?»)»’ not

loui(r)b\)\louj(r') ‘M\.’ as in Eg\.

Translated by R..T. Beyer
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