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can have no turning points. However, when anomalous
thresholds are present turning points may occur at con-
tacts with the anomalous thresholds. Thus, for example,
when there are anomalous thresholds in two directions
(but no complex singularities on the physical sheet)
the boundary of the region for p; for the fourth-order
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contribution is the arc +, which includes parts of posi-
tive slope as well as of negative slope [Fig. 1(b)].
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A previous calculation of the physical nucleon wave function in static source pion theory is extended by
including the pseudoscalar K-meson interactions, the motivation being that this should increase the scalar
part of the nucleon anomalous magnetic moment, thus improving the result of previous calculations. In
constructing a trial function for the physical nucleon, the method of moments was used and terms containing
up to three mesons were included. Calculation shows that a too strong K-meson coupling is detrimental to
the vector part, and that the scalar part can be increased approximately by 109, if the K-meson interaction

is made moderately low.

INTRODUCTION

N a recent paper! (hereafter referred to as I), the
method of moments was applied to the problem of
the physical nucleon in pion theory, using the Chew-
Low-Wick static source Hamiltonian.2 An approximate
ground-state nucleon wave function was constructed,
with terms containing as many as five virtual pions. One
of the important results was that the average number of
pions in the cloud is more than might be suggested by
the success of the one-meson approximation. When the
electromagnetic properties of the nucleon were calcu-
lated from the wave functions, however, hardly any
significant improvement was achieved over the results
obtained by the one-meson approximation.

On the other hand, we are aware of the possible con-
tributions of the strange particles to the physical nucleon
state, since these particles are known to interact
strongly with nucleons and mesons. In particular, con-
servation of strangeness allows nucleons to emit a
virtual K+ but not K~. Thus the inclusion of interactions
involving pseudoscalar K mesons should have the
consequence of increasing ug, the scalar part of the
nucleon anomalous magnetic moment.® This implies an
improvement because pseudoscalar pion theories in-
variably give too large a negative value for ps. This
motivates us to extend the work of I by including
strange particle interactions, even though a fixed-source
approximation is less justified for K mesons than for
pions.

1 F. R. Halpern, L. Sartori, K. Nishimura, and R. Spitzer, Ann.
Phys. 7, 154 (1959).

2 G. F. Chew and F. E. Low, Phys. Rev. 101, 1570 (1956); G. C.

Wick, Revs. Modern Phys. 27, 339 (1955).
3 G. Sandri, Phys. Rev. 101, 1616 (1956).

Another difficulty involved here is that we still do not
know definitely the relative parities or intrinsic spins of
these particles. In this paper we assume that different
baryons are different states of the same fermion, all
having spin £ and the same intrinsic parity, and that the
K mesons are pseudoscalar with respect to the baryons.
The static version of the relativistic interactions* con-
sistent with the Gell-Mann-Nishijima isospin assign-
ments will be used.® In this scheme, the interaction
Hamiltonian H; contains eight coupling constants and
as many cutoff functions. Even though there is no good
reason to keep these parameters from changing for
different processes, simplicity is of great importance in
the present work since the number of terms contributing
to the wave function increases quite rapidly as the order
of approximation increases. In this spirit, the same cutoff
function will be used uniformly for the pionic and K-
mesonic contributions for all the baryons. Throughout
this paper, we employ a square cutoff at K=6 (h=c=pu
=1, where p is the pion mass) so that comparison with
I will be possible. In the same spirit, the square of the
unrationalized, unrenormalized NN coupling constant
will take the values 0.2, 0.4, and 0.6. The other coupling
constants are assumed to satisfy the following relations;

(fvva")2= (f24:2)?= (f22")?= (fzz2)?= (f)?, (la)
and .
(fvar®)?= (fvzx®)?= (fazx®)?= (fzzx")?= (f2. (1b)

One of the consequences of these simplifications is
that invariance under rotations in this representation

4 M. Gell-Mann, Phys. Rev. 106, 1296 (1957).
5 W. G. Holladay, Phys. Rev. 115, 1331 (1959).
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space which mix, for example, a nucleon and E, or = and
A, leads to the conclusion that the forces between
baryons having the same hypercharge are equal to those
between baryons having different hypercharges, which
is in disagreement with experiment. Another well-known
consequence is that all baryons will have the same ob-
served mass, which again is in disagreement. In the
present work, however, we ignore these disagreements in
favor of keeping the calculations within a reasonable
length.

NUCLEON WAVE FUNCTION

The Hamiltonian for the static model may be written
as

H=Hy+H, @
where the unperturbed part has the form
Ho= EZM {wr(B)an*(R)aan(k)
Fox(R)[ba*(R)ba(k)+ca*(R)ca(k)]}. (3)

Here, an(k), i (k), and ca (k) are annihilation operators
for a pion, a K meson, and a K meson, respectively,
with linear momentum &, charge 4, and z component of
angular momentum A; w.(k)=(14+£k2)} and wk(k)
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The basis vectors in this representation space are

0
1 1

s=v)= 2|, d=v(s0= 0|,
i 0

0
0
) ¢16E‘//(E—‘1')= ' )
0
:

©®)

and they represent the states of a bare baryon with a
definite spin orientation as indicated by the arrow.

With the assumptions described in the introduction,
the interaction Hamiltonian H; can be written in the
following form;

HI=Zk(VkA k+UkBk+Uka+H-C-); (6)
where : o In(h)
x 9
k=£~ ———, (6a)
V3 [2w. (k)T
and -
L. (6b)

"B [20x(®) T

The matrices A, Br, and Cy are all 16X 16 and they are
given by

= (m?+k?)}, where m is the K-meson mass. (4, 0 0 0
The baryon wave function is described by a spinor 0 A4y O 0
A=lo 0 4/ o)
(¥p ) (0 0 0 4
o (0 B BY 0 )
v 0 0 0 B
Y= i” , 4) Be=lo 0o o -—BY| 0
z 00 0 0
Us- » U J
Yo (0 0 0 0)
220 c=|C¥ 0 0 0
1ok o 0 o}
where ¥,, ¥, etc., are, respectively, two component L0 Ci' —-C 0]
spinors for p, , etc.: V0= (A°—Z2°)/V2, Z°= (A°4=°)/v2. where
[ ac(k)  V2ao (k)  V2Zayo(k) 2a4+(k)
A= \/Zao_(k) '—(lou(k) 2(l+_(k) '—\/Za+o(k) (73)
F T \V2ao(k)  2a_ (k) —an(k) —V2ao (k) |’
L 2a_ _(k) —\/Z—a_o (k) —‘\/2—(10_(]3) aoo(k)
(V2boo (k)  2boy (k) 0 0
i | 2b0—(k) —V2boo() 0 0
Beé=1""9 0 VIbw(k)  2bor() (7b)
L o 0 2o (k) —V2boo(E)
\QCQ()(k) 260+(k) 0 0
1 ZCO_(k) —\/ZCQO(k) 0 0
Ci=1"% 0 VZw(®) 2eer(k) |’ 7
0 0 20 (k)  —V2Zcoo(k)
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TaBLE 1. The self-energy of the nucleon, as a measure of con-
vergence, as function of the coupling constants and order of
approximation 7.

(/> (Ux)* =n=0 1 2 3
0.2 0.02 0 —-6.0 =77 —84
0.4 0.04 0 —-9.3 —122 —13.0
0.6 0.06 0 —11.9 —15.8 —-17.0

and B," is equal to B}’ except that the first subscripts
of the annihilation operators are changed from 0 to +
and, similarly, C;' is obtained from C}’ by changing the
first subscripts of the annihilation operators from 0 to —.

The state vector for the physical nucleon is calculated
with the method of moments. A trial vector of the form
P, (H)¢: is used, where P, is a polynomial of degree #.
Its coefficients are determined variationally so as to
minimize the energy. The method of moments gives the
following formula

P.(H)=f.(H)/(H-E), ®)
where
toE e o g
H, H:. H, H,
©)

fo(®)=| Hi Hy Hy --- Cob

Hn-—l H2 n—1

and E is the lowest root of the equation f,(£)=0 and
this quantity represents the self-energy of the nucleon.
This also gives a measure of convergence of our series.
The self-energy of the nucleon is tabulated in Table I.
In all cases, the convergence is no slower than those in
I up to the third order and it is reasonable to assume an
equally quick convergence for higher order wave func-
tions. The symbols H; used in the above determinant
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are defined by

H;=(¢:|H'| 1), (10)

and these are called the moments.

The moments are calculated in the manner described
in I. The moments in all orders can be expressed in
terms of the integrals I, and J,, defined by

L= | Vi|2w.m2(k) —
1
(%) f Froxm3o(R)|2dk,  (11a)
Jm=ZIUk]20JK"""2(k)—>
1
;(fx ) fk wx™ 8| v(k) |2dk. (11b)

The first few moments are
Hy=1, H,=0,
H,=9I,+127,, H;=91;4+127,,
H,=17112436015J,+312J 2127 4491 ,.

It is evident that the number of terms contained is much
greater than that in the corresponding moment in I.
Already Hj contains as many as 30 terms, out of which
only 7 would remain if the K-meson interaction were
switched off. This is why those simplifications regarding
to the coupling constants and cutoff functions were
given importance.
Once the trial function (in nth order) is found,

(12)

o= (3 @)y, (13)

=1

we can calculate P(x; y,3)= probability of the core being

TasiE II. The probability (in %) of the physical proton core being in the 16 different states.
Calculation was done with the third order trial functions.

(F9)2 0.2 04 0.6 0.2 0.4 0.6
(792 0.02 0.04 0.06 0.1 0.2 0.3
PP 47.85 43.16 40.81 52.41 45.78 43.15
P(pd) 11.87 12.77 13.33 7.62 8.40 8.74
Puf) 11.85 12.74 13.30 7.34 8.02 8.31
P(nd) 23.68 24.40 26.58 14.67 16.05 16.61
PEH) 0.78 0.97 0.99 2.85 3.24 3.42
P(EH) 0.97 1.24 1.16 4.66 5.08 5.25
P(Y}) 0.59 0.79 0.81 1.05 1.39 1.58
P(V0y) 0.0015 0.0007 0.0006 1.8%10 40%10~7 1.2X107
P(Z4) 0.78 0.97 0.99 2.85 3.24 3.42
P(20)) 0.97 1.24 1.16 4.66 5.08 5.25
PED 0.59 0.79 0.81 1.05 1.39 1.58
PEY) 0.0015 0.0007 0.0006 1.8%10- 4.0X10~7 1.2X10~
P 0.028 0.035 0.040 0.28 0.38 0.43
P(E0)) 0.050 0.067 0.074 0.56 0.76 0.86
P(ED 0.0035 0.0035 0.0047 2.3%10- 9.710~¢ 4.3X10-
P(E-)) 0 0 0 0 0 0

¢ F. R. Halpern, Phys. Rev. 107, 1145 (1957).
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TasLE III. Probability (in %) of y pions and z K mesons surrounding the core of the physical nucleon in the #th order trial function.

(9,%)

0 (& = 00 (1o ©n (20 @)Y 02 G0 (2,1) 1,2) (0,3)
0.2 0.02 1 64.74 31.82 345

2 4809 3875 367 831 108 0.0

3 3819 3831 266 1554 170 0.3 3.12 0.30 0.027 0.0039
0.4 0.04 1 60.65 3550  3.84

2 4114 41.82 407 1133 147 0.14

3 32.68 4091 348 17.35 201 0.18 3.10 0.30 0.027 0.0039
0.6 0.06 1 58.76  37.21  4.03

2 3800 4296 425 1295 168 0.16

3 29.36  40.58  3.17 1990 234 020 4.06 0.40 0.037 0.0051
0.2 0.1 1 63.32 23.80 12.88 .

2 4741 2900 1430  4.83 313 151

3 4726 2912 1398 486 3.14 148 81X10~* 40X10™* 1.8X10~*  1.3X10™*
0.4 0.2 1 50.60 2521  14.19

2 4119 3092 1526 645 419 199

3 4000 3093 1525 646 419 198 3.5X10~* 1.7X10™*  7.7X10-%  5.4X10-°
0.6 0.3 1 57.88  27.32  14.79

2 3837 3155 1578 731 475 225

3 3701 3153 1576 7.31 474 225 1.5X10~% 7.6X1075  34X107°  1.2X1075

in the state ¢, surrounded by y pions and z K mesons
(and K mesons). Table IT shows the probability P (x)
of the core being in the state ¢, i.e.,

Plx)= 20 P(x;y,2). (14)

For this table, the third order trial functions were used.
Notice that P(p{) is no longer equal to P(n?) because
of the K-meson interactions, and the difference is larger
for the stronger K-meson couplings. Table IIT shows the
probability

P(y,5)=3: P(x;9,9), (15)

of y pions and z K mesons (and K mesons) surrounding
the core.

We can make observations similar to those made in I.
First, the probability, when regarded as a function of
the order of approximation, seems to have a single
maximum and it decreases uniformly after passing it. A
second observation is that the average number of mesons
surrounding the core is again too large to justify the one-
meson approximation. As the order of approximation is
increased still further, states with larger number of
mesons will definitely make significant contributions to
the wave function.

NUCLEON ANOMALOUS MAGNETIC MOMENT

The contribution of the core to the magnetic moment
of the physical proton is, in units of the nuclear
magneton,

Bpe=P(p1)—P(pl)+P () —P(ZH)

—PEN+PEY)-PEN+PEN). (16)

That to the magnetic moment of the physical neutron is

pne=P(nt)—P(n})+P(Y°)—P(¥°))
—P(Z")+P(Z%)—PED+PEN). (A7)
This is so because our Hamiltonian is invariant under
the transformation
P < n, Ztes YO, Z*HZO; EO(—')E~7 70 <> _7r0;
e a¥, Ko K* K0 K°) K°«+> K0, (18)
This invariance property shows that pions contribute
only to the vector part and K mesons only to the scalar

part of the anomalous magnetic moment. The operators
for their contributions are,” respectively,

Zk: o) [ay+*apr—ay Fay _—a_Fa_+a _F*a__
+a- FayFta-_ap—ay FaF—apay], (19)
and
zk: ox (k)[b++*b++— by by A Foeo_—cyFoy
Fby by F by 4by ——o FooyF—co ], (20)

TasrE IV. Calculated and extrapolated values of the scalar part
of the nucleon anomalous magnetic moment.

(f+"2  (fx%? n=1 2 3 Extrap.
0.2 0.02 —0.22 —0.30 —0.35 —0.38
0.4 0.04 —0.24 —0.34 —0.38 —0.40
0.6 0.06 —0.25 —0.35 —0.40 —0.43
0.2 0.1 —0.18 —0.19 —0.19 —0.19
0.4 0.2 —0.19 —0.22 —0.22 —0.23
0.6 0.3 —0.20 —0.23 —0.23 —0.24

7R. G. Sachs, Phys. Rev. 87, 1100 (1952).
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TaBLE V. Calculated and extrapolated values of the vector part
of the nucleon anomalous magnetic moment.

(f:? (fx%? n=1 3 Extrap.
0.2 0.02 0.06 0.33 0.59 1.2
0.4 0.04 0.04 0.36 0.62 1.6
0.6 0.06 0.04 0.37 - 0.64 2.0
0.2 0.1 —0.04 0.14 0.14 0.14
0.4 0.2 —0.04 0.14 0.14 0.14
0.6 0.3 —0.04 0.14 0.14 0.14

where M is the nucleon mass and the arguments of the
creation and annihilation operators are omitted. If u,
and pk are the matrix elements of these operators in the
trial state, the scalar and vector parts of the nucleon
anomalous magnetic moment are

(21)
(22)

ps=% W pe— 14pne) tux,
pv=73(pe— 1—pnc)+pr

Our calculation shows, as in I, that the matrix elements
of the meson operators are quite slowly convergent

K. NISHIMURA

while those of the core operators converge fairly quickly.
Since calculation was stopped at the third order in this
present work, a freehand extrapolation is not trust-
worthy. But the speed of convergence is very much like
that which occurred in I. The extrapolated values of us
and uy in Tables IV and V are obtained by comparison
with I.

A curious thing that we observe is that the con-
vergence becomes very fast as the K-meson coupling
constant becomes large with respect to the pion inter-
action. In this case, not only the scalar part but the
vector part becomes much too small. Experimentally,
wy=1.85.

A comparison with I shows that the inclusion of the
K-meson interaction causes a change in the scalar part
by approximately 109, and this seems to be the best
that one can expect to do with the static-source meson
theory.
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