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§1. Introduction and Summary.

i
In two previous paners,) the interaction of elementary particles was

80

discussed by introducing a new field of force. On quantizing this field,

90

we obteined new kel guanta, obeying Bose statistics, each with the elementary

100

charge elther positive or negative and the mass my, which is connected with

the r&nge‘j%‘of the nuclear forceg by the relatiOn]¢="$F.‘€Eis field wes

110

120

described by two four vector functions complex conjugete to each other in I,

130

whereas it was described by two scalar functions in II, These formulations

were adopted for the sake of slmpliecity, but neither of them was ample enough )y

140

for the derivetion of complete expressions for the interaction of the heavy

150

particles and their anomelous magnetic moments.

160

In this peper, we begin with the construction of the linear equetions
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170

for the new field, which can be considered as a generalization of Maxwell's
b}

180

equations for the electromggnetic_field&fhe field is thus described by two

190

four vectors and two six vectors, which are complex conjugate td each other
respectivaly. (§2.) It is interesting that this system of equations wriltten

210

1) Yukawa, Proc. Phys.-Math, Soc. Japan 17, 48, 1935; Ypkawa and Sakata,
ibid. 19, 1084, 1977, These papers will be referred to as I and II
respectively. See also Yukawa, ibid, 18, 712, 1937,
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in spinor form reduces to a special case of Dirac's wave equations for tne
particle with the spin larger than 1/2.9 Meanwhiie, i1t came to our notice
that our formulation was equivalent to a method of Lineéﬁgzation of wave
equations for the eliectron, whicn had been develioped by rrucafﬂ as an ex-
tension of the scalar theory of Paull and WeiSSKOchﬁ) Very recently, Kemmer
and Bhabha®) also discussed the nature of nucliear forcef, anomalous magnetic
moment of the heavy particle 6 and cosmic ray by using Proca's scheme.

The new field equations can be derived from tne.ﬂ%%rangian,so that cne
canonical variables and the Hamiitonian can be deterfimined 1n Tihe usual waye
We can then go over into the quantum theory by constructimg tiie commutation
relations and tune equations of motion for tliese variables. (§2.) We can
decompose tne field wvariabies into Fourlier components, eacun of waich consisis,
in turn, of three components, indicating tu@tc the quanta accompanying thls
field have each spin 1. (§3.)

In the presence of the eclectromagnetic field, the Lagrangian for the
U-field is transformed in the usual way, correspond¢sing to the fact that the
U-quantum has the charge either positvive or negative. It follows, further,

that tne quantum has tne magnetic moment of tne magnitude eﬁ/zmuc in nonre-

lativistic approximation. {§4.) It is likely that the anomaious magnetic

2) Pirac, Proc. Roy. Soc. A. 115,417, 1936. See furiLner Sakata and Yukawa,
Proc.FPhys.~Mathe SOoc. Japan 1 13, vi, 1937. Detai}? discussions of more
formal proﬁlem9w1¢l be made elsewhere.

) Proca, Jour. d. Phys. s 532 3d1, 1936, See further Durandin and Erschow
Phys. 7eits. d. Sowj. 12, bb, 1937.

4) Pauil and Welsskopf, Helv. Phys. 7, 70%] 1934,

5) Kemmer, Nature 141, 116, 1v38; Bhabha, ‘ibid. 141, 117, 1938.

6) The problem of the magnetic moment of the heaVy particle was _discussed
especially by Taketani,Kagaku, 7, 553, 1937 and by Frdilich shd Heitler,
Nature 141, 37, 1938, ; 4
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.

moments of the neutron and the proton can be attributed to the virtual pre-
sence of the heavy quanta in the lntermediate states, The order of magmitude
and the sign of the &usexsetien additional moment thus obtaind is in
agreement with the experiment. (§ 5.
Finaily, tuoe possibie forms of the interacvion between tne U=-field
and the heavy particlqugrconsidered and the force between the neutron and
the proton is deduced. It is found that tlie £omee—bevweemr combination of
the exchange forces of Majorana and Heisenberg types, wiaich is in accord with
the resultg of tne current theory both in sign and magnitude,can be obtained
in#:;;tural way. It should be noviced, however, tunat, the force betmeen 1s
not strictly centrai, sof tuat considerabie departures from the resuits
of the current theory are expected in some cases. (§6. ST
The problem of possibie exeistence of the neutral neavy quanta,whici
seems to be imporiant in connection witi tlie problem of tune forces between
two neutrons and between two protons, as well as that of the ordinary force
between tihie neutron and the proton, 1s not considered in detall in this papere
Among various phenomengga,which are reiated wlun Lie interaction of the
heavy quanta with tne iigut parcicles,oniy the process of anninilatvion of
'a heavy cuantum in free space by e#mitcting a positive or negative electron
and a neutrino or an antineutrino simuivaneously, tae possibiiivy of which
was puinted outp by Bhabna,v is dealed with ocuantpitativeiy and its bearing

on the probiem of the hard component of the cosmic ray 1s discussed. (§8.)

7) Bhabna, 1oPh cic.
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§ 2 Linear Equations fur the U-Fieid in Vacuum.

qu” - - w “9 -’

we consider two threef dimensional vectors F and G forming a six vector
. 44 i 22 T g = -
in four dimensional sﬁce in analpgy wiuon tue electric and magnetic vectors
in electrodynamics and assume them to satisfy linear esuations of Maxwell

type, Whicn however, resulit in cwne quadratic equations

'
(8~ B =0e2) tg»} =0 )

by iteration, instead of the D'Alembert equations, where W= m,c/#. Such a
system of iinear equatiuns can be constructed only by introducing, further,

X —
a four vector with the time components U, and the space components U . Thus,

we Oobtaln ten equacions

— o
> S | w
-—E—g - curﬂij:-xu =0 div\g-hwt}n: 0
oy -
A0 - - - (2)
%Dt + grad U, +xF = 0 curli U - KG = O,

. : =g
from which we can easily derive tne guadratic equavions (1) for F, G and

P ‘
also for Up Ue Furthermore, it can been shown that five relations

_, .
e = 2 = U e
"-S‘Qt: + ecuri BH/= Q div @ = © —é—#-{- div U =0 (3)

are satisfled,wnich, together with (2), are equivaient to Dirac's generaiized
gy .
wave equatvions witn k = 1/2 and = 1. ) On vhe other hand, the equations

(2) are the same with tnosec proposed by Procaih if we takeX= mwc/ﬁ}

8) Dirac, iof. cit.
9) Proca, 1i0¢. cit. (Y) and (219,
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Hereafter, the arrow— denoting the space vector will often be omﬁtteﬁ in
order to avoid the unneé%%ary complication of the formulae,
Exactly the same set of equations is assumed for the six vector (%; E)

and the four vector (ﬁ;, ﬁﬁ, which are complex conjugate to (F® G) and
(U ,U) respectively.First four equations in 4= (2) and the equations complex
conjugate to them can be derfgéd from the Lagrangian

C=[fLav (4)
with L = <& (FF-&e + i, — i) (5)

U

L
are considered as independent variables and F, G, F

e

tn

= Lo
where U,, U, U, and
L 3 - 3 - & -
and G are defined by the remaining six equations in (2) and the equastions
complex conjugate t& them,
5y ~ ~
The variables, which are canonically conjugate to U, Uy, U and U, respective-

ly,can be defined in the usual way by the relations

el e eilen o =
U —}B_Hg = 0 , Ux-—‘-_— }wﬁx "t'-“-K El.'. et-.
ot bt
L (6)
o L ~+ 3k \
UQ > )BLI =8 le T o SR q-v\‘(c_ix. P vay
Bt ! h%_E_X. /

The Hamiltonien for the U-field in vacuum becomes thus

[f§ Hu dv (7)
Hu = f‘;g"ﬂj A 4 (comN\eomp)— L

= Y K32 E+u+_ (! |_\+ Ca‘\a.d Uo+ Gf?\d\al GD)

with

(8)

1‘ _-"{:"I!F—ka ﬁ"DM.Vl.U = ?L*“. (ﬁﬂ-—uuug).
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In the quantum theory, the canonical variables Uy, UI, etc., should satis-
fy the commutation relations
9
Ve b, RIS (T 5 T v T, e S B
Ux (7, ) Of (P t) - G(F% t) Uu(T, t)= 22 0 Ugguerrr (9)
- ~ =7 vk —F -
U (7, £) T (3 £) - TN ©) U(F, t)=t0% 0 ke
ebies: ,
corresponding to the Bose statistics, The variables U: and ﬁ?‘ , however,
Uu
vanish identically, so that they can not be taken into the quanﬁlﬁ theory as
and uu
canonically conjugate to U, Yrespectively. Hence, we have to eliminate Up
fad
and U, themselves by using the conditions
div F +X Up= 0 div F+x Uy = 0
or
U,= 4xc div Ut , %’0 = 4fec div 1- (10)
The Hamiltonian (8) now take the form
Hy= 41txqc’ﬁfU1'—41rc* (ut r;% aiv OF + ﬁtr.};rad div of )
U U +50 U *daiv O aiv Of
+ Fpecurl U curl U t4 -~ 4wc div U div U'#
so that we obtain
—— . ~ “~ N
Hu_—_-jﬁ( amwrer Tt ancraiv ¢ atv T +€1;@cur1 U curl U+ ;‘;r U U) av (11)

by partial integretion. A mors symmetrical method of quantization will be

discussed elsewhere,.
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WE The field eguations are, now, expressed in the form of tne esuations A==
8_2 of motion
= w5y FoFoU, etc.
o= o I (12)
= 1ﬁ:%c= U H~ HTUT, etCe ,
%_g which reduce to the form
_g ~ ! n
52 %%-_1: 41e w2c? Uy —-WTEC*":Z%E cLuu~U‘t oXc.
g = (13)
H_% _BGI__ e * oaend (cwnl L)) — 2= Uy e
g_é Bt T L]-'Tl' K2 x 41T x, S
—E by the help of the commutation relations (¥). These equations, together with
B é the conditions (10) and the relations (6) and
= curl T - X G=0 curl U - X G = 0, (14)
E—E are equivalent to the equations (2).
g =
3:§ §3. Representation of tue U-Fleld in Vacuum by Normal coordinates.
EE If we consider the field in a unit cube, we can change the field variabies
—= into new ones by Fourier transformation gk
8= : !
=Tz =5 ol sosd Akn
= U = 250 (e + Vo) ap e
s — k i=123
& — i=va o
= Y (15)
= = - —<in
8 —= 1ZRTE + ST A 2
N2 U E&:%H(ua UL e,
= )
2= where tne suffix k stands for the vectogr ¥ wita che integer components multi=-
= . - :
g = plied by 2T and Y e, 1s a unit vectfor parallel to Ez whise E:h and _ezkare
8
5 2
B
8
32
3
g
8
g
g
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v e

those perpendicular to Eiﬁ and to each other, forming a rignt handed system.
By inserting (15) into the fieid equations (13), we obtain the equations of

motion for the new variables Uspe ,ugﬁ etTCe
’L:'-ji = 4 K2c? ’Eﬁi& + 4T R &5 'ﬁfﬁ (16)
Frwe? ﬁ;ﬁ, = —(f'éi**Kz)uéfe + 5‘31 Ui , ele .
and simiiar equations for véﬁ, v;'ﬁ etc. These equation@show that each variableﬁ

~RocT .
has the time factor either e*w"cr or eﬁ" with k, = +‘Ik" + K2 ,30 that we denote

+

the variables with the former factor by Use ’uj’ﬁ’ Vie? Yk and tirose with the

s == ~_ 1. A -\- ) _—
latter factor by Uy s s G s Vg ° The commutation relations (9) are

transfformed into
+ + : =5 =9
Usg Upgr — U Ui = % BSL S, &7
& (277)
Wi Uy — Uy tjee = 70 Le
and similar relations for v's, 'Ht's andfv‘:-’being commitative with One anocuer.

Correspondingly, tne Hamiltonian (1il) becomes

He = 22141:@ O #2850 Mg+, e (W ‘t)"‘"lhm (8 lxﬁw @ (1%)

e ~
Frorr' (lb), we obtain tne relatvions C—(ujf.+15-ﬁ)}
‘ o 2% 16)"
_q‘““"fﬁo\(ﬂf— (u’é‘ﬁ'- = (fs— & ‘SJ')“J{@ (16)
and consequently, (1%) takes tne form ‘
~ ~ ewy’Roh¢ ey v o fa
Ui Wy — Utk U = ‘“_**"ﬁ,_ 355, gat U, &), oXe (17)
Hence,1f we introduce the 5new variables
'(ﬁo ﬁl Jl ""h )
Nf"f‘ T 21 kotic Ui Ujie (19)
My = -Gi—®5) Gy upg :
)k 2T H* Rohic J

which are all commutative witi- one anowner and eacn has the eigenvaiues 0, 1,

2, eeses The Hamiitonian reduce to

Zz fohic (Njp + My + ) (20)

The variables N‘ﬁ denotes tune number of the Jneav'g,r aquancva witn the positive

charge in the state of emergy Eg = ko'h‘c = 'Ec{k +¥* and momentum ﬁck, while

230 —

240 —




]uulnmlm||nn[nn‘uu|nu||m|u|||uu|.m|m||..u|nn|uu|m|[.mIumiuulnn[unlmr1uu|nn|||n||1|||||||l||||||||||r4|!||||||1|||||n|||i|||nn|J|||||m|IIIlIIIII[HIIl!lIL]|||I|lllIIIIIIIIIII|IIIIIFII1|II[I[JI1I|IIII1IIII|IIII|IIII]11II|tIlIlIIIllllllIlIIIlIrIl]HIIIIlltlll|||I1II|I|H|IIIIIIIH]ilII[IHIlllll[llllll|||||||1|||II||!||]|||l||!1I||lll‘lllllll]llllll‘lllll

G i i L L

= =2 |
5 J_IIIIlllllllIlLI.ILI_IJ.LLU_

100 90 80 70 60 50 40 30 20 10

110

130 120
J‘_JIIJ_[.LLLllE l|l|lt|]]l|| | I]ll I[lllli IIJI_I_IIIl_lu|,IJ_|_I]_IUL|_|_IULl_lIl_||I[I|IIII|]III|IJ]I|III[]II]||IJ|]]Illl‘llllllllllllllllllIlllllllL

230 220 210 200 190 180 170 160 150 140

240

380 370 360 350 340 330 320 310 300 200 280 270 260 250
tmhumMMHmnMumumumnmHmnm“mudm¢ﬂﬂwﬂL|md1|

390

|_.Lumjm

170 —

160 —

140 —
150 —

130—

{ = i =
=] g 2 = e =] 8 = = s

©2022 YHAL, YITP, Kyoto University
REAVKEFEEBYIEZHMERR S SERRE
DEPARTMENT OF PHYSICS
OSAKA IMPERIAL UNIVERSITY.
OSAKA, JAPAN ———— =~

maﬁtnat with the negative charge in the state of energy Ey and momentum - Hcke

Tﬁp suffix j = 1 denotes the state represented by the iongitudinal wave, while
amd 3
j= 22503'(3/'&&1: /represented by tiie transverse wavé’& polarizied in s=£efinite

b ok
directioﬁé Pb»@wdlu&aA/Tb éﬁidfﬂufy,
Thus, the quantized U=field, which is described by two four vectvors and
two six vectors complex conjugate with each otfier respectiveliy, is accompanied

) , B puR
by the gquanta obeylng Bose statisticsl) wivcl: the mass wﬂu=j%§ana the charge

—PTr =Ty
either positive or negative, as in the case of theﬁcalar fielid discussedﬁn
IT. The suffix j, whicu can takes three values, indicates the extra degree of
freedom ffor the quanta corresponding to the spin 1, in contrast to spin O

in the case of the scalar field.

§4e Interacvion of the Heavy Quanta with Uhe s

Elec tromagnetcic Field.
The

In the presence of electromagnetvic field with the scalar andAFectoﬂr

. —
potentials A, and A, grad and-%-%E Operating on tne variables F, G, U and
U should be replaced by

e — P) L€
gried - 4= X and T3 T3 Ao
e

respectively, since these variables invoive the operatur, which ¥mcreases the

The A
number oprositively charged pewedeso quanta by one and deéreases tnat of tne

i ) v 0 ) A o~
negatively charged pesesedw by one. Similarly, grad andijE operating on F, G,

ﬁ;and U should be replaced by

te —3
grad + & 3 and =

1o PR
Hic %1 Ao

&l

respectivelye.

Thus the field equations (2) are repiaced by

10) The impossibllity of quantization of the sdcalar field corresponding to ¥
Ferml svatistics, which was shown by 11 and Welsskopf, loce cit.,can

easily be extended to our case, as already poinved oui by Durandin and
Erschow, loce. cite
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where the symbol X qenotes the vector rgauctﬁ.

magnetic fleld can be written in the fAorm

WL aw y -

i)
w
St

with
5 . ] N ~ ot i o di
“ Lu=iﬁf(FF - GG - UU + GWw) (24)

= ;
e 81T(J: — )

variation with respect to A £ and A, anéﬂu&n@rthe relations

X A = T
E = -t = erad &, H = curl A", (£5)

we obtain lMaxwell's equations for the electromagnetic field

—

S
curl H=-'5%4-E— +ﬂ%_[} div E = 47 p (26)

where

G . | - - - T e
from this Lagrangian by performing the variation with respect to U, Ugs, U

The Lagrangian for the system consisting of the U-field and the electro-

So that the equations (21) and those cg%ﬁex conjugate to them can be derived

~ h ;
and Uy and by using the relations (22). Onf the other hand, by performing the
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P
A} 2ae

A ob oy
Lt u 'kc Ao

o/

e
1

L xe i
f= et 0
= GWUO 2= 1\.«330- U + -"—?(ﬁA)Uo +%GD(AU)}

= — .__‘Cc "'3U AG s 'i‘e N
Ix ‘-l-TTKzﬁ iU E .hx U S Ax u U

— (T qad) Uy ~ (U qrad) Ux + A& (@MU 4 UAAU;S o
are the charge and current densityies due to the presence of the hegvy \
guanta.
If we introduce the variables canonically conjugate to Ug, U etc.defined

by ~r
e il et A
A Mk bmve ' X

B't X ~ A g )
e A i(“‘“j"“'%f Ar) U + lqpadl + =3 Muo]g)e,u,. (28)

+
UO :'-.(_)JI QI_(._‘
in addition to the canonical variables for the electromagnetic field, the

Hamiltonian for the total system becomes

H = jﬂlﬂ av _ . (29)

with

ﬁmxulltw— SR
1.
+ 2200 — g 1wd+ MUH{\WW‘* AT}
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= = In the quantum theory, the canonical variables U, U', U and U' should
=—g8—] : ~ =
= 3 satisfy the comnmutation relations (9) as in §2 and U, and U, should be elimi-
g_%_g nated by using the relations (28) and = - 4
= (M — (Ca\.@w\"\‘ A)F'\-WUO"‘O (31)
E ¥ B Thus, _the f‘leld equations are obtalneu by constructing the equations of the
E=2 typej(lc).
S B If we change the variabies for the U=-fleld by Fourier transformation
;QE (15), the new variabies satisfy agapin the commutation relations (17) and the
= . = Hamiltonian takes the form simiiar to (20). In this way, we can deal with
i— —i the phenomena due to the interaction of the U-field with the electromagnevic f
%_ a _E field in any de*tail, but we consider, here, only the probiem of the magnetvic
= g_=
= ~ 3 moment of the heavy quantcum.
g—"ﬁ—; Now, we can deduce second order equations such as
== — —
= = __ A.E _J’ 2 3
ieE (32)
== —-——(H»umeuuﬂEF & )= o
= 52 _m
f— —i from (21) and (22) by iteration, Thus, when a heavy quantum with the positive
— 8=
= = charge is present 1n a state of the energy myc* + W, where W is small compared
= g _=
= % 5 with the proper energy myc?, the equations (32) reduce to
=53 h2 ie By2b - reh % o (33)
= _; i—W*f“EAo_z—WLULW TA)?U_QMLKHXU)
S 8-S =
= T = in the first approximation, because Uu sadl G are small comparcd thhWU
- = =) :
= — [/ dM:
- g - in tnis casee % w 5 E;i P
— 5

230—

210 —




l|l!l|lll|||||||llll||nl|llllIlIri[uullnrluulllnlnr||u|||nn|uu|||n!1lll|l||||u|||lll![llll |m|m|||r||||||||r|r|||||||||11|||||[||||||||||||1|||||| |1|||||||[|l|||||||||||l[l|||lllll|llll|||l|||||I|IIII|IIII|IIII|IIII|IIII|JIII|IIII]IIII|Illfl!IIII!rIIlII[IlIIII]IIIIlI[lllllll]illlllllI]|1|||fII1|IFIIII]|||||I||I|II|F|I1]|||I||l!|||||1|||I]IIlll‘|lII|II||||II||IIII‘IIII|IIII‘Hll‘llfll

=

70 60 50 40 30 20 10

80

140 130 120 110 100
11 J.L[.LLI_IJ.I.I_IJJIIII|IFI||II|I|II|I|HII|IHIIIIII‘IIlllllll.‘fllllllll‘llllllllllllll|II_I_IJ‘LI‘I,l_|_I_LI4IJ_,!_I_I_I_|_I_I_I__I‘I|Il_|l|_|||_|_[||||I|I|I[_l||I|IIhllilllll\.l_ll_l_i_llllE 0

150

160

270 260 250 240 230 220 210

280

310

360 350

370

320
|.II.IJJl]J1[LUIIJLLL'.LLLL[.LUJJJJJJJJL[LI.LLLJJJ_U.[LUJ.IU_Ulll.lllllLlI]HIlllllh III|IIII |JII||IIlIflIi1|IIlI[iiJI|‘.IWLI_,L|___I_,I__II|IfIi|IIIIIIIIJ]_I_IIIJ__I.J_JJ.|_.|__|._|_.|_|‘I,I__],!,l__lJ.l__I_J_LJ_JJ

380

400 390

II!lI|IIII|II||IIIIIIIIII|IIII|IIIIIIIII|llll|l|Il|l||'||fl'|ll|||l|II]lllllllllilIllilllllilII1|lll|iii||ll|l|n|r]l||l||n||||||

170 —
180 —
190 —
200 —
mmﬁ

160 —

130
140 —

[ I |
{f 8 =2 8 8 8 8 =8 g 2 8

II|II|I‘IIII|III||IIHILLLI i SEANBRRRRNRREERARTARNRRINTENINL

©2022 YHAL, YITP, Kyoto University
REAVKEFEERYIEZMER SIESERHE
DEPARTMENT OF PHYSICS
OSAKA IMPERIAL UNIVERSITY.

OSAKA, JAPAN .

The eguations (33) show that the heavy quantum has the magnevic moment

— —>
éﬁ)zmuc-ﬂ', where § is a vector with uvhe components given by# the matrices

0 0 O o s R o & 0
0.0 3 o 0 © 140 B (34)
() = & 0 0 00 0 ©

gpudty %% o ) -
These matrices have ecach eigen®values 1, 0, =1, so that tue magnitude of
tue magnetic momeni becomes ef/2m,c, which is smailer than that of the

eiectron by the factor m/m, = 1/100.

§ 5. Anomalous Magneiic Moments of the Neuuvron and the Protons
As weil known, tne magneiic momenis of tme neucron and tae prouon nave
tne values, wnlcn are in apparent contradictvion witn the assumption that they
satisfy the relativistic wave equations of Dirac typee. WicK")suggested vhat
this anomaly might be abtributed tTo tpe presence of the electrons in the inter-
mediate states, whicn was expected from the theory of P-dlsinuegrabion of
Fermi and others, but the extra magnetic mpmengzgzas calculated was found

to be far too smalil compared witu Tue actual Vaiues owing to tue smail

»

r
AT 9 EAn
probabiiity of the virutual presence of iight particlies.
Now, as shown in the preceeding section, the heavy quantum has the magnetic
moment of the amount éh/ 2myc in nonreiabivisvic appromimation. This is smaili
by itseir compaYled wltu the magnetic moment of the eiectron, but the probabiiiuy
of the virvuai presencey of the heavy gE&LEEA# quanta in vue neighborhood

of the leavy parcicle is very mucn larger vhan that of the electrons,

on account of the strong inveractvion of the furmer with the‘ﬁequ particie ,

whicn is considered tu be the fforigin of tiae nuclear force in our vweorye

11) Wick, Rend. Iinceix 21, 1,0, ivs5;
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by
1In fact, such a suggestion was proposed recentlyhone of the present authers,

by Frolich and Heitler and by Bhabha'?,

Since this problem can be solved exhaustively, only if the form of
the interaction of the heavy particle with the U-field is determined in detail,

as will be discussed in §6 and §7, we want to content ourselves,fe¥ A s

t—be/bmft;f‘ with the rough estimatiopén as follows.,

The fraction of time, during which the neutron is splitting up into

8 proton end a Mkl heavy quentum with the negative charge virtually,

is roughly given by g%/ Tc, where g is the constant characterizing the

strength of the interection # of the heavy particle with the heavy quantum .

Thus, the contribution of the heavy quantsa to the magnetic moment of the

neutron has the negative sign and the magnitude of the order

Pl
) lL’L\A i
T 2muc fc  mg N (35)
where “‘is the nuclear magneton and M is the mass of the heavy particle,
~% T

Now,  g*/-Hc end m/mghave the orders of magnitude 1/10 and 10 r=sspectively,

so that #ME (%5) is eequal to the nuclear magneton multiplied by & number of

It 1s clear from the symmetry considerations that the extra

the order 1.

magnetic moment of the proton due to the virtual presence of the heavy guantum

=&y
with thﬂpositive charge has approximately the same magnitude as that of the

neutron, but the sign is positive, B These results agree with the experiment

both in sign and in the order of magnitude,

12) Taketani, loc. cit.; F%p%ich and Heitler, loc. cit.; Bhabha,loc. cit.
| n
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§6. Interaction of the U-field with the Heawy Particle,

In the preceeding paper ack 9 ﬂﬂ§§3 s we found that the scalar U-field was
ﬂ!% adequate for describing the interaction between the neutron and the proton,
since the exchange force of Heisenberg type thus obtained.had the sign op-
posite to the one required from the ex#fffperimental result. Now,(the U-field
considered in this paper consists of two four vectors and two six vectors, so
that there is ample space for various types of interaction between the U-
field and the heavy particle, which in turnﬁ%gsult in various types of forces
between the neutron and the proton as second order effects.

If we ignore the electromagnetic field altogether, the most general equations

for the U-field in the presence of the heavy particle may have the form

OF = M A b
yg e § —wld =gl e B el = e gm0 (56
> - . = =
L) ; e = — X ='_LHT 25 =2
J(_—_ﬁ + gad U, +XK I ‘rﬂjo,W\lU & ==, (a7

—» .
vhere M and My are the space and time components of a four vector, which can
be expressed each by a bilinea? form of the wave functions for

the heavy particle. If we assume the heavy particle to satisfy the wave equa-

—
tions of Dirac's _ypﬂ,_ihanslmplgéﬁhgﬁgiégéions for M, My, become
m &
% X, =@y (38)

— 7y
wherelP ?E are the wave function%%or the heavy particle, which have each
vd
-_)
eight components and satisfy the same commutation relations as in II. & is
A
the Dirac's 8pin vector and Q is the Operator changing the heavy particle

from the proton to the neutron state E?and S are two space vectors forming

a six vector, which can be constructed in the way similar to M, Mo. The simpl-

3% est possible expressions for them are

- i - ~ A g
?:-—\sz? Q*Q . S:\E%GQ*\E (<2)
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corresponding to (38), where‘fﬁs and g have the same meaning as those

employed in #H Dirachs theory of the ﬁﬁéctron usually. g3 and ge are the const-

ants with the dimeﬁiﬁon of the electdric charge as the constent g in I and II

and characterize the strengths of two types of interactions above considered.
The field equations (36) canl be derived from the Lagrangian

T=JfLa o

with
| 5] ~ ~ At ~ ~ N_ e (41
L:*“lFF—&&+%%~UU)+iJUM—MMJUM mMQ )
where U, Uy, U and U, are considered as independent variables and F, G, F

~ Q2
and G as defined by (37) and the eqations complex conjugate to (37). Hence,

the variables canonicall% conjugate to Ugy,U etec. become

TN M i Ak ol b s (42)
Ly T o il = yUx e F", e
- ot 2T
so that we obtain conversely
-b—-lé_ = L*-T{}»(zci UT = C,ca/\.a.d. Uo ""'\‘T[‘aic T} 31_‘——. ' (45)
)

4 ]
conversely by the help ﬂf the relations (37).

o
The Hamiltonian, 9&8, takes the form

H= [ Ha B

with

o= U (4T - cqpadlo tumgec T)

+ ﬁjr (Lym&zdlﬁ — cqlad Ga*%ﬁ ‘ﬂzﬁT ) (45)

— g LUt +'4%K2(Mm£u'*4“ﬂzg)(QMRu-fw“%ES)

- oL (U -Tu) + 3o (M, - UM+ WMo~ UM) .
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In the gquantum theory, U,, UE eté. should satisfy the commutation rela-
tions of the type (9), and U and‘ﬁo should be eliminated by using the rela-
tions

L= yite &hraT-¥E%mP%)

The Hamiltonian becomes thus
'ﬁ:Hu G Hr = ﬂ(Huo\,\J + m H/ Av

ot 1 . o _._. U/U'\—IQ. U
H, = 4wz Tty +‘-HL¢2AM:-L|+ML\+ + Tavce ek U

ALJ\D = 4mc OL‘L/U'U_\- SE .é_{‘lc\élMo (46)

with

i (47)
4. WY,

i _jEjLE (dwutﬂ-P4o*'AﬁAfLﬁ
+31 (ke 4 el S Y e MM, + 3555 )

In these expressions, H, denotes the energy of the U-field in vacuum as in §

F1)_ %1(pr+an)-k4a%2c(ﬂtf+ﬁﬁf)

\
|

§2 and H' the energy of Yinteraction between the heavy particle and the PAFYEXd
U-field. The last two terms in H! involving glz and gggv respectively depend
only on the wave functions of the heavy partifcle and cén be considered as due
to EEYPELLSYAingd the zero range force between the neutron and the proton.,
Such terms, however, appear also in the calculation of the second order ef-
fects and YA#¢¥ compensate with the terms above considered, as will be shown
in §%.

Now, the equations of motion for U, UT ete., which are equivalent to the
field equations (36), (37), are derived from the above Hamiltonian in the

usual manner and become
Ul = savie G+_ T Yig C&/La.elobb\f & L&-ﬂazCT | ?

(48)
AT DU Y SO RURS TR G .

= 2
4R K2 i
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The complete Hamiltonian for the system consisting of the U-field and the

= J:Illllllll‘lllllllllllllllI_LLIJ il LALLULUULLELELUELL UL ULV LT MESNERRESERENNNN

- ©2022 YHAL, YITP, Kyoto University

] —= RAXEERYEZHARR BIRSELEHE

ELE From these equations, we obtain at once the quadratic equations

= =il - AU+ el = 4ad (xM -k Guad divrM - Y Gl )

5= +419a (2 - cad S)
— 2 F o~ A (49)
= 2% L) t a3 oM

5= - Btz—AU +x2 i = i(WMo—\-‘L £

80

heavy particle is

=
g B e 4 -O\AI
) = jﬂ (Hu + H i (50)
S with Hy, H' given by (47) and
' (51)

130

Hu = W ‘Lcokrt 1-%(”3‘\/\‘402#\%1\’\952)}@/

if we ignore the electromagnetic interaction between the heavy quantum and

140

the proton, where B’: -l grad.

150

By using this Hamiltonian and the commutation relations

(L(,;:_ t)\}_ﬂa’ Ak + Q97 o) B (R kY = 5.—,3 SR, R) 2
r
|

160

170

L : ) i
Um0 0P+ PR @n = o (52)

/\—{L} ~ ""(— =t
V@0 P90+ BP0 TR0 = o

for i, J =1, 2, «ees 8, we obtain the quantized wave equationé for the heavy

180

190

8 particle
- > b
e ST - (e e
S ié@:\AMrU*&1+a¢le Q) — \Uix)ﬁ-+LU&Jgg
i -w—.ggq(u ol (TR} +3 1cme 6 & & wd USROS
) + ST ({5, 8% M8) + 4L (| ss*)?ag *r(se) i)W (752
¢ = provided that M, My, T, SZEEMH in H' is given by the simplest expressions
Sj (38) and (39)
& 5
8=
83
3
g
g
§—=
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§7. Deduction of Exchange Forces between the Neutron and the Proton.

The interaction between the neutron and the proton, which is caused by
virtual emission and absorption of the heavy quanta, can be calculated from
the Hamiltonian (50) as second order effect by straightforward application of
the pertfurbation theory, as in §3, II., Namely, we first transform the vari-
ables for the unperturbed system with the Hemiltonian Ho = H, + Hy into the
normal coordinates, then express the perturbation energy H' in terms of these
coordinates and perform the calculation to the second order, until we arrive
at the required result. An alternative method, which is similar to that used 1
in §2, I, leads to the final formula more quickly, so that only this method
will be mentioned in the following. We verified ¥y that the results of these

two methods are identical.

We consider two heavy particles with the coordinates ;% , the momenta'gﬁ,
the spin matrices ( ﬂgz :E)}fP)), E;wl)and the isotopic spin matrices ’Cgi
=T§;'Tﬁ’where j = 1, 2 denote the first and the second particles respectively.
#hen the kinetic energies of two particles are both small compared with_muca,
'j"q‘a_‘)qj j‘:j}gqjare negligibly small and %{Pﬁiijjis approximately equal to 6}"3’, In
this approximation, the wave equations (53) reduce to

22 4 XF 4 p (M + BN ) + T
where 47 ;ﬂ\%ﬁ [M Uiﬁ*“'o\f\}\f{\jt Q_) o -?(—2'5_ (w/uQﬁ G_“yﬁ’{”fu;\/\ﬂu Q) (54)

§ (R B M) + (300 (s Q)
Moreover, the terms in (49), which involve the time derivatives can be neg-

lected, so that we obtain

— AU 4+ = U =47 Jo ek B
— AQ++K2E+: %WN\U (55)

P _ = o~y A
=T8T, S=¥v0¥

where
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E . : Evy s
8—= These equations show that the U-field at r3; due to the bresence of a
g3 heavy particle at re 1s given by o

= ST

= LNED § =~ Pdall (% 55 @)
| — S =
~ (56)

= L — YU e
o3 i %\ <

_g o U [’LI) TEgw: i"“““k R Q:}_/ 4{
o _= where ¥ = Ty - Ig. Inserting these expressions into (58), we obtain the energy
D_é of interaction between two particles at-?a and‘EZ respectively
e — Y 2

= ”“* Q) : qad < bt B S
8 — H\l T Q‘ ){ s “Ah i3 w2 5[’1_

= YL

E= 7 1'2} E. 470 5 e =
23 S 2 &V cualiol —— 2 (o )G 2) & () (5%

E= %2 A K
5—%2 By virtue of the relation
=1 3 —W ﬁ#Kﬂ. e

Bt sl = By (58)

=] JL it /

the terms containing J§ functions didappear and 57) reduces to the simple form

140

) m 1[2) : ] =) )(?(!J ) “-Y(JL
H. = TR i R e |

150

2 or R ) (TOR)
= ) & s (oen.) 3
y e T 0:V g
= — ht L 32{ o) 22
S 2
=T
| 3(FOVR) (TR el &
2 20 202@y 3(__—__._ % e K”'}'\,—‘) =

190

As well known, this is a combination of exchange forces of lajorana and

200

Heisenberg types between the neutron and the proton.ls) It should be remarked,

210

however, that the force thus obtained is not strictly central, so that we can

220

separate S state, P state, etec. only in the first approximation.,

230

13) Similar formula was obtained by Kemmer, loc. cit., which had three arbi-
trary constants A, B, C instead of g1 and ggz.
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8 — .
= Especially, when the system consisting of a neubron and a proton is ap-
g_gf proximately in the S ff¢ state as in the case of the.deuteron, the wave
%—gi function for the system is spherically symmetric with respect to ?t so that
3
g = we have the average value
o = =
= (04”55?)1 3%@}32 Y & e
= == 0 oy (60)
= 2
8 — R
g_é Thus, in the S state, the interaction energy reduces to
= ' % —¥2
. = H T T = = i; (&’(,) g-mjk &
3 2 )
=
g _3 — L2 i
. ] H 2 L A M 4?2 e
o = = 4 L?m-— 3 ﬂz)‘j{f + P = (61)
where
& =
) PR B0 6 ) PM= e Wbl i - oY 09
. ) 2 T 2 2

are the exchange operators of Heisenberg and Majorana respectively. The ex-

150

pression (61) showd that the Majorana force is always attractive in the S state,

160

while the Heisenberg force can be made attractive for 3S state and repulsive

170

2
—.%1
for *S state by taking the constant gy larger than\géﬁﬁég in conformity with

180

the assumptions of the current theory. The relative magnitude of the Heisenberg

190

and Ma jorana forces is Sgi -2‘§% . 4g2 and already the simplest assumption
=2

g1 = 8= gives the ratio 1:4, which is not far from that accepted in the current

200

theory. Thus, our theory can deduce, in a natural way, the exchange force be-

210

tween the neutron and the proton, which is correct in range, sign and magnitude.
. Sla t;
In the higher states such as E&BD, ete,, which can not be separated from the

220

S state strictly, the expression His for the exchange force becomes more com-

230

3
=

E
—
==
=

=
—3

=
3
t%

plicated, so that we can expect.considerable change in the theory of the dAgyff

deuteron., This problem will bg deal%§ with in detail elsewhere,
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20

L ST,

30

In order to obtain the short range forces between two neutrons or two

40

protons, as well as the ordinary forces of Wigner and Bartlett types between

50

the neutron and the proton, we havye to calculate the perturbation energy of

weve
the fourth order. It was shown, however, in Il1, that these forctes wss smalker

70

by a factor 10 than the exchange force of the second order, so that the intro-
duction of the neutral heavy cquanta was felt necessary in order to reproduce (K

the approximate equality of the like particle and unlike particle forces

90

assumed in the current theory. These conclusions seemg to be true in the pre-

100

sent case and indeed, it is not difficult to consider the field accompanied

110

by the neutral heavy quanta and described by the linear eguations similar to

120

those ZEULIAL AEf considered above., Z/U¢ The detalled diecussions of these

JJJJJJ_LLI_]_LLLIH_PI|IIII[lII_I_lflll‘llllll[lllllll|llIlIIIIII]III|I|II|IIII|1III|III_I_|I|II|_I_I1||II]I|I]I[‘ll[IlIIII|I|I|||I[I||JI||_I_|iIL_ 0

130

subjects will be made in the next paper.

140

§8. Creation and Annihilation of the Heavy Quanta,

150

In the preceeding sections, we considered the effects due to the virtual

160

e
presence of the heavy quanta in the-intermediate states. Now, if the éﬁégy

170

greater than myc® is supplied, a hemvy quantum can be created, but it will

180

soon be annihilated by collision with matter as discussed in §5, II., It should

190

be noticed, further, that a heavy quantum disappears even in the free space

200

by emitting a positive or negative electron and a neutrino or an antineutrino

simultaneously according as the charge of the heavy quantum is positive or

210

negative, as already pointed out by Bhabhal4), In this case, the conservation

220

laws are guaranteed by the proper energy of the heavy gquantum. Owing to the

230

small interaction of the heavy gquantum with the light particle, the probability

240

14) Bhabha, loc. cit.
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O‘é of occurrence of the above process is so small that the mean free path of the
Vtéi high speed heavy quantum in free space is large compared with the dimension
%tg of the measuring apparatus, but is not small enough, in many cases, to make the
8_§ mean free path larger than the height of the whole atmosphere, as will be
E—é shown presently. Hence, if we coﬁsider the heavy quanta as the main consti-
3:2 tuent of the hard component of the cosmic ray, those which are obsergved on
8;2 sea level should have been created, for the most part, in the atmosphere.,
D'é These conclusions are in accord with recent arguments of Bowen, Millikan and
gté Neher :S)and Bhabh3161 In connection with this, the problem of the creation
Eié of the heavy quanta becomes very significant, so that it will also be discussed
8= briefly in the following.
E—% We consilder a heavy quantum with the negative chargeﬁ for example, which
gié is at rest with respect to a certain coordinate gystem. The annihilation of it
s:§| is accompanied by the transitgion of the light partigcle from the neutrino
;_g. state of the negative energy to the electron state of the positive energy.
ﬁj% In the above coordinate system, the conservation laws require that the magni-
Ejél tudes of the energies of both states are equal to myc®/2 and the momenta are
§_§ equal, Ak say, with the magnitude ik = mucg2.
%—é According to ordinary perturbation theory, the probability per unit time
§;§ of annihilation by emitting the electron in the direction within the solid
S;é angle d{l is given by

= 22
§—= dugy = 53 N ;;%%%" AL b
ﬁié 15) Bowen, Millikan and Neher, Phys. Rev. 52, 80, 1937; ibid. 53, 217, 1938.

E See also Blackett, Proc. Roy. Soc. A, 164, S 15 L9358,
E*; 16) Bhabha, loc. cit. and further Bhabha, Proc. Roy. Soc. A. +6d, 257, 1938,
g
=
8
8
2
g—=
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Sheebd s
if we consider the whole system to be in the unit cube, where E is the total
energy of the final state and is equal to myc® in this case, so that (62)
reduces at once to
s % S VIR a0 (63)
V is the matrix element of the energy of interaction of the U-field with the
light particle corresponding to the above transitgion# and S; meéns the sum-
mation with respect to the spin of the electron and the neutrino,

Now; if we assume the interaction in this case has the same form as that
between the U-field and the heavy particle, we can use the formula for H' as
given by (47) with the modificatioﬁ that the constants g3 and ge ére replaced
by smaller constants, gi' and gp' say, and the wave functions, spin matrices
etc. for the heavy particle by the corresponding quantities for the light

particle. As the heavy quantum is at rest in oury case, the derivatives of

Uy UT etc. vanish, so that the energy of interaction becomes simply

o Ve g e [ f e cen

where i*, C? are the wave functions for the electron and the neutrino re-
spectively. If we denote the direction of polarization of the heavy gquantum

by the unit vector'g: the matrix elemnet takes the form

V = — A}%-“H((&ﬁ&*é’v) Jriﬂi(ﬂ’lf’,,?éf’ﬁ)‘j

where wu, v are the constant spinors representing the amplitudes of the wave

(65)

functions of the electron and the neutrino respectively.
By inserting (65) in (63) and by performing the summation with respect
to the spins and the integration with respect to the direction of emission,

we obtain the total probability per unit time of amnihilation

/= /£ 2
Sgd = B i (66)

(he *
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The corresponding probability, when the heavy quantum is moving with the
h velocity v and energy E, is reduced to
o e o ik
8 T2 23+ o W (67)

= \""' e e N

2 W = wo 1= () e " E |

owing to the change of time scale under Lorentz transformation. The J£ mean
- life time T and the mean free path )\ of the heavy quantum with the energy
2 E can be defined by the relations
8 ( y —ijiiy (68)

sl ASVT e

8

A T
If we bteke gi' = go! = g! = {jgzgij" a value which was determined from the

probability of B -dlisintegration in §4, I, and m, = 100 m,2”? we obtain

110

2 (69)
M == zxms-—’*l"'é

The numerical values of — and N\ corresponding to this W are shown in Table

130

140

1 for several values of the energy.

2
Table 1.
. - . b U il e :
| Kinetic Energy | E - myc 0 ' 10e {0 ke, 10 | eV
| Mean Life Time - 5 ¥Lo™ L 107" 20~ 982 | Gore - see
e e | { Il e —
2 ' Mean Free Path A : 3 | @0 | g0 | 3000# | 1

190 170
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Thus, even ffigy the heavy quantum with the energy 10*2eV can travel only a

distance smaller than the radius of the earth, before it changes into an

210

electron and an antineutrino. The bearing of this conclusion on the inter-

pretation of the hard component of the cosmic ray was already discussed above,

220

On the other hand, there are many processes, which are connected with the

230

creation of the heavy quanta, such as the creation of a pair of positive and

17) The mass of the new particle in cosmic ray, which is considered to be
identified with the heavy quantum in our theory, is not yet known ac-
curately. Very recently, a value 120 m was obtained-by Ruhlig and Crane,
Fhys. Rev. 53, 266, which is in close agreemnet with the value 130 m of
Street and STevenson, but is considerably smaller than those of Nishina,

Takeuchiq and Ichimiya and of Corson and Brode.
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negative guanta by H -ray of energy larger than 2myc®, the emission of one or

40

more heavy quanta by nuclear disintegration caused by high energy radiations

50

of various sorts, etc. Among them, the creation of a pair by ¥ -ray has the

cross section, which is roughly about ‘Qm/mu}2 times that of the creation by

60

X-ray of a pair of electrons. Hence, if the primary cosmic ray consists ex-

70

30
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clusively of the positive and negative electrons and consequently, is accom-

80

panied by about equal number of light quanta produced by nuclear collision,

the number of the secondary heavy quanta per one primary electron should have
the order of magnitude 10~%, which secems to be a little too.small to account
for the experimental result of Bowen, Millikan and Neher izg_as pointed out

by Bhabhal®, In this connection, it is important to determine how large are fA

the contributions of other processes to the ‘creation of heavy guanta,

130

In conclusion, it should be remarked that the interaction of the U-field

140

with the light partf@he, as well as that with the heavy particle, has rather

150

complicated foﬂ: in the present theory, so that the force between the light

160

and heavy particles, y¥f which is responsible for the E&-disintegration, can

I :/L
be identified neither the the force of Fermi type nor gf with that of

170

Konopinski-Uhlenbeck type, but will be a combination of various types of

180

forces. The detailed discussion of these subjects, however, will be made in

190

Iy the next paper.
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18) Bowen, Millikan and Neher, loc., cit.
19) Bhabha, Proc. Roy. Soc. A. 164, 257, 1938.
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