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ABSTRACT 
"'""'.

The subject of the thesis Ís classical meson

theory. The purpose in writing this thesis was to presenf

meson theory from an elêmentary point. of viewr a pOint ,r ,,,

of view vùrich could be understood by students in physics " i' '

i t''¡...-1,,.,'

not familiar with quantum field theory. Thus the develop- ¡;,';,1,1','

ment of the meson field equations is carried through by

analogy v,rith familiar classical fields ' such as the electro-

magnetie fie1d. The various fornrulations of meson field

theory are considered: Scalar, pseudo-scalarr vecüorr and

pseud.o-VeCtorr The charged and symmetric meson theories 
i

are introd.uced by regard.ing the isotopic spin of a nucleon 
:

as a classical vector in an abstract charge spâcêr' ,'

A sufficient background is developed to enable
,. ri.: :.r'ì:.

the reader to follow the analysis of several interesti.ng i.¡"'"
.. ..:

. I..

problems in meson physies. the questi.ons of nuclear forcesr ,', ,,

the structure of the deuberonr meson production in nucleon-

nucleon and photon-nucleon collisionsr meson scattering by

nucleons, are treated by applications of the classical theoryr' .r,-.,¡,.i

Finally the crassicar resul-ts are compared h.ith iìii:ii;

quantum mechani.cs and with experiment.'

l.:r Lrì :Ì



TABLE OF CONTENTS

1. IïITRODUCTIûN . . . . . . . . . o . . . . . . o . I

2. FOR}{ATTSM; FTEI,D EQU.q,TIONS FOR ÌGSON FIELD

2.! ScalarMesonField ........ r o o o t+ " ,'..:,

2.2 Pseudo-Sca1ar Meson Field .' . . . . . . . . 15

2.3 Vector Meson Field . . ) . . . . . . . . . 20

3. FORMALISM: PROPERTTES OF THE MESON FTELD : ' :::

j,L Thei{esonasaFieldparticle.... ¡. . zt 
i"¡'itt.::'..

': :.-1: :. ::'. .': .:.:

Sr2ChargeintheMesonFieldc'..r.....3L":":':i':r'::l
3.3 Plane Trlaves in the Symmetric

Meson Fie1d . . . o o . ö . . . . . . . o . 3à

3.t+ Motion of fsotopic Spin - Specification
of ühe Neutron or Proton States . . . . . . ¿11

3.5 S¡rmmetric Pseudo-scalar and
Vàctor Thgories . . . . o . . . . . . . . o I+l+

3.6 Equations of l¡Iotion for the
Ordinary Spin .' . . . r . . r . . t . . . l+7

3.7 Interaction between Electromagnetic
andMesonFields ... r........ . l+9

l+. APPLICIITIONS , ',r,, ,,
:- '_ _ :- ì

þ.1 General Solution for the .,,'..'., ¡.'.,ì
MgsonWaveEquation.......... .. 5l+ ",,.'..'1,"'-,: ¡i

l+.2 (a) Nuclear Forces r . . {r . . . . . . . 6?. i

(U) The Deuteron . ., . . . . . . . . . 6g

b.3 Meson Production in Nucleon- ,..,' .'.,..:.,
Nuclgoncollisions ' r ' ó t " t " ' c 70 ¡¡'¡:¡:¡¡:.;irir;':i:¡'

t+.b Scatterlng of lvlesons by Nucleons . . . ô . 8l*

ft.5 Photomesie Production .'. . . . . . . . . . 95



#Ëhr*?i

b.6 Conpari-son of Meson Theory
v¡ithExperiment ....... r e

5,. APPENDICES

5.1 Appendix A r o r . . . . . . r . .

5.2 Appendix B - La$range Formulation
of Meson Field Theory . . .

ACKI{OWLEDGEIVIENTS o . . o . . . . . o . . .

BIB],IOGRAPHY . . . . . . . o . .r . . o . o

..¡..103

J.07

116

]-23

I2I+

ooaO

aaoa

a. a a o

oaaa

i :. ìir.:.l



.:.i;':its=.::j:rÉæ
,,. .'.1.

-1F

1. INTROÐUCTION;

The mesons we shal-l be mainl-y concerned with are

the 7t -mesons, believed to be responsible for the 
,,,,.,,,,,

specific nuclear interactions. Iüe assume the reader is

farniliar with the early historical d.evelopment of meson

theory. Hideki Yukawal was Lhe first to sqggest that nuclear 
j.:.:::

forces might be explained by.a fiel-d theory similar to 
, 

'l'.

electromagnetic theory. Because of the short range nature 
,,1,,.,

of nuclear forces, Yukawa found it necessa-ry to associate

w'ith his f ield, particles of f inite nass interrnedia-te between

that of the proton and electron. He was thus able to predict

the existence and mass of a hitherto unobserved elementary

particle, the ft€soll. Several years after the publication of 
:

Yukawa|sfj.rstpaperonmesontheory'apartic1eofapproxim-
ately the correct mass uas di-scovered as a constituent of

t
cosmic rays¿. It was subsequently demonsÈrated that this

particl-e, later called the g-mesoR, interacted only weakly ,,,:

l. Hideki Yukar,rra: t0n the Interaction of Elementary

Particles, Jt ProceedÍngs of the Physico-l{athematical

society of Japan (Z) , 17 t ll$ (t925). Reprinted in
tpoundations of NucLear Physicsr ¡ Dover I L9l+9,

2, First observed by Neddermeyer, Anderson ¡%9) and

independently by Blackett, Wilson (Lg3g),

; ::.:';¡:¡¡ì



v{ith nucleons. Hovrever¡ further research3 lrrr"orr"red the

presence of yet another meson j.n eosmic rays. This latter

meson, the E -tnesonr dÍd in fact seem to possess the proper-

ties of Yukawats field particlesr'

Present day meson Èheory is based on the fonnalisn

of quantum field theory. lt Ís felü that many physicists

possess insufficient nathenatical backgrouad Ëo permit then

to follow the rather complieated structure of meson theory,

but are otherwise quite capable of grasping the physics in-

volved. Perhaps, then, there is a need for an introductoryr

elassieal theory of mesons - a classical theory wtrÍch eould

provide a basfs for the reading of current literature on

experimental teson physics. It is true that there are

present in the literature many elassical or seml-classical

treatments of problems in meson physÍcs'' However, nowtrere

d.oes there exisü a unlfied account of meson theory from an

elementary point of view.'

It Ís our purpose to discuss the classical field

theory for the î8, -flesorle itle begin by establlshÍng the

defining equati.ons for the various types of meson fields'"

scalarr pseudo-sealar, vectorr Psêudo-v€ctorr This is

accomplished by consÍdering well hnown olassical fields as

analogies¡ the source terms of the meson field being patterned

9'' Powell et alr ât Bristol , (lgt+7ll¡
': :1.¡
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after the source terms of the eleetrostaticl l[âgnetostatict

and, electromagnetic fields. thus, just as one regards the

electrostatic field as arising from a distribution of

electrj.c charge, so must one regard the meson field as

arising from a distribution of nuclear matter.

By interpreting the meson as a field partiele rve

find it possible to i.ntroduce eleetrie charge into the meson

f ield, and. hence to set up the synmêtr5.c forrnulation of

meson physicso, It is in terms of this symmetric theory

that we are able to discuss many interesting problems in

meson physics. A solution of the static, symmetri.cr meson

" fieLd equations makes possible a d^iscussion of nuclear

forces, and in addítion yields a rather crude explanation

of meson prod,uction in nucleon-aucLeon collisions.

within bhe classical framework, we also eonsider

the seattering of mesons by nucleons and the production of

mesons in photon-nucleon collisionso'

Finally the results of the applications of our

classical meson theory are compared with quantun theory and

I¡ñith ercperiment. The latter comparison is carried out to

nake the reader av¡are of the strengths and weaknesses of

present day meson theorYr'



2. FORMALTSMs FIEID EQUATIONS FOR MESON FTEI,D

2.L Scalar Meson FÍeld.

lfe have indicated that our purpose is to treat
meson theory in a classi cal or semi-classical- fashion. In

doing so we urill discuss two maÍn formula-tions: firsü a

scalar, and then a vector development of the meson fie1d.

l$e shall begin by considering the sinpler of the two treat*
ments, the scalar theory. One ne+*ld say5that a physical

t5field isas scalar in nature r if it is possible to completely .:,,:,,,.,

describe the field by speeifying the value of a scalar þC\t>
at an arbitrary space-time point {F,t}.' Associaüed with

thÍs fÍeld # are iÈs sources, which may be glven as definite
functions S{i,t'} of time and positionl. The manner in which

the sourees 5 give rise to the field # Ís summed up in

a field equation

tJ(f,ùþC7,t) = 5rl*,É) (1)

where t is a multiplicative and.'differential operatorr

Our problen w-ith regard to the meson

field # Ís to choose appropriate functions charaeteristic

of the nuclear sources for the field, and to relate these

sourees urith þ through a set of field equationsc'

It will be instruetíve üo consider a familiar

scalar fie1d, the classical electrostatle field arising from

I

lo' In such case one Ígnores the reaction of the field
on its sourcee 5 .'
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a stationary distribution of electric charge. Let us suppose

that in some region of space the field ls described by t,he

function -//G)and. the charge distribution by a density e{f) ¡- -¿q
Then, it is well knor,ur¡ that the behaviour of ftr*swiIl be

I, governed by the Poisson equation

, V'^1, = - Fq el
(units chosen so dÍelecüric constanü = íEI

, Ot this point one often consÍders the force

exerted, oR an elementary volume ( dî.f) of charge, thereby

introducing the notion of a field intensity. The force on

d¡¡ will be
.-.Þ :-Þdf = çp+c{lï} E ß)- ,'I

where the field intensity is defined as

i= vy
fn terus of f it is possible üo replace the single second 

,;i:::r

order field equatíon (2't by a pair of first ord.er equationsr. :'" 
¡:1

:: : -...

+ ,'-t,tt','
The first of these ls the defining equation (b) for E r ând, " 

"
the second ls obtained by substituËion from (4) into (2)"'

The result fs Y.E = F*

We are ln particular j.nteresüed in eomputiag the

field d.ue to a single charged particle situated say at i = O .i

Such a charge distribution would be described by a density

(¿l)

(5)

8= A 5(ì) (6) ,:¡'*
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wlrere q is the charge on the particle and. 6,:Ð is the

Dirac delta function. Now a general solution of the Poi.sson

equation (Z) may be obtained .by . Greenrs method. One uses

the Greents function

and obtains

-g"Ë ) : *!- { g* {i,) :42.r'' *t^J - lãryT n')

The field aü F ¿uå to a single,particle at the origin
ühen 1s

Y .È\ ntP j' l#_
4øY

(8)

One notes that Èhough the field ftfltn (S) ap-

proaehes zero as distance from the source i.ncreases, the

faII off is rather gradualo' For our present work, thi.s is
an important pof.nt. E:cperinents have shoy'¡n that perhaps the

main feature of specifÍc nuclear forces is their very short
l-range*. If then one is to develop a meson theory eapable of

explainÍng nuclear forces, one must ineorporate in such a

theory the short range nature of these forces.

This may be aeeomplished by selecting for the meson

field a proper wave equati-on. One simple generalization of

@*È-haÈ -" nu ele a-r--Serpees-*êe&effi"'ite"*Èhe*sea:te*ot dte
nueleus-*eo en*o

Sånee the nuelear-ra&Ír¡s--*O:Ð- *tr . rttA'= t
'.^,.¿g:8=-*emÕ r'€ne'.'s'eeo -Ëhåü Ëhe nus+ea* fer@ee Í)e€6esra

mreh-'.--sho:rt-effi i&gtu



the PolssoR equation (Z) v,¡trich will define a field, ø r of
I

definiüe range is the followingl:

(v'- K" ) S eË: = F* {P}
(. tf" is some constant of d.inensions (fengtrr)-I)

(e)

For suppose one seeks the solution of (9) corresponding to a

- point souree¡ i.ê.
,.1, ,-,,..,,

& {F} " # {tF} (loa) '""':)':'

- , 
t,-, 

,i

g beÍng some congtant whose nature we leave unspeelfied at ""'" 
'

the momento'

A general solr¿tion of (91 is obtalned through use

of a Greenrs Function

p- R/F-F'ivffi;7
The result ls

.t .4\p uf -) = -¿ { p f F,3 e-æfrn-f'f d.$, (lob)
4)C .t ¿Ta \ - 

if:f;î*
and the choice Jü 2 I 5 (F) leads to a field

ú.i)= --? e-/(r
4zT

It is immediately evident that the field deseribed by equation

(11) will fall off far more rapidly for large f than rrÉ11 " ,

the coulomb field ( I ). One can in facË associate with the

1o The sÍgn of p Ín the equation (9) is opposite to that of
oTL

Ñ"^ Ín the electrostatÍc field equation. The reason for,ln
!

this is that we w'ish to abide by standard convenËion for
meson notation. The same questíon arises with referenee üs

ühe meson field intensityr'

(11)



field (ff) a characteristlc range * ci

If one takes for * a value in agreeruent with the experi'

mentally determined range of nuclear forces, then perhaps

equation (9) may be used as a basis for a scalar meson theoryc'
,;:'-1,';-1:11':a,

: .t.. :. :. :

By analogy with the coulomb'. field¡ the source

functlon P i.Ðfor the meson field w:ill be taken as a density
t vë

d X/Q,,

of nuelear source mâtefiaLr !{e shall in fact set ,A*e'-¿y :::,,:-,:,

v*rere pt{) j.s to be Ëhe number of nuclear particles per r¡nit ":'"'."¡':,'¡:r

volu.meo, This would. inply that we attribute to each nucleon¡ :"t.,i;.'.,,1t,;,'-

rnrhether proton or neutronr a mesi.c c]narge & c' In ühis re.'

spect the neson field wou1d, seem to parallel the gravitational

field more closely than the electrostatic field c hIê have only

one type of nesic ehargec'

Equation (11) w:ill then give the field due to a

single nucleo'no'

WemayfÍxtheunitsof&byconsideringthe
Ênergy possessed by a nucleon placed in an external meson

field. In eleetrostatics a charge A placed in an external ..::,::,,,:,,.;

field l} possesses energy eY' c' Similarly¡ $Ie shall take
I

as the energy of a nuclear particle plaeed in a meson field

# , rhe quantíüy #P .Clearly then r-áW%.s to have
I

the dlmensions of energyr and # those of an electric

chargec'

It is also possible to introduee in meson field
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theory an intensity defined bY

(:-zl

Substitution into (9) then yíe1ds

-"lt
7L = v#

(r¡ )

The equation (g) or the pair of equations (fe) and (f¡) may

be taken as definÍng equations for the sealar meson field.' 
', ,,. ,' 

,

Actually sueh equations describe a rather limited field # , " "'
'..:'",_ 

1 t' :l

1n fact a static field. One would like üo be able to discuss r.'':.,ri'",i','

time varying fields arÍsing from a movlng dÍsÈrlbution of

nuclear matter. l{e shall demand that the strueture of any

time dependent meson theory be in conformity with the re-
quirements of speeial relativity, i.êo'we ask that the field

equations be Lorentz i.nvarÍant.1

lfe achieve a relatívÍstic generalfzation of (g) or

(1e)'an¿ (f¡) by replacing all J-dimensÍonal quantÍties by

corresponding le-dimensional quantities. Sueh a transformatÍon ,ll. :,,

may be deseribed by the folLowing seheme:

# cF; aè #i fro3,/

/, t ?- .ì 4 ¡{rr: 
=

_.d{*Ìñ'\
I Å., , Å'.{ }

V'ff -'=-* v'Ê - 4 2&" = æo htÚ at
Finally 'se must obtaln a repl.aaement for the nuclear density

p(i). This is most readÍly done by inËrod.ucing a velocity

field fjf,ü to d.eseribe the floþr of nuclear matter. lfe

v.î " &'p ".*Ê{?}

Ie' See Appendix A'
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yreüld refer to i= Pi as a current density for
l_-

and re+rld then combine ,f , 
"fr 

to form a &-cr¡rrent

The rnagnitude of this [-cr¡ment r¡Iould be given by

lulu = -r'.P=t t-zr)þ)
Henee it would follow

this flow,

(a)

(b)...... (rl)

(c)

becomes

notation

(a)
...... (r5)

(u)

single wave

F
\

I

4p

{

6 a {S'yÅ'

is a lr-scalar or invariant.

For the sratic field -?/-+o 1 and /ffi 4 F
C1early then /-Jø provides us wlth a suitable

generalization of 
"p 

.'

The ti¡ae d,ependent meson field equations r then r tâ¡r

be writüen down

î'= v*
f-u= J- Ú" e{. a*

?he LorenÈz lnvariance of the field eqqatíons

apparent if one makes use of the l*-di-mensional

X"' A'#

ÐtXv= /C'# *-#

Either setr(I4) or (15) r is equÍvalent to the

equation

r:'j#=Xf ffi" =

F= {w"
tJt= a¡¡.}.y i 'ço-!**,o

l..r- ::::'
', t.: -: .4...

{.ß' (ro)
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itself felt only

the scalar üerm

-11 p

thaü the presence

in the divergence

áø- --

of nuclear matter makes

equatÍ.on (15b), through

Ife refer to sueh a situation as a scalar eoupling of the meson

field to its sources. A vector coupling may be introduced,

by adding to è", f , in the definiüion of b * ¡ SOËlê

4*vector describing the nuclear soürcêso A rather obvÍous

choiee is the 4-s¿rrent & . we then might replace equation
(r5b) by

lrr= ð"#*ã.ri, (I5bt)

where #* Ís a coupling constanü. It vrrill now be shown

that the vector coupling conüribr¡tes nothing to the field
(ô Ò'

If we assume conservatlon of nuelear matter, then

the flow of such matter rnust obey a continuity equation

V.d+@= t
ðtt

Consider the ürave equation resulting frora both scalar and

vector coupling¡ i.ê. from equatÍon (15a) and, (t5Ut). This

viave equation w[Iï be

(16)

(ffi'-o*f =#rrry- #oãx&, (r7)
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The contrÍbution from veetor coupling vanishes by virtue of
ühe continuity equation (16). Hence we will not lose any of
Èhe physical contenË of our theory if we ignore the vector
coupling.

..,t,.,,,,-,.r,.

In later applications of meson theory we shall be

interested in'energy flow in the meson field. As a necessary

part of our forrnalism, thenr rrlê must consider ühe possibility 
,,;..,;,,1,,

of energy retention in the f ield, and of energy contribution to |'' ,'.r-1

, 
.t:::,;:,: .lthe field by its souree. We attempü to sun up such consid.era- 1',1..¡.,.,

tions in a continuity equation describing the transport of

energy by the field.

To fo¡rn this conti.nuity equation we examine the

vecËor

;=> 
- 

; 
-j 

.r- ìS e ? L*l Ê -þvp, t#= þ') (rs)
¿ , ðt 0 - r-Y,

We compute the divergence of ühis vector and. substitute from

the wave equation (Ln to obtain . .,
..,it:ì..

V.5"* 
=t-(H,) 

= -gtrrþ," (r9) .,, ,,,at ¿ .- :: '

where fi" = to"p"* j{r+)'*fr,f^
This latter equation (fg) is a continuity eqr:ation expressing ,,lir.*!i

the conservation of some physical entity eharaeteristie of the l"':'ai5

'.field W . To deduce the nature of this entity we exa.mine

the terrn - ä f p # utrich is elearly a source for this

;-i-j=- ;.:i':Ì
''_: l -..:.::
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field entity. By analogy r,rrith electrostatics we might attribute
an energy density A fff# to a distribution of nuclear
natter, p , Ímmersed in a meson field # . IÈ Ís ÈhenlÒ
reasonable to suppose åpr p represents the rate at w?rieh

the nuclear sourees eontribute energy to the meson fieldlo, this 'rr::

leads us to designate Ho as the energy density for the
meson field, and 5 as the energy current density..

''.i: '.'In quanüum nechanics one refers to g pp# as aR 
.

interactÍon energy density peculiar to the nuoreer so.urgês ¡ ,::::::j:

and vrrites the field energy density in ühe fornr

h-- i-{-*âftp*

l. Leü us suppose that the rneson fieLd Ís set up by a single
nucleon. We expect that there i.s a true energy eonservation 

1 ,,.- in the system nueleon plus meson field. Thus, by inte- , 
,l

grating Èhe right side of (19) over the nuclgar volume we ';'.,;

obËain as the time rate of change of the nucleon total
energy 'H

-q P þtf*,t\ i :.;i:':.::ì.

j i rrÌr 1-.:

( + t ß being evaluated at the nucleon position. ).,Ì
Now one has as a theorem in partiele meehanies c{W_ -ã{,æ- at

4_y =dt
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where W is the total energy or Hamiltonian for the
particle and L is its Lagrangi.an. rt i.s a si.mple matter

to compute the r,agrangian for the nucleon - one add,s üo the

free particre r,agrangian a contribution from the meson

fieldr êr interaction Lagrangian.

The relatívistie free parËicle Lagrangian is
Lo : - nf*f

M being the nucleon ßâss¡

uhile the i.nteraction tagrangian is

/-' = - {S p A Çp iar = å {â'P:f-p}, F = scË-fu

,¿,f";' '
voÍúwi,e

Hence the total nucleon tagrangian is

l: - (,Mc**gif 3ø
and, one finds 

.

#= SfrP{H,ù
{t{ç '

Thus energy conservation in the system nucleon plus meson

fieLd is guaranteed.

the facü ühat one has labelred q ñ p {} {i}t} as an

interaetion energy density mighË suggest the potential
energy of a nueleon Ín a meson f ield is r '¡-à \ãftf('^'ë)o'
Actually the üotal energy for the nucleon is

fr = Y'n #{ñ,*}
and. hence the nuel"oo $r"oti"f energy is @f|,r].r:5 fIn any case, the nucleon at resü in a scalar"field P
possesses an energy &#{f}n

i.': i:Ì-: -:l
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2.2 Pseudo-Scalar l¡ieson Field.

Suppose in place of electrostatics hre had selected

as a guiding analogy for meson theory the magneüic field set

up by magnetized materials. One generally pictures magnetic

materÍal as consisting of elementary magnetic dipol-es. The

resulü is that on a macroscopÍc level bhe rnaterial possesses

a net dipole moment per unit volurne, N(î) sâJro

The magnetie field intensity due to sueh a distri-
bution of magnetíc material is

. t, :r -.:
'.ì.'.: i:
': --:.. ì'r:.'.:
- ^ . .. 'j.ti .:.

ÊF, = -\7*(?) + frc?t (1)

(g)

where Y is to be consid.ered as a potentÍal for the mag-

netosüatie fieldo As a consequenee of the non-existence of
nagnetic monopoles one has

v-6=ú Q)

From (1) and. (ZI one could deduce as ùhe basic equaülon for
the magnetic field Y t

v-Y = v-l
lrle note that fl i.s not a true 3-vector. In fact, the

'¿ 
' 't L -ì- - i:;1'¡".''tit.:magnetic momenü t"'f is very si-milar to an angular momentum¡ i,..1.,,*;¡.

in that Íü possesses the properüies of a cross product of

two vectorso We suppose d , Ë are a paÍr of 3-ve"üors¡

and. we form the prod.uct Ê * Ë .' Then we consid.er â rêcr

flection of all three eo-ordinate axes used in representation i-:,.;.j,,i


