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Abstract

The paper presents some preliminary thoughts on a quantum
field theory for extended particles. The theory of
relativity demands that particles with non-zero epin have
finite extentions., so point particle theories are at best
approximate. By introducing a deformation, rotation can be
made to provide the spin &nd a force to balance an
attractive interaction. The strength of the gravitational
interaction must be modified at short distancee in order to
outweight the electromagnetic repulision. An alternative is
to view this as a strong 1interaction operative for both
leptons and baryons. Two intrinsic frames of reference may
be introduced: one based on a tetrad of fixed orientation
following the centre of momentum, and one body-~-fixed tetrad
following the.rotationa The relationship between bare mass,
mags 1in the body-fixed frame and rotational energy 1=
discussed. A Lagrangian or Hamiltonian based field theory is
obtained by interpreting standard wave functions as
representing actual matter distributions rather than

probability amplitudes for point objects.
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The point particle approximation has gainea a fundamehtal
role in physical theory. In classical’ mechanics, the point
&pproximafion to celestial bodlies  was a matter  of

convenience..No.one doubted that these bodies in reaiity‘

have finite extentions. The same attitude towards the point

particle approximation may have prevailed during the early -
times of quantum mechanics, despite the irreconcilability
between the probabilistie interpretation of .the wave

function and any departure from a point particle picture.

-For example, éstimafes of the electromagnetic self energy of

éhé _ eléctron usﬁaii§, ‘aésuméd.  an."' extendéd., chargé
distribution.:ﬁost current  field éheories for eieméntary
pérticles.-such}aé fhe standand,model.comprising‘electrowegk
ahd. color dynamics%r deﬁand a rigqféus péinf particle.
déscription of all fundamental particles. 'An 'éxception is
the -‘superstring theéf;z.’ which assumes that éundameﬁfal

I3

particles have a Linedr extention. In -summary, the point

" particle < approximation is no longer made for reasons of

convenience, but when made, it constitutes  fundamental

assumption regarding the constitution of matter. .

Relativistic theory ‘demanqs that every object with an
intrinsic angular momentum (spin) has a finite extention. To
see this one may consider the position of the centre of mass

in different Lorentz frames. It will lie on a circular disc
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‘This amounts to . about 3x10

with radius and 1if one demands the mase density to be

Tc.m.*
everywhere positive, then the density must extend to radid

beyond the centre of mass discB: _ ) .

r 2,y = lel/me) = 37 Pncam o) ()

13

m for an electron, i.e. two

orders of magnitude larger than the c¢classical electron

radius ez/mocz.

Any realistic relativistic quantum thory of elementary
particles with spin must then' take into account the finite
extentioné of the particles, at least in situations where
short distances are 1involved. Several attempts have been
made to: formulate such‘ theories“'s; but the results have
been 1limited. The most successful attempt is that of the
recent superstring thecryz. which by ‘departing from the
point particle picture at short distances (corresponding Afo
Planck-energy interactioﬁs) avoidgs the infinities of the
standard model. The superstring theory unifies all four
basic interactions, but relésates much of the physies to six
new space-time dimensions. Spin 1is still treated as an
"intrinsic Drgperty". fér which no physical explanation is
given. The following represents an attempt to outline some

general features of a quantum theory of extended particles.

It depa_rts in several ways from the previous approaches.

A Dbasic problem 15 a Quantum description of an extended




"'particle is, tnat the absolute square of a wave‘ function
wix“) cannot be" interpreted as tbe probability for findinz
the particle at =x (u=1 2, 3‘“) It is tempting to ‘interpret
.w Vv ag being proportional to the actual matter densitr; The .
momentum distribution ~defineda by the'Fourier transform of
the (entire) matter distribution will then be unrelated to
the local momenta at specific ~positions within the matter
distribution. The momenta associated with the 1oca1;elements
of matter will .be “totallr ‘indetermined._.Still.Acanonical
quantization using p - '—iha; may 1ead .to .aeceptable

eqUations of motion.

TneiprOgram'l shall follow%is‘to first make . an (eventually:
approximate) separation between the motion of tbe centre of
momentum of the -entire extended particle and its intrinsic
‘motion.iNext. the intrinsic motion will be described in a
rotating (and hence accelerated)'coordinate‘system..in order
to obtain the spin in- a way, which leads to\conventional
spinor description in the external frame. uhileAeliminating
spin degrees of freedom from‘_the treatment_of'the'internal
motion in a body-fixed frame :(except for.possible coupling
.effects). The' idea is toi allow conventional'theories‘of
elementary particles to remain applicable to'the motiondof
the centre of momentum, encept'when,so'short distances are
involved, that couplings. to the'intrinsic motion cannot be.
nezlected.

\

According to the 'principle of general relativity, any



interaction which may accelerate elements of matter can pe
"fransfopmed away" by a suitable . choice of .curved space
metric. The Einstein equations demonstrate‘how this can bé
done forinon—quantum gravitationai inéeractions. It 18 not
knéw@ how fo do this for  e1ectr6mggnetié;‘wegk-;nd ;trong
1n§gractiog§ in a ggneral qpantum‘:fﬁeory.r‘and s;n;e‘ éﬁ€ﬁ
non-gravitational iinteractions are important ,fér fné
internal structure of eleﬁentary particiés. I shall choééé

to remain in ordinary flat-space ‘metriq and include the

‘various interactions explicitly.

=2. Internal motilion and spin

The total 4-momentum for an extended particle may be

obtained from the 4-momentum density by

3 .
P =
" I Pu dx (1)

The centre of momentum frame is defined as one in which the
spatial part of P is zero, P = (0,0,0,me). If the extended
particle can:be treated as an 1isolated system, then the
motion of its centre of momentum (CM) is that of a‘ free
particle, given e.g. by the standard Dirac equation. The
relativistic but non-qQuantal Hamilton function may be

written
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where H, . = mcz, If the extended particles interact with
other particles or fields, then  .an approximate separation

between intrinsic and CM motion may be achieved by simply

retaining the value mcz for thtr' in whaﬁever extention of
the free particle equation " of - motion one chooses to use, .

e.g. when a gauge potential is added to P:
(vu(P“fA“)+mc)w = 0. ' : (3)
where ¥ is a U-component wave'funetion.

I.now'introduce a'rétatiné'fﬁame.Awhiqh I shall deﬁotg the
body-fixed frame. bécaqse it céuld be associated with a
tetrad following the rotation of a defbfméd parfiéle in such
:é way'fhaf no gross rotation.‘13_.pres¢ﬁt,When’viéwing the
system from this intrinsic ffaﬁe:_The Hamilfon function in

the body-fixed frame.'H

s, m be introduced by
bff ‘ay A ! B

2 2)1/2 . v . (u)

J * Hrot intr

COHp eV pntr

.thtr =

-

-where the proper mass remaining after the rotation has been

taken out may be denoted M=Hbff/cz. The rotational Hamilton
function can be written®
hz .
Heot = 31 @(e+1) | | (5)

where 8 (=1/2 for the electrdn) 1s the spin quantum number




and. I the moment of inertia of the extended particle.

.Hara and = Goto have éhown5; that the external mbtidn of the
Quantized, relativistic .rotation of a free, -extended
particle is a straightforw;fd generalizatioﬁ of thé Dirac
eguation fo general spigi 8. They furtheyi inferpget the
quantum number which in the non-relativistic limit
corresponds>to the projection of the spin on the intrinsic
3fakis (aésumed to be a symmetry axis)  as the baryon or
lepton  number, because . its two  value8 correspond to the
positive ahd-negative energy solutions of the ordinary Dirac

g

egquation.

It 1s often beyieved. that the rotation of a spherically
symmetric object in Qquantum mechanics is uninteresting or
impossible, and since it may seem appropriate to assume that
fundamental particles such as the electron are spherically
s&mmetric. then the introduction of a non-zero moment of
inertia I may appear unwarranted. Rotation by an angle w

about a certain axis is given by

~

Qio,(w:)

v o= e—‘iw:S:/hw . (6)

R(uJw =

where S, is the component of the angular momentum operator
along the axis of rotation. If the system is symmetric about
~this axis, then a(w) 18 a c-number (the gauge Anele). Sy
and w are conduzéte variables satisfying an uncertainty

relation of the form




o(S:) -olw) 2 n/2 ~ : ’ 7y

As’ S.'-can only pake:ﬁéif integer valueé..6.1/2.1.3/2.....

then our inability to.tell is thg'system‘is rotated (okwg) ~

n) impliés that the gapin. i3 at ieést.h/z. This again forces
the conclusion that the . moment éf inertia is non;iero. i.e.

that the systeﬁ mﬁst;be déformed. although the deformatiéhg
may averége. out . over extendeql periods \?f tiﬁe. The
‘unceftgintyiprinéiple makes it possib%e; that the syétem has
‘some defofﬁafioh. bﬁt.fhat anilattempt to measure ,it (e.g.

' b; érénking fhe system‘by a certain angle w) will destroy

all infopmatipn'about.the.spin c;mpohent .S., The fact that

e.g. fhe electron does notvexﬁibit: an;‘ rotational speétrum
on fép'of tné g=1/2 ground state fells us that'eithér:I'is
very émail or the‘cbupling getweeﬁ-lintrinsic andvrotat;onal
motioh is very strdng..

The Hamilt&n:functionbin the body-fixed frame may take = the
form |

/2

R V-V 24

o 24 2 2. 2
Hopp = (P *C Ppee B b, intr

where b 18 the bére . mass, bef a momentum variable in the

‘represents the centrifugal

body-fixed frame and #,_ ., ... -

and Coriolis effects of the rotation as manifested in the
body-fixed fﬁame._The quantum mechanical version 'of this

equation may be taken as a Klein-Gordon type wave equation,




considering that the Dirac type doubling of dimensions is
not required ‘once the spin degree of freedom has been
treated explicitly,

u 24, _..2 - i
DuD o + bc ¢ = Hrot,intr° (9>

Here D" includes the potential terms,
p* = -1cne® + aY (10)

for example with

2

AY = p° (acaA: + 2 AP+ 2 ab) (11)

em em s '8
The gravifational potential (Aa) and a short range poténtial
(AB) may be taken as . time-like. A represents the
electromagnetic interaction. One may also look at aAY as one
potential with a more complicated radial dependence. It is
A gstralightforward to write the Lagrangian density from which

EqQq. (9) may be derived, and to complement it with the usual

quadratic terms in the fields FuvzauAv_avAu. The usual

second quantization procedure introduces  boson gauge
particles ana allows for perturbation expansion of
solutions.

Three mass parametersg for the extended particle have been
introduced: b is the bare mass corresponding to dispersing

the congtituent matter to infinity. Taking into account the



lbind;ng potentialé and fhe’non4rotational kinetic energy in
fhg intrinsic motion of the_'exfended particle in the
body-fixe& fr&me.-at{least one state of lower mass M should
be obtained. This maéé is raised to tﬁe observed mass m by
‘the effect of the rotation (épin ‘energy). It 1s expected
that 'm will’iie between M and - b,  because else the system
would not' remain'toéethgr durihg rotation.'The cage of é
smé;l moment of . inertié discussed above would tﬁen have the
:bfopép mass of thelspinjB/z excitédv'rot;tiohal_ state of a
lspin—l/z §artiéle above b. ifv instead the"rotafionéi.

egcifafién enérgies'were"small compared Qiyh b-M, then one
"~ would. expecf _the spin=3/2 state to be-bound and 1n the
.dbseryable ﬁass regime, dgspité the pérturbinQA'effecfs' of
thék Eoupiing vbetween intrinsiéd and pététional moxion. I

shall therefore assume that I is small.

\

3. Ddsassssv eass1:j_n1£a1:ea£3'

In ordgr fhat Eaqa.. (9) s8hall have solutions cqrrespondiné té
bound syétems (i.e. the éxtendéd elementary..ﬁarticlés). the
potentials must furniéh*an-éttréétion at -short ranges. If
charge _is distributed in‘ the éame way as fhe. matter .
constituting the particle, then the net effect of the
gfavitational and electromagnetic forces will pé repulsive
for mafter with a -uniform charée gign. Hence a strong
interaét;on must deliver the attract;on.'and there husf be é

strong 1nteract;on-component also for leptons, in order to

©



account for their 1internal constitution (yet this component
hag to become gquenched externally, as leptons are not Known
to interact strongly with other particles). The centrifugal

force represented by H acts to prevent the density

rot,intr .
within the extended particle from rising; One may visuaiize
the processipf formihg aniglementary pariicle' as starting
witﬁ' dispéiéed matter, wﬁ;ch is eventuaiiy accreted by fhe
strong interactions. AAs 4the protd-particles - ahd
antiparticles shrink, they may annihilate into ,photons; ‘as
long a8 their energy remains positive. | Assuming ‘the
Iinteraction to be suffidiently strong, the energy will from
a certain'stage become negative, implying that excess energy
cannot bé emitted as 1light. Instead.v4it has .to be
transformed into rotationai energy, and the shrinking
(collapse) of the proto-paﬁticle is eventually stopped when
the centrifugal and strong forces balance. In order to
calculate this process fof leptons, an electromagnetic field
term has to be added tao Eq. (9). Similar remarks pertain fo
baryons such as quarks, Awhere QCD ternms describing the
Quark-gluon fields and interactions have to be 1n£roduced in

(o

Eq. (9).

The followiné discussion will be restricted to 1leptons, and
in particular to the electron. Rather than solve the
equation of motion, I shall make some general remarks on the
energy solutions, baséd on Eq. (4). For a particle with a

given spin &, this equation reads




2 1/3

2 +»(§E B(B*l))z) + vV (12)

m(s)cz = ((Mcz-v)

’

"where just V is written instead of V .
. - . intr
In order to make the kinetic energy 1h the body-fixed frame
positive, the inequaiity
Mc2 >be? s v ' : o (13)
must hold. Furthermore, I 'shall assume that the s=3/2
1 rotational state is unbound, so that

m3/2) 2 b e )

;

The fact that no excited spin-3/2 eieétfon ‘state (nor any

rotational‘bénd of aﬁy-lepfon) . has been observed, of course

‘ only guarantees fhét its .éngrgy is be;ow> fheA.present

detection.limit. which could be 'substantially lower than b.

Yet the case of oniy one‘bound sféte is an 1ntere$t1ng‘cas§.

The two,ébuations.(12)‘er.e=1/2 and 3/2. togethe£ wi;h'the

inequalities (13) and (14), allow iimits for V, I and M to
be determined‘as.function of b. | C o

I fifst look at the.case where b equals the Planck mass. In

Ehis case fhe limit on V becomes




V< -1.06 bc? - _2.08 « 107 3 (15)
~~—T78 2 2
and the other limits I § 5.91x10 kgm (n~/21 2 0.942xGJ)
and Mcz £ -0.124 GJ. The 1imit on the moment of inertia ie

very close to the Planck moment of 1inertia (uPAP2

78

5.69x10 kgmz). The angular frequency defined by w =

/2/1 equals 1.55:10“3 s~1, so that .the classical

nels+1))t
Arad;us r. for which wr reaches ¢ becomes i.9ux10—3§m. which
agailn equals the Planck radius to within 20X%. The value
found for the potential depth V 1is of the same‘order of

magnitude as the eqguivalent number for .the strong

interaction between baryons6.

This exﬁmple indicates. that in order to get a spin of N2,
the bulk matter of an extended particle with bare mass equal
to the Planck mass has to be confined to a deformed sphere
of radial dimension equal to the Planck length, and to
rotate in a way which in a classical pictﬁre is highly -
relativistic. However, before discussing the implications of
the model further, bare masses different from the Planck
mass should be considered.

Fig..l showsg the rotational energy and the energy Mc2 as
function of bez. obtained for a gtrong potential V fixed at
the value estimated in the example above as a limit allowing
the bare mass to take any value up to the Planck mass
2.18x10-8kz. Fig. 2 shows m {(short for m(1/2)) and M in

units of the bare mass. For bc2 above 2~10_12. M 18 negative




k)

and only thé'rotatioﬂal eneréylbringé thg ‘oﬁsgrved masgs up
above zero. Only for _sméller» b vaoes M becéme positive and
~elose to-m (both approach the bare mass). The rotational
energy changés less than the energy in thé'boay-fixed frame
(Fig. 1)'.4 |

¢
’

’fhe\ fact that M becomes ﬁegafive means that. one no longer
can be sure that the energ& density 1s_evérywheré.posit1ve."
as‘requ;red in order to call.upothhe Maller exbreSsion, Eé;
(0), for géncluding-éhét the matter distribution extends’
be&éﬁd a ;cépfain radius. The pabtiélgé may be muéh smaller
_thén'the:M¢ller.ragiﬁs. which is a;re;dQ at_'vafiance‘with
'observed ‘i1m1fs' on lébtoﬁ rad117. quever.lthisbAdoes not
destrg& thé argdmént 'agéinst ‘poinf' paétic;es. because an&
‘particle;eherQQ"density would become positive if it'were
éhrinked towards a bdint. It'is also seen, thaf for. the
smallvbfs'that do g#vel positive M, the energy dengity 1é
ihaeed positive and Eq. (0) shoﬁld hoid (in this case 1t
»doés not matter Qhether m.or M 1is inserted. Secause they
tend to be of similar magnitudeja The Mgller réaius.is.much

¢ . .
larger than the radius r_ (here sone 10ﬁ?? to 107%3), gonr
which the classical rotational velocity at the periphery

reaches the sbeed of light.

The 1linear relationship between I and r. implies that the
system cannot be intenpreted as a classical rotor (for which .
. 2 . . ) . ' . L

I ~ R7). The : linear moment of inertia may arise from a.

surface deformation, 1f the deformation diminishes with




increasing radius. The classical value derlived from the data

,of Fig. 1 implies a huge deformation i1in the -1limit b ~ m.

Only near the limit of the bare- mass equal to the Planck
mass wiil the  implied deforﬁétibn be of the o?der of or
small compared to unity. Thisv strongly suggests that
physically relevant theories should assume bare particle
masseé in the- vicinify of thé;Planck mass (és% e.g. - the

superstring theories do).

To determine the correct value of the bare mass, a . proper
solution of the equation of motion must be performed.
Régular solutions can be found only for some values of b,

due to the presence of different powers of the wave funetion

® in Eq. (9). The three kindfof potentiale Au all depend on

Imlz. For instance, the scalar gravitational potential would ™

in a coordinate representation be

2 3 ‘ :
4 _ _Gm lo(mt, t-|#-2"1/c) | 3,
Ag = o2 [ |P-F | ar (16)
g
4 . Conclusion

-

This paper has shown that 1t 1is possible to describe
extended particles by a modified version of standard gquantum
theory. The modification is that wavefunctions _are
interpreted as representing the resl matter amplitude rather
than Just a probability amplitude. fhe masgs density 1is 1in

the modified theory proportional to the absolute square of

E
o5,

o




)

~:fhg wgve' fhnction. Degbite this, the ﬁulk 'ﬁotion pf the
éeﬁtfe of momeneum of the exténded particie for an 1solgfed
. system may be described.by the usual quantum theory, and the
‘probabilistic interpretion of ‘the cM wave function can be
"maintained;_ Que ‘té fhe canonical relationship ‘be@Ween.
.coordinéte and.  momentum | (éon&ehtional Fqurier
transformation, .commutator and'uncertaihty;relations)s. Ir
the exfended‘ particle is not iéoiéted. fhese' remarks are
»valid‘ pnlyr iﬁsdfér as coupliﬁg between CM And internal .
motion cén be neglected. This limits the use of'convéntionél

field theories for extended particles.

As  regards the. intfinsip"mofipﬁ within the  extended
particle, the félétionéhia ﬁe%wegn‘ fotatibhA and spin has
been ‘ipoked into, and energy/magé .relat1§ns_‘have been”
‘derived . by deménding thaf the spih%l/z lowest state should
be ~ bound, 5ut :thé' fFirst (spin—3/2) rotatiohally,ekcited

stafe unbound.
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Flilcure captions:

FIG.1. Bare-mass dependence of rotational (hz/ZI) and
non-rotational (Mcz) energy of an extended  particle. For

very small bare masses, M becomes positive (dashed line). A

fixed strong potential V has been assumed.

FIG. 2. Total mass (m) and non-rotational mass (M) of an.
extended particle in its ground state, as function of the

bare mass (b). The strong potential is fixed.
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