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Remar ks on the theory of interaction
By. D. Ivanenko
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Translated by D. H. Delphenich

Various possibilities for the interaction transitioh Feermi or Bose particles are discussed, and a
comparison between the Dirac and Fermi models for padieation is outlined.

The development of the theory 8fays has obviously now entered a new arena. The
original Fermi form for the coupling of a heavy partieléh the fields of electrons and
neutrinos does not suffice to reproduce the correct flmmthe spectrum, while the
Ansatz of Konopinski-Uhlenbeck (K-U) regarding the firstidative of the neutrino
wave functions seems to be well-confirmed empinycalbut encounters formal
difficulties when one carries out second quantizatidime entire complex of questions
about the derivation of the nuclear forces, as welthe magnetic moment of heavy
particles and the Heisenberg theory of cosmic showemlsjits only a qualitative
treatment. On the other hand, isolated results iretiiee theory of-radiation suggest
the opinion that very many truths will be expressedethand it seems desirable to also
propose some special cases for discussion. In whaw$ we shall discuss some simple
cases of the interaction transition, in the sengaetheory of nuclegf-forces.

1. In order to better glimpse the influence of statsstive consider, above all, the
interaction transition of Bose particles. If tharsition takes place between isolated
particles that satisfy the Bose statistics then we hiavthe simplest case, the d’Alembert
equation for the scalar potential of the electromagtiefit:

O¢ =0,

which yields the Coulomb law for the interaction in #went that the coupling of the
particle with the field of the — longitudinal — photonsgisen byU = eg. However,
when the wave function of the interacting particle §atsthe scalar, second-order,
relativistic equation:

@+ky =0 (1)

(whereky = mgc / h) then one show that the interaction law between panticles, as a
solution of equation (1), must have the foef¥" /r . One can then easily see that either
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the purely classical Fermi method of elimination foe fbngitudinal part’j or the
guantum electrodynamical method for the calculatiothefsecond approximation will
both reproduce the Green function for the field equatiaquestion.

If we apply — e.g. — the Dirac method of quantum electraahycs then we get the

interaction law in the form:

where S means the operator of the Schrdodinger equationlamdeans the interaction
energy of a particle with the field. We representl#itier in, perhaps, the form:

U=egn+y;) e+ ),

with the usual Fourier decomposition fpr

— 1 —icKt+i(kr) + +icKt+i(kr
w—Wj(dk){a(k)e +tb'(K e }, (2a)
K=K + K.
If one assumes the Bose commutation relations.JC.R

a(k) a'(k) —a'(k) (a(k) = 2h—|2 ak-k), etc. (2b)

and the initial condition of the absence of pagscbf both kinds — i.eg’(k) a(k) = 0 —
then we obtain, after an integration:

V= const.joo k dk

— k2+k02sinkr. (3)

Forky = 0, the Coulomb law is true, whereas here onaidat

v = const i @
r

Despite the fact that the well-known bilinear deposition ¢) of the Green function
includes the eigenvalud in the denominator, which is equal K8 here, in formula (2),
the operatofs appears in the denominator, which fails to be prognal toK, so the C.R.
add a secon&. In this way, one sees intuitively the returntieé Green function as a
result of the truly complicated quantum-electrodyigal calculation. Recently,
Oppenheimer and Serber, building upon an old arguwieYukawa, have proposed the

() See Heitler'sTheory of Radiation, pp. 51.
(®) Cf., Courant-HilbertMethoden der mathematischen Physik, Ill, § 5.
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law of the form (4) as the nuclear force between nesteord protons. However, one
must emphasize that this potential is realized for Bastcles, which is perhaps notably
not the case for interacting hypothetical “semi-heavgti&bns n > my).

If we deal with a true scalay then on the grounds of relativistic covariance we
actually must not consider the field in the foegh but perhaps in the form:

U= Ze{"—hwj , ©)

s=1,2 at at

since it should represent the time component of a Ke®te then arrive at an interaction
of the formr™3, with a factor that is not, however, equal to zefte individual quanta of
a scalar field are thus incapable of realizing an intenacti the second approximation,
which agrees with the requirement of gauge invariance.

In the case of the interaction of two Bose partjcieis natural to take the following
expression for the fourth component of the mixed curdnthe scalar, relativistic
second-order equations:

_ o 4+ 0P _ .00,
U‘Q(¢2E ¢1 ot j'*'C.C. (6)

to represent the coupling of the interacting particlés whe field of the pair of Bose
particles. It is well-known that the scalar, relaiid equation admits only symmetric
statistics. If one now employs the quantum-electradyinal perturbation calculation
then one obtains an interaction law of the form:

V = const}™ (7)

in the second approximation. Thus, one gets the samedispmynuporr as one does in
the interaction of two Fermi particles — e.g., antetecand a neutrino — in the event that

the coupling of a heavy particle with the field is givenlby gy ¢,. Despite the fact

that the coupling (6) includes derivatives, we obtaim ataw, and not an™’ law, which
would follow from the K-U formulaU = g'¢.dy, /ot. The basis for this lies in the
compensation of the Konopinski-Uhlenbeck fact®suwino = hcK in the numerator by
precisely the same factor in the denominator as atresulhe Bose commutation
relations for the Fourier coefficients (2b); the tadk™ is indeed absent in the Fermi
C.R. The calculations that led to (7) are entirelglegous to the ones in the case of the
Fermi theory, and give rise to almost identical inbddggthat one must evaluate by means
of perhaps an auxiliary facter™ (a — 0).

2. If the interacting particles satisfy Fermi statistithen relativistic covariance
already demands the introduction of a second partiakeesa single electron cannot
radiate. In fact, one can certainly not construae@or that is linear iy with the help of
a single spinor, and in this way define the coupling withfield of the electrons as the
fourth component of such a vector. Despite the faait dne can be inclined to examine
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this situation more closely by means of the introductiba differential spinor operator
0, , it is known that an argument based upon conservéws, independently of the
more formal grounds that were cited, leads to the hypathekithe simultaneous
emission of neutrinos and electrons.

As far as the derivation of the nuclear forces isceoned, which has already been
discussed by many authors, here we remark only thatrtipesit, and certainly the most
intuitive, method consists in the introduction of tleeibled Fourier decomposition:

Y - Ye. + Yhpos.; @ — Pneutr. t Pantineutr. (8)

or, more precisely:

ws — (zm—:i/ZJ. (dk) {aS(k) e—iCKt +i(kr) + bS+(k) e+iCKt+ i(kr)}’

wherea®(k) describes the electrons abi{k) describes the positrons, and analogously,
perhapsc®k) could describe neutrinos, whild®(k) describes anti-neutrinos. Such
decompositions were already applied advantageously in degoantization and the
examination of the neutrino theory of light).( In the calculations of the second
approximation, one now chooses, quite intuitively, teems that correspond to the
radiation of an electron-anti-neutrino pair by thetfineavy particle and its absorption by
the second heavy particle. One distinguishes thesténat correspond to the radiation
and absorption of a positron-neutrino pair analogouHlyne thus considers the initial
condition of the absence of light particles then isrleft with only terms of the forraa”,
bb*, cc’, dd”.

The summation over two possible spin states is easgrty out without the Casimir
auxiliary method, and in that way, with no mention & gtates of negative energy, we
come to the following expression for the interaction:

_ (2mg®
(2ny

(dk)(dl )

S Q[ L -cos )i e+ ce. (9)

Therefore, the coupling of heavy particles with fledd of the electrons and neutrinos
would be exhibited in the Fermi form:

U= > g.@'¢Q+cc),, (10)

s=1,2

whereQ denotes the Heisenberg operators of the neutrmioipitransition andg = 1, 2
enumerates the heavy particles 1 and 2.

The complex conjugate (c.c.) terms in (10) comasbto the positrons “anti’-decay,
and vyield the same result in our approximation s ¢lectron terms, which is also
immediately understandable in terms of physics.e Titegration of (10) yields the
known result 9):

() D. Iwanenko and A. Sokolow, Sow. Phy4.(1937), 590. A. Sokolowbidem 12 (1937), 148.
(®) Cf., Ig. Tamm, Sow. Phy40 (1937), 567; C. Weizsécker, ZS. f. Phi82 (1936), 572.
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2

v=3
her

1 . .
5 927(@1@2 +QQ1). (11)

The earlier result'{ was derived by neglecting the factor [1 — c&B],( which
originates in the spins, and thus agrees with ph@less part of the total result (parof
Weizsacker).

Since the interaction (11) is know to yield nucl&aces that are much too weak, one
must seek to calculate using K-U Ansétze aboutvdByves in the coupling (10). The
introduction of the first derivative is indeed saiént for the effects of first, but not
second, order, since the latter require the intrtbdn of derivatives with total order
three. The assumption of radiation of not two, beweral, particles also leads to the
same result, whereby the next minimal number veleual to four.

A coupling of the form:

U~gyd’, (12)
instead of (10), would yield an interaction of theem r™*!, and is, in many regards,
equivalent to the introduction of the derivativédgtard order for the neutrino function.
Our hypothesis is also apparently equivalent toréuent attempt of Nagendra Nafi, (
who, in fact, assumed the primary radiation of amg pair, and then suggested grounds
for the secondary intensive radiation of neutringshe S-electron.

From the theoretical standpoint, it would be meagisfying to regard all of these
generalizations of the Fermi Ansatz as the inigains in a development in some new
constant. Recently, Richardsdl, @mong others, has successfully employed theafum
the Fermi and K-U Anséatze to the empirical intetgtion of theS-spectrum, while the
possibility of introducing the second constant andlouble-terms formula was also
discussed by Tamnf)( In it, the initial terms must give the formtbie spectrum, while
the higher terms (with higher derivatives, or tle¥nts that correspond to several
particles) must give the nuclear forces in the extrorder of magnitude. The situation
seems to us to be broadly analogous to the refdtiprof the Born nonlinear theory to
Maxwell's theory. The usual theory of radiationhigh starts with the coupling of the
electromagnetic field of the forkd = eg, admits the radiation of only photons in the first
approximation (for the sake of brevity, we shalt destinguish between transversal and
longitudinal photons here). However, the Born thgegards the Maxwell potential as
only the first term in a development in the quantjf, and, in turn, admits the radiation
of many photons in the first approximation of peoation theory (although in a higher
approximation the decomposition int or 1b7).

It might also be useful to consider sums of thienfo

09 0"y 0"¢
U~ + Qe - 13
914[’¢ gz‘/’ 6'[ gnm atm atn ( )

) D. Iwanenko and A. Sokolow, ZS. f. Phy82 (1936), 119.
N

()

() Nagendra Nath, Naturkl0 (1937), 501.

() H. O. W. Richardson, Proc. Roy. Soc18il (1937), 447.
() 1g. Tammloc. cit.

N,
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or
U~qyo +Rud® +.. (13a)

instead of the primary Fermi coupling (11), and, in turtipotluce the closed forms of the
decompositions (13) from the outset, whereby one thihkiseolatter as evolving from a
single constant (perhaps a new specific length or a “naxaensity” of the light
particles).

3. In conclusion, we would like to make some remarkshencomparison between
the Dirac and Fermi methods of describing the creatianparticle. The matrix element
of the “immediate” radiation of the pair in the Fetitmeory:

g [ Xn@ 9)x, dr (14)

(where y denotes the wave functions of the heavy particdes) the matrix element for
the creation of the electron-pair under the infeeef a)~photon (internal conversion)
according to Dirac:

e[ s, (VAW . dT (15)

differ in appearance in many respects. Howeverong introduces the second
guantization for all particles then the differermsween radiating and radiated particles
disappears, since all particles experience a cettansition. Thus, it is preferable to
apply the double decomposition (8) that was caroetlabove fory ; formula (15) then
seems to be precisely identical with the usual @sgion for the radiation (absorption) of
light under the transitiom - n. All that then remains is the difference betwé¢en
radiation oftwo particles in (14) andne particle (a photon) in (15). If one then takes the
viewpoint of the neutrino theory of light then ozen replacé with a bilinear expression
in the neutrino wave function. However, converselye can also arrive at the formula
(15) by starting with the Fermi expression (14).

We have already mentioned above that the Konoplislenbeck introduction of
derivatives corresponds, in a sense, to the assumpft the radiation of many patrticles,
and in this way, so to speak, leads to an increafiee independence between particles.
The introduction of inverse operators, and theeefolrintegrals, instead of differentials,
must reduce the effective number of equivalent pedeent particles (two, in the Fermi
case), or else introduce a certain degree of dgmendor “coherence” between the
particles. If one applies, e.g., the inverse dmbertian operatord™ to the Fermi
Ansatz (11) then one does not change the covarigmamecter of the Fermi coupling as
the temporal component of the vector:

Yo

r

U= g'f%@ L gx il e (16)
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Such a coupling between a heavy particle and the fieldeopair leads, in fact, to art
interaction law, rather than®, and one can expect that a further integration wowld gi
rise to an even stronger dependency betwgamnd ¢ particles, and would perhaps lead
to anr* law. Therefore, one can consider the componentiseaf ¢ pair in (14), (16),
etc., to be either those of electron-positron, edecheutrino, or neutrino-anti-neutrino.
In his recent paper, A. Sokolow has examined the iadiaff electron-positron and two
neutrino pairs from an analogous standpoint. In factpiteghe fact that it was still a
provisional investigation, it yielded the fact that oneldarrive at the parallelism of two
radiated neutrinos by an additional integration of (1@)jctv is required precisely in
order to fuse two “coherent” neutrinos into a photon; éwav, the photons lead to the
Coulombr™ law.

If we compare formula (16), which one can also writevmlanost conveniently in
Fourier components, with the Dirac formula for pairatien (15) then we remark that
there is a certaineciprocity here. Namely, one can exhibit the vector potedtiad the
matrix element (15) as something that originates inrdnasition of heavy particles, and
can then write:

OA=ex'vy, A= GXDVX_ (17)

In formula (16) (which only represents the coupling with fileéd, and not the matrix
element of the radiation probability), however, we db see the operatan™ applied to
heavy particles, but to light ones. Conversely, ome eplace the density of heavy
particles in the Fermi formulas (14), (16), etc., witle fassociated potential. A closer
examination of this “reciprocity,” which is formally noected with the displacement of
the O operator, must, above all, yield the cases for whieh“tthmediate” direct- or
Fermi— probability for the radiation of pairs, on the on@dhaand the usual — or Dirac —
one, on the other, so the “reciprocity” becomes antigenSince the constagf and the
choice of degree of coherence — i.e., the formulas (18), or perhaps the K-U Ansatz —
are still undetermined, one can adjust the immediaie graation as perhaps less
intensive than the Dirac expression for a few milhaits, but more intensive for much
larger energies.

The hypothesis that a proton can radiate a pair direntead of photons withv >
2mc?, leads to the possibility of explosive showers @&cgbns and positrons that are
produced by protons, in precise analogy to Heisenberg ss@feceutrino showers. It
seems reasonable to also consider an analogous “imeiepizat-radiation by an electron
itself, which leads to a truly nonlinear wave equationtif@r electron (with an additional
term of the formg ¢?), which allows the formation of nonlinear explosiveowkrs
multiplicatively, along with the quantum-electrodynanhizaes {).

However, we would like to leave this question, which ppaaently closely linked
with the more precise description of the two heavy plagi(whether an anti-proton or a
neutron plays that role), to a later discussion.

Sibierian Physical-Technical Institute, Tomsk.

() Cf., our earlier remark: D. lwanenko and A. Sokoloveri. Sibir. Phys.-techn. Inst.(1936), 70.
(Russian)



