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. The relativity i{lnzlpi;'lj,n'l' :thcory'of an electron maving in a given
" magnetic field, z'_'\'ltxh(')ugh suecessful ‘in [:»rcd'ict!ing the ‘spin. propertic
_ “electron, vet iu\'olvcs'mw serous d'i{licriltv’ which shows that some fund
altcratlon is necessary before we can regard it as an accurate descii
nature. This difficulty ‘is connected with the fact that the wave ¢

which is of the form

1W v R .,4' R ) .
lT ‘%px\ﬂ p,‘! ¢.p ;»--‘-‘r\_; + psm(‘]({ =

* “has, in addition to the wanted solutions for \\lhich the kinetie energ
electron i¥ positive, an cqual number of unwanted solutions with
“kinetie energy for the electron, which appear to have no physical 1

rlll)a if we mk(- thie case of a steady electronjgnetic fickd, equation

admit of puru)(]l(‘ solutions of thv form

v R E
'YJ o HOE N

¢

< where w 15 independent of £, ropn senting statignary states, b being o

energy of the state, mcludm the relativity term me2. There will th
solutions (2) with negative values for E as \wll as those with positive
in fd(' if we take a matrix rvpu-svntatmn of the- operators 9,49, 8,
23 with‘tho matrix elements all real. then the conjugate complex of any
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of (1) will be a solution of the wave equation obt(unml from (1) by reversal of

the sign of the p()tontul\ A, and either the onﬂum| wave: fun(tlon or
\

jugate complex must refer to a negative B
The ditficulty isnot a ~p0(ml onw (*omn(tnl with the quﬂntum theor

electron, but 13 a gencrul one appraring in-all relativity theories, nl.q

1ts con-

; of the
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(jlassxcal-s theory. It arises on account of the funnhlm ntal fact tha
relativity Hamiltonian cquation of the classical theory. namely.
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" hnust al\x ays var y s cont mum _ly. 80 Ilm‘t them wnll‘bo a sharp dmtmctxon

thozso aolutlon\ of Hw cquauom of motmu for \\‘thh W eA > me?
for which W &-7¢A, < o mic?, and we may si

3

rhstm(non bot\tecn those sO]ll(]Ollb of (1) of the form (2) with I¥ pos
those with K negatlw and may usert that only the fornier have a
meaning (as was actually done w hcn the thcorv Wis appliod to the deter
of the energy levels of the hydrogen atom), bt of a ponturbatlon is a
the system it may cause transitions from one k nd of state to the Otl.l(_‘
general case of an arhitmrily' varying electromagnetic field we can
hard-and-fast separation of the solutions of| the wave ‘cquation it
referring to poritive and those to n(‘g(mw Kinctic cnergy.  Further
accurate quantum theory,in which the electrd magiiotié field also is
to quantum laws, transitions can take place i in which the energy of th
¢ fianue’s from a positive toa m‘gdtl\ ¢ value even in the absence of any

field, the surplus energy, at least Tme? in amount, being spontancoulsy emitted -
in the form of radiation.” {The laws of cmw\\ ation of energy and momentumn

require at least two light-quanta to be formed simultaneously in such g

Thus we canngt ignore the negative-energy. states without givin

dmhl},lllt\ in the interpretation of the theory. ' . .-
Let ux examine the wave functions roprm(‘muw states of nogatn

mply lgnore the latten
~ We cannot, hm\ ever 3.0!3 over the difficulty so ecasily in the quantum theory
It is true that in the case of a steady electromagnetic field we. can draw a
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little more elosely.  H we superpose a number of these wive functions in suchj -
o way as to get o wave packet, the motion of this packet will be along .L classieal

{rajectory given by the l[amil!onim (3) with W - €A negative. Ql‘i

jectory, it is easily scen. 18 & powb!c trajectory for an ordinary electron-(with

positive energy) moving in the lf(‘tlonnwmtu ficld with reversec

for an electron of charge +- ¢ (and p()sm\'e energy) moving in the original

cloctmmagm tic tield. Thus an electron udth negative'eneggy moves in g externa

- field as thongh it carries a positive charge.

This result has led people to suspect a connection between th negative;
however

energy electron and the proton or hydrogen nucleus.*  One cannot,
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+ Nee for example, Weyl, " Zu f. Phys,’ '\"QI. 56, p. 332 (1929).
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--(l)"\ tmnsmon of an olutmn ﬁom a st'ttc

. cnergy would be inter proted asa trmmtlou of an electron into a/ proton

\\hn( h would \'mhte the lm\ 0{ mn.m vw
\ t

(u) Although a negative- cncxg\ ¢

it has a positive clmrgc vet, as one can ¢ sily see fmm a consider

wn mov 4 inan 4\\t¢‘rnal hcld as

of pmttlvc to one of lwgatn

tion of c‘lodnc vharﬂc.v

ation of

“c6nservation of momentum, the field it produces must 10rrc~&pund to its

having a negative rlmrgo eq., the nega

an ordinary positive- onuru olvctmn althouu}l it is itself attra

the positive-energy clectron.
(i) A negative- energy electron will have less
~will have to abnorl) cnergy in order to ba

of this nature have ever been observed,

A Clqsvr consideration of the conditions that
actual world suggests that the connection” h
énergy “electrons should be on a fomewhat d
found to remove all the above-mentioned diffic

§2 bulu!wn of tlw A) anhw Energy Difliculty.

The most stable states for an cJoctron (i.e.. the states'of lowest enc
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flerent basis. and this
Ities.

will be

Ahose with negative energy and very high \'olomt\. Al the electrong in the

Sworld \\1IQ‘, ‘nd to fall into these states \\lth cm

exclusion priticiple, however, will come into phw and prevent more” t
electron gt_nng nto any one state. et us axsume there are so m: any e

in the world that all the most stable states are

that all the states of negative energy are occupied ércepl perhaps a few
velocity. ~ Anv electrons with positive energy will now have very little
electrons

of jumping into negative-energy states and will

“are observed to behave in the laboratory.  We shall have an infinite ml{;mbor of {

l\SltSlsﬂf radiation.. T

mcupxod, or, more ace

therefore behave hke
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han one

‘chance

electrons in negative-energy states, unvl indeed an infinite number E’" unit
volumé all over the world, but if llmr distribution is L\adl\ umﬁmm we

should expect them to be completely unobservable.
Srom exact uniformity, brought about by some of the m’galuw energy stales being

unoccupied, can we hope to obserce.

Lot us examine the propcrtu:a of tbc vacant states or holcs(' The:
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region thnt is othcrwmc satumtcd \nth dcctr ns is much thc same thmﬂ as af”'

single electron in a region that is ot.hcns isc'devoid of them. . | . ,

In the X-ray case the holcs should be count‘.od as things of negative (‘nergy‘;
sinee to make one of them disapicar (v.e., to fill it up), one must add to it an
6r<’iilmr\~' clectron of positive energy. Just the contrary holds, however, for
the holes in our dlstnbutlon of negam -energy electrons.  These holes wil
he thmrrs of positive energy and will therefore be in this respect likej ordinaty
particles,  Further, the motion of one of these holes in an exterpal electro]”

“magnetic ficld will be the same as that vf the negative-cnergy electron that

would fill it. and will thus correspond to its possessing a charge - e.| We are
therefores Jed to the assumption that the Iw[z?!s"? in the distribution of] negativeq
v«'m'rv]l/(‘/(’t“!rmm are the protons.  When an elect ton of positive energy drops intd
a hole and fills it up, we have an olﬂctron and proton dlsappearma tooether with

emission of radiation. w

\ diticulty arises when we consider the hol(l produced b\' the dlstrfution of.

’nmnn.w energy electrons.  There is an- infinite density of clectrici y which),

<

according to Maxw ell’s equation |

CAiVE = — tmg, L)
should Pmduc’o an electric fiell of infinite divergence, It scems| natural]
however, to mtonpwt the p in Maxwell's equation (4) as the depaltur from thq
“normal state of clectrification of the world, which normal state of elect ification,

acmuhnfv to tho present theory, is the one \\here every olectromcﬂ‘ state of

nu;\em\o energy and none of positive cnergy is occupied. This ¢ ull then
consist of a charge -- ¢ arising from each state of posm\'u cuelg that-is|
occupied, together with a charge -+ e arising from each state of negative energy
that is unoccupicd. Thus the field produced by a proton will corrc;apond tow
its having a charge + e. V B ‘

~ Inthis way we can get over the three difficulties mentioned at the ¢nd of the
_preceding section., We require to postulate only one fundamenta{ kind of
particle instead of the two, electron and proton, that were previously meces»ary
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v plotous‘ \\c may mterchange ﬂl(‘l[ roles- nnd assert that the protom
real pmhc]cs and the clcctmns are mcrvlv hcylm in the distribution of
of megative energy. The symmetry is not, however, mathematically
when one takes interaction between the eloectrons into account. 1 one-

form £, w hcn' H, is the llumlltonmn or energy of an electron in
R as a [y O}
~.and the summation is taken over sll occupied states. This differs o1

“constant (1.2.;"by something independent of which states are occupied) from.

en ele
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t,o a Iargv' ¢, 'tenf %yn metn’ hchwm elect r‘ms and
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perfect

the mtmmtmn the lldmnltonum describing the whole ‘Wst(‘m will be of the

state @

the stio X (— H,) taken over all unoccupied states. Thus we get. formally
L 4 . i o

the same dynamical system if we consider the unoccupied states or
cach to contribute a term —1l; to the Hamiltonian.  Onthe other

h'mul. if

we take interaction between the electrons into account we get an extga term

“of the form X \,m in the Hamiltonian, the summation"b(‘ing taken bver all

pairs of oceupied states (a, ), and this is not equivalent to any sum tak

pairs of unoccupied states. The interaction would therefore give an ess

different Hamiltonian if we lp,aarnl the protons “as the feal patticles

- €

S oee up\' states, : . T .

The consequences of this «h\s\ mmotrv are not very casy to cale

en over
cntially
that

relativistic lines, but we may hope it will Jead ov entually to an (‘\plmmtidh of

. 4 ; .
the different masses of proton and electron. | Possibly some more

theorv of the interaction, based perhaps on Eddington's caleulation®

fine structure constant ¢ he, is necessary before this result can be obtd

§ 3. Application to Scatte I“lJ

As an clementary dpphmtmn of the foregoing ideas we may conw‘
problem of the scattering of radition by an electron. free or hoy
scattering process ought, according to theory, “to be "consillorczl as-al
transition process, consisting of first an ﬂworptxon ofa photon with the ¢
simultaneously jumping to «mv state. and then an emission with the ¢
" jumpibg into its final state, or else of first the'emission and then the abst

-+ Eddington, ' Roy. Soc. Proc.,” A, vol. 122; p. 358 (1929).
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: :",m,y stntn and the ﬁnal sta!e Wlth the: {'

ttcrcd photox.luand 4thc‘elec on’ ;'
ha\e th

~final state. The mxtml atid_final statc of he whole system mus
" same total energy, but the mtelmedlate state, which lasts only a 'y
time, may have a considerably d|ffcrent encréy BERRAEE : :
- The qncbuon now arises as to how one 1s to interpret those scatticnnv pro--

.. “cesses for which the intermediate state is one of negatwe energy for thic elect ron.
According to previous ideas these’ mtormed*ate states had no real physnc‘;
meaning, so it was doubtful whethcr séattering processes that arise: throug
their agency should be included in the formtila for the scattering oef’ﬁcwn
“This gave rise to a serious difficulty, since in some important prac ical case
nmrly all the scattering comes from intermediate states with negative energ
for the electron.*  In fact for a free clectroxw and radiation of low }rcquenc), :
where the classical formula holds, the whole of tho scattering comes from suc h -
intermediate states. . Vo :
According to the theory of the prcsent paper nt 1s absolutel_\ forh)dden by
the exclusion principle, for the electron to ]ump into a state of negatwe energy,
so that the double transition processes unh intermediate states ot ncgatl\'ﬂ
another

energy for the clectron mu»t be excluded. We now have, howe\c
kind of double transition process tal\nw place namely, that | iin vhich first _
one of the distribution of negative-energy electrons j jumps up mto the rcqmch N
final state for the electron with ahsorption (ot emission) of a photon and thet
the original positive-cunergy electron drops mto the hole formed bﬂ the firs

——

AL - o<

tmnsxtlon witlr emission (or abscrption) of a photon. Such processes resul
“1n w final state of the w hole systemn mdmtmﬂulshable from the final state witt
the more direct processes, in which the same clectron makes two ‘HCCCSSl\'GZ
Jumps.  These new processes just make up for those of the more djrect_pro;
cesses that are exeluded on aceount of the mtcrmedlate statc having negativa

energy for the clectron, amcﬁ”@*matnx clements that detcrmmc the t%mnsmon

probabilities are just the same in the two cases, though they come mgo play inl
the -reverse order. In this way the old scattcrmg fOTmllldS, m ﬂ\hich no|

lnt(‘rnwdmte states.are excluded. can be justified. .
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