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ABSTRACT

, Emstem a.nd Ehxenfm's radla.l;lon theory-is. modified in order to introduce the
'eﬁects of the ra.ndom zero—point fields, characteristic. of classical . stochastic

'electrodyna.mjcs As a result, the Compton and Debye' 3 kinematic relations. are obtained

o mthm the realm of a compietely undula.tory t.heory, that is, wnthout having to.consider the

cmpuscula.r cha.ra,cter of. the photon.

L INTRODUCTION

The:-concept, of light quanta, introduced. by Einste_in1 in 1905; was one of the. most
important concepts. of the old: quantum theory.. Einstein's ideas about. the: quantum
character of the radiation were difficult; to:reconcile-with: the cla..ssi_cal..uudula.tory‘t;}ieory of
electrodynamics and therefore they were met. with some fesistence from:. most: bhysicistsg.
Yet, those ideas were determinant in the deve'lopment, of quantum- }néchanics .Now, in. the

3 of. 1817, Einstein tried to show:the necessruy of 1ntroduc1ng the concept. of

classical paper
"photon" (a,ctua,lly this terro represents at least. four d:stmcf: models ) in the description of
the processes of absorption and emission of radiation by atoms. H(_)w_ever, even though the
main. purpose of Einstein in that clagsical paper was to- demonstrate that emission’ and
abéorption. of radiation by atoms ought to-be directional, ﬁhat-work is. nowadays famuﬁs for
containing one of the first probabilistic tre&tments within quantum- theory, and. for
mtroducmg the notion of spentaneous and. stzmulated exmssmns. Due to.the simplicity. of
the theory, part of the ideas contained in 1& became quite. popula.r a.nd are. weH knowz. by
physics  undergraduate students. Obviously, the textbook_s on m_odern -physics. try- to-
harmonize Einstein's model with quantum mechanics but they. qﬁite often overlook: some
other results contained in Einstein's original work . e g., the cierwatlou -of Planck's

radxatlon law and the fact that Bohr's condition, instead of bemg taken as an’ assumption,

comes out as a result?, Even less known are the efforts made by Emstem and, Ehrenfest4 5

" in 1923, to lmpmve the results of Einstein's work of 1917. T}us 1mprovement copsisted of

reinforcing the concept - of light quanta and extending: the . model for: the. case of free
part:cles Coincidently, in. the same year of 1923, Compton and Debye expia.lnecl
mdependently the mysterious features of X— and y-tay scattering, -based on the light
quanta model for radiation. Debye mentioned his indebtedness to. Emsteins work, It
should be noted, howev_er, that in Compton 8 work there 1s no reference to. the Elnstem 8

1917 paper. -




(r)ur“ aitm in-" the- présent work is to further explore Einstein's and
.Einstéiﬁ.—E.hreﬁfes't'_s works within the realm of a completely classical theory, the so called
stochastic electrodynamics’ 11,
is filled with a,'-z'er'o'l—po'int (that is non—thermal) and random 'electromagnetic radiation
B ché,fa.cf_eriied‘ by.a Lorentz invariant spectral distribution py(w) = hef2n%c?, with w the
r_édia;t’ibﬁ-% fre@uen‘(_:y. In- this' theory the Planck’ constant - 27k appears natﬁrally and is
simpl-f-thei- sﬁectrﬁin scale factor. The use- of-different boundary conditions on Maxweli's
equatmns promde new and 1nterest.mg mforma.l;lons about the beha,wour of the microscopic

WOrl(iT 1]‘

By a.ssum.mg that:the spentaueous emission is in fact stimulated by the zero—-pomt

' 'r.idlatmn-, we: will' show- that;, in & system of partlcles immersed in both thermal and.

- zero—pomt ﬁelds, thé exchange of energy and momentum must obey some relations in order
E _."for the ethbnum to be: ma:ntmned (}unously encugh, these relations are exactly the
- same’ as those chara&:tenzmg the' conservation of momentum and energy in' the Compton

"effect, Wlthout havmg to use the corpuscuia,r charaeter of the photon, we show that the

: abave system may axchange ﬁmte quantities ‘of electromagnetlc energy, namely ‘twr,

"havmg an assocna.ted electmmagnetlc momentum hk where -k is the wave vector; The

| ‘energy and’ momeat.um are: a,dded to or removed from the classical electromagnetic waves

'amordmg to the conservatlon laws predlcted by Maxwell theory.

IL GLASSICAL STOCHASTIC ELECTRODYNAMICS AND ~THE EINSTEIN-

EHRENFEST MUDEL

The relatlonship between Planck's theory of blackbody radiation and Bohr's theory
‘ of lme spectra, was not very clear in. the early days of the quantum theory. Only in. 1916

" Einstein conceived an elegant and illuminating approach to this problem; he derived both

Jor simply SED. According to the SED the whole universe

Planck's radiation formula and Bohr's condition from g'enera'l" (p’rdbébi]istic). hy'i)ot,heses

concerning the interaction between radiation and matter. He proved that the consistency ;

of his model (for describing emission and absorption of radiation by r.nol'ecu.le's) depended

on the validity of the hypothesis that the electromagnetic radiation is made up of

"quanta®. By light quanta he meant directional radiation or nee;ﬂérr.a.diatio.n

(Nadelstrahlung).

Einstein first con91dered that the matt.er molecules (actua.]]y polamzable obJects as -_

we ghall see la.ter) were immersed in thermal radiation chamctenzed by. the spectral
density p,r(w). Then he made the foIlowmg simple hypotheses:

1 — The molecules have only discrete energy states E, and E, (E, > E;).

2 —The Boltzmann distribution is vaiid for the molecuies in these "st'ate.s- ._

3 — Wien's law is valid for the spectral distribution at temperé;ture' T, that is:

U I

where F isan arb:trary function.

Only the first hypothesis is a quant.um one;- due to t.he discrete character of the

energy states. The other two are completely classical, based on 'thermodyuanucs and

electromagnetism. -

With these simple hypotheses Einstein deduced (iﬁ the fitst part of the 1947 paper3)'

two important results in & simple way. He showed that the spectral distribution pT(w)"

must be given by

PT(W) = —nz_é[_hz—] '=-  _ o (2) ‘

exp{pp) — 1

- which is Planck's formula for cavity radiati‘ph’-at‘_ temperature: T He also concluded that

the Bohr's rule I . R
E,~E; = tw ' S ®

follows from the above three hypotheses.




-However, if it is not well known the fact that this 1917 work presents a derivation of
both expressions, even less known is the fact that both derivations were based on classical
grounds; as we.shall see in what follows. . As.already mentioned, only the first hypothesis
{related- to- the . discreteness of the. energy: states). bas a quantum character. Curiously
enough,-'in- a later - work. by...Einstein- and: Ehrenfest5, it.is shown-that this hypothesis is
unnecessary.. In this practically unknown a.ttic_le they generalize the previous result i;l such
a way.that the molecules. are allowed. to occupy a continuous renge éf energies4. However
they. have also. assumed. that the events-of emission an absorption. are statistically
independent, i.e., there is: ne inferference among the elementary processes. Then, according
to.- Einstein.- and Ehrenfest;. this. no interference assumption is plausible if the
electrqm.a.gx‘;‘etic.l.'a.dia.tion- is ma_de.up.of somet.hing (light qua;ntum) which is emitted or
absorbed iu;stantar.;.e(msly. This is.the on.isr "quantum" hypothesis of their model®.

. In. the second parﬁ of Einstein's 1917 work, he studied the momentum exchange
between the molecules a.nd the - thermal radiation in which they are immersed. This
a.na.lysxs Wa.s consuiered by Emstem himself the most-important part of the work, because
it suggested-the unavmdablhty_ of a "quantum” theory of the radlat10n11. The reasoning of
Einsﬁein was based on the fact that the spontaneous. emission, a process which he assumed
that was not -stimula.ted by radiatién bm, is not necessarily a direciional process,

. a.ccord.mg to the elassicel: mdzatzon theary Thus he proved that a!l the processes (induced
and spouta.neous) musf, be djrectmna.l otherwise the thermodynamical equilibrium reached
by the. molecules would. be. mcompa.nble with the spectral dlStl‘lbllthn gwen by (2) _

The detailed c&lculat.xons of Emstem (1917) and Emst.em—Ehrenfest (1923} will be

preseuted-m what . Eoilows However we mt.roduce a different mterpreta.tlon, that is, we

shall .assume that “sponta.neous“ emission is mduced by the zero—po;nt eiectromagnetlc .

radiation.

IL.a. Energy Exchange

The reasons for an excited atom to radiate have remained somewhat mysterious
evgﬁ after the phenomenological introduction of the corcept of spontaneous emission in
1917. Einstein himself always considered this concept very unsatisfactory. Only in 1927,
with the efforts of Dirauc12 it was possible.to understand spontaneous. emission from first
principlesu. According to Dirac, spontaneous emission should be related to the so~called
radiaiion reaction, a force caused by the self fields of & radiating chargem. However this is
not the only interpretation possible, and in 1948 Welton pointed out that spontaneous
emission may be considered a forced (mduced] emission due to- the quantum zero—point
electromagnetic field 5. Also in a work by Park and Epstein 6, Welton's idea is applied
directly to the Einstein's 1917 model in such a way that the molecules interact with both
thermal and zero—point radiation fields. Iﬁ that. modified model there was no. "spontaneous:
emission”, only emission (and absorpsion) induced by these fields. Here we also _ii_ltrodu:oe
this modifications into the Finstein model as we shall see more explicitly below. .

The notions of rediation reactian_a.nd.-zero-baint ﬂuctuatiny._electromagnetét;', feld
appear in a consistent way within classical eleciradynamics.  If it ié ‘postulated . the
existence of classical electromagnesic (fluctuating) . fields, persisting even at zero
temperature, classical elecr.rodynamjcs_is provided with a new boundary condition. In this
way it can be predicted. some of the "quantum behaviour” q.f. the microscopic ﬁlatter
entirely on classical grounds. Some examples may be found in the reviews by de la Pefia’
and by Boyer7 where are discussed tﬁe rﬁicroscopic properties of the harmonic oscillator,
the blackbody. radiation, the diama.gnetic behaviour of free and harmonically. bound
charges, the paramagnetic behaviour of a rigid. magnetic dlpole”_ls, the Casimir forces
between macroscopic objects and other phenomena, This new version of classxcal

electrodynarmcs ig often called ciassical stochastic electrodvnalmcs ar SmeIy stochastlc

electrodynarmcs (SED)

The Eundamental hvpothes:s of SED is that the zero—point ﬂuctuatlons of the




- mmnant

electromagnetic field '(wliich- pervade all space) are real and classic.a'l, with & spectral

- distribution- (enetgy density per frequency) given by

Po( )

1r203

Here h' ]S snmply ‘ muIluphcatxve oonstant whlch 1s 1deutiﬁed wmh h/2r. Plahck'

_ oonsta.nt h, 1s thexefore mtroduced thhxn classncal 'SET} -without any . quantization

prooednreh. The mnsta.nt _gives. the mtens:t.y of the zero—pomt ﬁelds, whose- spectral

d.lstnbutmn has the remaxka.ble property of bemg the only one which is- Lorentz
19 20

A convement wa,y to descnbe the zero—pomt, ﬁeIds and’ t¢ s!:udy their interaction

Z_thh matter xs (:o conmder them as random. fields, . winch can be- written formally as a

superpommn of plane ‘Waves::

SER Bty = 2 f'dsﬁ' (k) g(w) cosfw, teket+ &N 5)

: "I_'Iié’pd_l:irizéﬁqﬁ'véciofég;'._%(ﬁz,.){): obey: - -

kA = gy, RGN =0,

a.nd n(k )\) are sta.ustlca.lly mdepeudent random phases ’11, umformly dlstnbuted in ; the

' .mterva} (0 2#), that wntam all the statistical character of the fields. The functlon g(w) is

W

the amplitude, and is related to the spectral density . p(w) as  gXw) = FPp(w) .
Obviously, in such an approach, the relevant quantities® will: be: the averages [performed
over the random phases n(k,A)] of the physical entities. - _

The detailed-study of the llltEIB,Cthﬂ of the ra.ndom fields: wnth matter is not. an ea.sy
task, mainly when one deals with nonlinear systems;, e.g.,-_ the hydrogen atom.g_ 9 ‘Thusg.we .
will try to overcome this difficulty by joining the sixhpiiéity of Einstein's- model. .
{polarizable particles in equilibrium with radiation) with- the hypothesia: of SED;. as. we
shall see in what follows. _ 7 _ _

We shall assume; as: mentioned. above,_that not only-the thermal;, but- aLIso‘ 'th'.é"-'zem
point radiation fields [with: spect.ral distribution- given by 4N stlmula.te emigsion and '
absorption of radiation in a polarizable particle possessmg mtemal harmomc Oamllatlous .
For the sake of simplicity we shall initially: study; like Finstein; only: tra.nfutlons between:
the energies E, and E; (with E; > E,). Later om we.shall consider t_;he.:,com:_muum case, '
based on Einstein—Ehrenfest's work®, _ b SR _ .

If such a system absorbs- energy and undergoes & trans1t10x1 from the stal;e vnth '
energy E, fo the state with energy E,, then, according o this ‘modified Emstem model, .

the transition probability, per unit time, will be:

Wip - - . oo S
—5 = AwalW) +Byogle), T - (M
where A,, and By, are constants,:e temperature and frequency mdependent-

We would like to stress that the above expressmxr can- be ‘justified” on: classical
grounds, because. it is wetl known?! that a ha,rmomc oscxlla.tor (frequency w) absorbs
energy frorn the radiation field at-a rate whxch is: proportmna.l to the Spectral densnty at the’

same [requency Both terms in- (7} represent 2 classical trans;twn probabz!zty, because they :




are: connected with- the spectral densities . po{w)- .and  p(w}. of the fluctuating classical
electromagnetic fields. :

e ai;gl_dgy_with_ (7). we are going to write the transition probability, per unit time,
fromthe staie:. E,. t.é the state E;_as

AWy
= Ay pplw) A Byppp(e) . (8)

H’ere.-'t]ie term Ay, polw) . is replacing the. term corresponding to spontaneous

em.tssmn in: Einstein and Ehrenfest's original: calculation... This means-that we are assuming '

that the:sp_ont_cmeous emission is in fact induced: by. the zero—point ra.dla.tmn14 16,

B Thé. second initial® assurnption: by-Einstein; (Boltzmann. statistics. for: the particles)
. wilt-be maintained;: that-is, if we: have .n{E) particles in: the.state. E; and; n(E,)

‘particlés in‘the state- T, the relation

L n(EZ) —{ErEl)/kT S (9
. ' n(Ez) :

N _.:.13 va.hd on i;he a,verage : _ _ B o

If we. assume: the detaﬂed ba.la.nce COnlilthD, ag in the: ongmal papers by Enstein

- and Eh:enf%t then we have that-

w21

ey 1 |
n(E:)T = u(E_l)—-d,t—z : )

lS 3 su.fﬁcxent CO]‘Jdlthll for the: pa,rtlcles and: radlatlon 1o be in equ:hbnum
: N Conmdermg the: express:ou above in’ the high. temperature- limit (T~ o), when
n(Ez} oEy) and- also’ pT(w) »po(wJ, we conclude that By = Bm =B. If we also

consider the low. te_mpe_ratu_re- Hmit (T = 0);-when n(E,) <n(B,) and pr(w) € polw), we

10

conclude that A, =0 and A, = A#0. Wenote here that A, =0 appears naturally,

i.e., the zero—point radiation does not stimulate absorptions in the equilib_rium- situa_tionls.
I is easy to show from (10) that:
B Aolv) L
ple) = )

EEO/ET

and Wien's law (the third hypothesis made by Einstein) demands t_hér. EyEy =,
where h i3 a universal constant. . B '
The value of the constant A/B can: be. fixed By using the f-{a‘y'leig.h-.—Jéans'l_a;{for' :
the blackbody radiation spectral distribution [p (w)]: This. law is valid for low
frequencies (fw€kT) and must coincide with (1I) in _tlﬁs Timit, wlﬁ_en ) .pT_(‘b.J)i §
E %— po{b)kT/hw . Since pp (W) =kTu?/ 78, we must have A =2B. _i‘he constant
27h which appears in {4) can be identified again with Planck’s constant (see also (3)) and,
as we have already mentioned, it is strictly connected with the i_ntensi'tj_of the zexfa-;pqixit
radiation fields.. With.this we conciﬁde that Einstein's .deriv_a.tioﬁ éf. Plé.nck'§- formula is
compatible with the existence of classical'zem—_ppi'nt eiectromaguetic ﬂu(_:tu_a,-tions, and also
with the concept that "spontaneous" emission: can be interpreted. as .being._induced by the
zero—point radiation, _ . _ | |
The relation A =2B. could: be mt.erpreted as the zero-po1nt electromagnetic
fluctuations being twice more effective than the t.hermal ones in inducing the emission of
radiation.. In the realm of classical SED howe.ver both the zero—point fluctuations and the
so—called radiation reactmu force play- equally important roles. Therefofe wé ﬁrefer to

22 " and Ffa.nga,ls ie.,

interpret the result A = 2B in the way that was suggested by Mlllom
that the self—ﬁelds of the charge also mduce emlssnons at the same rate t.hat the zero~»pomt
fields with spectral density pp{w) x of . _ ' '

Now, based on the work. of Einstein and Ehrenfest® we are, gomg to remove the

quantum hypothes1s of dlSCrete energy leve!s for the partlcles4‘




11

B Let. us- assilmé tha't oné‘ p.a.rﬁcle-éufférs N- B absarptians (ir the freguencies
axt:cle gom from an 1mtxa.1 st.ate w1th euergy E. toa final state with energy E (where

. E and E are a.rbltrary) In the 31mp1e dlagra.m shown in the figure we can have an

o mtmtrve feehng of t.he Emstem——Ehrenfest‘s pI‘OpOSltlon.

: , - FIGURE--.

_ It is neoessa.ry a generahza.t,lon of expresss;ons '(7) and (8), in order-to have )
. mathemat:cal descnptmn of the processes mchcated above. We then write (s;rmla.rly to
) Emstem a.nd Ehrenfemt. ) the followmg exprmmon for the transition probability (per unit

tlme) _ _dWIF/dt: . frqm- the state with energy E; to the state with energy E,

.:"358'0‘r1)'t.ion5 o emission.

b ‘:’N‘ o I - B
1 inT(w n XL [APO(W )+BpT(w b 12

AW N . CONe '
et ]g tApo(w )+BpT(w}1 i [Bogtw))) - - 1)

It should be remarked that, t.he above expr&sslons are valid- only if the elementa.ry
procesaes (elmssnon a.nd absorptmn) are: statzstzcally zndependent4

i 'Thi's.{: mt deserv&s some comments Exprmswn (12); for msta.noe, means thiat we

ha.ve N absorptmns a.nd N*" emissions occurrmg ina sma.ll time mterval All: these events
bemg--sta.tistxcally- mdependent The usual Justlﬁcatlon for thxs fact is that radia,mon is
‘made- up of quanta. (photons) 50 tha.t. absorptlon and. ermssmn are "naturaily" considered

as the !‘Bﬂ\llt of random collisions bet.ween light corpuscles and molecules®, Nevertheless we

) ) and N' emissions (in-the frequenmes “’1‘ e ',) in such & way that the -

12

cannot say that (12) and (13} are in contradiction with SED" as- we kiiow- that Maxwell's
equations are linear, and the waves associated to the ffeq@neiee s “hit thie molecule
randomly. Of course this point requires further analysis as we have: riot* reached a

definitive conclusion so far,

Returning to (12} and {13), we expect. that underthe influence: of thermal ‘and:

zero—point radiations, the particles:are induced- to exchangé_, eﬁergy anrd momentum: with -

the radiation field. This field is represented by a super'positioﬁ of: plane waves wit..h all

frequencies. Therefore it is reasonable to expect _tha.t'eaéh absorption (in a frequency

w; = ¢lk;|) is accompanied by a transfer of momentum (f:om- the ‘wave to the particle) -

which has the direction of the corresponding. wave vector fci as is expected: from Maxwell
theory. - If we: consider: induced emission:as:the reverse of induced absorption; it is natural

to-assume that also this process involves. the superposition: of 'p'l_aue: wgves,,eabh one.with a

definite direction for the momentum. Then, it is reasonable to- accept- that: the: ene:rgjr.

removed. from (or added to) the radiation inside- the cavity wilk be. converted into.

translational kinetic energy added -to:(or rembvéd.- from) the _pa’,rticle._-' All these

considerations are consistent with the Einstein—Ehrenfést model and with SED. .

If we take into account these obsei_'vatlons,_ the final energy, E and the uutlal-
energy, EI ,- of the particle are expected to be related by: '
E, +. 2 #(a) = E +Z «:»'(u . ey

where ®(w) and. ®'(u') are unkuown posmve quantitles to. be fixed. below The ﬁrst _

summation in (14) represents the ‘energy ext,racted fmm the rad;a,tmn ﬂeld__a.ft

absorptmns, and the second one the-energy added to the radxa,tmn ﬁeid after :

From now om our discussion depa.rts from the: original. one by Emstem and

Ehrenfest, since our sim is not to derive again Planck’s expression for ,aT(w). This formula.

i
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has been denved many. times w1thm the clasmcal realm of SED11 23 e shall assume now
: that p w) and pT(w) are well Imown and we shall obtain the unknown quantltles ®(w)

f.he ethbrmm between ma.tter aud tadla.tmn

; ] 11”{ [Bﬂ (w’) e@ (a})/kT
| Apoluf) + Bpy(w))

" The above expression must be valid for any N and N' and also for acbitrary sets
of- w-,an.d; ‘w}... Thig.means. that each term: iuside.. the square brakets must be equai to 1.
Smce A/B 2 and pu(w) .and pT(w) are well known (from. previous, and different,
analysw imed on. SED) the only unknown quantlt:es are. ®(w) and $'(w'). From these

oensxderat}ens,._;p. is casy to.show that
o) = tw= P . | (16)

_ _Ifwe-uee these results: and Wr_ite_( M)for N=N'=1, weget

E+hw = Ep+ht™ .

as a. relatmn to be va.hd on: the average -

We have conciuded that the energy hw  must be extracted from (or a.dded t0) the

,me-(il})-,.ta.kmg into. account. (12}, (_13).: and (14) together with (9) we can show

. as)

14

classical radiation beams in order to maintain the thermodynamical equilibrium. It does
not mean - that we have considered the radiation as necessari'ly- being- made: up of
corpuscules. The relation {17) is a direct consequence of the hypothesis that it is. possible
to count the number of statistically independent elementary events:of-e_riﬂssion. and.

absorption of electromagnetic waves.

ILb. Momentum Exchange

In the second part of the 1917 paper, which Einstein himself considered the most
important part, it is presented a detailed study of the momentum.exchange.be.tween the
molecules and the cavity radiation. The goal of his analysis was to show the: necessity. of
all elementary processes of absorption and emission-of radiation beiﬁg_dire_ctz‘onal.. This,
conclusion is. obvious if we adopt the corpuscular fnodel of the light qu_:m_t_a.... ﬁowev_ex_',_ w_e_ _
ﬁant to.avoid this hypothesis here. We maintain the same line of _!;hou_gh_t,_of Ein_st_;ein‘s;-_
1917 wor]e; o ) o _ .

Since the method used in this part is more sophisticated than tﬁelone; pr'es_en-ted'in
the first part, nonrelativiati‘e approximations will be. explicitly iﬁt.rodu_ce_cl fas in. .the--

original Einstein presentation3’11

} in order to greatly simplify: the.calculations.. Weshall
also show that the Einstein's approach Beconiw much more clear »if- we. recognize that

"random spontaneous emission" may be- considered as induced emission by the random

- zero—point rodiation of SED {as it is well known, Einstein himself considered very st'range

the concept of random spontaneous emission). :

Let us.- consider that. the polarizable particle is in, movement ins_id_e; a.Tecipient at
temperature T, so that we can divide the radiation influence in two. pa.[ts.: t.]l:le_',ﬁrst one
will be identified with a fluctuating interactien and the second one wi_ll.have- a. dissipative
ch'aracter, in analogy with the phenomenological theory of the- browniae'- elotien B
initially the particle has a Hnear momentum with projection Mv in the X dlrectlon then

after a short time interval +, it will have the momentum3 11




i5.

My’ = Mv+A—Rvr . (18)

Here A eorresponds to the fluctuating part of the momentum transferred to the

tlcle by the random action of the thermal and zero—point radiation fields. The term

= er- is: JlI.St -the-dlsmpatwe pau:t (we shall see: that it only a.cf.srwhen T # 0) that. slows
'down the pa.rtxcle. The: ca.ltmlatton of the digsipative force — Rv- wrll be presented first.

o Smce n: the Emstem model the hypotheses- concermng emission and absorption were

fonnula,ted i & coordmate system in which:the particle is at rest, ‘we shall investigate how

’ does the' rad:a.tlcm Iooks im such an inertial reference system. In the labOratOry reference

system-. (atta.ched-'_to, t}_:le.rec:p_lent, where the particles are), the electroma.gnetlc radiation is

' .'i‘sﬁtrc')pié,' that'is; the energy density between w and w+ dw within the solid angle d@,

: 'a.r_b{md some (arbitrary) direction of propaization, can be written as:

' %% o) dw . | (19).

T our- description the spectral density = pfw) ~ above: also includes the-effects of the

zero—point radiation: fields, and must be written: as:

plw) =.-pe.(w)_‘+'pT(w) - {20)

‘where ,a,r(w) is ngeu by the well known Planck's formula, and po{w) 18 the zero~point

spectral densu;y gwen by (4)
However, for & particle that is movmg wnth constant velocity - v along the X - axis
: (in-the- labor_a_;tory gystemy), the density of energy-_ls not. isotropic in the coordinate system

- attached to it and therefore it will be denoted by:

S e ' (21)
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Here # is the a,ugle beween the X ax:s a.nd the wave vector Y assocxated to a
wave with frequency o' = c|k’| ' ) ' N

In the original paper by Emstem (see a.lso ref 11) 1t is presented the detaJIed |
calculation of the Lorentz tranformation for the spectral densﬂ;y. Tn the case v/c€1 the

result is:
s = et B ol -Fet]

where p(o) is the spectral density in the laboratory reference system. A di'séipé.tivé force
will arise due to the anisotropy of p ", 8. ' '
For the sake of simplicity we shall' consider that the partxcle w;lI suf{er transitions

between two states of energieg E a.nd E'2 ) wlth E2 s E : ThlS ig not a qu&ntum '

assumption, because Ei, can be arbltra.nly close to* By, as: we have seen before Accordmg
to. the previous CDBSldeIatl()l‘lS, & beam of radlat:on (thermaI a.nd zero—pomt) assoc:a.ted-

with the solid angle d'. mduces3 1t

N, = n(Ey) {Bp;(w',e') +_Ap6(“_")} b )
emisgion processes per unit time. The second term does not a.ppeéx in t,hé origiﬁéi pa.per by
Emstem We shall explain why it does not contribute t.o the d.lSSlpatlve force — Rv .

In an analogous way we rmust have
N; = no(Ey) Bp,'[(w',ﬂ')'g% R LR (24)

absorption processes per umt tlme

As before, n(E,) is the numbér of pa,rtlcles w1th energy El 3] (

particles with energy E,, and it is va.lld the classwal Boltzma.nn relatrr o
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ooefﬁcnents A and’ B are.the same as in the expressmns (12) and (13}, with A/B = 2.

At tlus pomt t;here iz a funda,menta.l dlfference between Einstein's approach and
om:s-, based on: SED. In= Emsl;em 8 \new,-the fact that the—a,bsorptlons and emissions
mdm:éd by ra,dlatlon beams. are - directional , is.classically plausible. The fact that
spontaneous emzssmm muyst: also- be- directional lead him to. the hypothesis of radiation
quanta, Emstem 8 dlssatlsfactlon with this asaumptmn is very clear™ "The weakness of

the theory hes, on the one hand -in t.he fa&:t. that it. does not bring any nearer the

' conne{:luon w1th the wave theory a.nd on the other hand 111 the fact that it leaves moment

a.nd dnect;on of the eIementary (spoataneous) pm(mses to chunce“ For us, however, all

o the em:smon and absorpt.:on ptooesses are mduced {by thermal and zero—point fields), and . -

. we therefore e:cpect tha.t, in all of them ‘will occur a dzrectwnal transfer of linear

o tha each rocess mvolves a fzequency, for instance: « ,; and a wave vector K well

- i;f'-deﬁned Such 2 wave carries: momentum: in the k" direction, and this will be.the direction

..of the:exchanged: momentum We mtend to: calcula.l;e its modulus, that we shall denote by

use expect 1t 1;0 be afunction of ﬁhe frequency W'

Smce all the, pmc%ses are dlteetwna[ the fra,ctmn af lmea.t momentum. {(direction 'x)

; added to the partiele per: umt of tlme WIII be* :
_df) = (N=Ny) .Q(Wr) cosd’ . : ' (25)

“The total 'va_.l_'iati_dn of momentum, considering all the propagation directions, is

= &= ___g(_':r:'z_)_'__}_\_,g_(cg')_;pg(w") f ‘;i%_'cos # +Q(«) B[n(Elj ~ u(Ey)]

J.g&COS ﬂl[ gvcosﬁ'] [pT(w')_'i-E a:‘w ) w-'cogﬂ'] ; (26).

mentum ta: the pa.rtlcle. Then i wntmg (23) and. (24) abiove, we have already assumed’ .
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where we have used the fact that py{w') = py(w') because the zero—point radiation has a
Lorentz invariant pa.ttemlg.

The first integral, which contains the contribution of the.emission induced by the
zero—point radiation ("spontaneous! emission);.is zero. This happens because the emission
is directional and py(e!) is ésotrepic in any inertial frame. Therefore only. the thermal
radiation contributes to (26). Of course this point is not. explained in._th_is.wa,y in-the
original paper by Emstem3 I - _ .

The second integral is easily caleulated. Retaining only terms.of the orderof vfc.,

we obtain

at =~ e e ROV, @)

oyl — ¥ %(—“i)-}

where' we have simplified the notation replacing o' - by w (siﬁoe Q‘ .i_s. a.rbitrary')._ .This
expression (27) represents the dissipative force applied. to. the par_ticlé [the last term in
(18). T

Next we shall analyse the contribution of the tandom. e_l_ectrémagnetic fields. to the
fluctuating part. A of the particle's momentum (see: (18)} in order to &etablish.the relation
between <A?> and Q(w). 7

Let us assume that in.a short time interval r we have a total number S of
emission and absorption processes, associated to the frequency w. Ea.ch Iirocess transfers
a linear momentum A; (x component). Then, the total contribution. {in thig small time

ir_ltervél' 7) to the ﬂuctuatiﬁg part of the rhomeutum will be:

_ Z Ao _ : o | (28)

i=1
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Since we -are considering the J; as random variables, we have that <A>=0, and

cbnéet}ueﬁ_tiy-:<A>- = (- on:.the average.. However <A?> # 0, so that:

g

<A2> = Z < ' (29,

i=1

We have alrea.dy sa.ld that each elementary- process is directional and involves a
'momentum transfer A = Q{w} cos(#;), where 4 is the angle between the x axis and the
'wave veetor of the- emltted (or absorbed) radiation. Taking the average aver all directions

: 9 weobta.m

. "Thus, expression (29) it simplified to: .

@

The next step IS just to express S, the total number of absorpmon and: emission

"'prooesses th&t occur m the:-time-interval. ., 48 a function of known quantltles We know

. tha.t Apﬂ(w)-i-BpT(w) is-the rate of stnnulated emission processes and Bp,(w) the rate of

absorpt:on processes. Thus, the total number S of emission and absorptnon processes

during: 7 will:be:

) "5 = n(B) An) 7+ [n(_Eg) +“(El)] Bo(w) 7 . (32)

o <f\3 9‘7&')'2”": dﬂwsenﬂ cos’d; = 1Qz(w) . (30).
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Using this result in (31), we obtain:

il

<t = §Qu) {a(Ey) Apled) + [u(E;) + n(B)] Bog(a)] 7 =

where we have again assumed the detailed balance condition.
The only point in which the above formula differs from a Sll’ml&t dne obta.:ned by
Einstein in 1917 is related to the (up to-now) unknows fa.ctor Qw) '

Since we are considering that the equﬂlbnum sntua.[‘.lon is ma,ml:a,med through the

- interaction of the radiation and matter, we can use !'.he energy eqmpa.rtxtlon prmmple, and

write:

S lareo?e o 1 '2.._'.1.-'
3 M<v'*> = ?ZMT.“{_Vj:' -—gk’I‘,

accordmg to.our as:wmptlon of Bolt.zma,nn dlstnbutlon Eo: the partlcles

Now we:are il position to ca.lcuia.te Q(w), since we know R(u), <Az> and < e

Squaring equation. (18) and takmg the ensemble average we: get

<A%> = 2KT R{w)7 . o . : = (35)

In. establishing this (ﬂuctuation—diésipation)'-._‘re]ati'on'..v'ire-:cdﬁsideted-' as 'Eiiﬁsi;éin,. ﬁhat

<vA> = <v><A> =0 and also” that. - RIr<v?>. is neghglble as” compa.xed 10

2MR<v?>r in the limit of small time mterna.l T and large mass. M . o
Substltutmg (33) and (27) into (30) and also conmdermg that: (11) is valld (thh

A/B = 2) we get an equation for Q(w), From this equation we can show that

S BT, @

o

[



&
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(36)

pole) ]

. . Op(w)
T B .
Q) = &[3 o ] P ) B T )

O

ThJs apparently comphcated expr@smn becomes quite simple if we substitute the
formulas (4) for pu(w} a.nci (2) for pT(u] The final- expressmn for Q(w) is snmply

"’-"Q(w)"?-g"‘“- W ¢

as expected on physncal gmunds- -

Let u§ summanze the above results. . Consider processes which involves N

: abserptmns (of eIeetremagnenc waves) in:the frequencies w; - and- N' - emissions in the

frequenmee m’ o i the vector: ﬁF(EF) i3 the particle final momentum (energy) and

I(E ) 13 the: mmal Fomentum: (energy), the relatlonshsp between: the momenta, energy

a.nd ﬁeqnenmes must be such that.

_ N N ,
Byt Y bk = B+ Yok, (38)
: i=l" j: ) :
N i
B+ ¥ hop = Byt Y R (39)
i=1 3=t

in erder to mamta.t j\_'the ethbr;um between matl;er and ca,wty ra.dJatlon In other words,

._ . we. have combmed the classtcal hypotheses contamed wsthm Einstein and Ehrenfest model

w1tl1 SED a.nd we heve obta.lned the!value. h.u for the’ energy exchanged in each process of

emlssmn (or a.bsorptmn) of electmmagnetlc waves with frequency w. Each process is-also -

a.ceompamed by a momentum transfer Q(w} hm/ ¢ which has the direction of the wave

~vector k. It should be mentioned that the above relations are commonly associated with

the ene'rgy—_monientnm conservation in scattering processes in. which the electromagnetic
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radiation is considered as a swarm of particles. In the usual guantum language, hw/c is
just the momentum of a particle of light (phoion) with frequency . '

In the calculations presented above we have introduced some simplifying
assumptions that are the same contained in the original work by Einetein. We must take
some care, however, if we want to keep these assumptions compatible with the hypotheses
of classical stochastic electrodynamics.

Consider, for instance, the application of the energy equipartition principle to the
translational motion of free particles. This principle is utilized when, in the calculation of
the momentum exchange, we a.tt_ribute to. the- translational energy. the value %,<Mv2> =
= % kT as being the average of the kinetic energy. acquired by_.the-parti_cle.imnlersed_. m the
Planck radiation with temperature T . This approximation, however,_implies«t_;hat the
zero point fluctuations, important to maintain the equilibrium between:, ra.dia.ﬁon a.ud
ma.tt.er particles, are supposed to. give very lltt.le contribution. to- kinetic (tra.nslatlona.l)
emergy. As we have verified, the emissions and absorptions. change the kineti¢ energy of
the particle from ¥, to E,, with E,~E,=fw, in the ideal case:in which-only one
process with frequency w is involved. We have also calculated .tﬁe ._rando_m. part. of the
momentum exchange between radiation and matéer, and we.ha_.ve fonnd' €A2>-, _that is,

the mean square average value acquired after S absorptions and emissions (in a short. time

~ interval 7). We have obtained [see (33)]:

Ry

2 . 2. . . S :
| ;/_2\.(:) N m.z?/; T g-n(E‘) .BpT(_”)- T -

In the limit T-0, p{(w)~0 and therefore <A2>/—2——a 0. If we want the full

incorporation of the zero—point ﬂuﬁtu&tions, we must modify (40). However we do. not

want to lose the simplicity of Einstein's model and so we decu:led to malnta.m expression

(40) and the energy equlpart:tlon hypothesis. Weshall now spemfy the domam of validity
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' of the apprommetlons used Fer this we shall recall an eaﬂ:er result obtained by Emste;n .

_ aud Hopf23% m 1910 In thls work they have ca.lcula.ted the mean square average
momentum of a polanza,ble parttcle yader the mﬂuence of random radiation. The

' calw]at_lon i performed wzl;hm the realm of classical electrodynamics, and the regult is:

<A _ 8xlele pwT) R (4L

Cdme

where ‘e and m are the charge: and the mass.of t,he='eecillat:ing pert. (frequenc'y ) of the
pol&rizable"perticie' “'This is & general result. wmcir'deee not deperid on the particular form
‘of the spectral djstnhutmn p( wT). “Fhe enly hypothesrs ig that the particles are immersed
in rmdom : electmmagnetw _ﬁefds. - “According: to our -view, based on  stochastic
eiectm&ﬁaeﬁce, metter-ie'- always immersed: in’ the' zero’-point radiation fields and therefore

_ expressmn (41) must mclude them. It is usual to ennsuier the thermal and t,he zero—point.

radla.tlon to be statrstlcally mdependent and-so.the momentum fluctuations can be written

Sar“e ‘e Po( wir:

. (42)

AR S
<A > <A2>t.herma.l + <A >0 <A >therma1 + 15m w

In the limit- T - 0., thie.thermal part will _rrenish-, e'rid."jso expression (41) will become:

<Ay = el - ['——-—h“’s} Ly

- 15m o | 2723 ]

- Equation (43)canbe reviritteit. (o-obtain a ratio between energies, i.e.r.

e e I N T

haw

where <AZ>,/2M is the average kinetic (translational) energy of the partrc]e (total mass

M) due to the influence of the zero—point radiation only (temi)erature T=0):

Now it is possible to estimate each fa.ctor in the rhs of (44) 'We know that

e?/(15he) = 5 = 10+ is a small factor. Besudes thrs, we: have stressed above (see the'

approximations used for obtaining (35)) that the tlme mterval T is small Therefore itis

reasonable to assume that -rw ~ O(1) for not t00. hrgh frequenmes.. However, the rvamshlng :

observed in (40) when T 5008 gué.ra,nteed in (44) oﬁl’y when mc? )-fw- (obviously-this

also implies. that  Me2» ha). In’ oi'.her words, at 2€r0. temperature the. a.verage kmetxc.
(tra.nsla:.mna.l) energy of. the particle is much smaller tha.n the cha.ra.cter:snc exchanged :
energy. hat. ()ur analys;s, then, is: va.hd in. the 11m1t. uf massive pa.rt;xcles, in wh:ch iy also .
valid  the nonrela.tmstlc approximation - that: we. have used durmg the calculat.lons

leferent a.rgument.s by Boyer2 ang. Jlmenez ba.sed on the mtera.ctlon of the pa.rtlcles .;

with the-recipient walls also lead to the -same: eenchrsmn

L. DISCUSSION

In 1923 both- Compton®> and Debye’® independently wrote down. the relativistic
kinematic relations which follow from (37) and (38) whem we assume that N'=N=1,

py=0.and, E2 = I\/[2<:‘*-+~¢:2i52 They used those hnematacal relatlons n order to-give 2

theoretxca,l expla,na.tlon t.o the- expenment.al fae!;s observed 111 the scattenng of X and :

7—rays by electrons.. In the words of Compton "the qua.m.a. of ra.dla.txon are recelved from

delinite. directions a,nd are scaf:tered m deﬁmte dnrectlons : Debye ment.xoned hrs.-_

mdebtednms to Einstein's work on needle radiatlon (nadelstrahlung) Compt.on however,
did not mention Einstein at all. '

.With the above assumptions Compton and Debye derwed the well known expressmn

i




25

AX = (1 —cos) , (45)

Mc?

for the dlfference between the wavelengths of final and initial light quanta (here # is the
acattermg angle): Th]S formula, obta.med in 1923, and the explanation for the photoelectric
effect, given: by Einstein.in.1905, a:e conmdered nowadays ag very clear evidences that light
quamta. are also corpuscles-_ We want to recall- that nelther Einstein, nor Compton nor
. .Debye have made such an: assert.lon in- thelr ongmal papers. They have used the much
more: weak asaumptlon of. “needle ra.d.:atmn" {nadelstrablung), tha.t is, the elementa.ry
. Drovesses ate dsrectmnal. _

- The evidences:that it is not. necessary to.assume that photons are particles in order
to.explain: the. pﬁ@_toelectriceffec_t {and also the Compton effect as we shall see in 2 while)
.staxti to appear a few years. after the pioneering work by Einstein (1905).

Tn: 1914, R.1chardsan27 28

explamed the photoemission (without using the light.
_quantum}-. as:analogous: o, the evaporation. from-a liquid surface. Perhaps this fact and
) many_.:g')theg;m'a;;-;jfee;té,ﬁpns,; .against. the light quantum. , coming from leading physicist_s28
(hkePIanck,Sommerfeld,Lorentz, Millikan, Bohr and.Van: Laue. among others), lead

Einstein. {0.say:in- 1617: "For the xest, of my life T will think what are light quanta®. Tt is

- also: ml;e:estmg to uote tha.t E:nstem published: approximately twenty works on this theme.

: thhm the penod from 1905 to 1916- .

In 1927 Wentze129

: obta.med a sat.lsfacl:ory description of the photoelectric effect
.' based on the assumptlon that the eiectron was descnbed by the. Schrodmger equation a.nd
.'the tadlatmn wa.s classu:a.l electromagnetic: fields.  In- the same year Schrodmger
_ pubhshed a; paper: (a.lmost unknown): expla.lmng the Compton effect (44) in a way. quite
_smnlaa_.j ._f.o_;ng;zt_el-'_s.t_'.rea.tment-of,t,i_]e phot.oelec_trlc effect. According to St_:hxo__dl_n_ger the

electrons. are-governed: by -a. relativistic wave. equation (Klein—Gordon type) and, the

'eie_c@rpmag_ggpic-._rad;ation-_were_ classical Maxwellian waves. _Later.on, with the prppdsil;i_o_n .
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of a covariant equation for the electron by Dirac, Klein and Nishina (1929} obtained the
famous expression for the cross section describing the scattering of radiation by electrons.
It is interesting to note that the analysis by Klein and Ni_shjna.,3_1 was. made without an
explicit quantization. of the electromagnetic field. Only Tamm (1930) . performed the
calculation within the reaim of quantum electrodynamics (QED) for the ﬁr_st.t_ime32. More
recently, however, some a,_ut.hors2 have pointed out that QED is a field thénr:y containing
no hypéthesis about the corpuscular nature: of photons. Many other auth01:333 37 have
discussed the photoelectric.effect and the qunpton effect without using the cancept of_ t.]_1e
photon as a corpuscle. o - _ _. - 7 _
Here, revisiting Einstein's 1917 and Einstein and Ehrenfest g 1923 papers on the new.
Ilght‘. of SED, we have concluded that it is possible to obtain the kmematlc relatlons (38)
and. (39} by using only classical electrodynamics with classical. zem—pomt radla.tion
Apparently there was no need to introduce the photon: as a pa.rtlcl&hke em;u;y In other _
words, our analysis suggests. that we can consider the photon as an almost monoqh;om&t;c_-
signal (frequency w} of electrohagnetic waeves with’ a\ééra.'ge eﬁexfgy. tw.. Tlns is.
interesting because we know that Comp!:on_- himself was able to _cie_riv.é the wa_velenghl;fshift
(45} by using an. undulatory argument based on . the c(assica(_,-l?appler. e_fﬁac_t?a. This
reasoning also. belped him in the calculation (v)hich is based on classi:cél elec.t;qmagnetism)
of the-X--ray scattering cross section as we can see in Compton's origi_n.a.l.paper.‘ This fact

was scon stressed in a work by Woo38

in 1923. Moare. recent[y we have dlscussed this pomt
again but within the realm of SED> _
It is gratifying 10 see that more than seventy years after Einstein's work one still

can find new features in it, as we have perceived in combining it. with classical- stochastic

electrodynamics. We could see the reach of Elnstem s 1917 theory: by a.pprematmg its

connections. with Comipton scattering, a pheuomenon that constitutes itself a la.ndmark in
the study of the interaction of radiation with matter. 1t is also quite interesting to 1dent1fy

the qualitative connections of our discu_ssion presented here with the. work ‘by Marshal['and
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. Saﬁtdsfm’zwiﬁhin' the realm of & new branch of .SED namely, stochastic optics.” In this new
theory, whlch 13- am-attempt. to- give a Iocal realistic. interpretation. of quantum optics, the

zero—pomt electromagnetlc radiation i also responsible for some pseudo—corpuscular

o pmpemes of vr ble nghl; Therefore it is possnble, accordmg to Marshall and Santos, to

qua.nttlm theory, wag trying: to: convey this: to us during many decades. We now. quote

“ai sta.i:ement made by Einstein to Otto Stern: "I have: thought a hundred

tﬂﬁes-as- much— about quantum problems: as | ha.ve about: general relativity theory. Im 1951
'Emstem pronounced the drama.tlc vords:: "All these 50 years of conscious brooding have

: brought me:no. near to-the answer to.the question: ~what are light quanta‘? Nowadays-every

t;hmks he knows it, but he- is- mistaken". . Aceording to A: Pais, Einstein kept
_Vng_a.bout the: quantum theory 1. the end: oi hig life. -In his last a.utoblographlcal

: 'nal;ee he: final sentencm cleal mth the quantum theory and. its relation with classical

= _'.‘elect.mmagne o "It appears “dutbious whether a (classxcal) field theory. can account for
: nic tructm'e of matter and radiation ‘as' well: ‘ag-of qua.ntum phenomena. Most

:‘_ 11 reply with-a. convmced "No since. they beheve that the quantum. problem

e 'has.been soived in pnnc:xple by other means. However that may be; Lessing's conforting

R words sta,y wlth us: the aspiration to truth is more precmus than its ‘assured possession".
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FIGURE CAPTION

Schematic pict.ﬁre. representing: the: process-of - N absorptions in the frequencies ' ) ) °
"""1""2"_'-"'."""N' _ a.nd N:" emissions: in the: frequencies .wi,_wé,...,u&,. EF and E‘,I are
‘ respectively the._(arbitrary)_= finaland the initial particle energies.
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