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1. Introduc tion 

In this paper the following effect is discussed. An atom J' 
(detector) was initially ( t =O ) in the ground state O} E(J being i ts 

energy. Then in an interval ( t11 t2. ) i t is exci ted (e.g. by a laser 

beam) up to state 1 having an energy SJ. • Another atom iJ is at a 

distance fi from 2) and is effectively "turned on " in a time inter­

val LI?: , 'ro being the interval center. As to the realization 

of tbis "tur-n ng on ", see subsections 3.2', and 3.'3 be l.ow , At a momentí 

t > t]. one measures the probabili ty of finding .f) in the ground 

state O • We are interested in the change Df this probability induced 

by A at O<1:D < t, <t2 < t • The exact definition o f 

bility (denoted by 'óNo(t) ) is given in sections 

is bere calculated by using the Heisenberg picture 

quantum electrodynamics. The result is represented 

the d e pend e rc e of 4-;.10 upon the center r 
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íof the i.nterval ( tz I C ), the interval bs ng moved as a whole along 

the t~me axis. It is the ~elativistic retardation of the A action 

upon!lJ that is the most important p r o pe r t y o f 4 A{, for our 

pur-p os e , A't orn A does no t absorb the r-a d i a t i on ernitted by 2J • It 

plays, instead, the active role: A creates initially the cause of the 

subs equer t :b' ce-exci t a t on , í 

The structure of the formulae for .1 No (e e e, e.g. eq , (18) 

below) suggests the following interpretation Df the effect. The 

excIte d atom J) absorbs in the interval ( t2. t ) something whichI 

has an energy X and has been emitted earli.er by A. After this í? 
turns out to be in the state O . Fram the energy conservation equa­

tion E,+x=E() one has x= Ec-EJ<O ,Le. that something 
has a negative energy. 
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1et us try to explain the effect using the notion of the pho­
t on , Atom :b deexci tes emi t t ng in the interval ( t2. t ) a photoní J 

of energy 4 = E, -Eo • But A.1I!o is the probabili ty Lnduc ed by A 
it vanishes if A 18 a bs e n t , T1:Je;refore in the effect the photon must 
interact wi t h /I • 13ut li is "turned off" when 2) La emi tting toe 

photon (remind that O<'4<t,<t2 < t ). The a t om A can interact 

with this photon only ir the p1:Joton moves backward in time. We cannot 

consider this possibility in the frame-work of the used standard QED, 
because the la.tter allows only retarded solutiona. 

One may try to interp~et the effect without using the words 
"negative energy", e.g. as follows: A emits an olectromagnetive field 

which later absorbs the ~ excitation. But let ua try to interpret 

the field in terms of quanta. It cannot conaist of photons, because 
~ can only increase its energy absorbing the photO!I. So, we are 

brought again to the notion Ilquantum having tho negative energy". 

In what fol10ws I shall use the term "quen", the abbreviation from 
French "le quantum de l'én8rgie negative". 

The paper is organized as follows. The problem formulation and 

its calculations are illustrated at first in aect.2 by a simplified 

model: the external current substitutes the atom A and QED without 

the 10rentz subsidiary condition is used. Section J 18 devoted to 

the discussion and elimination of the deficienc1es of the s1mplified 
modelo The section contains no calcula~ions but only resulte. In the 

concluding section 4 I give main requirements which the appropriate 

experiment must meet, argue the existence of the quene of other 

(nonelectromagnetic) fields, discuss the existence of free quens 

and-consider the role of the quen in the particle interpretation of 

quantized fields. 

2.	 Negative energy transmission from externaI current
 
to excited atom
 

2.1. 1et us begin with the definition of the induced probability 

.1 No • At a moment t one must measure the probabili ty that .f) is 
in the state O . Stress that one must not detect photons or1the sta­

te of atom A • The part of this inclusive probability which is due 

to the presence of atom A Cof the external current in this section) 

wil1 be defined as a difference of two quantities. In this section the 

first~is 

2 I <d; ~ , u, (t, o) q~. >)2 . 
h 

C1 ) 

2 

Here 'Pt is the initial state vector: ,,» is in the state f , no 
photons" (for simplicity 2J is let to be now in an excited state at 

the moment t=O ; the;l) preparation in state 1 during ( t J ) tz 
is considered further in subsect 2,7); U ( t, O) is the evolution

J 
operator when the external current is turned on at the moment 1=0 
The vectors ~n constitute a complete set of states (including the 

vacuum }, d/ CPn is the sta te which differs f r om lPJ) by the pre­

sence of one more electron in the ,f) state O. Of course, some of 

<d: CPn, 21.] CPJ vanish, e. e- if CP,' and d,t CP" differ by the 
electric charge. One can rewrite eq.(1) as 

JL <'UJ~', d/CP,,)<d:C!Jn J UJ~) =:2. <UJ~' d/ Cf!n >(CPI1) do U ~)= 
h	 n J 

:: <U:r (tiO) CfJt') cI/ do UJ"it, o) cp/) = <~', dI! (t) d/o {t} ~) . 

(2 ) 

The completeness L n I cP,,>< cp" I::: j is used; ciro (ti denotes 

the Heisenberg operator UJ {f, O) cio UJ{tJ O) 

T~e second quantity (subtrahend) diffars from (1) only in one 

respect: the external current is absent. The evolution operator is 

de no t ed by U /t, O) in t hi s c ase. So , 

LI N()tl=<UJ cp" d/ de UJ" CP,) - <U CfJ,' J d/ do 11 CfJ, )I 

(3) 

This definition corresponds to the subtraction of the background 

which is used by experimentalists to obtain the part Df the measu!ed 
quantity which is due to the investi~atcd cBuse. The subtrahend in 
eq.(3) is simply the probability of the ~ spontaneous transition 

f r om 1 to O • I designate (3) as Ll Alo (t) because <U CP,' J d/dv Uep,) 
is also the expectation value of the operator IVo ~c~+c~ of the number 

of electrons in state O 
2.2. One can calculate (3) using the known perturbation expansion 

of the interaction-picture evolution operator Texp [-ii/ d t l Hti,t (t')] • 

But a simpler way is to calculate (3) by finding the Heisenberg opera­

tors d (f) '" U/ de U and de (t}::: u' a, U by means of a perturba­JJO
tion theory. The connection of ,~U) with the Heisenberg electron­

-positron field opera tor '/11 X, t] = Ut Cf! ~ O) U La given by the known 

expansion 

<fi (~I t) =SII Uh (x) d; (t)+- S"., 1Jm (x) t,: (t) . C4 ) 
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Bere Sn nrearie summa t i on over a discrete part 01' the spectrum of 

t b e atom ~ electron and inteeration over its continuous parti 

.J,t(t} denotes the Heisenberg posHron creation operator. Using 

the o r t hcgona Ll ty o f spinors 'U" and V;;, one gets from e q , (t:,) 

do (tl -::. fel))( U/Cx) tf l~ t) , 
(5 ) 

The QED equations for Heisenberg operators <f and ~ are 

well known (e v g , see §22 in /1/). Their integral forms are called 

the Kãllen-Yang-Feldman eqs. (e.g. See /2/). If the externaI current 

~ is present, the eqs. are 

ifr (xl z: <jJf{)() -t'e j'cltj SK!(x/!J) ).Jf~/ (!j)j/( 'tI!!) 

A/I! (x) =Aj(~) +fd ) J)R(x-!J} [,« %i#)jf,lf;-(j) + Ir (y)) . 
(6 ) 

Here Xai.X,xu~/ x()=t, #-=~iJJ~()} • The integration over [jc 
runs from Yo::: O to y..,:: Xii ,and therefore the operators LfT is,o) 

and A:r: a, o) coincide wi th the free opera tors I./lf (>f) and 
~ . 1)A; ("J, taken at the p oint x»> O • The latter can 

be written in terms 01' the Schrodinger creation-annihilation operators. 

To solve (6) means to find how lfJ (x] (and d,o{O , see e q , 

(5» is expressed .in terms 01' the Schr9dinger operators. The expres­

sion allows one to calculate (3) because one knOW8 how the Schrodinger 

creation-annihilation operators act on the initial vector ~t' (e.g. 

see eq.(17) below). 

~ote that rl(~) satisfies the quasifree equation which contains 

potentials UI'" (x) binding the atom.1J electron 

[/Í~ d)' + m Jol/ít 7lJt ri} Jri (Xl )(o) == o. 
(7 ) 

The retarded function SR ()lI ij) satisfies a similar e q , which 

however, has [- $(4) (x-#)] in its r h s e , The general solutions 

01' eq.(7) can be written as 

(1}1.... ) j' .... -t'En X .... ce; x, ~ t
'( { xI Xc = h u, (x) e d; + Sm 11,., ( x) e Ú ;Ó 

m 
(8 ) 

where dn is the Schrodinger electron annihilation operator. 

1 JEquations (6) differ from the corresponding differential ones in 
three respects: 1) eqs. (6) contain initial conditions, 2) eqs. (6) 
are ~quivalent to the latter only when xo~O ; 3) only retarded 
solutions are taken into acriount in eqs. (6) while the differential 
ones allow also advanced solutions. 

4 

11' there is no externaI current, then orie' lets 1;:::: O in eq s , (6 ) 

and the corresponding operators will be denoted by 'f{x) and A/,I (xl. 

To solve integral eq s , for !fJI AJ,M' r, JJ"" I insert in 

the eqs. the expansions !f7/lI) ==21< eJ< i.frlk-r()() etc. and equate the 

terms with the same power 01' e • The externaI current is treated 

exactly: I do not consider J.j.. be í ng proportional to e 
One obtains in the zeroth approximation 

êf1}{)()=tfíD)()I.)-=tff(~); A,~) ': Aj, +1 ,l;fJ.(~-!I);;, (:;)cI'f, ' (9) 

As to the following approximations I sball need on Ly tf!)(lt) 

and If li) (x) 

ljJ,I)('I.)=-i!d) SR(X/:J}if y;1(/I)A.lfj),. (10) 

/f'iO (Y;) '= tfl/I( x) ,- i j d ~ SR(XI ~) 1/' tff (!J)/d 'f& 2J t:: ( fI-:;) ;;. 12) . (11) 

1et us show that the first nonvanishj,ng approximation for the quan­

tity under calculation 

IJ NíJ(t) ::: <cri [ dE: (r) dn) (t) - d/{t) deil ) ] ~. >I 

(12 ) 

(e ee eqs.(2) and (3») is o f the order 12 
2 

• Insert into eq , (i2) the 

expans í.cn d Jo{t) == ci;~' {ti + e d,~' [ti -t eJ.df~J(tJ +... and the analogous 

expansion for do(t) • 1et 'P, -==d/ n ' S/. being a no-particle 

s t a t e , 'I'ak i r.g into acc ourit the eq. df;J(t):;.d~C)~J =-01.0 €.xp{-iGat) 
see eqs.(5),(9),(8) and the e9-. do ci/ f2 =O , we ascertain that 

d~)(t) and dJ2.}(t) do no t contribute to ..1N()(t) in the arder e­

2< ['d(f)t d l/) r d(1./t d(1) ] ,fJ No (t) :: e CP,', J() [t} 1"0 t] - o ( t) o (t) CP,) . 
(13 } 

Using eq s , (5), (10) and (11) one gets 

d~f)(t) -=e-"Ec tj d3y l~td#() uoCjJe.I'EV#G V rf{fj)I-/!(V), 
(14 ) 

d;~ (tJ -= d~{j{tJ t e-ifl)tfd~ f~tdl() ii, l~) Ií yd(9 Jfdt;J J)"r,- l-)-Ç. (2) . 
(i 5 ) 

To o-btain eqe , (14), (l5), I substi tuted S for SR, which is 

permissible if the upper limí t YII =t Df int egra tion ·over lJ-o ia 

explicitly written in eq. (1'0). Fur.ther I used representation/3/ 

-, S()( I ~ ) =511 Un ( )1.) ti 11 'j) ..,. SIn "m (x) 'v", (:J) 

(16 )
Un ('li) == U" (x) e-tp{-t' E" Xv}, Ü =U f )';;
 

and orthonormality of the spinors Un. a nd Um .
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Now insert eqs. (14) and (15) into e q , (13); use further that 

<cp~ IA;W J 'PJ.) is zero if CfJs and t.l1 are states with a n 

equal number of photons2), finally use the equation 

<CPi, ij!r:JJy;f(lJ tA) =«~fJ2, fi!:J) lfJ((j) cl,fJ2 ) = 

== u,{9JeiE'9Du,lj'Je-iE'9; + Sm Vm(jJe·-tcrn#1 v;'Ji)et:c"':Jo' , 

(17 ) 

As a reault, one gets 

áNo{t)=/~fddfoi~eüp(J)e(Ep1/)JfU,ljJe-iF,jv fd'í 2JR(j-2)~f2)J2+ 

+SM1~fd31{t~ e UcfiJe"EcJt;v 'v;" {j)e L' EltI iJv fd~2R(V-2)~[z)12. 
(18 ) 

I shall no t interpret the term S,.,.I /2 in the e q , because 

it turns out to be small and will be neglecte~ (see below). 

Let us analyse and evaluate the obtained expression (18) for 

Ã No (t) 
2.3. I begin with the first terrn of the r.h.s. of eq.(18). It 

is the squa~ed modulus of ~~ I~ , where 

I,,::efd)Id~ Üqlj}ft U'/;)~~,v~3()dzD el(fP-~')9()J)R(~-:t);;' (I), 

(19 ) 

The current J;.Ji)=ljt{~~p) being a function of 1'0 can be
 

represented as the Fourier integral
 

,~ (r, 20 ) =1:0-dw ~ {~ w)e -ÚVZP • 

(20 ) 

Use the known representation 

~R{~-~)=J/{g-l,~-i~)= j~ _ S(lj-iJ/c -(~/)-liJ)) 
(21 )47i Iy-ll
 

and calculate the integral f ci.,<)fds,..in e q , (19), using the notation
 
3 )
 

1.:ã Ig- ~lIc, and Ó == E. - EI) • 

2) Of course I must use a representati on of A.f4 .in terms of pho ton 
creation-annibilation operators. It is important to take here into 
account the Lorentz subsidiary condition, which allows one to elimi­
nate tbe nonphysical longitudinal and scalar photons and to consider 

lF. as a state with zero 'number of transversal pho t'ons (ae e subsect 2.6). 

3) Tbe integral over;lo is calculated by meana: of the substi tution 
.o:~-'t under the condition that (IJD-'L ) is inside the integration 

interVkl ( ~ ~t ). The condition is taKen into account by using tbe 
tunction g( ~Q-'Z) (ae e the middle of eq , (22»). 

6 

=- J- ft . l{ E,; -E,JVIl( j& J. cf ( . ) - """'z"Y 'tTt't li ~/) e Jo t"r p z- ~ 1-1" e . == 

_ I I'u-'Zj't
-"li'l e v ciro B(~lrZ)e-'Vtllú-'+Ll) 

<tv", -i{W-fA}(t"f'zJ/2 n(t ) t-z S", (w+tJ)(t - Z)/2=g e ~ -~ ­ «» 1­ (to» A){t - 2)/1. 

(22 ) 
I let in the following that 2 Ls localized in a region ~ near 

the origin and the current ~ is localized in 16- t the distance 

R between ~ and tj being much greater than ~, ~ d fmena í.ons , 

Therefore, t. -= IV-"i1/C ~ R/c • 1et t be such a moment tQat 

t- 'L == t - ~.jc > O and t- 'R/c » i/a (of c ours e. a180 ' 

1< » l/ó ) • Then 1y I is maximal if W::: -li : one has 

\'( 1= (t-z )/47i 'l. if W + /j ::: O and 

IY1 ~ .i. _,_ '« t-z 
271'Z. w+tJ +71 ~ (23) 

if (tv+li){t-'l.) »1 • So, it is the Fourier-componente

'i l~) w) with tu ': -n that give a main contribution to 

'f'4 I, if t- ~/c. » i/6 • This reflect the approximate energy c on­
sertation in the con8idered effect. 

1et us choose such a current in the following: ~ t1;~f.I} ~ () 
if i!o La out of the interval ( Z; I 7:~ ), 0< Z;" tI. < ~ and 

- ) K u ) 1'~/)6 1/· - -,';l"iJI ....(2:,2,::: J4' ~/-6 e +"',4c{i,-d)e 2. 6(-Z;:X:). , 
r: I D ,11 ~ (24 ) 

Note that ~ must, be real for the inte~action ~ to beAJW , 
Rermi t an , The support of the function ~ (2 w) » the Fourierí 

1 

r'e pr e s errt a tí on of (24), is in the v í.c í.n t es of w=-~ and W::;\"4.í í 

The second term in eq. (24) gives a mueh less contribution to ~ 

and 6 Afo(t} than the first one because it doee not "conserve 

the energy" and g:L ves in IYI .the contri bution rJ 1./'14 ~f 
• .2't -s:» l/L}, c f , (23). S", I I contributea to c:1 A1c{t) 

still less than the contribution just discussed. Indeed. one haQ. 

in 5",,' ,2 the integral f d#fJ expd'Go+.G,..J'fJ as compared 

to J~Q e.)(P i ((;,-E~ )'0, ' see eq , (19). Rere Eu a' m, anci e..~""J 
~ being tbe e Lec t r on maas , The r'eauLt is t ha t I YI 1e here 
of the ,order J./1.fn e. 

2.4. Remind that the current mus t be "turned of!" when ZJ~' 

detected to be in the ground eiate (see the Introduction). There-' 
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fore one haa to havo 'Z".z. <. R/c' In this case the calculation	 ~ t; ;; - ie ,12 (de, 'dT ) Y(~/c) . 
m 

ofJd~".Jd~o", (see eq , (19» wh eri toe cur-r-ent :I;t is given by e q ,	 (28 ) 

(24) results in	 In the case }oi =q the appr-ox í.ma t on Y l z. J -- Y (~/c) f'aí La r i t â 

results in Li = O due to the orthogonali ty or the spinors U o 
",'" (t, ~.'t)f· .-tl.l 'Z ( ) J' .	 and Ui al1dduetoJd3~J<oii,E&)={) whichistrueforall <o

Yl'l.) =: - e f) '"'/\ /.. f J 'Z'"L'" zJ - t c, 1- 'Z) d/Jv = 

l 
4li'l Z;.,.z The latter equation ;fD11ow8 f rom Q =Jc1 J.;. J-: (2, ~c) = O : the 

conserving total charge Q must be zero also in the interval 

I (LI 1'(;1, ). So, in thia case Yh.)·=Y(I-R,.,'2'-illc) has to be ex­It<Z;+tz ')'"
J -lUJ o	 l' panded into Taylor series in 2~-~,." p owe r a , But Y {'Z} , see 

:= -- e . t - (7:. + 'Z)	 i'~rI"" z <. t <. z:z. + Z
~li 't:	 eq.J25), has discontlnuous derivativ~and this expansion needs a 

c: -r, J t:» Z".r. + i'	 reseJ1vation. It is permissible to let Y(Hf'T2'-~I)=O at all 
(25)	 11'I<ü I ril<o.v _if t<'C,+t(-aJ-a.l! s ee eq.(25).r 

(see footnote J). The contribution Df the second term Df eq. (24) is	 (he r e and in the following I let C =1 ). Analogously, Y may 

riagLect ed and t h í s is justified if t -(7:, +'l) »» i/ô and be considered to De a arno o t h function, equal to .f?xp[-t'rtJ)[ t-7:~-IR+2'-jO/.v7JZ 

(Ti -7;,) '» d~ (see a bov a ); Therefore, the inequality t-(~+2}>O at all essential values of"2' and 1 if 

in the second line óf the r.h.s. Df eq. (25) must t:;+-R.+D.J+íl.v<t< r~+R-aJ-a~ • At Las t , Y-=€')(f(-iUj)l'l:,L-2:t ] I-<t7l 'l 
be understood in the sense t -(r:, 1"'[) ~> lIA . at a11 essential 2' and J if i>'ZífR+ú;-tq, .• If t: 

_Reming tha t 7. ~ in eq , (25) means I "i-i- l/c and tha t belongs to above-mentioned intervals, one may expand Y in these 

'i -= R .... _ a~d ~ ~O (see t h e text after eq , (22». intervals a nd to evaluate I" there. On.e c anno t evaluate J~ in 

More exac t Ly , ~ =R1"2/, /2'/5 aI ' and Ijl ~ ~ , such a manner only in microacopically small time intervals outaide toe 

where ar is the d í.mena í on o f Vi anel above-mentioned ones. 

is the atom J) dimensiono Naturally one can use For instance, at 'Z";"" /? -to ar + Ct!ó -< t <: z;. -+ r< - ar-a,!) one has 

the fac t tha t a.r I ai) « l~ (and therefore 
a.~ 

t-v, -/ ~ +t' -j 1-," ri +l'-j I {j t-~ _R -0< IJ
~::: I R+2"-~llc s: R/c in order to evaluate Itl' 

one c a n simply substi tute y (~/c)	 I ~ - - e ::: -- e + 2..('2'-J ).;; (f-r. ) -"/(4
'Nhen JW:=m;: 1,2,3 R. +2' -J J R hJ m /j", JR,., r-1e f 

for Y('tJ • After this Im divi­

des i"nto three factors: 1) Y ( R/c) , 2) e /d Jfi ii,;!i Jrm u, (j)	 - -lo
I+i~ (2i .-~i){~~ -YJ' )[ - ó'· RR'5't t ~7:, _ j ) -+, .. ] e 0:( /':<and J) fd!~ J(fII l2,- L.1 ) • One c an sbow that	 -j"J 

(29 ) 

f.d3~ Üolg J{m U.t~J = (~v -t;Jd
b
7 dp~ = fd 1X U; { X) À'm a.t«)	 In tbe square brackets Df the r.h.s. I omit all ter~s whicb tend to 

(26 )	 zero more rapidly 8S R~ 00 t han the wr í, tten one (i t ia the deri ­mfd'j~ K'm {iJ-ó} =(/1 d
J d;1 =Ji 3X Xm J<o (~-tl) (27)	 vative Df -exp{-t'1~.6) whicb gives a m3in cDntribution). 

For the reasons discussed above after ~q.(28) both the first and
Here dp7 is the dipole moment of the transi tion 1- O
 

m second term Df expansion (29) do not contribute to I~ . Only ~:~.
analngously, d i8 the dipole moment Df the externaI charge

J from the third term contribute. So, one gets in the discu8sed time
density4). So,we 'get in toe described approximation (which can be 

interval
called the dipDle approximation)	 .j ._,'I!.tJ. ~ ~ - (
 
4) . (o) 'e' :JjfJí ,I/f. Lf -= (e e .1~ (n d/J{ )( n d.r) (t - 7:, - 'R. )/'t TI R. n-aif/t<.
 

Curre:r:t operator )Jó :::, . '(' fi T J' 1 '(1)) satiafies thj eq. 

t	 (JO)(;)1"))41)=0 • Hence the eq. d)( x".'J()jp =-/d'x)(1t\ c/."7J'''J 
follnws. The matrix element Df the l.h.s. Df thia eq. between Finally, one has 

<t4t~nl and Id/J2) ia equal to i.{f,;.-~.)ed,,7'. 
The matrix element of the r.h.s. can be reduced to ieJa J){ ü{)t:Jr,. u,{;) f ipi =.~,Im ~ L, ~ -t"e f/[dp 1 d -(;'~I)( ndI)'] Y (f(J ,by integration by parta. Equatiort (27) can be proved analogously J
 
starting with doJ[!'jx~:=-Jd3J1 'lC ... ,ülli 01 )
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,I

where Y(/<) is given in e q , (25). Th~ inequalities in this eq. 2.6. The calculation of 6No{t } presented in subsect 2.2I 
mast be understood in the sense described above, see the text after 11 did not take into account the Lorentz subsidiarYf condition. The form 
eqs , (25) and (22). . 

2.5 se, we obtain that 61\t~(t)~ [~If'l /1, where~. ~ is given
 
by eq , ()l).
 

! O t<'Cj+R
 
iJ.A/o(t)=e2.4" I(c1o, . t:» R -c t < Z; tI?
.J.. dn )1_'-. [t- {'Clf ~)].2 

oi I "­("t -]2. R,2. ~ 
II (t;. - Z;J:L t > ~ t R (J2 ) 

Here C,=l ,(lJ. is the ;; component which is perpendicular 

to R ;(do1Ci;'}=(dD,d~),-(haD,)(iídJ) • The meaning of the inequa1ities 
in eq , ()2) is described a bo v e , 

Let us consider the induced probabili ty LI AI; (t) to find atom 

1) in state i if ini tially J) was in the ground sta t e O ,the 

probability being induced by the same externaI current (24). Exactly 
the same numerical value (]2) c an be obtained for aN',{tJ, 5). The 

induced transition O~J can be naturally explained as follows: 

the current emits a photon of energy "'Ll I this photon travels to 

1> aríd Ls absorved by.2J • One can show that it is the positive­

-energy part 1)+ (~-2) :)f the function .2J(/I-z) (that entera 
into an equation Df type (19» that gives a main contribution in 

this case. It ia the negative-energy part .2J-(fj-~) o f ~(#-i) 

which gives e main contribution to the r.h.s. Df eq. (19). So~ one 

can exp1ain the induced transi tion 1.... O as follows: t ha current 

emits a quantum of negative ener~y -6 ,thi~ quantum travels to 
~ and absorba its excitation6 • 

rr:qe induced probabi li ty . Â Nt [t] depends on d í.po l a moment 

components perpendicular to R in the same manne'r as 4 N;.. (t) does, 

see eq.(32). The fact can be explained by the transversality Df the 
photon, transferred from J to :tJ • Indeed, the photon can be 

emi tted and absorved only by those d , deI components which are
J 

perpendicular to the direction li =i IR. of the photon propaga­
t í on , Ana Logous Ly , on e can c ons í der the presence of d and 

D7df in eq , (J2) f'o r .4 No (t) as an evidence for transversali ty 
Df the elect~omagnetic quen. 

5)Of course, the "background" probability ia far Ieee in thie case as 
comparedtó the pr~bability o~ spontaneous radiation which is a "back­
ground" in the effect considered in this paper~ 

6)1 define the energy of the quen as -c.1 = ED-E, • No other defi ­
nition is available. As to the photQn, it can, be free (unlike the 
quen, àee eection 4 ·below) I;lnd ite energy can be defined as an 'eigén­
value Df :the operator Jd'x (Êl + H.al 

l " 'dJ'l A~ ("XI t) cp::O for a Ll, x, i " of tte condi tion, e. g. 
~e~4/, is equivalent to two equations at a fixed t ,e.g. t=O /4/:f­

dJl A~ ( i l O) cp = O [cit'LT Ê( xv) -j~' fx. o) ] cp =O . j 

They are equations for permissible (physical) states qo • Thei:j 

1 
ini tial vec t or cp~. =d,t 52 used in subsect 2.2 does not aa t Laf'y the 

second equation7). The cause is the noncommutativity of the operator 

tf with c/.iIiE-J~ /4/ .. OI).e has to describe electrons and 

positrons by another operator field which would commute with dL'';G-J~ • 
The operatori 

if(XJ)= lf.(~t) ~){p[ ~';, Jd'lj clúr ;Q f j l f )l /x-j l }. 
is an examp l,e , Introducing 'f inatead of 'fi ,one f1.ets the Coulomb 
gauge formulation Df QED/4/ or its variants, e.g. see 5(. The calcu­

lation of t1 No (t) becomes more complicated in the f ormu La t í.ona , 

But i t can be shown that the resul ting Â No {t} difr'ers ineignifi ­

- cantly from that given by eq , (2). In pa r t í.cuLar , a t t:» Zj+ Rj the difference o f the two resul ts is rv (I:? a.J2. times lesa than 
tbe r.h.s. of e q , (J2) and can be neglected if R is a macroscopic 

,I 
distance: R:» l/~ .

I 2.7. Consider a possible theoretical description of the,process

:I pf preparation of tbe atom in an e~cited state. Let atom ~ be in 

the ground a t a t e: at t:: O • We turn on at a moment tj an externaII potential V(x, t) whicb ia addi tional to the static potential 
! U (x) b í nô í.ng the!l) e Lec t non , see eq , (7). After a moment ~ 

I Vf;ltJ is switched off, becoming zero. Such a potential 

vu» can describe a laser beam , It is known that a laser 

of frequency A can quickly transfer the atom from the leveI E~ 

to Lev e L EJ==Eo+1J /6/. Suppose that V{x,t) induces the 

transference in the interval ( t/I tz ) with probability 1. Thia 

drastically simplifies the ca LcuLa t t ona and r eauLt , At t > tl 

exactly the same expreasion follows for .6 N& (t) , see eq. (J:z») in­

dependently of ths position of the interval ( ~I ~ ) on the time 

axis until it .is earlier than ( ~ ) rZ, )8). If ( ti, t2, ) ie later 

, I 7)Even the no-partiple yector Q does not satisfy it because 
j~ (XIO) contains terms, Df the type dt&t • I! ~ 

~ t 8)Only the first nonvanishing approximation is implied throughout
: ! this paper. If spontan~ous deexci tBtion of the atom J:) (radi­

ation damping) is properly taken into account, then of course 
~ . Ll. No' does depend upon ( t, I t"z. ) posi tion. 
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than ( 'l:11 7:1.. ) but earlier than t h e moment 7:. + JZ , one gets 

for Ó Nr- lt) at t >t2. a p pr-oxdmately the same resultas given by 

eq.(J2),· independently of the particular ( ~I t 2 ) position in the 

abov€-mentioned time region. 

3. Quen ip atom-atom interaction 

The description of the electromagnetic field source by the 

external current has two d e f í.c ae nc í e s . First, the functions 1;t(~t) 

are prescribed at all X and t a nd describe the current which 
li,does not alter when r~di~ting OI' absorbing the e1ectromagnetic field 

while atoms change its state of course. Second)the hermiticity of 

!~A~ requires real J~ . As a consequence, one has the equa­

lity ~ (i,-w) =~~ri, w) for ~ Fourier representation', 

gee eq.(20}. This equa1ity meana that if ~I can absorb the photon 

of energy W ,then it is sure also to emit it. This must be compa­

red with the atom in the ground state which can only absorb photons. 

Replacing 4. by an atom A must give a b e t t e r description of 
a real electromagnetic field source. 

J.1. Consider the following s:imple variant of such a description. 

Let atom A be exactly the carne as the atom;2) and 1et ini tial 

state be atd()+rz. : "bo t h a t oms are in the ground state, no ph o t oris ", 

Later 2J La excited from O to 1 in an interval (t1 1 t, ), s ee 

8ubsect 2.7. The probability â4(lA { f J (to find ~ in the state 

O at a moment t ) Lnd uc ed by A is defined now as fol1ows 

d N/ ~) = <a: c4+ f2 Id/ (t) d" (t) } a/~,/ 12) - <do +f2 Id/(i ) ti" (t ) J d, f S2) . 

(J'J) 
The "background" i8 now tbe probability of the spontaneous transition 

of the atom 2J from j to O when A is a bs en t , I
It turns out that the third order e J d~l)(t) o f d, (t) is . 

needed for the calculation of LI ~A (f) in the first ncnvarueh í.n.. I
approxima~ion which has the order e f • The calculation is much harder 

than in the preceding sect 2. But the result for ~ A!..A(t) has the e arne 

important qualitative feature as Il~(f) in sect.2: .4 ...vOA(t) is .1
practically zero if i c R/c • 

However, the presented variant has the following deficiency: ,I

the e ource A is working all the time after the moment t = O !~l 

witho~t being 8witched cff. This circumstance permita the interpre­ U, tation of the ,efr'ect whi.ch does not use quen~ the atom 2; emits a , 

; 
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ph o t on in the interval ( e., t ) and t b cn t h e ph o t on is absorbed
 

by A , c f , Introduct.l.on9).
 

Before going to otbor vc r í.nnt o in wh í ch A is "swi tched of'f " 

at a moment after t = O ,C nugh t to e t re s s that atom A must 

be c one í.d ez-e ô as bo í.rig a bno n t tjll tho momerit t=O • Let us explain 

why. Proving the quon oxtatcncc on thc 6round af tbe standard theory 

I al10w inav01dubly bho !ollDwlnr inconsistency: if quens exist, they 

should be takon 1nto ~ccount from tho bsejnnJng when setting and sol­

ving the problema cons1dored above. In particular, there are no photons 

in the ini tial s t a t e CPl' , but a re there the quens ? This inconsistency 

is by-passed here as follows. The absence of photons at t=(J 

can be secured if nothing has created them till t=O . Ana1ogous1y
 

quens are absent at t =O if the ex t e rria L current vanishes at
 

t « O OI' if atom A was "aw t c h ed off" a t t<D
í 

How I am going to uiscuss how one can realize the I1turning on"
 

and I1 s witching off" of the atom A
 
3.2. Let atom A is not the aams' as 2J so t ha t E/_~,.J ~fJ
 

but El..4_ SA =Ll • The atom /I is initial1y in the state O
 
~	 we begin to excite it at a momen t ~/>O (e.g., by a laser beam 

of t h e frequency E/l _ E/ ) so tha t ata moment Zí a tom A 

turns out to be on a level E,A • Ata moment 7.2 >Zí we begin to 

transfer A from 1 back to O , this pr oc es a being accomp­

lished at a moment 7:;,1 • In t h e interva1 ( Z';) Z; .), ~ ... Z;; =.1Z"", 

A can emi t the quen of energy -Ll -= EJ A_E; wh í.c h can be absor­
~ »	 ­bed by J) later: EJ -Ec =4. 

A modification of this procedure is possib1e: being excited
 

on the leve1 E/, ,atom A then spontaneously radiates going
 

to Eo
A 

so that a1most certainly it wi1l be in the state O
 
after the moment 'lí. being then una ble to emi t the quen -LI •
 

All other details are the same as in the preceding subsect. 

3.1 except for the I1background" definition. It is now the probabi­

lity to find j) at t in the state t! under the condition 

that A is a1ways in the state O , not suffering ang excitement. 

The f'o rrnu La t ad problem is muc h ha r'd e r to calculate than that
 

Df the preceeding subsection. It fs the fol1owing variant of the
 

effective "fur-n í ng on" and "ew í ch í.ng off l1 o f the atom A that has
 

beer, ca LcuLa t e d ,
 

9)However, this explanation Ieaves obscure why this mechanism had not
 
acted before the moment R/c and resulted in the .6 N'/tt) non­
vanishing for t<. ~/c
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3.3. 1et A Ls the same atom as!lJ but in distinction to 
subsect 3.1 jt mOVes rectilinearly with a constant velocity ir 
in passing 2J • At a moment 'Z;; the distance R«) between Il 
and" 1J is minimal, being equal to R: i~(t)= R~ír{t-z:c) 

So the "turnir:g on" ar.d "swi t c hí.ng off" of the atom A is 
realized s.moothly by c ha ng í ng R(t} 

As compared to subsect 3.1, it i8 harder to calculate the in­

tegral over}j{, (cf the type Y ,cf. eq. (22 ». The result is 

that the probabili ty LJ N/ (t) at tz. > '2:'0 dependa practi ­
cally only on two time differences: t2. -2ó and t- tz. • Its 
de per-d enc e on the first argument ( t - t z being fixed and (t-tz)ã 

«~) i8 qualitatively described by the curve Df Fig.l. An 

es t i mat e %(1Jjc)-2[(t -t.z.)llr f can be given for the width of the 

bump of' the curve near the point 7:c + 1~/c • The width is much 

less than R/C ,if t - tz. is a macroscopical time interval; 

t-t2. >'> 1/.1 

4. Conclusion 

4.1. The existence of ':ueil is a logical consequence of the 
effect Df the retarded action Df an unexcited source A on an exci­
ted detector 2J • The mat homat ca L cause of the effect is the pre-í 

sence of the function l/~ jn t he formulae for t he induced prJbabi­

lity AÁt'c(t) , e.f,. see eq.(lB). It is 1J1f:. 
photon propagator J)C) that describes the 

electromagnetic fjeld in the effect 1?) 
dt can be shown that ~~ appearance 

from two phy~ical premises. The first is the 
I.l /1/0 which means that measurements a t t 

atom J) only in the rêgion of i ts Loc.a t i on , 

(but not, e.g., the 

propagation of the 

in its turn originates 

inclusive characteT of 
are pe r-f orn.e d wi th the 

íNo t h n.: more is meae u­

red anywhere. The second is tpe subtraction Df the "theoreticsl 
background". This secures the .ís oLa t on of that part of the 1)í 

deexcitation probability which is caused by the atom A • There~ 

fore Ó Ai describes indeed the energy trsnsrnission from thee 
atom A location to the .f) location. 

This papel' discusses the quen existence in the frar.Jework Df QED. 

The cor~esponding experiment ought t~ reveal whether quens exist 
in Nature (in the sense as photons exist). Two necessary circumstan­

10)M.Fierz ha~ noted in 171 that if ~c is replaced by another func­
tion, then there arise "Quanten negativer Energie". ~he term Df 
Fierz is used in this papel'. 

]4 

c es must be enaur-ed in t,l1C1 

c e A(e ..g. 3e'1 8ubaoot. ').,1 

retardation of tho nt om A 
neceasary for 
bility Df the 

ma ny atorns A 
4.2. Onn 

as Iollowo. 11 
urce ~ whí.ch 

t.h í n ['JU't'pOI.JM 

aide t he lntorva1 .17: , '1; 
external curront in aoaL 2). Tho 

the dec ay of a naut z-o n whl c b 10 

between Vil and ~ bo.l np; R 
be described as t:» ..... p e e.: 01' 

oxpo r í.ment r the "turning on " af the sour­
'1It1 J.J)e.nd confident detecting of the 

ao t í on 011 a t orn ~ • It seems to be 

thnt ~ N" be comparable wi th the proba­
sponLnnnOUD ~ rndlation (there must be sufficiently 

al'aunrl!1J ). 

onn Ilt'F;UO r)xl.[JLOTWO 01' thf'l quens cf other fields, e v g , 

nuu t r Inn l'Io1cl ã o gone:r'oted by an external spinor so­

jn 100011 ZCJd in o OpElCO region V? arid vanishes out­

balne lto centre (in analogy with the 

Doura0 chanees the probability Df 

in t h o region V.;D ,the distance 

(tho '? action on the neutron can 
v+n ..... (Jre- ).At a momentt>~CltRone 

measures the number Df pairo pe- huvinR o kinetic energy less than 

( mil - Y'a" - me ) (the paír total onorp:,y j f) 10110 than mil ). One 

ean show by calculations analogouB to thouo uood in 181 that 7 
.índuc es a c orrt r í.bu t cn to this nurnber whí c h mainly is due to quantaí 

of the neutrino field having negativo e ne r'gy , le t us strass that 

these quanta are not antineutrinos bec8use each Df them has the 

same lepton number as the neutrino (Dl' electron). Ir. an analogous man­
ner ODe can demonstrate the existence Df the quens cf ather fields 

which mediate the interaction between observable particles. 

4.3. Quens exist if besides their source A thcre is their 

abaorber 2> • Unlike the virtual particles quens exist during 

macroscopic time intervals Df the order ~/c • But what about the 

free quen, c~:m i t exist in the same e er.s e as does the radiated 
photon? 

Remind at first how the question is resolved in theories of 
the direct interaction Df charges, using no electromagnetic field 
(Wheeler and Feynman / 9/, Hoyle and Narlikar/ 101, the review and 

other references see in /11 I). In this 'theory an exci t ed a tom can 

emit a photon going "to infinity" only if there exists the Univer­
se whío h i.R Hllc1::Jrbing basical1y. The energy radiated. by the atom 

is absorbed in the end by another atom Df the Uni verse. 
Using analogaus arguments one can infer that a free quen would 

need the Universe which would be excited on the whole.A3 the 'contempo­

rary Universe i5 not of this kind,the free quene do not exist now,cf(7/. 

4.4. The known particle interpretations Df a quantized field
 
'I deal with pbsitive-energy particles which can be free. Being not
 
i 

free, ~he ~uens ought not to be taken into account if one considers 

the "bare" Dl' in-out fields. 
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The induced probabili ty d. AI,:; (t) considered here is defined
 
by using the evoluti8n opcrator UMo) rather than the S-mat­

rix. This elucidates why there arises the problem of describing the
 

quen abser:ce at t=O , see the end of subsect. 3.l.
 II 
The quen would be r8asonable to use if one considers such a
 

particle interpretation of the field which properly takes into
 

account tbat real fields are interacting ones. In particular, one
 

may take quens into account when considering the particle inter­


pretation of the gluon field which cannot be free.
 

I am grateful to Drs. V.1iuboshitz, A.Pisarev and E.Kapuscik
 
for valuable discussions.
 

\ 

i!
.~ 

References 

1.	 A.I.Akhiezer, V.B.Berestetskii.Quantum Electrodynamic~ John 

Wiley, Vancouver'.1965 . A.n. AXMe3ep, B.E.EepeCTeUKMM. KBaHTOBaR
 
3JIeKT po,n:MHaMVlKa, M3,n:.2, f l1i:>M.T! , ~!oCKBa, 1959.
 

2.	 G.KaLl en , p 243. in: Lec tures in Theor. Phys. Brandeis Summer I· 

Inst. 1961 v s L, Benjamin New York,1962. I 
3.	 J.M. Jaucb, F.Rohrlich. The theory of photons and electrons 

Springer-Verlac,New York,1976,Ch 14.4. 

4.	 P.A.M.Dirac. The principIes of Quantum Mechanics 4-th ed. 
Clarendon Press, Oxf or-d, 1958, Ch. 12. 

5.	 C.L.Hammer, R.H.Good. Ann , of Phys. 1961 12,463. 

6.	 Laser spectroscopy of atoms and Molecules. ed. H.Walther 
Springer-Verlag, New York,1976. 

7.	 M.Fierz. Helv. Pbys. Acta 1950, 23, 731­

CM.nepeBo,n: B cO. HOBeMwee pa3BVlTMe KBaHToBoA 3JIeKTpo,n:VlHaMVlKVl.
 
HMn,MocKBa, 1954.
 

8. M.M.lliHpOKOB. OHHM,P2-85-5ü4, llYOHa, 1985. 
9.	 J.A.Wheeler, R.P.Feynman Rev s Mod s Phys , 1945 17, 157; ibid 

1949 21, 425· 
10.	 F.Hoyle, J.V.N~rlikar Ann , of pbys. 1969.2.1,207; ibid 1971', 

62, 44. 

ll. D.C.BJIa,n:HMHpOB, A.D.Typ~rHH. TeopHR npRMoro Me~~CTVl4Horo
 

B38.HMo,n:eAcTBMR. JHeprOaToMVl3,n:aT, MocKBa, 1986.
 

.)Received by Publishing Department 

on October 24, 1986. 

16­

Illapoxoa MJ1.	 E4-86-705 

I(BaHThl COTpHI.J;aTenhHO~ :moprHoA 

KBaHTOBO-3Jl8KTP0,D,HJJ(lMHlIOCKHM pacueror-r 06HapY)KeH 3epepeKT aanas­
AhIBaIOI.I.J;erO ~e~CTnHn ItOD036Y'IC,l1,eHHoro aTOMa A na B036Y)I(AeHHhlH: 
aTOM D. 3n8I(TpOMurllH'rUOO rtone, rcoropoe caasarra ncrrycran A M KOTO­
poe D nOTOM nOrJJOIUUOT, H8 MO>KeT COCTOJITh 113 epOTOHOB, nOCKonhKY 
KBaHTbJ :lTOrO n01111 ,u,omlCHbJ HMeTL OTpHuaTeJlhHYIO 3HeprI1lO. Iloxaaaao, 
QTO cymOCTOYIOT OTpHunTenbHO-3HepreTI1QeCKI1e KBaHThl npyrnx norreã, 
HnnpHMOp cVOpMHOIlHoro. Ü6CY)I(,l1,aIOTCJI COOTBeTCTBYIOI.I.J;HH: 3KCnepI1MeHT 
H cnOnCTDHlI CYUlOCTDOno.HHH Tal<:HX KBaHTOB. 

Paõcrn nsmorntexa B Jlaõoparopaa TeOpeTHqeCKOH: epI13I1KH üI1JH1. 

Ilpenpxnr OtS'hO,[lHIIOlllloro HHcTHTyrR anepustx HccrreJI,OBaHHH• Ilyõaa 1986 

Shirkov M.I.	 E4-86-705 

Negative-energy quanta 

The effect of the rotardod actíon of an unexcited atom A on an exci­
ted atom D is revealed by menns of QED calculation. The eleetromagne­
tic field emitted by A and lntor nbsorbed by D cannot consist of photons 
because quanta of the field must have a negative energy. It is argued that 
there exist also negative-enorgy quanta of other fields, e.g., the fermionic 
ones. The appropriate experiment and consequences of the existence of 
these quanta are discussed. 

The investigation has been performed at the Laboratory of Theore­
tical Physics,JINR. 
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