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Limits of the measurability of the local quantum electromagnetic-field amplitude

G. Compagno and F. Persico
Istituto Nazionale di Fisica della Materia and Istituto di Fisica dell’ Universi¥da Archirafi 36, 90123 Palermo, Italy
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The precision with which the amplitude of the free electromagnetic field can be measured locally in QED is
evaluated by analyzing a well-known gedanken experiment originally proposed by Bohr and Ro&@Rjeld
The analysis is performed by applying standard theoretical techniques familiar in quantum optics. The main
result obtained for the precision is significantly different from the generally accepted Bohr-Rosenfeld result.
This leads to questioning the widely accepted notion of the compensating field, fostered by these authors. A
misconception at the origin of this notion is pointed out by a careful investigation of the self-force acting on the
apparatus designed to measure the field. The correct expression for this self-force is found to be at variance
with that proposed by Bohr and Rosenfeld and generally accepted. It is argued that, as a consequence of this
new expression and in contrast with the generally accepted view, no compensating force of nonelectromagnetic
nature is required in order to perform measurements of the quantum field amplitude with any desired accuracy.
It is shown that the only limitations to the precision of the measurement, in the BR gedanken experiment, arise
from the time-energy uncertainty principle, as well as from the finite dimensions of the measuring apparatus.
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[. INTRODUCTION within a small time intervaAt< 7, the pointer gets rigidly
displaced over a distand@ along1. Due to the large value
The present paper deals with the precision with which theof M, Q does not change much for the rest of the measure-
amplitude of the electric componeBf™ of an electromag- ment timer until t], when the second and final momentum
netic field can be measured in the neighborhood of a spacereasurement brings the body back to the original configura-
time point, in the context of nonrelativistic QED. This prob- tion (Q=0) in a time intervalAt. The finite extent of the
lem has a long history and dates back to a paper published gst body ensures that the electromagnetic forces, caused by
Landau and Peierls in the early days of quantum field theoryhe acceleration withitkt during either momentum measure-
[1]. These authors, paving the way for others who took ugnent, have a negligible effect on the motion of the pointer,
the problem up to recent times, analyzed a gedanken expeffereby disposing of the difficulty of the Landau-Peierls
ment in which the momentum increase of a massive chargeiéatment for a pointlike test body, at least during the initial

test body under the influence of the field is measured and i@nd final acts of momentum measurement.
related to the amplitude of the field in a simple way. They . Another important feature of the gedanken apparatus con-

: ; o . . trived by Bohr and RosenfeldBR), in contrast with the
I h lity of he f i : ) — .
realized the impossibility of discerning the force exerted " andau-Peierls setup, is that in the initial undisplaced con-

: Xt
the test body by the external fiekf™ from the force exerted figuration the test body is perfectly neutralized by a fixed

by the field created by the same test body during the me Sody of identical shape and charge density. BR solve

surement. The latter field is intrinsically uncertain due to theMaxweII equations by prescribing a gatelike form f0¢t)

guantum nature of measurement the and consequently caus[tia% Q(t)=0 for t<t! and fort>t"; Q(t)=Q for t,<t
- - 1 1 - 1

an uncertainty in the total field. This uncertainty must be d th btai ion for the electric fi

compared with the the minimum precision needed to reveal<t1] and they obtain an expression for the electric '_Ehd

o created by the systefneutralizing body plus pointgduring

the quantum features of the electromagnetic field. Landau : - :

. - 7, under the reasonable assumption of negligible magnetic

and Peierls used a pointlike test body and they found that th& ) . ) >

. . ... effects. From the BR expression f&r, it follows immedi-

former uncertainty exceeds the latter minimum precision IN_telv that the force exerted on the bointer and stemmin

all cases. Thus they concluded that no meaningful field amf_ronXE which in this baper we shaﬁ) call theelf-force is 9
plitude measurement is possible in QED. 1 pap €

In a subsequent paper Bohr and Rosenfeld proposed 1%roport|onal t0Q according to the expression
spread the test body of large magls over a volumeV of

finite linear dimensionsa, thereby obtaining a perfectly F(tz):PZQJ dleJ d3xzf dtlA;];z)i

rigid, finite, and uniform charge density [2]. They also v v T 1)
emphasized the need for a finite time intervad t] —t; be-

tween the initial and final momentum measurements; at A<1'2)——( 7 1 7 ) 1 5(t 4 _[)
andt’] and they constrained the test bagyhich in this paper XX 9xp0%, Ezatz&tl r 2 )

we shall often call th@ointeraccording to modern usag

move rigidly along thel direction in order to measure tle In this expressiorF, Q, X;, andx, are alongl, the space
component of the electric field. Their protocol for the mea-integrations are over the volumé of the pointer in its un-
surement of the pointer momentum is such thatjatand  displaced configuration of the beginning of the experiment,
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the time integration extends over from t; to t], x; self-forceF in Eqg. (1) is rather unclear. In fact fay <t,<t]

=(xi,Y;,z) fori=1 or 2,r=|x,—xy|, t;<ty, t,<t}, and expressior(1) can be partitioned as

c is the velocity of light. 1
The self-force(1) contributes an impulse to the pointer F:—KQ+p2QJ d3x1f d3x2J dt; —

proportional toQ, which adds to the impulse provided by the v v r ¢

external fieldES™. In view of the uncertainty principle, this

contribution linear inQ cannot be measured with arbitrary X 8

precision simultaneously with the pointer momentum in-

crease betweet] andt}. On the other hand, both quantities P ;

should be accurately measured in order to determine pre- K:,ﬂf d3x1f d3x, - H(tz—ti— _)_

cisely ES™, or rather its space-time averagg defined in v v IXp0%y T ¢

Eq. (23), from the momentum balance equation. InQeieeg, YSThe first contribution in Eq(3) is the linear approximation to
ing expressioril), BR find that the precision with whicB;™  {he Coulomb attraction between two identical initially over-

# 1
dtyoty r

th—1— %),
(3

is measured cannot exceed the limit lapping oppositely charged bodies of arbitrary shape. Thus
_ _ one would expect the second contribution to coincide with
(AESY in~ VA ALY, the radiation-reaction force arising because of the motion of
the pointer. The textbook expression of the latter, however,
- 1 is [10]
A= [ @] doo | an [ dwad?. @ .
T T (— 1) 1
Fre(t)= 2 o2 ar Q(Mz)f dgxlf d3%2p(X1) p(X2)
This is less stringent than the limit estimated by Landau n=0 ’ v v
and Peierls for a pointlike test body. Nevertheless, it seems n+tl n—1(X,—x;\?
enough to preclude the measurement of field amplitudes in X - ) "t
. ; X n+2 n+2 r
the range where quantum effects become evident since, in
view of the form of the field commutation relations, only "Q
fields weaker thafizz|A{;"|1*2 display quantum features in Q(H)ZW (4)

view of the form of the field commutation relations. It is

essgntial at this point to note that the lif@ estimated by ¢, 4 body of spherically symmetric charge density, for
BR is truly fundamental, since it depends only on the Prop— a/c, for small velocity of the pointer and for negligible

erties of the free field and not on the structure of the pointer, inear terms irQ and in its time derivatives. Evidently

Consequently, it would seem impossible in principle to mef""expressiorm) looks rather different from the second contri-

sure field amplitudes in the quantum range. In order to Ciryytion in Eq.(3) since, for example, it does not contain any
cumvent this difficulty, BR proceed 0 modify their gedan- o jinear inQ. It mijst be emphésized, however, that in
ken apparatus by_ the addltlor) of an elastic f°."€¢‘ 9f ontrast with Eqg.(1) the validity of expressior(4) is re-
nonelectromagnetic nature, which acts on t_he pointer iN SUCBYicted to a body of spherical symmetry and in the absence
away as to cancel the self-foréeevaluated in E_q(l)_. This of the neutralizing charge distribution. Nevertheless the form
_ka leads _to t_he_ dlsappearance of _the_contrlputlon to th%f Eq. (4) renders unclear both the physical interpretation of
impulse which is linear irQ, thereby yielding a simple mo- e self-force (1) and its connection with the radiation-
mentum balance equation which relates directly the increasgction force.

in pointer momentum withET. In this way E? can be Thus the above remarks indicate the opportunity for a
measured with any desired precision, by measuring only thgjoser consideration of the measurement of the amplitude of
momentum gained by the pointer, also in the case of wealhe quantum electromagnetic field, particularly in view of its

fields in the quantum domain. _ basic conceptual importance. This summarizes the aim and
This argument seems to have been accepted in all thge scope of the present paper.
subsequent work on the subj¢8t-5] and the additional non-

glectromagnetic fprce has bee.n incorporated in the Lagrar)g- II. QED OF THE POINTER-FIELD SYSTEM
ian of the field-pointer system in the context of the algebraic
treatment of the theory of measurem¢6i. The BR com- In this section we present amb initio quantum-

pensation mechanism has also been used in more recemechanical treatment of the dynamics of the pointer interact-
work on the theory of measurement of more general quanturing with the local quantized field. We develop the treatment
fields[7,8], although it must be noted that Pauli fails to men-in the Coulomb gauge and we use an approximation familiar
tion it in the latest edition of his book on quantum mechanicso quantum opticians, namely, the electric dipole approxima-
[9]. tion.

The BR argument, however, is unsatisfactory for at least In the presence of the neutralizing body, the BR gedanken
two reasons. First, the introduction of a nonelectromagnetiapparatus can be schematically represented, for small dis-
force, which is apparently necessary in order to eliminate glacements, by a harmonic oscillator coupled to the quantum
limitation of quantum origin in the measurability of the elec- electromagnetic field. Thus the pointer-field Hamiltonian in
tromagnetic field, seems to indicate a fundamental lack othe minimal coupling scheme and in the electric dipole ap-
self-consistency of QED. Second, the physical nature of th@roximation is[11]
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1 1 1/2 )
PP+ 5 KQP+HE—q - P-ALR) [akj,A“(Rn:( ) (8ghe R,

2™

g% g AR, [a A2 (R)]=2A, (R)-[a A (R)]. (1D

1
He=gs |

©)

Thus, after some algebra,

é AZ(x)+ [VDAL(X)]Z) d3x.

. i )

ak]-= - % [akj ,H]: —Iwkakj
In Eq. (5) K is given by Eq.(3) with t;=—o, P=MQ o | 102
+9gA, (R)/c is the canonical momentum,=pV is the total + ! q 3L) (eK,)lQle—ik-R. (12)
charge of the pointer, and i T\ Ly )

1 5 We now constrain the pointer to move alohgising
AR=y [ dxau00 ©
Y Q"=Q" 4. (13

is the (transversgvector potential in the electric dipole ap-
proximation, coinciding with the space average Af(x)
within the volumeV occupied by the pointer at equilibrium i
(Q=0). The difference between the displacemenbf the ayj=— i way+ 7 d
pointer from its equilibrium position anR, the position of
the center of mass of the pointer at equilibrium, should be | . . .
noted sinceQ is a dynamic variable whereas is not. For which can be straightforwardly integrated as
the moment we shall tred as a three-dimensional vector
and we shall constrain it later to tHedirection.

This gives

2mh \ V2 -
m) (&))1Qe R, (19

akj('[):<'5\1<j(0)('3‘7mkt

It is convenient to second quantize the field as i 2mh |\ 12 , _ t .
+_q (Q(j)le—lk-Re—lwktj elwkt Q(t/)dt,.
2\ 112 i\ Loy 0
= 2mhe ik-xy At a—ikex
A (X)= 2 o &j(axe™ "+ aye ), () (15)

whereL? is the field quantization volume; are the usual Substitution of Eq(15) in Eq. (9) yields

field annihilation operators, arg; are real polarization vec-
tors for photons in the mode, of frequencyw, . Using Eq.
(7) it is easy to show that

E 1(RD=E¥(R,1)

t. 1 5
—4wqf Q(t') FZ (8j)3cos wy(t—t')dt’,
[AL(X),A (X )]=[AL(X),AF(x')]=0, 0 ki

(16)
[AL(X),HE]=—IihCcE (x), (8)
where
where - y
Thw ) ,
2mh | . . Efxlt(R't):i; (Tk) () 1[axj(0)e' K R-ed) —hc]
EL(X):i% <T> a(age *—afe ™). (9 j (17)

It should be noted that, consistently with the electric dipolelS the transverse field amplitude operator in the absence of
approximation, all sums ovek are restricted tok<ky, the pointer, which is the object of the measurement. Further,

~/2a and this is equivalent to assigning finite dimensions't iS not difficult to show that
to the pointer. Use of Eq$6) and(8) leads to

1
K %: (&j)*cos wy(t—t")

i1 1
Q=—7 —(P—q—AAR)) H
f M c | 1 sinkye(t-t) -
K 1 T 3723 dr'? t—t’ ~ 3mcl (t=t).
—— 3 Qo GEL(R), 10 a9

where E, (R) is the transverse electric field at the pointer The last equality in Eq.18) is symbolic and valid only in the

location in the electric dipole approximation, as obtained bylimit ky,— o, which strictly speaking we cannot take in view
the same kind of averaging leading to E6). Moreover we  of the electric dipole approximation. It is, however, useful to
have adopt it as an approximate equality, in which case it yields
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t. 1 5 averaged external field operator. Consequently a measure-
j Q) = ; (&j)1COS wi(t—t")dt’ ment of the latter field can be performed by measuring the
0 ! increase in pointer momentum, without additional uncertain-

1 ties of quantum nature, provided the neutralizing body is

3.3 ( Q(t)f dk— = Q(t)) (19 eliminated from the experimental setup. It is thus clear al-

ready at this point that, in contrast with the BR conclusions,

Use of Eq.(19) in Eq. (16) gives there is no need to invoke an additional nonelectromagnetic

force in order to compensate the effects of the self-force
4 contribution linear inQ, since it is sufficient to eliminate the
E. (R =ETI(R, V=32 qQ(t )f dk+ 33 QQ(t) neutralizing body from the gedanken apparatus.
0 Equation(23) is exact within the electric dipole approxi-
(20 . ; i !
mation and, in some sense, constitutes the final result of our
The last two terms in Eq(20) represent the radiation- treatment. The rest of this section is devoted to discussing
reaction contribution to the electric field acting on the pointerthe impact of this result on the BR analysis. To this aim we
[12] in the electric dipole approximation. Substitution of this shall implement the same procedure used by BR to derive
expression in Eq(10) yields the equation of motion of the expression(2). More precisely, following BR, we assume

pointer in the form that the momentum measurement ais contrived in such a
m way that the operatd® does not depend on time betwegn
.- M .- 14
MO(t) = —KQ(t) + qEZ(R 1) — L q2O(t) andt], and we also assume th@tcan be taken out of thig

integration in Eq.(23). This leads to

2500, @) p(t)—p(ty)=—KrQ+pVrEY, K= % f Kito)dts.

Inspection of Eq(21) leads to identification of the first term (24

on the right-hand side as the linearized Coulomb attraction |t is appropriate to remark at this point that the expression
on the pointer by the neutralizing body and the last two termg, Eext is given by

as the radiation-reaction force operator acting on the pointer.

In the latter contribution higher-order derivatives @h are

absent due to the electric dipole approximation. Clearly the fdt EPI(R,t)dt

radiation-reaction force in Eq21) seems compatible with

the textbook expressio@) and in disagreement with the BR . 2mhoy\ 2 (KReont])

expression linear i) which can be derived from E@3). :lgj v (&)1laxj(0)e @K1

I1l. MEASURABILITY OF THE LOCAL ELECTRIC FIELD X F(wy,t)—hc], 25)
We cast the equation of motion of the pointer between the 1— g iokr

two momentum measurements and in the presence of the F(wy,t)=

neutralizing body in the form l T
The quantityF(w,,7) appearing in this expression is 1 for
w <7 ! and vanishes fow> 7~ 1. Thus the components of
the field of frequencyw,>r"! are more or less severely

MQ=—KQ+ pVES Y Fre,

4ky - 2 ; o
|:RR__3_2 q2Q+ 33 @ 2Q. (22)  distorted by the measurement process. Such a distortion,

however, is of a rather trivial nature because it is implicit in

. = the model of measurement and it is not related to any quan-
In this expressiorE] is the space average of the externaliyym effect.

field within the volume of the pointer and coincides with  \ve now note that Eq(24) is the counterpart of the BR
EP1(R). Moreover the assumption of largé entails that all  momentum balance equation. In fact the latter is exactly of
time derivatives ofQ are small and entitles us to negléGty ~ the same form as E@24), the only difference being that the
in Eq. (22). Subsequent time integration yields the following BR coefficient of the term linear i is p2V272A;" rather
operator equation for the momentum balance: than —K 7. Since BR obtain expressigR) from their mo-
_ mentum balance equation, proceeding in the same way we
p(th)—p(ty) = IKQ dt,+ pV7ES, derive from Eq.(24) that the minimum uncertainty with
T which E$* can be measured is

ES= ! 8 AT, p= MO. (23 Zext AK |2
Vr (AET) min~ V2| (26)

It must be emphasized that in the absence of the neutralizinghis expression is the counterpart of the BR expres&dn
body it isK=0, and Eq(23) expresses perfect correlation of  The contrast between Eq®) and(26) is manifest, since
the pointer momentum operator with the space- and timethe former is independent of the structure of the detetpr
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which we mean the system constituted by the pointer and by IV. THE BR SELF-FORCE
the neutralizing bodyand depends only on the properties of
the free electromagnetic fie[d3], whereas in the latter the

influence of the physical structure of the detector is prese
through the quantitK which, for example, vanishes in the
absence of the neutralizing body. Consequently the unce
tainty (26), contrary to Eq(2), does not constitute a funda-

mental limit for the precision of the measurement even in theboi
presence of the neutralizing body,

It is easy to convince oneself that expresdipnfollows if

nEhe BR expressiofil) for the self-force is assumed. Thus we
concentrate on rederiving expressi@h, following closely

the BR method, in order to understand the origin of the dis-
IE:'repancy between Eq&) and (26).

It is convenient to consider first the field created by the

. . _ nter disregarding the contribution of the neutralizing body
o ; since this uncertainty deging the measurement. The classical electromagnetic po-
creases with increasing tentials in the Lorentz gauge, generated at prjnand time

On the other hand, expressid@6) has an interesting t b : - ;
i . ) o » by a classical charge densipfx;,t;) and by a classical
physical meaning that is worth pointing out. We note that for . -+ density(x,t,) are[10]
long measurements>2a/c we can roughly evaluat&
from Eqgs.(3) and(24) as , p(xe,ty) r
d(Xp,to)= | d°%, [ dty ———— & tl_t2+6 ,

r

— 1 1 29
K~p2J d3x1f d3X2r—3=p2V2(r—3>~p2V. (27 (29
\% \%

j(X1,ty)

1 3 r
A(Xz,tz)z E f d le dtl o tl_t2+ E

Thus, squaring both sides of E@6), we get

Except where otherwise indicated, space integrations extend
over all space whereas time integrations are betw¢emd

t7. The latter condition is equivalent to assuming that the
charge density is rigidly fastened to the reference frame and

V(AESY2, ~hir. (28)

Since in a field measurement of duratiewithin a volumeV
an energy densityi/ 7V is inevitably conferred to the field

because of the time-energy uncertainty principle, expressiofeutralized up to time; and after timet; . _
(28) indicates that this additional energy is at the origin of T P(X1) represents the undisplaced charge density of the

the minimum field uncertainty26). pointgr fort,<tp, its tin_1g deyelopmenp(xl,tl) can be .

Thus we reach the conclusion that no impassable limifléscribed as due to a rigid displacement over a small dis-
exists to prevent measuring the field amplitude in the quantanceQ(t;). Then clearlyp(xy,t;)=p(x;—Q(t1)), and it is
tum range and that no necessity arises for the introduction gfonvenient to introduce the displacement operator
a compensating force of nonelectromagnetic nature, in con-
trast with the BR conclusion. . 1 .

It must be emphasized, however, that the approach to the TO(Q)= Zo - (Q v, (30)
measurement of the field amplitude presented in Secs. Il and " ’
[l is in some sense complementary to the BR approach. In o . _ .
fact BR choose to discuss the problem in a domain where th¥nere the superscriptiX m@cates(i)dlfferent|at|on.W|th re-
zero-point quantum fluctuations of the field are smaller tharpP€Ct 10Xi (i=1,2). The action of" on any function o
the field uncertainty related to the commutation relations ofS {0 change its argument o+ Q. Thus in Eq.(29) we have
the field in disjoint space-time regions, in such a way that L
classical electrodynamics can be used in a first approxima- _ 3 r
tion. This requirement leads BR to concentrate on the case ¢(X2’t2)_f d le dtip(q=Q) 5(t1_t2+ E)
a>cr [2], although this BR procedure was subsequently 1 .
criticized by Corinaldes{3]. In contrast, it is possible to _ 3 1 L . r
show that our approach, which relies on the electric dipole _j d le dtip(x) TH(Q) r 5(t1 e
approximation, involvea<cr. In fact in our framework the (31)
finite value ofa involves a finite value oky,~ 7/2a such
that all components dE®* with wave vectors larger thaky,
do. not contribute to the impulse i'mpa'rted B to the A(xz,t2)=1 j d3X1j dtlp(Xl—Q)Q(tl) } 5<t1—t2+£
pointer, and consequently cannot give rise to measurable ef- c r c
fects. This has been taken into account simply by truncating 1
at ky the sums ovek in expressions like Eq9). Clearly == f dsxlf dt,p(x1)Q(t) TV(Q)
such a truncation introduces a limitation in the time domain, c
since it prevents considering phenomena of duration shorter
than w,\‘,,1=2a/7rc. This condition must be satisfied also by X 8
the measurement duration, which leads Ao a/c in our
treatment. Thus the doubt might arise that the difference be-
tween resultg2) and (26) is simply a reflection of the dif- Where we have performed a change of the space integration
ferent domains of validity of the BR and of the presentvariable fromx; to x;—Q(t;) and where we have usgd
theory. This forces us to consider in more detail the original=pQ. Neglecting terms of orde®? and QQ for Q/a,Q/c
BR argument. We shall devote the next section to this task<<1, we get from Eq(31), for t;<t,<t],

[}

1
r

r
tl_t2+ E y



1600
3 1 LT
d(Xz,t5)= | d°X1p(Xq) T Ol t,—t— p

1
+f dsxlj dt;p(x)Q(ty)- VP T

X 0

ttJrr
172

1 . 1 r
Avat)= ¢ [ 0% [ dtpwait) T ottt -
32

Thus the electric field created by the pointerxaft, for
t1<t,<t] is
19
E(X2,t2) ==V (Xp,t2) = = = A(X,tp)
c dt,
1 r
= —f d®x1p(x1) V? T ‘9<t2_ti_ E)

1
_f d3x1f dtlp(xl)V(D[Q(tl)'V(l) T

X 0

r
tl_t2+ E

1 3 . 01
T2 f d le dt;p(x)Q(ty) T,

X 8 ) (33

ttnLr
1T

We shall neglect the magnetic field, since we have alread

assumed)(t;)<<c. Specializing to a displaceme@talong1

and transforming the time integration in the last term of Eq.

(33) by the use of the well-known properties of tiidunc-
tion, we obtain for the component & along1

E1(X2,t2) =Eq(Xz,t2) + Ep(Xa,ty),

Eq( t)———fd3 ( )—O7 —10(t t’—r)

ol X2,12 X1p(X1 R R
Xy T c

(34

Ep(Xz,ty) = _f d3xlf dt;p(x)Q(ty)

(az 1&2)1

X - -
OXp0%y €2 dtydty) T

X 0

r
t—ti— .
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F(tz):J’ d3X2p(X2,t2)E1(X2,t2)=j d3%p(X,
—Q)E1(X2:t2):f d*Xp (%) TP(Q)E1(Xy,t5),
(35
where we have performed a change of the integration vari-
able fromx, to x,— Q. Remembering tha® in Eq. (34) is

along 1, substituting Eq.(34) in Eq. (35), and neglecting
terms ofO(Q?) we get

F(t2) =Foo(t2) T Fop(ta) +Fp(ty),

B B J 1
Fooltz)=— | d%; | d”Xzp(Xy)p(Xz) Xy T

r
X 0| ty—t]— —) ,
¢ (36)
52
Fop(ty)= _f dsxlf d3%p(X1) p(X2) Q(t) 2T
2
LT
X 0| ty—t]— E) ,

FD(tZ):_f dsxlf d3xzf dt;p(xq) p(Xx2)Q(ty)
3? 1 4% \1 r
F (S t2_tl_E .

X -2
IXp0X, €% dt,yoty

Yn this expressiotf o arises fromk, and is the force exerted
by the replica upon the pointer taken in the initial configu-
ration. Fop also arises fronk and is the force exerted by
the replica on the distribution of dipoles generated by the
displacement of the pointer. Finallizy arises fromEp and
it can be visualized as the force on the pointer due to the field
created by the distribution of dipoles and evaluated up to
terms linear inQ. ClearlyF oy vanishes, since for anfy(r) it
is

af(r)_

1 of(r)
9%, =(Xp—Xq1) —

r or

Thus the contribution from an infinitesimal volume with a
givenx,— X, in the integration in Eq(36) is canceled by the
contribution of the infinitesimal volume obtained by ex-
changingx, and x;. Thus the only contributions t& are
Fop and Fp which, specializing to the uniformly charged
pointer, can be written as

E, can be visualized as the electric field created by a replica

of the pointer appearing at tim¢ in the original undisplaced
configuration andep as the electric field of a distribution of

F(t2) =Fop(t2) +Fp(ty),

dipoles generated by the displacement of the pointer. Conse- 21 ;
qguently thel component of the self-force acting on the Foo(to) = — p2Q(t,) fvdaxlfvdaxz o 9(tz—ti—6),
2

pointer at timet, is



Fo(ty)= _PZJVd3X1JVd3X2J dt;Q(ty)

d |

32 1 4
IXp0X, €2 dtydty

15ttr
FZIEI

(37

where the space integrations are over the arbitrarily shaped

volumeV occupied by the pointer in the initial configuration.
SettingFop aside for the moment, we concentrateFay,
which has the interesting property of coinciding with the

total self-force when the neutralizing body is present. In fact
the effect of the latter is simply to annihilate the replica and

its field, yielding immediatelyF(t,) =Fp(t;). We remark
that if we could takeQ(t4) out of all integrations irF, we
would obtain the BR expressidil) for the self-force in the
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presence of the neutralizing body. This, however, is not &'€arly the only contribution tép linear inQ is Fq . Since

trivial step as we shall now show. Indeed, performing thefor any f(r) itis of(r)/ox,

time integration inFp for t;<t,<t] and remembering that
Q(t1)=Q(t7)=0, we find

TR P o B DY
p(t2)=—p v le Xzé’xzo”xlrQ 27 ¢
LT 1 . r LT
X 6| to—ti— |+ 5o Q= | 6| t—ti—

+Q

r , r
t— 5|8 te—ti— ¢ |-

This shows that takin@(t;) out of the integra(37) in Fp,

in order to obtain the BR result in the presence of the neu-

of(r)/ox, in the absence of
the neutralizing body we havEqo=—-Fop. As we have
seen,Fqp is the electrostatic force exerted by the replica on
the distribution of dipoles generated by the displacement of
the pointer; henc& g can be interpreted as the force exerted
by the dipolar field on the pointer taken in the original un-
displaced configuration. In the absence of the neutralizing
body this forceF is canceled byF,p, so that the total
self-force is simplyF =Fgg; in the presence of the neutral-
izing body Fq contributes to the self-force according Fo
=Fqo+Fgrrand corresponds to the attractive force the neu-
tralizing body exerts on the pointer displaced over a distance
Q. whenA can be neglected. In fact expressi@) for Fq

is currently used to evaluate the plasma frequency of a mac-
roscopic body in solid state physig$4].

Moreover we shall show th&ggin Eg. (40), which is the

the distributionA{%? defined in Eq(2) and appearing in the
expression37) for Fp introduces a dependence @fonr
which must be properly dealt with. This can be convenientl
done by the series expansion

ry_ (=) (r)\" 0
Q(tz— E)—nZO - (E) Q(ty),
MQ(t
QM(tz)= 3;22). (39
This leads to
Fo(ty) =Fq(ty) + Frr(ta),
# 1
Folt)=—p?Q(t2) fvde’xlfvdaxz XXy T
X0 t,—t;— %) (40

y

of the neutralizing body, reduces to the usual radiation-
reaction force under appropriate circumstances. To this aim
we use

2

r
" 10(t2—t1— E)

IXpIXy
1- Xo— X1 |2 r)
— n—1 + _ !
r { 2 1+(n 3)( ; ) 0(t2 t1 c
o\ 2

il PPN i 5(t L

cr 21 ¢
G T 41
o\ o Oltmtim g (41)

in Eq. (40), which we specialize to the case of measurements
of long durationT>2a/c. For such measurements we are
entitled to consider times,>t;+r/c for any pair of points

X; and X, within the pointer. Restriction to these timés
amounts to assuming that any part of the pointer is causally
related to all others. With this restriction expressi@id)
yields
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p2 Z(—1" 1 has a clear physical meaning in terms of the endigy
Fre(tr)=— =5 >, — = Q" 2)(ty) which is inevitably conveyed to any object in the course of a
C o N C guantum measurement of finite duratier]15] because of
the time-energy uncertainty principle, and it vanishes after a
xf d3x1f d3x,rn1t straightforward modification of the BR gedanken apparatus
v consisting of the elimination of the neutralizing body. This
N+l n—1 [x,—xq\2 Igads us to conclude that_ there is no ground for thg introduc-
T2 ni2 . ) (42  tion of nonelectromagnetic forces, fostered by BR in order to

perform an exact measurement of the field amplitude. We
ghote that this conclusion establishes QED as a self-consistent
theory also in the context of the quantum theory of measure-
ment. In addition, we have investigated the discrepancy be-
tween our results and those obtained by BR, and we have
shown that it stems from an approximation in the BR treat-
ment which we have carefully avoided in our theory.

Finally, we make three further comments. First, in the
theory presented in this paper we have been concerned only
with measurements of the local field amplitude in the region
occupied by the pointe(“single field averages” in BR’s
languageé Thus the question of the measurability of field
correlations(“twofold averages” in BR’s language which
is discussed at length in the BR pap@l, remains an open
question. Second, we emphasize that problems of self-
acceleration and runaway solutigis] are out of the scope
self-force is given byF = F o+ Fgg. of this paper. It should be mentioned, however, that expres-

(2) In the absence of the neutralizing body no contributionSion (40) for the radiation-reaction force indicates the pres-

proportional toQ exists in the expression for the self-force, €Nce Of a contribution proportional @ for times shorter
which is simply given byF =Fgg. than that taken by light to traverse the pointer. It might be

These conclusions seem in agreement with the results 6@teresting to speculate if the Abraham-Lorentz paradox sur-

our theory presented in Secs. Il and I11. Thus the origin of the/IVeS in the presence of this damping term, which of course

discrepancy between Eqe) and (26) is related to the ap- vanishes for sufficiently long times. Third, one might raise
proximation implicit in expressioiil). As we have shown, doubts about the relevance of the present work for QED as a

such an approximation has far-reaching consequences. IRranch of modern science, since the modern point of view

deed the introduction of a compensating force of nonelectro€MPhasizes the concept of photon rather than that of field

magnetic nature, proposed by BR, seems superfluous aranplitude. The notion of photon, however,_ seems inex}rica—
misleading in the circumstances considered, since from EQ!Y refated to that of normal modes of the field and, as it has
(26) it is clear that the same result can be obtained simply by?€€" pointed out recently, there are cases where the electro-

eliminating the neutralizing body from the gedanken apparaMagnetic field cannot be represented in terms of normal

tus, provided the mass of the test body is large enough tgnodes[17], particularly in the physically important case of
make the radiation-reaction force negligible. time-dependent boundari¢$8]. In these cases the descrip-

Finally we remark that the only condition for the validity ton ©of the quantized field in terms of photons, defined as
of our results in this section is that terms nonlineaQirand ~ duanta of the excitation of the normal modes, apparently
in its time derivatives, as well as magnetic effects, should bd@ilS- One is then led to adopt other descriptions of the field.
negligible. These constraints are respectively equivalent t! this paper we have shown that a description in terms of

assuming tha® should be negligible with respect toand ield amplitudes is feasible and self-consistent, since the field
thatQ should be negligible with respect @ A sufficiently amplitude can be measured in the context of QED without

P making r r mpensating for f nonelectromag-
large value oM should ensure the validity of both assump- axing recourse to compensating forces of nonelectromag
tions netic nature.

We note that this result is valid for an arbitrarily shape
pointer of uniform density. Thus its domain of validity is
different from that of Eq.4). The two domains, however,
coincide if we takeV spherical in the former and if in addi-
tion we takep uniform within the pointer in the latter. With
this choice expression@) and (42) coincide. We conclude
thatFgg in Eq. (40) is the genuine radiation-reaction contri-
bution to the self-force, which exists independently of the
presence of the neutralizing body.

Thus we reach the following conclusions:

(1) In the presence of the neutralizing body, the only term
in the self-force proportional to the displaceméptarises
from the attraction by this body on the pointer. This term is
electrostatic in nature and is expressedryas in Eq.(40)
rather than by the BR expression in Ed). In this case the

V. CONCLUSIONS
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