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ABSTRA Q"T 8

Indeterminacy relations are derived which express the
facts, that only l+ ==dimensional averages of electromagnetic
fields are‘meaSurable and that also an average cannot be measured
‘with unlimited accuracy simultaneously with the p051tion of the
“averaging - region in space - time—contin&umo Essentially in
showing this is the use of test bodies9 which obey Helsenbergs
indeterminacy relation nd possess a finite extension, finite

mass and finite electric charge

1, Introductdion

As 1is wellwknown there are growihg in last time‘the doubts
about the conéistency of conyentionalg local quantumjfieldﬁtheori-
es and also the concrete difficulties inside these thofceso It -
is quite clear, thah the grave difficulties come ali from very
big moments or from the smallest space - time = reéionsotlt is
therefore accepted by most physicists,“that theifield tﬂeory should
be alterated anyhow in the smallest space = time‘w'regicnse But
'up to date it seems not to belfoﬁnd a satisfactory way”out of
this situation,; in spite of a lot of tr&als in much different
directionsl/o Looking at this situation it might be righf to
discuss the question, how far the fundamental prin01ples of lo-
cal field are fit to describe our nature. It is hoped to get from

such a consideration any hint from

1/ Compare e.g. the review-article by Blokhintsev, fllo
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known properties of nature to the likely st111 unknown way, lead-
ing us to a b@tter field theeryo‘w In another fbrmulatibn our ques=
tion isa How deep are the fund@mental prin@iples of 1©@a1 field
founded in realityp or even? Is it possible to measure in reelity
the fundamental quantities of @@nventional field theo:y,exa@tly?l/

We shall restrict ourselves in this work to the best-known fi-
eld theoryggelectrodynahicﬁo Our concrete question iss How far are
the field quantitiés of eleétrodynémi@s (in classical and in quan-
'tum theory) accessible to real measurements?

‘ Tooking hastily at this problem one could think it completely
settled by the paper Of_Bohr and.R©senfeld | 2 | These suthors
"indeed have shown (by means of thought-experiments), that it is
, possible to measure‘the averag@ of any éomponent of eléctromagﬁéti@
field oﬁér a 4=dimensiona1'regi©n with unlimited accuracy. It éeems
fhat in (2] the’extensibn of the iegidn of averaging could get as
sméll asryou wish., But it is an essential supposition of this 1li-
miting process, as stressed by.the authors themselves, that the
atomic strucﬁufe of meaéuring = device (especially of the t@st=
bodies) can be neglected. From a logical point of view it is pos-
sible to make such suppositiong because electrodynamics (without

coupling to any other field) is free of any hint to atomic structure

pf}matter@uBut of @qurse f@r pzactical measurement the atomie
sthcﬁure of matter must be tékéﬁ;ihébﬂaccouhtg if one wants to
» measure‘ih space = time ='dimensionskof atomic size €ofo

~In the following §§ it will be shown by very simple argumehts
that.it is indeed impossiblé to determine simultaneously the aver-—

age of one component of electromagnetic field over a miorosc@pical

.-

"1/ We return to the old principle, which in the hands of Hei-
senberg was very fértile in estab]iohing quantﬁm mechanics that it
should be possible to formulate a physical theory by no other than
" measuréble quantities. ‘



‘ _8pace = time -~ region andrthe pbsition of this region exactly by
means of really‘existing test-bodies. Indeterminécy,= relations for |

this phenomenon aré d@rivedo

25 Measurement of Electriﬁ Fields

At first we shall shortly summarize those points, which in the .

pro§f of Bohr and Rosenfeld | .2 | prevent its extension to very

“:‘ismall space—time-regions, taking into account the atomic structure

" of matter. Once more we wish to stress;, that of ¢ourse Bohr and
Rosenfeld were quite aware of these points, as can be seen from

| 2 | and still more clear from a more recent article by Rosenfeld
| 3 |- The most critical propositions of | 2 | are:

a)AMass éhd electric charge of the testabddy can be brogught
to infinityol(

b) One should be able to cut the test=body into many small
partseach of -them wearing a mirror,

¢) Before and after measurement the test=b6dy'should be bound
at the same point of a latticé, fixed in space.. |

d) During measurement the body should be connected with thé
just mentioned lattice by a linear spring,

It is clear, that such test%bodyg if it 1is existing in reality
at a112/_9 must have macroécopic dimensions. Of course you can think
vof a body with such qualities, having any Size; theeefore these
propositions are logicallz correct, But for our problem we ha#e to

take as test-bodies for the smallest space-time-regions only such

l/ This point was critized already in the early work'of Markov 4]

2/ i.eoy, if it is built up from matter, which 1s taken from the
known part of our world. '



bodié39 which are, found reglly in nature., Not useful fbr(our |
,purpbse ére'a16© partici@s with a p@intmstru@tﬁié or bbdiés,(péfa )
ti@les);with'a not w@li=d@fined1/ @rwwith-a.n©§kﬁ@il=kann structu—
~Te. The first tyﬁ@ of particles should be.excluded bé@aﬁsé there
are quantum flustuations of infinite Siz@ia©ting bhvﬁhem (to be
derived from eonventionél theoryg‘luok eog; Corinaldési I 3 |5
_ about meaéurement with pointeparticles seé however the paper by
Landau and Peierls | 6 |).Tha sﬁaond'typ@-of particles is not use-
ful because the spac@msﬁrﬁ@tur@ of electric sharge of the tegt-bo-
dy determjnes to an essential part the space=region of averaging
the field; this structure therefore should be %hown as well asg’
poséible9 it should be‘most,simpleAand very stable. As we wish
ﬁto measure in space-time-regions, being as small as possible,
- it seems to the aﬁthor9 that atomic nuclel are nbw'thé most.usam
~ful test—bodiesoz/_The following dizcussion however is not only
>valid for atomic nﬁclei but also for any other test=bodies, fulfilling
the above mentioned propositions. » -
" The method of méasuring the electric field by such testwboé
dies we take from Bohr and Rosenfeld | 2 |; basisally is the for-
mula:s _ :
Y - o -
E,P\/j“‘ﬂg %u
(1)
‘The meanings of the symbols in (1) ére% |
 P: Density of elecﬁric,@h&rg@ of the test-body (assumed to

be constant);

Y/ Here we mean alsoc: Too much complicated!

2/ This also was the opinion of Markov, ~i & |o
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\Va Volume of the tent~body and of the averaging=region in spawﬁ
ceo ‘% = ‘{(V'ft)d Tdt Average of electric. field ‘{ over
'the 4=dimensionel region V T (in quantum theory. Eigenvalue of thev
averageooo),A : VL

1; Intervall of time, giving duration of‘measuringdand avera=
| ging intervall in time° T eould be taken arbitrary inside certain‘
limits; %‘ N %e Moments of the test=body at" the beginning and
end of T, . . i' ‘

If ;Pyp V, are known, you oan take vy (l) fro@ a: measurementa

tj" L!a of course ‘_{ 0 But by measuring exactly the
moment of the test=body9 you make, according to Apszlif% "Wff“
the position (here the position E of the centre) of: the body un={_,
certain., Also you need for an exaot determination of thexmoment |
according to quantum meohanios an ififinite tlmeo“That meaadl By i .
measuring exactly g‘ and %a the position of the averaging=re=
gion V, T in the space—time-continuum gets oompletely*indefinitee,Of
course an exact determination of % has no sense ifzitﬁis riot
possible to know, where and when this field was existinga Therefore
it i8 relerant to make both méasurements of moment only with an |
inaccuracy ¢§P§ ohosen such, that A} gets one order of magni— |
tudy smaller than the diameter of the test-bodyl) A.rough estimate:
shows, that the resulting indeterminaoy AT of T is- ‘then. extreme=i
_gs lonS

ly small (for an atomic nucleus AT =% secsgpr

o
,u ,‘,

The need for a certain localization of the,process hf measuring

1/ 0f course we can confine our disoussion to the determination
~ of one componen6 of L o SaY " ¥€T o -




- the field in space-=time compells us: therefore to let the field ave=

rage itself uncertain in the order of°“

BN L o
| ,Agﬁ-’,"p\/ (@
or also '
Atﬁ PV”% o | (3)

The inequqlity (3) of course is contained already in the paper by
Bohr and Rosenfeld | 2 |- The essential difference beinga that in
vl 2 |~ P is allowed to have any valueo, Therefore by latting
f)—9=co; 9 the right side of (3 can be brought to aerol OQux pDOw
position of taking only really existing particles as testwbodies
'clearly limits the variability of _P - Indeed the sort of matter
| with the higheeti;P we know now is nuClear matter. There seems to
be very little prohability of findihg any other sort of matter with
a*well-defined' P, being still more denze. In the authors opinion
therefore (3) represents an essential limit of measuraebility of the |
electric field in reeiityo
- Now we . remark still two points, which were neglected in diSous~

sing (2) | | |

Firstly the averaging-volume V, used to define % D‘is not constant
‘in time, accofdinp to the aotion of the field and because mostly we
nave Y, # U . This is not convenient. Therefore ..one should
mangge, that in measuring the electric field one hes'EL =J

The problem gets most simple also 1if théafield,to be measdred is
very weak and if the teétebody is as heavy as'possibleo It may be,
that for the measurement of stronger fields any sort of compensat-
\ion—device will proof convenient. _
- Secondly we wodld like to correct the measured field wﬁ for

the own-field of the test-=body. OFf eourse-this is possible as soon
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~as vie know the world-line of tée test-body if#i the past and as soon
a8 éiassical‘electrodynamics are'eompetéht ‘In our problem however:
neither classicgl electrodynamics are exactly competent nor is it
possible to make exact dates on the past 6f3%2st=body@ It seems the-—
refore to the authory ‘that it is impossible to perform this cor;eot=

ion; we should consider the own—field of a microscopic test-body as"

inseparab2l part of the measured‘fiéldof

3s; Measurement of magnetic fields - °

In maoro=hhysibs it 1is pbssible to measure a magnetic fiéid by 
Vthe powery, with which it acts on an electgic oufrent or on a mag- -
"neto, In micro=?hysics one has to remember, that‘a current consists
of single charged narticles and i1t seems to be most simple to use
k~for meaburement fhe power; by which a magnetic field Y acts on
.a sing1e9 mpving,'chqrged body (velqc;ty oY) ‘9 charge density £ )
The density of this power is, as is well-known, ' :

(

dey% . wyv
/1?:? - :«? { 5';( X 4
\)‘ oy~ Uy :&X

For the measurement of a magnetic field of‘the/special form

%;=(O)O)ii£)) cne has therefore two siﬁéle poSsibilitieés Taking
either a particle of velocity W= (0l 1}\3) \7) or YV =(UI*X)§)/l o )
We should take lﬁ1|’ not too small, in order to make % strong
‘and well measursble. Of course‘also here we can measure only an

avéragéwValue of the field over a finite space-time-region V,T ;l

1/ Taking the power on a magnetf we need a new test-body; we 
can take however the same test-body as in §,2'by using (8).



~ ths fundamental equation for the second possibility reads:

| \Z'; PVT ¢ = (P, - P"’La)', | (%)
The'symbolgiin (%) are defined quite parallel to (1). Also the fur-
'ther.consideration§are quite}analogoué to those of §‘20 Only ﬁ}
in (5) mﬁst be considered separately. In order to know sphethigg
about the position ¢} ’bf the testébody‘in~the Z ~dfirections,
i}§ cannot bélknoWn exaetlyu‘lt,is however convenieht‘and possible
%o choose Py >>¢QP? .3 Ar?% has then practically not any
influence on zvﬂg o Under this proposition we have?
BAY S
Mg = gyrsy
' or also

he »
Ai’é vaSEAn~ (6)

, Of course there are still £5Y other relations for the uncertainti=
es in measuring'magnetlc fields9 each being quite analogous to (é)o
 From (6) it follows gquite similar to the discussion of (3), that
1t is impossible to determine simultdneously the aveiage of the
‘mégnetic'field with the position of the averaging-region. Also it
is impossible to take the limit of V,o—=@ withouﬁ getting an

infinite 1nde?terminacy in the field-measurement.

4, 4-dimensional formulation

'Fhe {nequalities (3), (6 and the 7 other analogous relations
. cun be comprehended very clea :rlv9 using the notation of the theory

;1of rgﬁativityo Introducingo

PR

W\

3\/:)9‘(6’0’()1} ‘1}'\‘-)' % ;(W;f y % )1 . A ?V analogpu;sg

)By { ©We symbolize the coordinates of the centre of VyTo




0 'f\@x %‘3 (gé

- ~€ Ty, st e s
o PSS RS v TJ f';w X>dx
*’:."gs‘%ﬂ«vv%%i‘ﬂ»x R R VcT(f) B

A%ﬁu, analogousgﬁit#iS*pCSSibléftoTCOmpréhEnd*the‘méntibnédTQ{

inequaiities~toz~

the tensor O having“thewfollowing“me;gngz‘5“v<:*ff?$% S
'5ouib‘=]=' Jlb ook O o 1= 1, 2 3,'x'
kauq_-d’m 7 for'i +5; 1,, = - 1, 5,3;
&uk v A -y elseo S o
As it should be, also the other 3 eomponents of (7), which do not
belong to the above mentioned 9 inequalities9 have physical meaning°
One of these 3 relations iss | N 4  .
afoi(iofof, 205 5 o A?f"(%)m - ot @
According to (2) we can give {8) also the forms AP‘%"’A'C;"\?% ?:.F '
using AP% f; AE.  Wwe get instead of (8):" AEAT 2R
Here AF means the uncertainty of the energy of our testabody, AT
iﬂ the indeteﬁmina@y of time of measurement. (8)vrepreoentsrthere=

fore the w@llwknown»relationvbetween—energy~aﬁd-t1mdb”'

. 5o Concluding remarks . = . .o o e

At first‘étilliscmé remarks pn'the validitj of the:ébbvq:
estimatess | | o
bverywheze we did aosume9 that the test&body during all the measuw

’ringwprocess does nct guffer any deformation or other alteration
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(of.: course, translations are allowed) This is only valid for weak
fields' and for not too small [i% Y, ' |
‘Itvmight further;be remarkable, that the relations (7) are.
valid’in@claSSioql and  in quantized;electrodynamios, as soon as
the test-bodies are»particles,vwhich obey quantum—mechanios;3~
; 0f course it ‘must be stressed also, that our discussion does
’ not «exclude the- possibility of the exétence of any other methods of
measuring electromagnetic fields (also indirect methods), being‘more
exact ‘than ‘the method analysed by ‘uso The. author however does not
give a big. probability to this possibility. i
| Concerning the meaning of the inequalitiesr(7), .one can see
alréady the fOIIOWing. Clearly they are not in acoord ‘with the
conventional9 local electrodynamicsovThey withdraw the direct em=
,pirical foundation of that theory by saying: The fieldwquantities
of*Maxwells theory at space—timewpoints are not measurableo bnly
‘theaverages of the fields over finite space-time-regions are mea-
f_surable° But even the averages cannot be determined duite exact,
if one ‘wishes to measure simultaneously the position of the averag-
ing-region in space=time—contin%umo Therefore we can have no doubt,
that ‘one has te try to reformulate electrodynamics essentially, if
one. wishes to eliminate all non—observable quantitiés. It shall be
most ‘important to limit anyhow the concept of the local field. It
'might be typical for this limitation, that certain qualities of the
elementary test-bodies shall be contained organically inside ‘the '
fundamental equaXtions of the fieldez/

1/ For very small'tlz namely the process of measuring the po-—- “
sitfon;f§ shald become a strong perturbation, by which the test-—
body and.the field might be alterated essentially and statistically.

2/ A similar opinion was put forward by Markov | 4 [o



The up-to-date usual sharp separation bét@een‘tieldfaﬁd'testébody

- likely must be given up. May be9 thia can be interpreted as a new e
example for the general trend of modern phygi@s to take “into account :

- the essential statistical interactiop between: maasuringfapparatus

and measuring=objecto e | DR el

It is quite cleaxr that this new theory should contain aluo
the conventional theory as a limiting case for bi@ avggagingaregionsm
It should eontain especially all the SuUCCessen - 0F ther ecnventional
thez@xyo |

0f course there is also the posaibility that the- dust 8ketched
program cannot be fulfilled,, In that.cage the mtbor wuld vm;e for
searchihg a theory without any fieldsquantitiego ‘

Concluding we wish to mention a deepwlgiug diffi@ulty, ap-
pearing in the prOCeSo of measuxing mere ., than one fieldenverageu
simultmneously be atomic (or nuclear) test=bodiesl/o uurely it would
be the natural wvay to take identical test=b0dieuo But this seems to
be imposuibleg because identi@&l atomic objects oann@t be distingui=
shed, At the end of the measurement one could nQﬁ know, how ¢to ausocia
ate tl= bodies to those of the beginning of measuremento Author does

not yet see any way out of this difficulty.
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1/'Discussion of such processes lead in | 2 1~to:the conventi=
onal uncerta inty»relations between two field=componentao, L
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