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ABS TR Ac· TI 

Indeterminacy relations are derived, which express the 

facts~ that only 4- ~dimensional averages of electromagnetic 
✓ 

fields are measurable and that also an average cannot be measured 

·with unlimited accuracy simultaneously with the positio~ of the 

averaging= region in space - time-contin~umo Essentially in 

showing this is the use of test bodies, which obey Heisenbergs 

indeterminacy relations and possess a finite extension, finite 

mass and finite electric charge 

lo Intro duct 1 on 

As is well-known there are growing in last time the doubts 

about the consistency of conventional 9 local quantum field theori

es and also the concrete difficulties inside these thorieso It 

is quite clear, than the grave difficulties come all from very 

big moments or from the smallest space - time= regionso It is 

therefore accepted by most physicists,·that the field theory should 

be a~terated anyhow in the smallest space - time - regionse But 

up to date it seems not to be found a satisfactory Wf.!.Y out of 

this situation, in spite of a lot of trials in much different 

di:r-ections1/o Looking at this situation it might be right to 

discuss the question, how far the fundamental principles of lo-

cal field are fit to describe.our natureo It is hoped to get from 

such a oonsideration any hint from 

-1/ Compare eogo the review-article by Blokhintsev, lllo 
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known prt0pe~ties of na tur® to the likely sti_ll unknown way 9 lead= 

ing us to a bett~~ field theoryo = In an©ther formulation our ~ues= 

tion isg How deep are the fund~mental principles of l©tal field 

fotmded:in reality 9 or eveni Is it possible to measure in reality 

the fundamental quantities of ~onventi~nal field theory exa~tly?1/ 

We ·shall restrict rourselvea in this work t(O the be·st~known _fi= 

eld theory 9-,.._electrodynamlc$o Our ©«:mcrete question isg How far are 

the field quantities of electrodynamics (in classical and in quan= 

tum theory) acceosible to real measurements? 

Looking hastily at this problem one could think it completely 

settled by the paper of Bohr and Rosenfeld I 2 lo These authors 

· indeed have shown (by means of thought=expcriments) 9 that it is 

possible to measure the average of any component of electromagnetic 

field over a 4=dimensional regi©n with unlimited ao«']uracyo It seems 

that in 121 the extension of the r~gion of averaging could get as 

small as you wisho But it is an essential supposition of this 11= 

miting process 9 as streased by the authors th.Emselvcs 9 that the 

atomic structure of measuri.ng = device (especially of the test= 

bodies) can b~ negleoteda Fram·a lqsiaal point of view it is pos

sible to make such supposition 9 because electrodynamics (without 

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

of ma.tter,o,. But of course for I~actioal measurement the atomic 

structure of matter must be taken into acoount 9 if one wants to 

measure in space= time= dimensions of atomic size eogo 

In the following §§ it will be shown by very simple arguments 

that.it is indeed impossible to determine simultaneously the aver= 

ase of one com~onent of electromagnetic field over a microsoopical 
, 

~~c::::,,C::::,c,.w~=-c;::;i,===-=='""~===--c::::,==-=c:;;:,.e,,=~= 

·. 1/ W~ return to the old pr1nciple 9 whi©h in the hands of Ilei= 
senberg was very ftrtile in establishing quantum mechanics that it 
s~ould be Fossible to formulate a physical theory by no other than 
measur~ble-quantitieso 



apace= time= region and the position of this region exactly by 

means of really existing test=bodieso Indeterminacy= relations for 

this phenomenon are dirivcdo 

2o Measurement of Electric Fields 

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

pro16f of Bohr and Rosenfeld I -2 l prevent its extension to very 

'small space=time=regions~ taking into account the atomic structure 

· of mattero Once more we wish to stress s that of course Bohr and 

Rosenfeld were quite aware of these points~ as can ·be seen from 

2 I and still more clear from a more recent article by Rosenfeld 

J lo The most critical propositions of I 2 I are~ 

a) Mass and electric charge of the test=body can be brogught 

to infinityol/ 

b) One should be able to· cut the test-body into many small 

parts each of·them wearing a mirroro 

c) Before and after measurement the test-body should be bound 

at the same point oi a lattic@, fixed in spaceo-

d) During measurement the body should be connected with the 

just mentioned lattice by a linear springo 

It is clear 9 that such test-body 9 if it is existing in reality 

at a112/ 9 must have macroscopic dimensionso Of course you can think 

of a body with such qualities~ having any size; th.E~efore these 

propositions are losically correcto But for our problem we have to 

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

l/ This poirit was critized already in the early work of Markov l4lo 

2/ ioeop if it is built up from matter~ which is taken from the 
known.part of our worldo 
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bod:tes ~ whi© h 8.lf\S, f (ound ~5-ly in _natur.re o Not useful for oiu

purpose are also particl®s with a p@int ... ,stru~tur~ or b,odies (par= 

ticles) with a n(Ot well~diefin.edl/ @r with a. n@t w®ll=knmvn structu= 

r~o The first typte of par.tlcles should be ex©luded bt:~aus~ there 

ar~ quantum flu@tuation~ of infinit® 61z® a©ti!tlg on them (to b~ 

derived from conventional theoey~ l(Occik eogo Corinaldeai I 5 I, 
about measurement with point=parti@led see however the paper by 

Landau and J?eierls I 6 l}oTh® s~oond· typ~ of parti~les is not use= 

ful because the spacie=stru@tur® @f elect:ri~ @harg~ of the te~t-bo= 

dy determines to an essential part the space=region of averaging 

t the field; this structure therefore should be ~novm as well as · 

possible 9 it should be most,si"mple_and very stablieo As we wish 

to me.asure in space=time-reg:tons 9 bei.n.g as small as lJOssible)) 

it seems to the author~ that atomic nuol~i a::re now, the most usu= 

·ful test~bodieso2/ The following discussion how~ver is not only 

valid for atomic nuclei but also for any other test=bodies 9 fulfilling 

the above mentioned propositionso 

The method of measuring the electric field by suth test=bo= 

dies we take from Bohr and Rosenfeld I 2 I; basically is the for-

mulag 

~PVT ~ ic. -1, 
(1) 

·The meanings of the symbols in (1) areg 

p ! Density of electric @ha:r·ge of the test-body (assumed to 

be constant); 
~~~~~~~=>.=»~,;:;;.,~..,=ae,;;o~::;:,,;;..-:.;..;:>:..= 

l/ Here we mean alsoi Too muth complicat~d; 

2/ This also was the opiniion of Markov 9 l 4 I o ·· 

;: 



V Volume of the tea:t-body and of the avera.ging~reiH.on:\in spa-< 
": .., , 

~ = )r J l ( Y' ) t) d \. dt: 'Average of elect;io' field' 1:£ over 
VT 0 

4=dimensionsl region V ~ T (in quantum· theory: ·Eigenvalue of the 

average o· o' 0); 

T.• Intervall of time 9 giving duration of measur;ng and avera;.. 

ging intervall in time; T could be taken arbitrary,insidecertain 
\: -~'/.' 

limits; 

end of To 

If 

.\' 

Moments of the test-body at· the -be.ginning and 
:., :e .. \· \. 

.f 9 V9 are knowni you can take by (1) frofia,.measurement, 
.}· 

of ia of course 

moment of the test=body 9 you makei 

- the position (here the position \ 

o But by measuring ~e:x4ctly the 

according to, /lpj:£1{,•71 ii, ... ; ... ~ 
of_ th·e centre) of:~·(he body un--, 

certaino Also you need for an exact determination of:'faieJinomen't 

according to quantum mechanics an ·i~;inite timeo•~~_That•mi~~~r· By 

measuring exactly . i 
I 

and ~ i?. the position', of the '.·averaging-re-

gion .V 9 T in the space-time-continuum gets completely•·1n4efinite 0i:ir.Of 
,, 

course an exact determination of ~ 
' ..... ,-~>- .. _:-:,., ~ ,. 

has no se-nse:~ifilt't¼is riot 

possible to know~ where and when this field was existing~1,Theretore :~ 

it ii relewant to make both measurements of moment only with.an 

inaccuracy 6p1 chosen such, that /11 gets one order·of _magn1-

tudy smaller than the diameter of the test-body1?,o A ·rough estimate 
'' 

shows, that the resulting indeterminacy 6.'C of T is :then extreme-

1 11 Cf t i 1 /I..,... =-~ 10 -zs " . y sma · or an a om c nuc eus £-1 IJ ~ secr0r;{0} 
l"' ::- ' 

The need for a certain localization of the ·,p~o~es~;?~f measuring 
~ . ' .- :. ' 'Y'.' : . 

==~==-~====--~~~=,;;::::ac;::::.=-c:=,;i 

l/ Of course we can c.onfine our discusl!sion· to· the ·determination 
of one component of t 0 
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the field in space=time compells us therefore to let the field av-e= . 

rage itself uncertain ·1n the order ofi 

or al15ro 

- AP\ 
~t~ ;:;: pvT 

At~ 

(2) 

(J) 

The inequq_lity (J) of course is contained. alr~ady in the paper by 

Bohr and Rosenfeld I 2 lo The essential difference beings, that in 

I 2 I P is allowed to have any valueo Therefore by lmtting 

_p ~e>o . 9 the right _ ~ide of (J) , can be brought to zero! Our p:iifo= 

position of taking only really existing particles as test=bodies 

clearly limits the variability of .P o Indeed the sort of matter 

with the highe~t . . p we know now is nuclear mattero There seems to 

be very little probability of finding any other sort of matter with 

a well-defined· p 9 being still more denseo In the authors opinuon 

therefore (J) represents an essential limit of measurability of the 

electric field in realityo 

Now we.remark still two points 9 which were neglected in discus~ 

sing (a)~ -Firstly the averaging-volume Vj used to define t_ 9 is not constant 

in time 9_ accofding to the .action of the field and because mostly we 

have ~,, =J:. J- o This is not convenient o Therefore .;one should 

mangge, that in measuring the electric field one has · f 
1 

,;::;:.. v o 

The problem gets most simple also if the field to be measured is 

very weak and if the test-body is as heavy as possibleo It may be, 

that for the measurement of stronger fields ar...y s o::rt of compensat= 

ion-device will proof conveniento -
Secondly· we would like to correct the measured field. t for 

the own-field of the test=bodyo Of course-this is possible as soon 



as vre know the world=line of the test=body in. the past and as soon 

a~ ciassical electrodynamics are competento In our problem however 

neither classicql electrodynami.cs a.re exactly competent nor is it 
Ott/" 

D0ssible to make exact dates on the past ofvtest=bodye It seems the-

refore to the auth~rj that it is impossible to perform this correct

ion; w~ should consider the own=field of. a microscopic test-body as 
• 

'h inseparabiill part of the measured fieldo 

Jo M~asurement of magnetic fields. 

In macro=phynics it is possible to measure a magnetic f~eld by 

the power~ with which it acts on an electric current or on a mag

neto In micro=physics one has to remember, that a current consists 

of single charged particles and it seem's to be most simple to use 

fo,r measurement. the powerj by which a magnetic field ~ acts on 

,a sinele~ moving, ch4rged body (velocity '¥1 
The density of this power is, as is well-known, 

J-~ ~-t -- \.tt ~~ 

V" t ;fy 1, - 'lJ X ';f,,, 1. 

V" X ~ra - V ~ 1,. X 

1> charge density _p )o 

(4) 

For the measurement of a magnetic field of the special form 

'& :: (0 0 'f,..~ ) one haa therefore two simple possibilities: Taking 
) ) t:. ) 

either a particle of velocity 1p ·~ ( 0, \9-~ > l1) or 10 ::: (lJ"x) \J
1 

0-- ) 

We should take f ,p I not too small ll in order to make 'R strong 

and well measurableo Of course also here we can measure only an 

average-value of the field over a finite space-tlrne-region V1T; 

1/ Taking the power on a magnett we need a new test-body; we 
can take however the snme test-body as in§ 2 by using (l)e 
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th~ fundamental equation for th@ second possibility ~ead•g 

- "\}i 't-s J> v T c-;:. -c P '1-, - P"l, c! ) • 
(!5) 

T.h~ · symbols in (5) a~e defined quite parallel to (1) o Also the :fu'.!;"•~ 

ther o ons1.derat1on1 are c1uite analogous to those or § 2 o Only :J-5 
in .(5) must be considered separately o In order to kn@w somethi.r.tg 

about the position \ or the test-body in the ~ ~d/1rections 9 

v \ cannot be known exactly a It is however convenient and possible 

to choose Pt· ))_APf 
infiuence..>on,_ 6 ¼ ~ 

; !)."lJ't has then practitmlly not any 

o Under this proposition wo haveg 

b. Pyt, c 

l\t~ ~ JlVT'\1' 

°F)e, 
L! ~ S ~ _?VT1'"5 Ll ~ 

) 

or also 

(6) 

Of course there are still (5/ other re lat.ions for the uncertain ti= 

es iri measuring, magnetic fields~ each being quite analogous to (6)0 

From (6) it follows quite similar to the discussion of (J)~ that 

it is impossible to determine simultaneously the average of the 

magnetic field with the position of the averaging=regiono Also it 

is impossible t~ take the limit of V~T-=-CT j without getting an 

infinite indepterminacy in the field-measurerncnto 

4o 4-dimensional formulation 

The tn~~uaifiies (J)~ (6) and the 7 other analogous relations 

can be comprehended very clearly~ using the notation of the theory 

of re.J.ativityo Introducingg 
,:;.',• 

-1:_!~~:.!..~2:l.Ji..:'.~:} 'l , ~ )') ; . ~ A } v analogous i 

-t' By f 1

" · we symbolize the coordinates of th& centre of V ilT o 
'/ 1/, 

~. '.;. ' 



!£'!1 
-~~ -~ rt 
~ . '€,T. ; . ~ - IJ,,t. 

) lJn::v:TJ f/Lv(x)d\ i 
er Y1GT(tf '.··· .. 

inequalities tog 

P (~) i · · ···. 1ic 6 • , 
At µ.v } L1 tA J k. th v/ }-(. ~, ~). ) 

l"I. 

the t.ensor 6 having the. following meding: 

for i 
;.., . 

= i, 2; .:i; 

•• ... w ·, • ). ,· 

·' .·. 

'. ,·.,: ·, ... , ::- · .. 

A~ it should ~e, also the other, components of-(7); which d~·~~i 

belong to the awow·e mentioned 9 'inequ~li ties,)' bltve physiocJ.i men.ni~g o 

One of. these J relations 1si 

L) t~1 i\)1i}ok~ c_ ~i" ) 
Acoording to (2) we can give (8) also the (.ormi · /J,, PfDt.·\1-f ~ 'k, 
U8li1'\g £\pi~\;;:;, l\t 9 we get instead of (8)g·· 6EA'C :~·,.ti··:, 
Ilere At means the uncertainty of the energy of our te·st-body, .o:c 
1i the indetetminacy of tbe of measurement o (8) .represents :there=-

fore the well=known •relation between- energy and t·tmeo · · ·> 

. .5o Concludip.5 remarks 

At first still some remarks on the validity of the abov~~ 

estimatesg 
. . . ' ' 

F~verywhere we did assume 9 that the test-body during all 'the measu-

ring-=process d,oes not suffer any deformation or other alteratio? 
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.... 10""' 

(of.'.:"course, translations are allowed)~. This is only.valid for. weak 

fields! and for not too small /j f l/ o 

It might further be remarkable, that the relations (7) are 

valid in,classic4l and in qua.ntized_electrodynamics, as soon as 

the .test-bodies are particl~s, which obey quantum-mechanics.,• 

Of. course it must be stresaed also,-that our discussion does 

not· ,exclude the possibility of the ex~tence of any other methods of 

measuring electromagnetic fields (also indirect methods), being more 

exaot::than the method analysed by uso The author however does not 

give· a big. probability to this poss1b1lit.Yo• 

Concerning the meaning_of the inequalities (7), '.one can see 

alr•ady the following: Clearly they ar.e not in accord with the 

conventional)) local electrodynamicso They withdraw th~ direct em

pirical foundation of that theory by saying: The field-quantities 

of Maxwells theory at space-time-po.ints are not measurableo Only 

the· averages of the fields over finite space-time-regions are mea= 

surableo But even the.averaees cannot be determined quite 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 ·bas tc try to reformulate electrodynamics essentially, if 

one wishes to eliminate all .non-observable quantities. It shall be 

most important to limit anyhow the concept of the local fieldo It 

might ·be typical for this l:Lmitation; that certain qualities of the 

elemen.tary .test-bodies shall be contained organically inside the 

fundamental equa;ltions of the fieldo'l./ 

------~~-~-----~~-----~----~ 
1/ .:For very small 11 i namely the process ·of measuring the po

sition;' ' shall become a. strong perturbation, by which the test
body and;the field might be alterated essentially and statisticallyo 

2/A similar opinion was put forward by Markov 4 l·o.·· 
\. 

I 
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The up~to=date usual sharp separation bet'1~en'f1elu ~nd test~body 

likely must be given upo May be, this can,. be in~erpretecf as a new· 

example for the general trend of modern phyoic~ :.to take''1nto account 

the essential ·statistical interaction between measurint apparatus 

and measuri.ng=ob j ect o 

It is quite clear that this new theory .should contain alGo 
. . 

the conventional theory as a limiting ca.~e foi bit ~tveragin5--regions,01 
' : " . '. ' 

It should contain especially all the sue~esses ·/Of the;•c'~nventi~ri°a;l 

the@ryo 

Of course there is also the possibility that the_<just · sketch:~d 
,' 

program cannot be fulf1lle~o, In :that:. c~~e the 'Gutb,or · WQ\lld, vote .for 

search1hg a theory without any field--quo.ntit-ieijo 

Concluding we wish to mention a deep~l:,ing diffie~lty, ap= 

pearing in the .proc~ss of measuring more. than. one fi~l·d~verages 

s1multtaneously be atomic (ol" nuclear) te~t-boc:U,eo1lo;:· Su~ely it would 

be the natural way to take identi~al test=bodieGo.Dut tbis seems to . . . ' . -~ ~ " ~/:.:;..,;__ . .. ; . -~ 

be impossible 9 because identi©ltl· atomic· objects ·oannot;be distingui=-
. . . ' . ".; . .l. •· ' 
. ' .. , 'l!: . ii. ~ 

shedo At the end of the measurement one -could:no'/_know/ how to aosooi-

ate t~~ bodies to those of the be3inning of measuremento Author does 

not yet see any way out of this difficultyo 
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1/ Discussion of such processes lead· in L 2 1 ;to, the conventi
onal uncertainty"."'relations between two field=componentEtoJ · 
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