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1 Problem

W, Lewin of MIT las given an example of & dawpiiely smple vl with saneshat
parmloical Twhavior :l:.:"': As wlotchun] Blow, & e containing resson Ky el Ry
v & sk sl magmet that s eoonel by & timedependom ourrem .
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This cirvwit b pooksd by 8w vl et as skt cles] in tha right basd Rgure aleses, Fah
vielb e ter ouwists of & redsnw 8 2§ N e assester thet seasins he osesis
I, and ropurts the “vollege™ Ve, = LR The “jasiive busds of the volimetors s
anmnoctod b pinks @ amd o, suck sl the dicectias of curmots ) ad T ape s shown when
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T paradon s thal Ve toes nol agpeal Vi, which is partimdasly surprising in the
wmene sl puinds o and ¢ aew the sme, and paints b sl J are e s
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2 Solution

This protlem has & long Metory in pedagogic lore, s of which can b braosl in 70,
A oot oty st Laisir ooy Lhar prineciples of this probbem is descriled in [25.

2.1 Analysis via Kirchhafl™s Circuit Laws

A& cirowi b i agraam for &b systom s showy on &he top of the et page. The solaotd magret i
thee primary of & transonmer Ehak i e sl by & o dependent current T, whilc b s asoamis]
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[mamsall ) wel i vt s of the sovondsny (s [ ssd W 3 L s e ool indectanos eiween
b pEimmary s scondary.

Kirchledl's circuit (s oquation” for the socesdary ke is
o (F e BORy o fF = )8 LF o Wi ()
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The mator rowdliogg. da ok depewsl on Che |nowtions of puests s & ¢ aed @ so long s
w il ¢ e Lol b D W Eodldleois N Al By on Ule g wiee Latwanen Clein, sl b i
ol mrv lstb lortwnen posldors B and Ry oo the lowaer wine bt tham, and Qe bsds ase
awatand (n & he sovse of the fgure below (from (17"
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T ramudes were wulidated by oxperiment during Lewin's laiwre denwensi i o,

Hawrver, il hoth meters wore sapbade ©he soovmalary ks sl heir lods bobh st scbesd
lir Lhat ke Thoin its Fight™ sde i showm in Ul Bgsbe bedow, bdb iwders skl el
ERe Ry + Rg), while if &8 beads wore attached from the Seft” side they would bath el
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2.0.1 Which Way Doeos Carrewst || Go Arouasl] elie Socoaulary LoopT

I thr povcinding anal veis we Gscioly asameed Chat the cureet £ Bows only on (e ey side
wll b mannmulary boop Etwawn pudnis o sl B, s shown om e ki in Ehe Bgun om il e
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meking that pow sll the magnetic Bux (s e aelesid s linked byt ook seter ooy, s
i b i o el 0 b el bo e opsgesite U Uhat of cissl F ihe oot ive £ ALF
in Ehir voltmeter loop b =& rather than £, Solving . (S-00) kb the omnmts we Sl
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ahe eminise e paitilionag of curmenl § betessm the kR asd sight sides.

Howese, the st of bl disdpatol in skt & aml B dopends onothe par-
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2.1.2  The Valimwier Lavals Pass Through e leterior of il Seoombury Loop

Sappeaee thie volomseter beads cps the inserkr of the sooonidary booge, sech that & fraceiom
J of the magnetic Bux of the sdens] passos through tse wllaester ey, & shown in tha
et o the st pege.
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meking Ehat the smee of oerest [ & the e as thet of oerremt [, sach that ghe AT
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2.2 Scalar nwd Vector Potentinls

The [t that the twe metars give diffaras rosdings whm & — ¢ amd b = of (in saz. 2.0}
ineliewtin Ehat tha marber roslings are md simply rolatal o e olacdsic sl potenlia 17
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swmnptin & that the st dic feld tangeeial to e wins B sera (o Ve Bmit of perfectly
o |t gy, wirem |

Inn timasdeperedont siveations the datrie e E i ndated g bosth the soalar potemtials
Vs well s b Ebwe venrbor podenkial A aooording bo
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Bince B = T « A, we have fom Soke's theoros thar § A dl = [ B fAroa = &, 0
the seievet hall compeanE A, if U vector potintial s given 1y
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whire r s e maddiis of the somalare loogp. In the grosoest oxamgle the magnetic fux $
hsmgh Ul ssacsiu]afy bocgy b ool 6 L s Broin Whe i e B bds diie b all ot afseeis
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il the aximuthal extml of B rosmbors is seglig e, and W s smnw s s o el s
vl e Dowgp, I & hils amveninon bl vedbagse drop alosg sach of tlee wiee s s of ©he
ey loop are =52, w0 the total vl tage drogp aroisd the ke B 8o, & expeeied o
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2.2.1 Seomdary Loop of Resktive Win

T i sy ststemmwent (10 of @b st el omm, posbstors | sl 2 were ot |orslised olhjpecns.
Hatbar, the ssemlary koo was made of & pesistive wire of tobad edistawe By, Then, the
aurment [ s the ke weesld e £/ R, 1w this case, the T drop botwaoon, pesinis o and b thaet
mildond anghe & s [ R /20 o« Lol o 1] = 1. That is is this version the F I dosp opesls
the ifrronece in thir sealar polential lerwssn v points, which i@ perhags lss indrdive
than the case wiih loral o] pssiors,

233 Ou the *Healiny™ of the Yeoor Potont il

The example of & kg solonold (or temkd | with “per” magnetl fell bat sosem votor
prtential, outside Uhe oil, i ofien weed b srgoe that te vwelor pobmbial (or st las
Wi Mirperaws kn Ll vt pedontial) shoeld b omidoriad as “moal™ (e, having mesurable
affort | The bast kmown of ile argumets n che quasyiums exangibe of Ahsrmasy and Dol
|77, ahberggh this isdependanily rostates an earlior srpamen by Elirenlong and Sday (2.
A rolsted arpament b ol ssios] ol trody nsmios bas loes given by Bonaminski (279 se also
[, ;.

T el msben] argumem) & wealor, e that the ehoeorie Bkl itside Ul solomoid with &
Hoapevar vimg curmmt B due o Ehe mageetic Beld insde B sdessdd @omling to Fasday's
law, bvuk Ehar msagmar b Sl is “powed” assbsiole the skl d, s Clis offit agiposns o b action
i a distanie. Siee Beld ey was dovdopeed with the goal of clissdnating sction &l &
dilaner, @ sovins that the “koca™ mill
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implies than we sheuld oonsider the voctor potemtial to e ol Boweer, o bl by
Lol i 15EH [T, the magnetic Sdd mitsido the selemid i ok disth s, il s oo
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The pmardmm gt o strosger, in that even for & stabic magnetic el i the
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thet Emtanlassscus correnl distrilatios throughag the Univrs, oe, B icorporates action
& adistance. The auther's sttibale s that sy oquanti oy which byeotes soiben al & s anee
s not phvdcally “peal” . sl henos even ile gaugeivariang part of the vector potentdd
whotld pol e ogasdinl s “real”, L
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2.0 Comanenis

Sppone o vl ety wvre coniectnd fo (v poiils o the epger wine etwos oo 1
szl ¥, s shown im tbe dotch Below, The vltnsrter ke s omst couphsl to the sdenid, s
theere s e o extromel v livthe) ST b in this b, and boww [, = 0, sl the neter
realing woubd be Loy, 0
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This sk sane poyle o arges tha the orm “volisge dmop” dwsb] ot ke dofiansd =
thise | v b} dhifberamiion: i ther somlar ot lal L7 berween Dwo pousts Jas done (s shis s,
lazl ratbvr Bhis tommn shomdd Beave anly the oppeslinal maamng & the valee imaassed by &
vl st whon smnactod bl twar prants. Wil el apyelisg 9 s sh
L e (ke e B e s o vaiBagy (g 1 1e e 8 gOREEr sl
e st vt (s 1o sack g of b Lkade) K o Ll cipwnth 0 juradant, < | Lot further
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this the FALF betweon g nls ol b soul Ehad e “vol lage drop” hetwom pois o and &
Lo eyl 0o miwrais impely 12 = 0L thee diferenioe in Dhe scalar oot lal et v the tan
ik [(H7,



A Appendix: Kirchhoff's Circuit Laws

In B845, Kirchbsoll [mge 21} gove his cipuit lows (3, 38 for & network of het tori sl
ressbirs, as & grosralioetion of (bom's lew [BE37T) (60 ddet & cirous consisting of a hastery
with dloct petmative bree £ and derics redstanes R spprts and eloct e cuerent P eelated
o & o IR For examjle, in & cirod ) consising of & singhe heop with sl banioris and
weveral resisbions, Ve cirouie loop) aguation is 328 - JEH.

Kire el never apjsdiod bis b b @ me-dopumlont cirouits, such o in Lewin s sxample "
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[CRL B - T cvmbdle jaties of a slidbe miie In Blichbll [kl 1
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bimsl ool chrsvad s ol Mhe “Ielegrapler s mpmlsa” ke g s e Sbegraph “line” bl o G b lalay,
wing B bl s clionii laws, s fred given by Homviskde m 1530 (52 S sl ide & ppemddia of |19,

Whary dlomen] Wevmroass | 1888 ) (30 wio sl intronlimdl e coswopt of ol oad msloetame 0 od 1w
clrevmss | lval ol e soll mlorisome L o o snghe drodi |, e sl = ile oo poioe sl & Forommam ple. il
gt b B Mgk oo L e s oa e ) e vl D omlawed bn b s M = Iﬂgﬂ-l. =
Ayl Wi il el 1Bt b i) i off Paaalap s Lo (s Dol i 1 bt i il [y o b il
tinme, & fecabar] & AU s Dbl in chrosil | miaisd by Sy = —byp = = bl Hosever, Memsamn, Welsr
bl Kiw Bl olie] mad s i De ot ks tn ks cle | s | v loms |
Kl il iies ' - bt mimll Lol Vo [owriaai | ML e i i ilrmernall | i Lo ilainirs
i omren sbemeni Fas £y o= =kl whees ik B 6 et Daciod.

ks bin jarmeivoly Kimhbo® 8] ke o e oyt bk o e o il s il @ ok v il sheasils
inmps bty | lewlivg b saompeed o e e o= 3/ wliaryw e cosplasds o, aell g, e B ool oyl ndl
Irom el sl s sl ogpenimms | Weler sl Koblsmmck | 1838) 5301 sl e valon ol ¢ ses
e b Ll mperd ol Lightt de lefis Limrm. Mosmsl e Welsd s sber Linh isiiaere s luel s el kol id-a
alalaiin, ainl waa il o Bebl thasy bl i ol Faislay, oeles HEIMHHH’HHH
sl waum on wire peeesd sl lighl sped | Bghi mepd b= an = s ph
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Al Hebmboliz

A warly, important develpioent of DO eiren oy was masde by Helmbods in 185 (5,
whim b dliwwend what is s called Thivisin's theomves @1, tha sy complicatad b
“Bnear” cinwit s eepevaled bo 8 sngle saeoe of dect et ve foroe ssd & sogle rossl e
{ir impenlanes in case of time-dopendon deeuite® wlich werne o onsbarold v diler
Hadinball 1 e Tlefvamin )L "

Beagle (UBALY Y] fuaed s abd nbeore] thaak & currend [ ibrosgh & s B geaoraios leat o
the rabe R whether or not { s oestant, s s example of meserwiion of onergy.

Pirhagrs U Birst quimtitative stuby of By ohe traal cirvbs s nojse b by
Welsr o B wec. 1o 45, wils oesstiied the charsctoristic Bime of the dishacge of &
angmniter |Lovden jar] through & resistor, withost offering any theoret el analvsls of this
[T

In 1487, Hobmbshz, p, 3 of [, p 142 of 66, comsiderad the hist gonorstid by the
dbwcharge of & capsscibir 7 e argued that the initis] {polential) omrgy of the capacfor
was (20, where ) i vhe charge on ome i1 (o8 olsptrodim. Ha slas considerod the e of
& Wi magred on e dletical ceoei, o B of (85, p 158 o 66, using coeservmtion of
wnpry B dinluw & oot copelion, although thils i ke s phosesnonom loyvend the s of
Birchliof's laws (wlich apply 1o deosits Sl sa® ). Bdsholiz did mo combder 1l came of
Pl Wi sl Dbectbon &8 1hEs e

In 180, Helmbelia dwdod the propegation of ek irival dgeals m o, udoling this
o posisbor anad & oell Sndwtor. When & shaa rise in elictric polmtial wes applisd o this
wipruil, Hhe ciFsvnl ook a chasstamtic s U approsch @5 aivaplol @loe. Hilmblis
e puar ] g mesk el posulis b 8T, 88, and geve jerkeps the find-over tlpedapondong
aipruit ansdvals i 00, He did ot der ve s clmuit sopst i, bl smpl stated & st hesis
[Vormusoteung], po G0 of 890, i be oondinmed for mot] by experiment, Uhat (Hem's Lo
sl ol R i by L st of b el Lo rosal, Hilmhslts” o, (20-(3),

df £ -
i I-L? I IU‘"' | [2T}

whiore | s e aourrest, which is sere st gl | = 0 whes oletnmmtive boroe £ @8 appliesd
tir Uhe cireuit that bas reddance § sl sdbinductanee L% The data sgroml s st
this mesde], which can b sakd o peovide Ve Gre extensbon of (fan's Lo Kirchhol s kg
aapaation b a tmeslependent olpmli,

A2 Thomson
I 1548 1R5E W.'I'hn-.nf'l'll.fl. T T3, T addk 1 Widsr's T '-I.!_'_IL-
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