LYMIAHPQMA 10.1

H ovlevén omv-tpoyrdg
Kol To oot pfiona peyé0n tov atopov
«Karoi» kou «xarxoiy xfoavtixoi apiQuol

Gd ocuvintioous topa dplopéva onpeia mob otiv nponyodusvn cuvln-
thon Gpénxav okdmpe EEo dote vd piv kabuvotepriost 1 &ayayy Tod
Buosikod pag drotedéopatoc (Tonog 1ol Sommerfeld). "Ag Eexwviioous pé
v OmevBion 811 1d Sratnproipa peyédn Evog mpoPriripatog elvar Exelvy
ot peratiBeviar pé ) Xopitoviav tov. AlTd Sumg onuaiver ouyypovog
8t 16 &v Adyw peyébn 0dvar xal cupBiBaoctd pé ) Xamwrrtoviavy kai Gpa
86 pumopolv vd petpndobv tavtdypova pué v Evépyela 1ol cvotripatog. (Té
onolo, BePalowe, elvar modd xaiddexto &nd guvowr drnoyn).

YAv topo &né td Sratnpricwo peyéln Evig npoPrnputog dwrifope
kénoto drocdvord toug mob elvar ovufifaotd kol petald tovg, téTe witd
pali pé 1 Xopthroviavy ocuvarnotehodv Bva nddpeg alotnua tavtdypova
uetphouemv peyeddv. "Ecto yid Griétnta 1 Eyoue Yo térow cvpfiactd
petall Tovg Sratnpiowa peyédn xai dg 16 ovpPoricoue pé td ypdupota A
kel B. “H tpidda tdv peyebdv H, A, B 04 drotehel té1e Eva mhAfipeg
cvotnue xoi Eropévoe mid xPaviikty katdotacn 84 6piletar povooruavia
obv xowr idwkatdotact tovg. Aniadn ol tpeig &ionoeg (SoTiudy

Hy = By, Ay = ay, By =py

8¢ ouvvainBebovy kai B4 6pi§ovv povooripavta(*) pid xowj i8tocvvdprnon
Wrqp OV B¢ maprotdver mid katdotaot tob copdartidlov p drdivta kabopr-
opévn Evépyeln kai énoee puoikés moodtnteg dviiotoryoby otd peyédn A
xai B, "Etor 16 yeyovog St 1 tpudda H, A, B dnotehel mAfipeg obotnuae
onpaivel, o€ o guoiky yAboow, &t dv Eépope Tic TipéS adTOV THV TPLHOY
ueyeddv 1 kortdoraot kiviong tob copatidiov elvor nivipec kabopiopévn.
Zépoue Emmhfov St Ee” Soov 16 olothua nupapéver dropovapévo adtég
ol tiég 86 mopapsivovy ypovikd duetdBintec, doeod 1d dvrioTotya QuUOKA
peyédn sivar SwtnpRowo. Mé diha Aoy Omotedrimore o16 périov é-
LY ELPTiOOpE VO UHETPHOOUE T4 uayé@ﬁ A, B (xal gvowd 16 H) 84 Eava-
Bpobue tic Gpyukéc Tov twiée o, B. Albtéc ol twyéc BG yopoxtnpilovy v
xivnon tob cwopatidiov yiud ndvra. Elvar ol xeloi xfavrikol dpifuoi 1ol
cvotipatog. ME dhha Aoya, kalei kflavricoi dpiBuot eivar of iStotinde(®) tiov
dlatyprionuoy usyeldv Evoc mpofidfuarec. T AvtiBeta, dv Eva pfyebog dév
elvar Sratnpriciuo ol {Stotipés Tov 8év unopolv vd ypnoyonowmBody yid
16V yapaxkInplopd thg katdotaong 1o cvotiuatog Sidtt wid iSokardora-
on abdTol 100 peyéBoug 8év B4 napapeiver (Slokatdotasty GALG 86 petatpa-
nel of pid xutdotaon Omépbecng &nov Sheg (Bv yéver) ol i8ioTipée Od
kGvouv tiv Euedvicy tovg. Zé pud térow mepintoon ol idrotpég sivar

(*) Mé ] yvooty féfoe dnposdiopiotio pidc @dong

(*) § wdrowot Grior dpiBuol dnd 10lg dnoilovg EEoprivion of drotiués
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olyovpd GKATEAAMAES Yid 6 «onuddepn» T1dv xataotdosoy Kol Enouéveg
66 mpénei vé Bewpndoby adv raxol xfavrikol dpibuoi tob ovoriparoc.

T6 tomxd mapdderyua Egapuoyiic tév napundve idsdv slvar Péfara
A xivion o’ #va kevipikd dvvapiks émov kot ol tpelg cuvictdosg TG
otpogopufic L Iy L peraribevrar pé ) Xopthrtoviavy xal dpa slvar
Swtnpriowa ueyédn érog kal 016 dvrictoryo khaoikd npdBinua. Atatn-
piowo péyebog elvan, PéPata, xai 16 I dpol 8év elvor mapd pd suvdptnon
v ko Ly, l.. Agdopévov tdpu STL ol ovvictdoeg tig oTpopopufic Sév
petatifeviar petalld tovg, petatifeviol Spwg pé 16 I, 16 mhfipeg oot
ueyebdv 100 mpofirjuatog 84 pmopel vd mepiéyet, Ektog and 11 Xopihto-
viavy, pévo w6 1 kai plo aré tic suviotdoed Iy, L, L(1). H cuvifng éxhovy
elvat 1) cuvictdoa L 6mdte 16 mAfipeg ovotnua elvor i tpdda H, F, L f
omola opiler povoonpovia tig yvwotéc pog 16106VVOPTNCES Yam “Ralr)
YT (8, @) &véc kevipikot Suvapikol. Zbppove pé 1¢ mponyovpeva ol
apBpol n, , m, péow tdv dnolwv xubopifovrar ol SioTipés tdv dwwtnp-
owpoev peyeddv H, P, L, elval of kahoi xBavtixoi dpibpoi 100 mpofifpatoc.
"Av gmmhéov 16 copatidio mod kiveltor pECH 6Td KEVIPIKS UG Suvaptks
pépet kol dowtepiky otpogopun (omiy) téte othv tprdda H, 12, I, Bd mpénet v,
npocTefolv kol T¢ peyédn s° xai s, 16 6moin oiyovpa petatifevrar pé d
nponyolpeya Good of dvo Suddeg dpolv ndve of Swupopetikéc netafintéc,
(?r{g petafAntég Béong W npdtn xoi oty peraBintd tol oniv B dedrepn).
Ol xataordosig kivnong tod sopatidiov 84 yapaxtmpilovrar howrndv tohpo
améd ™y nevidda 1dv kohdv kfoviikdy dpbudv n, L s, my, ms dnd v onoia
Suec mopoieinetor ovvibog 6 s md wdi Exer v 1810 tdvea tipd. (Tid Eva
3edopbvo eldoc oopatidion, QuLoIKd).

Kai &pydpacte topa ativ nepintoon rov o6 Kevipikd polg SUVEHIKG

= 7,

(o166 Suvapxd Coulomb ouvykexpipéva) mpootiBetar kal 1 ovfenin oniv-
TpoyLIic.
e? -d-s

2m2c? 3

Vis =

Towol 8dvar tdpa of karol kBavrikol dpiBuoi Tod drdpov; “Ag dolue npdra
Sbo ar’ adtody —Tovg m; kai me— 1ol ciyoupa ydvovy it v iddmra.
't adrd 16 oxonrd ypeidleton amhig vd dnoloyiooue tobg petabéreg [/,
Vis] xai {5, Vis] xal vé doBue dv Byaivovv undév 4 6. “H lef pog 04
yiver gdkordtepn dv moparnpiicope 6t 10 1 perotifeton pé 6 L (Si6m
glvar covaprnon poévo 1ol 1) xal euotkd pé 16 s, 16 omolo v Eyel kappia
oyéon pé tic yopixés petaPintés. “Etot 16 pdvo mob yperdletar elvar vd
onoloyicops tovg perabéteg [L, 1 s], [ss, I - s] 16 dmoio xai 8¢ kdvope e080g
Gpécng Y14 wd twyovoo pdlota cvvictdoa k1 si. Gdyoue

[4, 1-s] = [k bsi] = [h bls; = ieihs; = i(s* D (16)

(1) “H ypron 8o mokd nepaniroiev cupBérev (f kai I) yid 16 péyebog tfig otpogoppfic Ehni-
Coue V& pnyv mpokuAfoer obyyvon o6V Gvayveootn.
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kol mapopota
[si, {-s] = iegw L sx = i(I x s) (17
émdte yud tig ouviotdoeg L xai s, eidikd, Blvat |
Ly 18] = i(sely=syhx) ,  [s2, 1~ 8] = i(hSy=1y8x) (18)

16 Omoto, PéPara, onpaiver 1y 16 L, s, 8év peratifevrar pé 1) ovlevln oniv-
Tpoyidic dpa obite kai pé v véa Xaphtoviavi} tod drépov. Aniadn nadovv
vé elvon dotnprioipe peyédn koi Enopévag ol idrotipég tovg madvovv ki
adtéc vé elvar karoi kPovtikol GpiBpoi.

“Opig 4rd tig (16) kai (17) Pyoiver ki éva dAho («Betikd» adtr T gopd)
oupmépaopa. “Av Tic npocbécope katd uéin (dnéte o1y dpiotepty mrevpd BG
gpeaviotel 6 petadéng tfig i-ouvictdoog Tiig dMkfig oTpogoppfic pé Tov Spo
{.s) Blyoue

[, 7-s] = [h+si, 18] = i(sx D)y + i(fxs) = 0 . (19)

Smov 6 pndeviopdg tob Sevtépov pédovg elvar dpeco dnotéecpa tob
yeyovotog 6t ol Sovoopatikol teheotég { kol s petatifevian xal Enopévog
foybet kol vi© adrolg 7 yvwor) 18bmmta sx/ = ~Ixs 10b Ewtepikod
yivopévou tév ovviiBov dtavuopdtov.

T dnotérecpo (19) elvar, BEBara, moAd xahddexto. AbTé nov pdc Aéet
elvor 811, mapa v pny dwetpnomn tiic Tpoyakiic otpogopufic xai tob oniv,
16 d8poropd toug elvon d otabepd tiig xiviong. “Onog rpénet va copPai-
ver of kdBe drnopovouivo oOoTNU, 1 SAIKH atpopopus} tol drduov elvar ¥va
Sratnpyiono puéyebog. e

“Opng xai ol pepikéc orpoopiés f xal s Eyovv kTt mol napapéver
Guetdpinto pé 16 wpdvor 16 pbyebo; tove. AbTS yivetor Gpuécog gavepd dv
ypayope 16v Gpo [+s odv (P~ -s%)/2 Gmov elvor md b ovvdpinon
(ypappixy pdhiota) tdv peyebdv 2, P, s* kol Gpo petatiberar pé adrd. (id
16 P avtd BéBoua frav 1N yveotd dnd tiv (19)).

Td dtnprioyie peyédn tob drdépov, petd v npoatrikn thg payvnti-
kfig GAinienidpaons oniv kal tpoyiakiic otpoopufic, elvat kowmdv td EEfic

H, 7, s §,
dnradn N évépyela, Ta peyéBn TOV pEPKAV oTpogopudv xai Tfic SAikfig
grpogopfic xoi f| z-cuviotdoa Tiig Tersvtaiog. ~Enopévmg ol xarol kPav-

Tikol 100 drdpov Bdvar thpa of

Ea /a s, j» m;
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6nov oty 6éon 1ol E umopobue vd Pdhope xdmoio xipro kfavricd dpibud
2(*)y pévo nov 16 E dév 06 ELapratar, &v yéver, pbévo an’ adtédv dArd kol én”
&rovg tovg dndroimovg Aty Tod my. (Of Evepyeraxéc idrotipée Evog dropo-
vouévou Gtépov 8év unopel vd EEaptdvral dnd v xatevbuvorn 1ol Slavi-
ougtoc T Ohikiic otpogopufic, yutl adtd 8d napaPiale tiv dpyn tic
{ootporniag 100 ydpou).

Koatadjyous rowmév o166 cuvpnépaope 6t 1 ollevdn oniv-tpoyidc
GArGler tole karotg kPavrixoly apiBuote tol drdpov kel 4rdé v nevidde
o, I, s, my, ms pdc Omoypedver va mephoope oty n, I, s, j, m; dote of
KATEGTACELG pog v yopaktnpiloviar and tig Typés ovokdv peyebdv nod
Sév petafdariovral pué 16 ypdvo. Biérope dnhadt thpa 6t ) drrayn Bdong
Ynismm, —> Vnkjm MO0 pag EmPAROnke dnd t6 npdypoppa Tfg ExQuitopé-
vng Bewmplag Swtopaydv (dayovonoinon tig dwrapayfic péoa otév -
Yopo Expuviicuot) dxepaler pid modd mé npwrapyikh puoky drnaition:
v araitnon &t of dropxéc karaoTdoa Tpénel v Teprypdeoviar [ Kupato-
TOVAPTRHOEIS TOD TO PUOIKS TOUG «TEPIEYOUEVO» TIapauével ypovid duetdfiinto.
Kai adtr 1 dnaitnon dév ikavornotlelital and tig apyikég idoxartaotdoeig
Ynjsmpm, OVOTL 16 Sraviopata / Kal s, mapdti otabspol prikouvg, driidliovv
Srapxdic mposavatoriond, 6méte of npoforéc Tovg hmy kol hms o1tév dEova
z petafdiiovror pé té ypdvo.

TAEiCel va peretrioope Alyo abty T1f gpoviky petaforr gpapuclovrag
v kPavriky EEicwon xivinong tiv péowv Tipdv

d<<A>

ih ——— = <[A, H]>

7 6mota yid A = hxal H = Hy+Vis = Hy+E&(@1) - s, nov &(r) = e2/2m2ir3,
dlver

(*)"H Evvoia 1ol «xbpiov kpavrikod dpipot» elvar Srapxiig mnyr Evvororoyide olhyyvong
31011 wévo o16 dropo ol “YSpoydvov udtdg & apiBuds Exet pid dmir kel dpeuovostuavin
oyton pE Eva ovyxkexpévo dwommproipo péyebog Smwg 1 Evépyewn. 7 Sheg tic dhdeg
nepintdoeic 16 n anidg apibuel 1 oeipd thV Evepyelak®v otabudv of kdbe «Evepyd
Suvejurd» nov dvriotorysl of dedopbveg otubepés Tipée 1@V ARV KBaviikGy apBudy tob
rpopriparos. Mapaderyparog ydpn o Eva kevipkd Suvapikd yopic Grkeg dAlnkemdpdoeic
16 Evepyd duvapikd Efaptdtal pdvo dnd 16 / Evd dv Omapyer kol ovlevEn oniv tpoyidg
nepigyovrol kai ol xPavrikoi ¢pbpoil j kal s. (Tid x8Be Sedopévn tpdda dpbudv /, s, j 16
Suvaptkd Vis yiverar Eve cuvnBiopévo kevepikd Suvapikd ¢ popeiic Vis ~ ). "Fiol howndy
v vé xabopioope v Evipyewn o’ Eva téroto mpdPinpa yperaldpacte &e° Evég tovg
xBavtikole dpBuols nov nepyoviat o1é dvepyd Suvapikd, dote abtéd va elvar yvootd, kal
peETd; Yid vd nobue of nowd ordbun adrod tob Svvapikold Pprokduoste, 8éhope Evay dxdun
ap1Bud mob vd kabopiler ) ceipd e "E adtég dxpiBhg & apiBrde mob ypeidletar pall pé
Totg dAlovg Yid va mpocdiopiotel i Evépyeia 10T oLoTANNTOL QEpEL 16 Meyolonpende Svoua
«kOpog kBaviikdg dpibuder Eneldn ouvéPn o Eva tovadikd guotkd ovotnua (té dropo tob
“Y8poydvou) va mailer tév kdpo porol
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h «Gl—fi-iﬁ; <[k, Hy+Vis]> = <[4, Vis]>
= <¥r) [4, I-s]1> = ih<Er) (sxD)i >
g_gtl_>_ = <Er) sxI> = <EM> - Ls>x <> (20)

Smouv 1) péomn Ty 1ol ywopévou E(r)sx] ypdetrke odv yivouevo rpuﬁv
péonv THdv, 0T ol KUTAOTAGES Yamiem, = RafD) » YT (Q) - X (u) &-
¥ouv Ki avtéc th popen £vég yvivopévov o1éd omolo & kdfe mapdyoviag
ttoaptdtar pbévo and tic ueraPintéc néve otic dnoleg dpd & kdébe napd-
vovtag 1ol teheothi E(r)s x 1. Kai slvat npogavée, PéPora, 611 1 kdbe pepixr
péony Ty otiv (20) deopd pdvo tig oystikés, &¢ mpdg 16V dvrictoryo
teheord, uetafintéc. Hapadeiypatog yépn vid v péon i <&(r)> 88val

<E0> = &y = [ RE@FG

omdte 7 (20) B4 ypdostar

d <>
dt = Z::n/ <S>X<1>
1 loodbvaua
d<i>
= &, < ox<l> 2n
dt

Srov, PEBora, ypnoyonotjoape Ty tavtétnte <I>x<I> = 0(*) yiud vd
Gvrikatootioope 160 <{s>> pf <{s> + <> = s> = <>,

‘H &iowon (21) 8¢v slvar napd i naciyveotn EEicwon tfi ypovixfig
petaPorfic Evog Swaviopatog mod éxterel peramtotiky kivnomn yipo érd
Eva otabepd dEova. "Edd adtdg & dEovag opilerat and 16 aralbepd Sravvoua
<{j> tfig péong Ohkfic orpogopufic, vd W yoviexy tayldtnta tH¢ me-
plrotpoofic 8d Sidetar §nd 1 oyéon

o = &n11<j>1

TS dwdwopa <I> d&v mapapéver Aowndv otabepd. (adtd pdg vtav 7{on
Yvoo1o) dArd Extekel perantotiky kivion yopw dnd 16 dxivnto didvoopa
<{j> g dhikfig otpogoputic 108 drdpov. TrHv 1w dxpBdc xivon éxrerei
kal 16 péoo Sdvuopa <s> tod onlv, Onwg unopel vd el pdvog tou
& avayvoornc. “H ypoviky petaBoin tdv péoov tpudv <> xai <> 04
anodidetar Aowndv mapaocToTikd Gnd Eva oyfjpo odv 16 4.
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ALY % drewcdvion elvar yvooti odv 16
O1aVOoUATIKG povTédo Tob drduov xai GEi-
fer adtr v idwitepn dvopooia Si6tt
dv ypnowonoinbel E€vnva propsl va O~
dnyrjoer of mocotikég oyEcels mov 1
gEaywyy xai N xotavénon tovg 8drav
aAroidg Mok mé dVokoin. Tétotev &i-
Souvg yprion 1ol dtavvouatikod povté-
Aov Ba yiver dpydtepa.

Zyfipa 4

(*) Kai onpeidore p’ adti viv edkapia 81 1 oyéon AxA = 0 loyder pévo yid cvvridn
Swoviouate (xel térora elvan of péoeg tpés <>, <s>) § yid Savuouatikode teheotée pé
peratbépeveg ovvict@osg. "Opwg 116 terhectés dnog .y, 6 1 elvat Ix] # 0. Tuvykekpipéva
Aoyo thv perabetikdv oyfocov [4, 4] = ihepk 8dvar

Ix1 = inl



