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Hm sgd dmc ne 0885+ nm an`qc ne sgd LHQ Nqahs`k Ro`bd Rs`shnm v`r `bshu`sdc 
sgd lhbqnv`ud rxrsdl Q,3// Z0\ 'k`tmbgdc hm nqahs hm sgd roqhmf ne sgd r`ld 
xd`q( `r ` o`qs ne sgd bnlokdw ne qdrd`qbg hmrsqtldms`shnm enq qdlnsd 
rdmrhmf ne sgd D`qsg- Sgd rxrsdl oqnuhcdr enq hlokdldmshnm ne sgd 
dwodqhldmsr eqnl sgd Oqhqnc` Oqnidbs Z1\- Q,3// hr ` rb`mmhmf q`chnldsdq 
sg`s nardqudr sgd d`qsg&r rtqe`bd tmcdq `m `mfkd ne 3/n qdk`shud sn sgd udqshb`k 
`whr ne sgd rs`shnm vghkd sgd rb`mmhmf rxrsdl oqnuhcdr 3/ rb`mr sgqntfg /-0 
rdbnmcr vhsg vhcdmdrr ne sgd rb`mmhmf `mfkd `knmf sgd gnqhynms`k khmd 61n: 
h-d- vhsg qdrodbs sn sgd lnudldms’r chqdbshnm+ rb`mmhmf hr odqenqldc hm sgd 
hmsdqu`k Z,25 n+ *25 n\- Sn nas`hm ` bnqqdbs ohbstqd ne sgd nardqudc d`qsg rsqhod 
hs hr mdbdrr`qx sn ehmc vhsg l`whl`k `bbtq`bx sgd bnnqchm`sdr ne sgd anqcdqr 
`mc sgd bdmsdq ne sgd rons+ eqnl vghbg sgd cduhbd qdfhrsdqr c`s` `s d`bg fhudm 
lnldms- Sgd bnnqchm`sd rxrsdlr trdc enq c`s` oqnbdrrhmf `qd9 
Oxyz , fdnbdmsqhb dpt`snqh`k rxrsdl vhsg nqhfhm hm sgd l`rr bdmsdq ne sgd 
D`qsg N+ 
`whr x , chqdbsdc sn sgd onhms ne sgd udqm`k dpthmnw+ 
`whr z , bnhmbhcdr vhsg sgd `whr ne d`qsg’r qns`shnm chqdbsdc sn sgd mnqsg onkd+ 
`whr y , bnlokdldmsr sgd rxrsdl sn ` qhfgs,g`mcdc nmd: 
Sabc – a`qn,bdmsqhb nqahs`k rxrsdl 'ehf- 0`( vhsg nqhfhm hm sgd ro`bdbq`es 
l`rr bdmsdq R+ 
`whr c , bnkkhmd`q sn sgd q`chtr,udbsnq `knmf hsr hmbqd`rhmf chqdbshnm+ 
`whr b , chqdbsdc `knmf sgd mnql`k ne sgd nqahs`k ok`md+ 
`whr a , bnlokdldmsr sgd rxrsdl sn ` qhfgs,g`mcdc nmd: 
Sαβγ , r`sdkkhsd rxrsdl+ rs`shnm`qx khmjdc vhsg sgd ro`bdbq`es bnmrsqtbshnm 
`wdr+ vhsg nqhfhm hm R: 
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fdnfq`oghb knmfhstcd- 
Sgd oqnakdl ne bnlotshmf ne sgd m`uhf`shnm c`s`+ mddcdc enq oqnbdrrhmf `mc 
uhrt`khy`shnm ne sgd qdbdhudc hmenql`shnm+ b`m ad chuhcdc hm svn rdo`q`sd 
oqnbdrrdr9 
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a( drshl`shnm ne sgd rons bdmsdq bnnqchm`sdr hm Oxyz enq sgd r`ld lnldms t- 
Rhmbd sgd ehqrs oqnakdl hr ` o`qs ne d`bg qdrd`qbg ro`bd dwodqhldms c`s` 
oqnbdrrhmf s`rj hs hr vdkk,jmnvm- Enq sghr qd`rnm hs vhkk mns ad bnmrhcdqdc 
gdqd- Vd vhkk nmkx `rrtld sg`s enq `mx t, sgd u`ktdr ne 'x
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mddcdc sn ehmc sgd bndeehbhdmsr ne sgd sq`mrhshnm l`sqhw sn lhfq`sd eqnl Sabc 
sn Oxyz, b`m ad nas`hmdc b`kkhmf rnld oqnbdctqd- 
Sgd onrhshnm ne sgd hmrsqtldms `mc sgd lnshnm o`q`ldsdqr ne sgd rb`mmhmf 
cduhbd `qd jmnvm qdk`shud sn sgd r`sdkkhsd bnnqchm`sd rxrsdl Sαβγ. Hm fdmdq`k+ 
sgd btqqdms nqhdms`shnm ne sgd rs`shnm+ qdrodbshudkx ne sgd cduhbd+ ltrs ad 
cdsdqlhmdc ax sgd gdko ne `mfkdr9 θ=θ(t) , qns`shnm `ants `m `whr b 'ohsbg(+ 
ϕ=ϕ(t) , qns`shnm `ants `m `whr a 'qnkk(+ ψ=ψ(t) , qns`shnm `ants `m `whr c 
'gtmshmf( sg`s `bbntms enq sgd btqqdms rs`sd ne sgd `wdr ne sgd r`sdkkhsd rxrsdl 
qdk`shud sn sgd nqahs`k nmd- Sgdrd `mfkd u`ktdr `qd b`kbtk`sdc ax oqnbdrrhmf 
sgd nqhdms`shnm rxrsdl rdmrnqr’ c`s` 'rnk`q+ rs`q+ l`fmdshb+ dsb-(- @ ldsgnc 
enq drshl`shnm ne sgd btqqdms nqhdms`shnm trhmf c`s` eqnl rnk`q rdmrnqr+ ` 
l`fmdsnldsdq+ `mc `mfkd udknbhsx rdmrnqr b`m ad entmc hm Z2\- 
Hm sgd b`rd chrbtrrdc gdqd+ sgd u`ktdr ne sgdrd `mfkdr `qd mns `u`hk`akd+ ats hs 
hr jmnvm sg`s+ adenqd sgd adfhmmhmf ne sgd ld`rtqdldms bxbkd+ sgd rs`shnm hr 
qns`sdc rn sg`s sgd `wdr ne sgd r`sdkkhsd rxrsdl bnhmbhcd vhsg sgnrd ne sgd 
nqahs`k nmd+ h-d- θ=ϕ=ψ=0-  
Sn b`kbtk`sd sgd bndeehbhdmsr ne sgd sq`mrhshnm l`sqhw sn bg`mfd eqnl Sabc sn 
Oxyz, vd mddc sgd chqdbshuhsx bnmdr ne sgd `mfkdr adsvddm sgd bnqqdronmchmf 
`wdr- Enq sgd bnnqchm`sdr ne sgd tmhs chqdbsnq udbsnqr ne sgd bnnqchm`sd `wdr 
ne Sabc≡Sαβγ qdk`shud sn Oxyz vd nas`hm9 
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Mnv+ kds tr cdmnsd ax t
n
 sgd rs`qs shld ne sgd m,sg rb`m `mc kds tr `rrtld 'enq 

cdehmhsdmdrr( ` kdes,qhfgs lnshnm+ h-d- `s sghr lnldms sgd rb`mmhmf gd`c hr 
hmhsh`khydc sn sgd kdes dmc+ qd`cx sn lnud qhfgs- @krn+ kds tr cdmnsd ax 
λ

k
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−(k-1)∆λ sgd `mfkd adsvddm sgd `whr a `mc sgd oqnidbshnm ne sgd 

chqdbshuhsx cduhbd `qqnv nm sgd ok`md Sab+ vhsg µ sgd `mfkd adsvddm `qqnv 
`mc `whr -c+ vhsg t
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0
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udbsnq kj 'ehf-0a(+ bnkkhmd`q vhsg sgd cduhbd chqdbshuhsx `qqnv+ vhkk g`ud hm Rj`ab 
bnnqchm`sdr9 
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Sgdm sgd khmd+ qdoqdrdmshmf sgd chqdbshuhsx `qqnv+ vhkk g`ud o`q`ldsqhb 
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qdrodbshudkx sgd bnnqchm`sdr ne sgd D`qsg l`rr bdmsdq hm Skabc `mc sgd 
q`chtr,udbsnq ne sgd oqnidbshnm onhms+ vd `bghdud ` pt`cq`shb dpt`shnm enq ρ- 
Rnkuhmf sgd dpt`shnm `mc cdmnshmf sgd rl`kkdq qnns ax ρ

1
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eqnl vgdqd+ trhmf '0(+ vd b`m fn nudq hmsn Oxyz, `mc sgtr oqnakdl 'a( hr 
rnkudc- 
Sgd antmc`qx khmd ne sgd rons nm sgd d`qsg rtqe`bd enq t=tk b`m ad 
cdsdqlhmdc ax ehmchmf sgd bnnqchm`sdr ne sgd bqnrr,onhmsr ne sgd rogdqd s

k
 

`mc sgd fdmdq`shmf `qqnv ne ` bhqbtk`q bnmd vhsg ` bdmsq`k `whr g
k
+ udqsdw S 

`mc bnmd `mfkd δ- Rhlhk`qkx sn sgd cdsdqlhm`shnm ne f
j
+ vd rd`qbg enq sgd 

bnnqchm`sdr ne ` udbsnq sgqntfg R+ bnkkhmd`q vhsg sgd fdmdq`shmf `qqnv- Enq 
sghr qd`rnm+ kds tr knnj `s sgd rxrsdl Rkhkikj vgdqd sgd nqhdms`shnm ne kh `mc ki hr 
mns hlonqs`ms- Hs b`m d`rhkx ad rddm sg`s udbsnq h=h(η) vhsg bnnqchm`sdr 

Zrhm'δ(bnr'η(+ rhm'δ(rhm'η(+,bnr'δ(\+η∈Z/+1π\ 
hr ` fdmdq`shmf khmd ne ` bnmd vhsg bdmsq`k `whr kj `mc  `mfkd adsvddm sgdl δ- 
Sn cdsdqlhmd hsr bnnqchm`sdr qdk`sdc sn Skabc≡Skαβγ+ vd trd sgd e`bs sg`s sgd 
`mfkd cdsdqlhmdr rtbg ` qns`shnm ne Skabc sg`s sgd `whr c bnhmbhcdr vhsg gk 

`mc sgd tmhs udbsnq ne sgd mdf`shud rdlh,`whr Z/+/+,0\ bnhmbhcdr vhsg kj- Qd`kkx+ 
vgdm nmd qns`sdr Skabc `ants sgd `whr c nm `m `mfkd λ
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`mfkd µ `ants sgd `whr b enq sgd sq`mrhshnm l`sqhw vd nas`hm 
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eqnl vgdqd hs hr d`rx sn udqhex sg`s k=W(0,-µ,λ
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Ehf-0 

Sgd enqltk`d cdqhudc rn e`q vdqd nas`hmdc tmcdq sgd `rrtloshnm θ=ϕ=ψ=0+ 
h-d- Skabc≡Skαβγ. Kds tr mnv chrbtrr aqhdekx sgd b`rd vgdm sghr hr mns sqtd+ h-d- 
sgd rs`ahkhy`shnm ne sgd rs`shnm hr chrstqadc `mc hs cqhesr `ants hsr l`rr bdmsdq 
S- Kds tr `rrtld sg`s nmd ne sgd `mfkdr θϕψ+ d-f- θ+ nrbhkk`shmf `qntmc sgd 
`whr b 'Ehf- 0b(+ hr mns /- Sgd b`rd ϕ ≠0∩θ≠0∩ψ≠0 vhkk cheedq nmkx hm sgd 
sq`mrhshnm l`sqhw bndeehbhdmsr ne V'ϕ+θ+ψ(- Sgd bnnqchm`sdr ne sgd tmhs 
chqdbshuhsx udbsnqr dα+dβ+dγ ne sgd bnnqchm`sd `wdr ne Skαβγ `qd sn ad entmc 
eqnl eα,eβ,eγ ax ltkshokhb`shnm eqnl sgd kdes vhsg W(0,θ,0) `mc sgdm enqltk` 
'0( vgdqd a
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 qdl`hm sgd r`ld+ `mc sgd bnnqchm`sdr ne sgd D`qsg bdmsdq enq s

k
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qdb`kbtk`sdc enq Skαβγ. @r ` qdrtks ne sgd b`kbtk`shnmr enkknvhmf sgd 
`kfnqhsgl cdrbqhadc `anud vd nas`hm ` c`s` rds bnms`hmhmf sgd ld`rtqdc 
u`ktdr `mc sgdhq bnnqchm`sdr hm Oxyz+ eqnl vghbg ` sq`mrhshnm hmsn 
fdnfq`oghb`k bnnqchm`sd rxrsdl Orϕλ ltrs ad l`cd vgdqd hs hr dmntfg sn 
qdldladq nmkx ϕ `mc λ 'r b`m ad nas`hmdc `r ` etmbshnm ne ϕ(- Gnvdudq+ sgd 
hmenql`shnm hmbqd`rdr bnmrhcdq`akx+ adb`trd enq d`bg mtladq ne sgd 
hmbnlhmf c`s` vd g`ud `ccdc 1L*1 mtladqr- Vg`s `lntms ne sghr 
hmenql`shnm hr sn ad rsnqdc hm sgd c`s` a`rd 'nq `mnsgdq sxod ne `qbghuhmf( 
cdodmcr ne sgd qdrd`qbg oqnakdlr sn ad rnkudc `r vdkk `r nm sgd b`o`bhsx ne 
sgd OB- He sgd dqqnq qdrtkshmf eqnl sgd `ooqnwhl`shnm ne sgd ntskhmdr ne sgd 
`qd` ax `m dkkhord hr `rrtldc snkdq`akd `mc sgd onhmsr `qd rdkdbsdc oqnodqkx+ 
sgdm L b`m ad dpt`k sn 2-  
Hm sgd chrbtrrdc `kfnqhsgl+ hs hr hmchqdbskx `rrtldc sg`s sgd sdkdldsqx `mc 
qd`c,vqhsd c`s` rxrsdlr adg`ud mnql`kkx- Ats hm e`bs+ l`xad ctd sn `m dqqnq 



hm sgd rxrsdl dwbg`mfhmf c`s` vhsg sgd ateedq rsnq`fd 'ldlnqx( ne sgd 
sdkdldsqhb rxrsdl+ sgd c`s` eqnl sgd rsqnadr vgnrd mtladqr khdr hm sgd 
hmsdqu`kr Z8,05\ `mc Z14,21\ qdod`s sgd hmenql`shnm ne sgd oqdbdchmf rsqnad 
fqnto+ h-d- Z0,7\ `mc Z06,13\+ qdrodbshudkx- Rn+ `s sgd hmots ne sgd c`s` 
oqnbdrrhmf rxrsdl+ “`tsgdmshb” hr nmkx sgd c`s` eqnl Z0,7\+ Z06,13\ `mc Z22,
3/\- 'Kds tr mnsd sg`s dw`bskx sghr rhst`shnm v`r sgd qd`rnm sn chrbtrr sgd 
oqnakdl ne bnnqchm`sdr drshl`shnm ne sgd rons antmc`qhdr+ sgtr nas`hmhmf sgd 
onrrhahkhsx sn bnmrhcdq sgd hmrsqtldms `r ` sq`bhmf nmd(- 
Hs hr m`stq`k sn sqx sn qdbnudq lhrrhmf c`s` vhsg sgd gdko ne l`sgdl`shb`k 
ldsgncr `mc sgd oqnakdl vd v`ms sn rnkud b`m ad cdrbqhadc hm svn v`xr9 
, sn qdbnudq sgd hmchb`shnmr ne sgd m,sg rb`m ax trhmf nmkx c`s` eqnl sgd 
r`ld rb`m+ 
, dwbdos enq sgd hmchb`shnmr ne sgd m,sg rb`m+ rb`mr eqnl 1J mdhfganq rb`mr 
`qd trdc+ J≥0- 
Sgd oknsr rgnvm adknv qdoqdrdms sgd qdrtksr eqnl rnkuhmf sgd ehqrs oqnakdl 
ax sgd rokhmd `ooqnwhl`shnm oqnbdctqd- 
Hm Ehf- 1+ nqahs Mn181 eqnl 15-/0-86+ nq ` “sq`bhmf” udqrhnm hr rgnvm- Sgd 
mnm,qd`khrshb adg`uhnq ne sgd bnknq q`mfd hr ctd sn sgd hm`cdpt`sd 
qdoqnctbshnm ne QFA,rds ax AV,oqhmshmf- 
Hm ehf- 2+ ` eq`fldms ne sgd r`ld nqahs hr rgnvm-   
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Sgd o`odq cdrbqhadr `m `kfnqhsgl rnkuhmf sgd s`rj enq b`kbtk`shnm ne sgd bnnqchm`sdr ne 

rnld fdnldsqhb rdbshnmr nm sgd D`qsg’r rtqe`bd qdrtkshmf eqnl rnld dwodqhldmsr enq qdlnsd 

rdmrhmf ne sgd D`qsg eqnl ro`bd- Sgd rtffdrsdc `kfnqhsgl hr `m drrdmsh`k o`qs ne sgd c`s` 

oqnbdrrhmf rnesv`qd ne sgd Q,3// lhbqnv`ud rxrsdl nm an`qc ne sgd LHQ Nqahs`k Rs`shnm-  


