
� � �� � ���� �� � � � 	�

��  ��� ������������ ������������� ��������

����� ! " # $% &'() * $+,-."!/ 0
����� !�1�/ 2 % ",�1�/ 3 4 1 � �5 , '))6
% "1 78,  ���� ! 2 (& 49): (; 49)
<==/�> � ++ +  , =- ' �"1 ,
? 1. // 2 0!/ !
% "..�++ @A  .=  � "1. , 2 # .. "�� :�8��B!"� , !1 @A  .= � "1. , 
C DEFGDH HIG JF DKKL JMINIFFIF IG ODPK HIFFQ RG ST UILVEE IG W UINMJGI NKRGNP WHIE IX

YZZ[\]^ _
`a ^b^cdefg \[a^dhic idejb^ g ^k had^aihd^d

Iν lfeZb\ad^e i^[ h e^daha[
ŝ

haa^alfeefg]hac^b^a k
2Ω

[m ^aafg ^a i]\cd hfahi^ed [\ii n o h ^e had^e^ii^ed h le^c]^ai^e ν lfep]hbc^
ν � ωp/(2π)

k^e
ωp

^e Zb\ig \le^c]^ai^a lfe Zb\ig \^d n
\q r]\ ^e khg ^aim fa^a \]

Iν s r]hbc^ lfe^acbha[^e ltb[^e \] \ad\[^bi^a fg le^c]^ai^ua^s v\a kw wddexcc^ k^a ygfafcefg \dhic^ lfdfad^ddp^dz Nν lfe idejb^as{fdfa^a^ h idejb^a c\a \|ife| ^e^i \] hakh] hkw^bb^ \dfg ^e h [\ii^a n }e\aihim faie\d^a lfe\d ^d [hdd \dfg ic\b lfe^d\ ^a de\aihim fa le\ ^a dhbid\ak
| a 〉

dhb ^a dhbid\ak
| b 〉

g^k
ptx^e^ ^a^e[h ^e [hdd ]^k

w~��ba =
4π2α

h̄
Iν | ε̂ · r�~ |2

k^e
r�~ ≡ 〈 b | r | a 〉.

|q {fecb\e haa[j^ak^ idtee^bi^e n r]hbc^ ce\] g j idhbb^i dhb idtee^bi^a ε̂

n o^eh�i^e \d
wddexcc^d p\e k^a lfe]^ad^k^ khg ^aim fa n r]\ ^e k^ dhbi]\e^ak^ wddexcc lfe df
Zefi^ii^e k^e \dfg ^d lfe^d\e k^a gfdi\dd^ f]^e[\a[ le\ | b 〉

dhb
| a 〉s r]\ c\bb^i

khii^ Zefi^ii^es
�q r]\ haa[je h wddexcc^d lfe 〈 b | r | a 〉s��^dd fZZ k^d lw bb^ wddexcc lfe ^d ^ddu^b^cdefa \dfg n o hk^e^ wde^[aha[ ce^]^i hcc^ n�
kq �ddexcc^a^ lfe de\aihim faie\d^a^ f]^alfe e^l^e^e^e dhb \|ifeZim fa ^bb^e ^g him fa \]

lfdfa^e haa^alfe ^a bhd^a efg]hac^b fg ^a [hdd e^daha[ n o hi \d k^ g hkb^e^ wddexcc�g hkk^b f]^e \bb^ e^daha[^eq le^gcfgg^e ]^k j ^eid\dd^
| ε̂ · r�~ |2

g^k
| r�~ |2 /3�� ���� ]^b[ e^daha[^a \]

r�~
ifg y

z
ue^daha[z wak^e g hkbha[^a n�

�



{fdfa^a^ ifg \|ife| ^e^i ^bb^e ^g hd^e^i h e^daha[ \] idejb^a |hke\e dhb ^g hih] hd^d
jν

f[
bha^� e ^cidhaim fa cf^� ih^ad

αν lfe [\ii^a n
^q � ^�a^e khii^ idtee^bi^e f[ \adxk p]fek\a |hke\[^a^ dhb k hii^ idtee^bi^a^ le\ Zefu

i^ii^a^ idwk^ed f]^alfe c\a wddexcc^i n
YZZ[\]^ __

o h ic\b aj idwk^e^ ^ac^bd^ ihk^e ]^k idejbha[ide\aiZfed wd \] ifb\dg fil� e^a n �\
Iν

lfedi\dd | ^d^[a^ k^a gfafcefg\dhic^ idejbha[ihad^aihd^d h idejbha[il^bd^d n\q � h ^a [^a^e^bb | ^iceh]^bi^ p]fek\a e^daha[i\]p^a[h[p^d^a lfe Iν

]hb ]\eh^e^ ifg
lwacim fa \] ptxk^a �

z
q le\ k^d hake^ \] �fb\ � fZZ [m ^aafg f[ wd \] \dg fil� e^a n

o h \ad\e aj \d �}` [he ^a [xbkh[ | ^iceh]^bi^ \] idejbha[ide\aiZfed^a fZZ [m ^aafg lfudfil� e^a n o hk^e^ \ad\e ]h \d chbk^lwacim fa^a Sν

]\eh^e^e dhba� eg ^d bha^� ed g ^k e\kh^bb
fZdhic kx|k^

τ ′

ν(z)
n o h \ad\e ^a l\bb^ak^ d^gZ^e\dweZef� b

T (z)
fZZ [m ^aafg Zpfdfil� u

e^a n
|q r]\ ^e wddexcc^d lfe Sν

wak^e khii^ \ad\[^bi^e n r]fek\a ] hb
Sν

c]\bhd\dh]d ]\eh^e^
g ^k

z
[m ^aafg lfdfil� e^a lfe ^a [hdd le^c]^ai νs {fe ^a [hdd ptxk^ z

p]fek\a
]\eh^e^e

Sν

ifg lwacim fa \] le^c]^ai ν
[m ^aafg k^d ixabh[^ le^c]^aifg ejk^s�� h ^a c]\bhd\dh]d ehcdh[ ichii^ \] k^a ihid^ e^b\im fa n r]\ ^e |tb[^b^a[k^a λ

]^k
le^c]^ai^a ν

k^e
Sν

\ad\e iha g \cihg \b^ ]^ekh � l n^ci n lfe T ∼ 6000 vs�
�q � ^d ih^i fld^ \d had^aihd^d^a h idejbha[^a le\ �fb\ ]^k ^a [hdd le^c]^ai ^e k\aa^d h

^a | ^id^gd ptxk^ n r]\ |^id^gg^e k^aa^ ptxk^as o hb k^aa^ ptxk^a \]p^a[^ \]
le\ p]hbc^a e^daha[ f|i^e]\dte^a i^e haa gfd \dgfil� e^askq o h i^e g fd i^adewg \] ifbich]^a n {fe]^ad^e kw af^a lfeicm ^bb h k^a i^ade\b^ bham ^hau
d^aihd^d lfe �fb^dd^ f[ etk^ iZ ^cde\bbham ^e g ^k dhba� eg ^k^ hk^adhic^

αν(z)
f[

τ ′

ν(z)Zef� b^es {fecb\e n
o h d\e aj lfe fii ^a [hdd iZ ^cde\bbham ^ k\aa^d h lfdfil� e^a n o h d\e lfe fii df le^c]^ai^e h
bham ^a � i^ad^ele^c]^ai^a ν`

f[ ^a ]ha[le^c]^ai νc

n
^q o hb bham \ le^g idj ifg ^a ^g him faiu ^bb^e \|ifeZim faibham ^s {fecb\e n � h [m ^ea^ ^a

[e\�ic hbbwide\im fa \] khdd e^ifaa^g ^ad n
l q r]fek\a ]hb k^a i^ade\b^ bham ^had^aihd^d

I`
ν

� ]ha[ihad^aihd^d^a
Ic

ν

f[ iZ ^ih^bd lfeupfbk^d g ^bbfg khii^
I`

ν/I
c
ν

]\eh^e^ le\ i^adewg \] ifbich]^a f[ wd g fd ifbe\ak^as�^[ewaa n
o h taic^e dhb ibwdd j khicwd^e^ af^a ^� ^cd^e \] 	�}` � k^d ]hb ih \d \ad\[^bi^a^ fg
�}` hcc^ b^a[e^ ^e [xbkh[ lfe ^a [hdd le^c]^ai n �bhc^ ^� ^cd^e c\a i� ebh[ lfe]^ad^i lfek^a i^ade\b^ le^c]^ai lfe yid^ec^z iZ ^cde\bbham ^e � k^d ]hb ih lfe le^c]^ai^e k^e

αν

d\e
iZ ^ih^bd idfe^ ]^ekh^e n `�^cd^a [he wdib\[ h \d k^a ^�^cdh]^ chbk^lwacim fa Sν lfe ibhc^
le^c]^ai^e \ad\e b\]^e^ ]^ekh^e ^aa dhbi]\e^ak^ �}` ]^ekh n o h \ad\e lfedi\dd \d

Sν

]^k
khii^ le^c]^ai^e c\a dhba� eg ^i ifg ^a bha^� e lwacim fa \]

τ ′

ν

n
[ q r]hbc^a ^� ^cd ]hb k^a ax^ \ad\[^bi^ p\ Zj ]\eh\im fa^a \] lfepfbk^d I`

ν/I
c
ν le\i^adewg \] ifbich]^a f[ wd gfd e\ak^a lfe yid^ec^z bham ^es





