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1 	SLTi iifl ) 

This paper is princip ally Concerned \dth the ra'hJ.&r 	cieL€r 

&jspCvsjon relations foi qussOphatons and quari-eleArqns hich crc 

c1enar, excitatiom Of cJecbroL 	by Uc C('t 	C" otic I 

tccbn que. ParLiculariy useful acccunts aper in the work of EuI 

nd wcrlhamer , 
1,2 and ciap1 ii it al 	 vii i 	e o 	r 	rp 

these. 

The oiel that e shall chosc for s.pcific application will be th.t 

of a gas of c1octrnns imec1dcl in a smeared. Pout positive bacrounc1 such 

that thj.0 i  1i0 net c ige The c1rScto' antc c th t uel\m 

and the rci j '1. i.on fic d • No exlerual fi old ( e g r - tic) • 	pJ ( 

to the systcna. Our systeja is thus isotropic. The es caption of 101'i.3Ic 

bcdry conliti ens .iues }:cc eity. TO shn3.l P lqdy the thca ,:' 

dync;i.c .U.rIt in which N - 	, V 	° , 	ii where N is the total 

xaber of cJ.ctrons, V is the vo1'se of the sytca and a is the co:.c:t 

dens:.ty. Oui' calculations will be I)orfod in such a way that. rcatlts 

will be corct to fit order in the ra'dc i phase ippru 'raUoL ( h 1cm 

5ccr designated. i.Pn) . This approx:wation was originally developed by 

B0IC'i and Pines. 
c- c 

The basic nethod that we will use in deeruain&', dispersion relations 

for the above rc,iel Is discussed in the following section. Section 3 and 

Ii are devoted to obLcdnin; a sultable }Triitonian. This jlwei].toyii.du 

is e:nloyed to obtain a .  disersion reiuLic)n for pino=6 iv seCtiOn 5 

Vn'I c]c.ctro:,; ji section 6. .. 



t-.. 

2. 	i.IiOi) 

	

Thc pro'o1e:i of I/ 1 rcie3 iritorac 	ijL n. oLz 	f 

c ii 1)0 ec>ni cn] 	f: 	.tcI in ter 	o 	v1 	r14  !j:n 

Ifii ]tc; ii 	11 	only par 	5 	 :tcr t]a 

reprent the paiLicics (x) and the r14-a ' 	fd ().  

the form: 

	

H 	 tdXX 	I['(x,x,y 	) 	 (23) 

where w 	and 	axe angular frcc1uicie, Lnd Ii 	't' icractic:. 

part of the Jhnd tonian. Our proo1cf. 1z to fid a U r '::r Co 

of oper.tors, a yet upecifiod, 

and 
v 	-i 

 

.7 	- 	' s 	1' • 	 - 	 ' 

7hicl obey, at laat aiiately 

•x 	 2.x, 	, 	
•• 	 ( 2.1:) 

and 

[ Y
5 ,H 	= 1 Yö 

i thl E caln be aosc, Y 1  (x 	and Y ( 'i 	) are eynli hiL.oi ( Ci t]on) 

oatc-' for die -ary exáitation ( qua;i--peticles or ca--photons 

Teective1y) of' the s'em of energy 	and 	* Con:cquntiy, if 

> i the ground atc of the system, 

	

J. 	i> ( :: X1  l >) and b > 

	

( 	I U>) ave e:eitccl states.' Let us focus ou attcrt;:on on Lhc problc- 

fin3Jr;X 	The i e;c:cintion for a doing this is the foi]ca:ing: '!e begin 

br 'writing the equation--o-C"moLiofl i'oi' >. 



[ x1, 	J 	( 	
6) 

Were H' owittcd from Y:. (2.1),.. Eq. (2.6) wouls in of the fo:' 

(c') 	'e 	 X 1 	 ') 	Havever , ~ Ms i s 	t th e  

case. The coiuttor of x with F!' introduces ner operatce!c iiich are, 

+ 
in gencia.1 vuioi' p olucts of X , , y, and y 	We wrL..c cçtiLLo1 -, 

of- .motion for th.e'e op reoi products which r y p o uc . rL r I crm Lr 

a-re stiJ,.1 more coiieated products, and for whicb 'ie mu;L also write 

eq Lions -of-mo;ion, We . are thus led to estahUjh a cIaa:Ln . of cuatio:r --

of-moi. on wu Lch turk lout to hr coup0d throuall  

Usually, the cLi.0 will noi terminate.. of its czn accord arci 	ic 

ration must he employed to ôbtaifl .a fin:Ltc set of ].iahcci 	tioos-or- 

motion 
( 

-.e will use t!e HPA). After te:,ir.tion , the sot of 

pIouUC.s t hit alg6ar in this chan, elor w ith ', 	 1 

1tv31IC fod th 	, w e insert  (2.2) with its u 	sot o cficci 

into (2)) a ther cygon demand t - the i i coeffici ent f"to 

each Y j  term v8rsLh. This requirement , 1eaa-s to a .spersici re1XtiQfl 

for alio:cd p We repent the entire p'oeedurc to c Lermine the d:porsion 

relation carreaponding to ç. 	. 	 . . 

The comjiete Ha:iiltonian for the model steci eenti.CaCcI. in the 

ntroIuction is ob- 'uec in the ncrL seci o' 

3. FJSL IIhLJLO lAd 

The 11'riitoi1J.an for a system of. dcc rons and vadiat ion in a uni 



oos:;t¼'e bck;rei. 3 given by7  

ihe:e 

III,= 2 c r, [ 	cuJr( 	, 	t)] 
} 

di 

V 

A ( 	, t) d r (3.3) 

H1 f x ,t) (r, t) p 2  

2 nc 

H 

f.  

b 	f V 

c2J ±L 	±2 ° 

Ilele dlv A ( r , t) = 0 zo iie are In the Couio.ib gue. 	The inil;iai 

curre1i 	is 

j ( -n (r ,) V 	(;, 	) 	- [v ,t 	) 
2m! 

X 

The vect.oi' pcfteii1 s expanded in turns of p3ma. rRve and pola;j not Ion 

(:3.'r) 



8 
/ 	- 	(0 	1 	 t h e following Useful propm A1 

k • 	c 	:0.1 

• 	€T :i1 	8 ?t 

The 	tvc c 	c. p trt 	of thL. rio ien.0 	C.)flO 3CaU 	LOfljV, t( 	•tc 	A 

is 	;iven by the expan;ion 

r 1 

i 	(r,t) 	- 	( 	jj 	k2  e; 

kX  

ic rcprents the vector k in these c 	ressi.on 	The k su; 

is over all VCCt0L' R. 	may, be expan1ed in a Set 	of i- 	170 afl1 53I 

states 

c(t) V eLp1n 	rJ (3 9) 

Here, X 	is one of a sot of spin state-. The sum is unc9erstoc. to 

be over 	waye vcctors o 	• 	The p Sth 	 o 	thc. 1"Crind 01X 	tbi 	rc- 

1C Cnts tx 	'c.cto 	'ii'. Loson(a) onJ ieifl (c) octois sabsfy the 

usual c -jl tic co- 	1. 	. reiitiou' 

{aX,a] 	S 

• 	 [a,a1 J 	= [a, 	I 	0, (3 	O) 

ai 

[c 	c  
pX' 	qi 	-I 	pq 	cx' 

[c, 	0 (3 U) 



In:rti.EqS. ( 3.7), (3.8) ana (3.9) Into (12), (3.3). (3) nd 

t':;o cicpcneneo of operaor. lies buch  

i.2 	H 	 (3•) 

HR 	 iz 	a>, 	
(3.32) 

: 	
Ak 	 c(a1 	- 	 ( 3-3-3) 

pa kX, 

2 	 + 	 + 	± 	 - 

	

/ b
11  c1 

r2,a 
 c(a 	)( 	 ), 	 (j 1 

pa kXip. 

c 	

1\ 	
c+ 	cc 	 - 

P 	p p' pi 	cv 	, /_ 	/ 	h 	/ q , ç ,  P' ,(/, 	( 	5) 
• 	k pgc43 

• 	
3/2 

inc 

2 • 	i:iie 

= 

•22 
'ip 

'- 

setting V = O Ynen =O e1r one to tike into account the  

cunec:iiatioii of the p;i. ie baC1rOLd. 11  

riic]i an electron of ne;:tum 'i 	with .nin c is 	 h.1atec at' vAh 



1 

ic;n of Ltua 	k 	end. .poiar: .ati 	X .( 	cr a ow:ton o 

- 	h 	and poj r:Lati.on ?. is created) 	, 	while ui eJ. 	:trrn in (;r(iL'3 	of 

2 
moiicntuia fl ( .0 +k 	and spiii a. Hy 	involves scatturing pr)e.cs 	of 

clectrons with photons in which an: eJectrQn of moentun 	i ( p - i 	-i 

and spin index a is created In the 	while one of intua 	p 

and 	spin a is destroyed. 	The four allowed photcr 	proccnuc:3 which go ,  

• 	 along with thia are the annibilation ( creation) of 	pliotton of rao: 	lltum 

p 	( -i 	) 	and. polarization X 	with the ennihilat.:Lon ( crcaUion of c. 

phoLoi of rciertun i £ (-ii £) and pole.risaticn p. 	The CoMcnIterm 	in 

ii? 	in invc'les in elecrcii-electron scattering p 	.;..: 	which elearcn 

of 	:cntua h 	(1. - p ) 	hq with 	spin. 	 r 	a 

seat Loreci. to a1(1flt.Lfl5 	i 	l 	•nd. 11(a' -:- P 	) 	end. 51)InS a and 

Section ) is c cncc;mecl with a siMplification of this it:. itonien 

so that later euation-of--notion vill not be unwieldy. 

4. sLPLIP1EL) FP.ILTo:ul; 

It is not.neceasar' :  or for our purposes desraftLe, to work with 

the full }iaiiitonian; Eqs. (3.1)  and (3.12) through (3.1). In fact, 

to first order in the RPA, . it will be possible to incorporate the most 

imporaut effect of the interaction tern U into t1c: proh?cn by 

modifying the frequency, kc 5  in li . 	 The modified frequency will he 
') I 

just the Eogol.yuhov quasi-photon frequency (o 	[(kc) -i- 

s the plasma frequency). The pro2edwrc used will follow that of C1!appwfl, 

et, ni. 3 	The 'eiaining term in 	2  involving electi'.n-photon scat.er.iog 

roar;scs, vill be drad in this order of appmAmMun t  TOY  

effect of the  Coulcnb  term  in H will be seen to he the rcplocenicnb of 



L) 

i0. 
ie I x'Lac' '1LC 	 tri iho 	rti 	cai' cnc.r , o 	c 	 311 	H( 

by 	üt 	 rig cIfecL.s in this .o.rJ t ol an oxi,:t. on 

'Jo bcL fl, 
 2 

C n ci or); Cull 1(1 	tIlC cc i 	i 	c 	I 	 ii  

Jc get 

(1 	2 	 Lkc 	 c 1  (o ) 	( 	1) 

pai 	 .. 

rsL tcii on the r.giit- hand- s.id- follors fao IT  anJ t} 	cCoi Si0l 

	

flti thcn wrl.te PC 1 cqut o - of-moon I i 	 o 	 - 

tIOLLUC3 b t h i s 	1 o, c ,4!aCl)a 	and C3 	pC? 	
ye 	p 

tThe product of two Fermi operators with its i11
1A.: 

c 	c . 	< c 	c 	> 
1-k-f.a lY 	 PC 	) 	. 	ki. 

Th s approx at5.o selcets that tei'i for which rnoeritum 	s.n 	':;:r:h 

agree on the rcrr::t amihi:Lation and crcaton operatoJ;. . ho 	u1tig. 

s rcniaced 	th its grcn'nd state average < 	>. We do not SlO whi;L tric 

actual grouiid states are, therefore, we rake the fu'ther apnroximat ion th 

N <C 	c 	
I

>..[exp(.E.)+1]]'  
I)C pOpa . 	p. 

= . 

see that N 	is the expectation value for the non-nteracting g..:.s. 	Tiiu, 

we a:ce left with 	. . 

2 
(A) 

.2 

[a }?, 
2 

iy 1i 	J fl A 	- 
P 

(kr 	E N 	 - 
P 	+ 

) a 	- 	r- 	a1  

in which 

p 
Iit 1.;e/rn V) 
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the p]a. a frequency. 	:quation 
.. 	 ) 	is 	J.inoar in the Ra mon a i~ !.W vAvn  

aai creation o1er.L.cr;;. 	It 	is not of the fon.i (2.) ). 	Wc:i].I. 

Culanuntor fc 	a 	i 	OlCiO otaiii nf 	 -c. 

rj ic:id ly foynA by tahlnf the ,  Bennet an c oa3 

replacing .k with ---. 	We find 

im 
+ [a, 

2 
H 	+}T 	 - 	 i .(hc  

P 

Siicc our set of cque:L ions of-motion involi/es only ah 	and. 	ir i 

closcd. Je are ic1 to contruct an onei'ator of the  

+ 
i 	a 	- 	 v  

and. io ic:nand that 

k? X1\. ( 1- 7)   

Th.i 3 lead3 to the recui.rentent that. 

	

2 	 2 

(he - 	 - wkx) U 	-. 	 0, 	 (IL0) 
2kc

p 	 p 
—----U 	+(kc--.- +w 	)X 	 ( O 	 c 

21;c jc?. 2ic 'S  

The doterminaht of the Cofi'1C antS nu; vanirh for i .ntriv 1 c 

Th:h: cord it ion \TCl(1 



3.Q •  

[(c) 2 i 

which j; the 	crori.1]iZed frccucncy., replacing xc.. 	Tte ac two \ai.e 	o 

(corresponding to the postive and negative sign in () 1) 

w. ••kc 
QLU) 

k;\. ( 

arid. 

2 

(J 

 

Th"Is thc X 	are 

U 1  
[(up  I c) (k1 c)  

an1. 

U 2  

= 
'ic) 

W.\C a 	(w 	Icc) k\ 

!1a1  LP trjCHeXD1O'j 	n coijugatc of ) 	, 	find 
-k. 

1 	-X 

- 	 1 ah, 	+ (u 	ftc) (1 	15) 

ME X, l 
 1 prolidej  
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- 

- 	+ 
We no:;! 	3rtfy x 	(x) ':ith b 	(b ,. ) and futher .'t: 	1.. 	J 	tb:;  

j  -bj 	 . ". 

fo;tiCn [from the na r aiX  

• i•) and (. V) with the subsidiary condition 	( hq  

CaflO11(U]. 	1S 	. 

= 	- X 	• 	 . 
. 	().i') 

. 

Usin[ 	this codition aid 	Eq.. 	( 1. 16), 	ye find 

) 2 

. ();.ii) 
. 1uJ 	• 

k 

Thui.) 	to 	i:ie an ar..trn:'y phase:raetor, 

1 	 1. 
2 	 .. 

b1\ =([(:) 	-•) 	]a,+[( 	-(-)  

Ilere b 	(bX)  is called the quasi--photon annihilation (ercati. on) opor. 

It is derived in a•mo:ce direct fashion in appendix A. We have adopted the 

more ienthy amproach because of the opportunity to introduce the ecjuatiori- 

of-niotion technique at an earlier an3 simnlcr- stage in this worl. 	Equc:ion 

(4,19) and its 1ic -netiau coijuçatc define the Boolov • transfo:.'nntio:i. 	hz 

-mi lton.i an C: orrcspond i. eq to Iud 	may no',; 'ye exprebond  

'''k 



1 	 . 

1.1 b 	no ]ro!..e3: 	e:nresSJ
- 	

it.. , 	in t.ern 	of b 	an 
- 

1 

C 	 £]X 	 ~ 1)) 
,' 	

k 

(l21) 

Jor l(--t us con.d.er  the sinpiification of IL, Eq. 	( 	3 15).. Th 

co;:pttor of•c 	5.th H 	is 
P Iy  c 

	

* 	 . 
H] 	E1  c 	- V 	L 	C 

.f.  
c~a 

.. 

. 

k 	qjB 	 q.3 

]r last term on thQ )' 	t 	nside o 	E. 	( 4.22) 	is 1 ne.trizcc 	y 

SelectiI,3 that term for which the nomcntui and spin su•rijt s of an 

an.-1 crtion oncrator ayee (the 	he 

product is reD1ae. 	:ith its i.ri.oation free Sround A vie a;cra,e, i.e. , 

C 	C 	e 	N 	C 	 8.. 
q+k,f 	p+k,a 	q3 	p+k 	px 	qp 	O 

Tbns, Ile obtain 

[c,,  (4.23) 

€ 	= E 	.- 	 v  
p 	

. 	 p 	[, 	1 
k 

1Ic , 	1 	trt 	•jcH 	.i'r, 	nc1 	ii 	 . 	 /v. 	W.' 	see 	ttL 	ue :v 	u. 
j)•I } 	p. i 	 . 	 . - 

I 



c 	c () 	) 

(Jtfl a 	Ii Le aIw  rci D S givei in App€nai): A. 	W e w 	 Li -i Of 

quasi- electrund w iii of ec Li e enu y 	 cr -fl O(i4 
pa 

fo1 	is 
p 

{c p( £ 	) 	 () 	o) 

ivcc c-  depcnds an 1 	thdo ciltails solving of 	 ulta 	c-' . ' 
p 	 p 

Lu: I i 	With M hi Of t 	(4. 20) a"i (. 	) i i.-jng () 	5) . 

}jC1'.ti3.t cce (or :r;a. 421) to 	 a \  f:c-oi 	•c o:ryci 	L1:•c 

app2c-;:o Milpc&np S 

RJ'A 	
c 	c 	I 	 A r 	,a 

pa kX 

( 2  ) 

1-c 	riu k It 1 

dc 1  u oi') " on tiv r - iiLu. a of X. 	c C that .  thioAawl ltonian 

C ( pt for the ri c ni e Lci n. Actionnand 	hich Qllpw , are devoluc  

c't 11111 J dispersion MqUons f 	ci 	i - 	t cii 	 - I '. U i 	it 

]i( it Q r ' 	abovo =pYosKion, fo U 



5. 	CUASi-PiTOT1 D:Es:oI: 	i 

The first co 	.tio--ofro.i oii that we ;.11 	in 

+ 	A 	p e 

pCI; 

Fhis Jeuds 

 

as ti construct 

c 	H] 	(c 	c C 1; 	c 	+ 	A 1  [Ec. f  Cpc  

- (D-k) 	1 .c] 	b4 1\ ] 

n oiale:r to 	so1.i:ry E. (5.2), 	r.!•ci't to the tnul RPA: 

[c 	C 
p-k,a 	pc 

(c 	-c 	) 'L 	p-k,C 
C. 	c 
p-k,a 	p 

( £ (b 	
+;i-qj (5.3) 

to first order. From the last term we find that 	e also acquire 

H] 
= 3k 

b 1 	A. p . 	e 	C 1 3 	C  

coripietcs the required set of Vc consttuct 

in the :ronn: 

CVA  



rc1 n:rL iW .i.n 

{, 

t() oThtain. 

U x 	b1) 	17 	 c 

pa 

± 	(c1  -• cpa) V 	C_,a Cp  + . ) A: 	
; 	

x 

PCY 	 pa t 

	

- N.) (b4 b 1• ) = 	b1  

The coefficient of c1a C 	Vanishes j f 

(uv) A;.  

koc (5.8)  
1 	p-L,a pa 

ancl those of b 	a n,,.l b 	if 

Oiu) 	EJ\ V 

F U 	V 	-- 	 I 
k7 	k 	k?' kX 	 - - 



ç-  (.A1 2 ( 	• 	e 	)(r 	-IT 
/ I 	

( 	.\  ----..--------.-.-------.----.----.-.---.----.-- f 	11 
/ iJ - 

p 

in Obtai ning Eq.  ye have .uec1 the fuct that rin;e the ied 	i 

sotropic, we can set 

( 
)2 

 

in the unziand of the original sun over pOi. The cxp'essicn orithc 

h nd- side of Eu. (5.3 1) ir but the leading ( nd inct nper Lnt)tcr 

in a leriUhy ex1)resson given by Glass and Chaicii. 	iii 	x L; Lir - hev 

fL.jn are rn.Aler cr3 c1eexibe cooip1vc ef LC,t' coNapponaing to icr 

attcrin:; 	 WC have dropxi from Our aprrc':'::n:e 1r1.to:'r. E€i: 

Oo the cictdti , we gci e dispErsion telatfon fi  

11  

We 	turn our attention to the calculation of a disperion rciation for 

cuasi-•cicctrors. 

6 	QUASI-ELECTROIN DIS.PIERSION RLL.TlG1J 

We 	]1 have need of the folio rig definitions in our celcul 

1 
X 	C 
pa 	pa'  

(b- bkX  

* 



(6.) 

	

p--L 	 -h' 	 - 

iLc frL t)i)'ee ecuL o -OfLOtiOrJ jnyoiv n thec oye:RtOr3 will h 

	

1 	 1  
= c 	Y, 	

+ 	

2 

/ A 
	• e  

k ?c 

+. 	. A (-) £Lii cpi 

+ ilWk 	
(6.) 

= 	
+ 	 (-) • 

- 	2 	 \ 	t 	 + 
+ 	 + 2 / A 1 	 Cp_}:C q_lc, C c 3 

q.r) 
(6.6) 

The RFA consists of picking out terms in the ss for \:hlch morscntn and 

po].ari?.atiOfl subsCr45 agree on Boson ann.hilatiOflCrCat)0n operaOr 

prs 	(or 	mritisa and spin subscripts for. Fermi anni1atiOfl-CrCt0n 

- operatr psir 	
). All other terms aredropi)Cd. Ground state averages arc 

taken as usual, i.e., 

(b-h) R}'A  



(b1+b1) R  

q-k, 	o3 p-k,c 

whec 

b 	ti itwk) 	iJ1 = 
	

(6..7) 

In obairing the above :e have observed, that 	 Thus, 

that th ocDatiOr ui hors are large, tic have for our systca of cq[ions- 

• [x,ir] 	
. pf 	 ) 	

J 	•  

+2 A1  " 	l,Xrrt 
+ jW 

(6.8) 

r--3 	 '1 . 	 • 	3 	 2 	• 	• • 
HJRI)J = 	Xpk,. 	k 

X_ 1,1, _2 A1 	 X. 

(6.9) 

We choose X to be oi the form 	• 

X 	 -F v 	XI,k(\ + )pia'  

I 

and i n;eit. j.t; i fli.O 



• 	 •. 

e thc::cby o. Lair 
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(u • c 	+ 2 ). v 	A. o • e 	1 	-2 	) 	, -. A 	• •e 	N 
P 	• L.. 	• - '' 	'1 	• 	/_. 	. pCv 	•k 	.J. 

C 	 kX 

u 	) X + 	(u A 	• e 	± V]\ 	 k 

i)•  x,:+ ) (v 	
kpcpk,c 	cipk& 

We rooeire that the cofficient of each opereLor rtu.t vani,h. Hence, C 

fi.nd the dispersion relation 

DOi,) 	c' (p) •= o,  

\Lcr0 

= 	- 	Vpca 	p1,a 	U k 	pc) 	
(6. i) 

	

2. 	22 

	

I!! 	
()

- 

 

1; 



anJ 

	

)2/ 	 c 

u pha 	/ 	fl 	 (no -c 	)'- ( pa p-k,cx 

t• t. • H)) 

V 	is an effective electronelcctron interaction poteriaL. Itar s C 21  fro Cz  

a virtual exchanre o:'asi-photons between e].ectron. if we set 	= 
- 

	Is 	in 

we obtain a potential which is analogous to that usod by Bardccn, Coo:r, and 

Echrieffer in their treatment of an electron-phonon systc:t. 	it en 1  Uc 	CC 

by the path i ntera1 technique of Feyrian. 	Uplza i.s due to proc ;s 	in hich e -. 

	

e) ectrc;n c'enu r; quai-rhOtC 	with the urroini ng cjinsi -noon 

In on .0 or we sc:c that the equtiou oi••notio tecimi quo, con ).ed w:h 

thC UP, has Droved to be extrenely useful in ca1cu1atin dispersion  

si oie encitation. eL a 

* 

) 
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A.  

The purfo:e of this a:iccdIx 	to abi eve 	-: 	 eeLi:. nfl 

the nection • 	in a si mpler fashion. 	We 	in by  

tcfms of a set of. transverse coorc nates and maAcnta 

A 2c 	)2 	
o( 	e 	e)j)[ 	• 	r] 	, ( 

k. 

eO) ii k 	r (1.2) 

The cocfi cienLs arc operatorsihich have the prcecrL: 

(t), (A.3) 

since A and P, 	are both real. 	Suhstitut on of Eqs. 	(A. 1) and (A. 2) 	iTj' 

"4. 

(3s) iato Ecjs. 	(3.2) through ON .ieidn 

H ± 	• + (. 1) 

P. [pp 	+ (Pc )2 q  

1 
H 1  

c—i 	ç 
' 	 + A2,  L 	£izx Cp+k ,co.  Cpa. 	°k?.' 

/ 
A. 

pa 

2 + 
A 	 B}.11  /) () 

7 i . pa]e 



/ 	i.t 	. 	1 A 

and 

2 
C \  

s givcn by Fq 	(315) 	s befwe ie fcu 	or e c itc 	oil 11 2  

js written in the foru 

2 	\ 	\ 	\ 
q I 	Cp 	 c 	q 

) 	j k+La 

c 4 cc,q 	+ mv ) 
(<cC1  > - <ce 	) q 	c 

TG 

(A.8) 

5he Th t tcn on the i 	t-arid-s dc oocs flOe 	Co t) iO to e di c'Lc to 	u 

by U and write 

U 	I 11. 	 qq 	
+ 

qlz%  q, (A 9) 

kX 

whore 

(c 	c 	- <c 	e> ) (A ] 0) 

is iJic fluctut)o -1 in to total number of el.cctroxr' 	It iS negI.J.Cible and can 

1 ) 2 
bc dv Of)Ld con idrnin 	the ordcr of marutude to 	hicn ye ae wo' 	n, 	u 

v,as O'OL med b' J3oh'i a'd Pine 	iii their irivestigation int tie cOflCCt ime ioes 

of a Couomh pasm3. 	its omission gives an e:-rcssi.on fr i.2 

in the EPA 



e. 

2. 
1k2 q,  

We can now 	b comine HR  :ith h1 2  to obtain II.. 

(ke )2 + w] 	q,) AA 32) 

kX  

so tltat now17  

J 	+H+1r. 	 (A.13) 

The usa1 tansforciation .riay be made upon this Haui].tonian 

1 
)2 (i 	-I-  

i:here ;c have used 	[(kc)2  + CLI 
J 2 in place of kc. Insertion of 

Eqo. (A.li). and (i.i) into (A.1) and (A.2) leads to Eq. Q!.21) 

for A and 

• 	) )e 	exp[ .k• rJ 	 (.i6) 

Insirtion of lcjations (A.l) and (A. 1) in (A 13) leads us cU reti; to 

Eq. (). 27) forE. 	If we equate the usual transformaAcy to the corrc- 

n; ' 	tranfceation above, one has 



(/ c) (a 	 ( /2wY  (7 	), 	 (! ±() 

(a3.:t.) 	- (/2) 	(b4h1  

SO.V*n 	for 	a III b, 	ie obtain Eq. ( 	;].) 	i.t 	ueretI 

co:ju(;a;e. 

'e repeat the sare procedure iiith H. 	H is Eiven b' 

V 1! -  
I 	/ 	p 	r / 	/ 1  _, 

pa 	 . afJ 
 

This wq& cssion differs from 	Eq. 	( 3.15) in that re h\'e uCd the Cuit5. 

ution. ruie 	to irercharie tbe two r:i..1e FCr2i operatore of the 1.eL 

tc:e. 	We have Or the product of the four i'cri o)eraters cl the laet tc - 

+ 
C 	C 	C 	C 

+ 	+ 
•C 	C 	C C 	5 	5 

pa pa pa p+ic,CZ r)--,C) 	pq 	c3 

	

(ir c + 	c 	-iii 	c c 	) s 	o 
pa p+k,a p-1-k,a p+k,cx pa px pq c3 

ircne, tc have for .(A.19) 

H 	E c - 	YJ

V N c 	C 
P /, p pa  2V L 	k pa p+k,a p+k,a 

pa 	 .kpa 

V. 	4p--iz,a  c 	c 	 (p.20)
PU  

k pa 



A 	cIiac' 0 	.nex :Zr:.i p to p-k 	the !) sua of 	m chL c 

(A.0) i C folio;';ed a ei.nc of k to -k in k 	We o 	e 	2S 

Ufl coJien U 	tLe re: 	:inL eris 	Thus, e have  

(1, 



,crzLo;Is.;:Da: 

The .thor lshco to trLak Frofi 	Kcnnth 	 f or c: 

ho; ir1ji.y of hoh the Iirree 1a&atio I or atcly-VAd Kjoics L ;irUci o. 

the U.'vr: ty of Ci.i ,c...-f.L-. U Berkeley Vivo MY wo .. 	jzi'or.5. 

The 	or i. 	r'f'l to Profeso 	 e: "A  ScIrmanClass WO i Lro- 

diced him to the problee and the equation ••ofotiori technique. 

FiLThJy, the author aC1Znoiedgcs heliful cc; vurzc: 	cith Pr. ChnJiC 

Charlcs lluy S:1ith and Jo:;cph Lepore. 
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J 	Ir1.een, 	L. fl 	Coccn rn3 J.R. Scbrierfer, 	1's h:: 	
, 

, 

• (i9()  

and K. Sitha, Euovo COMM  5D3 	5i-5-i9 •(J. , ) 

J:( is given by Eq. • 	.25) as w.e will s:Ioy show. 

notes tha.t 811 	c 	C 	 0. 	Thercfore biJ 8N 0. pa 	papa pa 	 }a 

9.'ini s 	gives the in t tc.'ii Dius a c nuLr,-11 	It 8 	8 	, 
c3 PO p-k,a pg 

ye have orittec1 Unce •t' effecL I F iireiy to renorni.?e H thur .1 nJ in: 
p 

onr coi.i ti.cnr -:.:oLicn imaffecteW The a Fubpeript on 1 	inq,  he 

If Eqn.(..3) 	or 	(i.26) 	ae ucd. 	•. 
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