
Til" dl'liuifi<>u ,,1'1111,,), "'1l1alinll 21:). llIay I" 11"1'<1It) n-write til!' arbitrary matr!x
")"111"111 v,i\l'U 1,,\ :;,:i in I Iii' ll!'i""JlIII'n~ , irtur.-, a.'

(2,lH)

illll'lYlIll!;:
(2.1U)

Tal;ill~" till' .l-nvnt iv» "I' "'I\I:llioli :;,1'1 willi 1"'01'1'1'1 1,1) t im«. t.hf' I'qU:ttlOll of mol.ion for
(J1I(f) i~"I",aill".[:

'I
ii, ,},U,,(I) _ """IIt[(}.;, lfjt-"illi/f.

[0,,(1) II], (2,:W)

2.1.2 The 'I'ime Development Operator
1'1\1' llllilary "1"'1';(\111' ['(1,/,,) dPli:H'd I,y

(2,21)

<I"I'ITil"" rln- "I',,]qlillll ill t iuu- "l' \~J(I),
('''lIll':ll'i;;1I111I1' 1''1l1aliolJ' :~,ialill :;,21 yif'lds Ihl' fnrlualllplilli(j.l)I:

)fOIl'I'V"I' a III"!'" PI':["lil'ally 11>il'rlll"'lllaJillll is "blaillt',l fl"l111"qnalilllls 2,n and :!.21.

, ./

/'(1,1,,) I· fl'/' dr'lld/')('(l'./Ii),

(2,:;,1)

\\'111'1'" lit., 11 f) 11'1'111 ii" t lu unit "1"'I'allll'. Tll1'll

L .1/1,(' «, u.«, lllJ(U

w!t.'I'" tlu ,J"'illitilllllll' Ih,' '[' 1'1'litill<'l 1'''1' 1"1""1Ii.- "i"'I'al"r" hat; 1"'1'11Il~(,tl, 'l'l« 1\"III'l'ali:il'd
I. -nu 111"'1 pial 1"11 :! !'il may I u' 11,1'" III rrwrit. "qllal ion :! :.! 1 III lilt' 1'111'111

, I .)" I j" j'I' ,,/'" I2.: l j/ ,;1 "r! .u: dl" 1'/11[(11)111(/:.)" .1I[(I,,)j.
II --Li '- I" ,_.! ' fll

r \/,/,,) 1,·

I



'I'llI' IIl(.!'l'll!'t.ioll I'idm'"

Th« shl" \"1'1,,1' (1(1/11)) III t lu- iun-r.ur iou l'i!'llll'l' i- rclalt'r1 by a unit ary tnuu-lortuation (.1)

t h.u ill till' :'I'hl'i'lIlill~"t' l'il'll1l'I' 11[/,(1)),

"!ll,,rl"III/,;(/))

";{/,,rlh,'''il/I'' 1"'11,,, '111,,1,,/1,11[//(1,,)) Iliwl .. ,
(2.(i)

(2,7)

W111'1'1, II" is til,· ll.unilronian .. f '''III'' ""llIl>k "ysl('I11. '1I1'h th11t th" tnlalllalllilt.lllliallllj'
tilt' ,.,y,;1"11l uu.l-r :'llsideratl'lIl, 1/ 'lI:,y lit, writ.u-n as

II II" + ll«.

Uti IS ll"".,ll,v 1'11'''''11 1[1""'I'il", till' 11l111111It'C<lct.illV, "y,'t"tll, ilud III usually I'I'prl's"llls t.hl'
,'I)IlIl'iI,'1I11)1l dill' I" I Ill' IlItl'ral'ljl)lI LdW""1l pal't.ll'h-s ill lilt' KY1'1('IIl.

ililj'I'I"lllialillp; "'III:1lillll ~,ti with I'("j)f','t ttl tinu- yi.'ld, th.. equation !If motmn

n
ih'I/)I['l(.')) (:!,!I)

wh.:r.
IIdl) 1,1//"'/"1/1',.11/"'1" (2, un

III fal'(, till' u.un.: "I' 11111'1'11'1\11'1' I'dkl't, IIII' l'l'lallllll I>"'WI'I'1l lit£' tinu- ,h'Pt'lllh'II"1' or til!'
Inlt'l'al'llllil ,t at I' \1'1'1 III' and III (I)

'1'11" <I iII; J'1'lIt ial "'Illalltlil :.!.!I I, ''1U1I'illt'ltI ttl I Ill' f"lluwil1!l; ill1<'p;!'nl ('quatiCl/I

(2.11)

(~, 12)

(~.l:q

(!!.,Iill

111""'\'1'("111 Ihal ill t lu: 11I11'1':ll'1illlll'i<'1IlI"', IHllh "pl'I'alllr~i >lad ,4all' V"I'tlll'l; huv» a d"lll'l1
d<'1,"" 1111 t nu«.

TIll' 1l!'ilH'1l1H'l'gPid.\Il'('

,\~ i,; Ill' ":t'''' III lilt' illll'I'ilt'llllll I'ktlll'l', lilt' Ilo-lhI 'II IlI'l')!, ,;Ial.' v.,,'tl1l', 111'11), llIay Ill' dl'fillt'd
ill 11'['111" .. 1' I"'" (I)),

By dlll"I"'1I1 i.u III!', "'l'lall"11 :~ ,;', ,111011111\I.i1ll.'.11'," "1' ('qnalillll :~.:III)I' tinn- iud!'PI'U(("lll'l' "I'
1\1'11) i" ",I:t!,li:,lt"ll.l'

.1
ih, I'lllt) II.

til
(:Llti)

l:l'lIlh ''Illall''lI :!.:!, il IWI'''llll'' ;11'I'al'llIl Ihat IIII' 111'1:;"111"'1'1',l'ilI,t'll>,lat.'~; at'I' blatillll;ll'~'

,.1 .lut j, '11" I" Ilw Sdll"'" lim'.( r I '1";111"11. :1Il,( :,,: ,·,tldl IIII,\' 11;1\'" :1 ,It 'IiUil" l'lll'rp;y i.r-.

(:.!.rn
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Operator Representation of
Quantum Field Theory

2.1 Proliminarles
2. L 1 TIlt' Three vPlet.ures' ill quantum Mechanics
qUlInlll1ll IIII'I'hanks in 11j(' "11I'l'allll' 1"'llrp""lllali"lI i:; ~\!'II('I'ally (tlrtlllliltt.!'d ill l'ilh ..1' 1.Itt'
Sr'hri;din~~"r, 1"'i"'IIJ,"I'!'. '}I' 1111"1';11'1illil "l'lI'l 111'''''. III Ih,' S,'hriidiIH!,I'I' pic!1ll'1' all t.inn- .I"
1"'11'("11"" I·,·,id,·, ill th,· sIal, 1'",'1 .. 1';;. :\1 IIII' ot ln-r "lld "I' TIl,' ~IH,[·trlllll, ill till' ll('iHl'lIiH'I'!.\
l'i"IIII'" it i" Ih,· "I"'I';III)I'~ that nn- i iuu- d"I"'nd"nl. III "['I\V""11 till'"'' I'xt.r"lIl1'H lil'H I.h.,
11I1"i'lt'lintll'it'tlll"', III which (,1I1!t"i"'J'aIt'I'S alld ~Ialt· v('d.,r~ vary with tim!',

Sill"" I It" I hr« 1""1111" sat'" lIl"r,'ly diII'I'j'I'lI! ways Ill' 1"'prl's('1l1 illg tlw sam« physical
,y~I"IIi. ,,1t""l'vilbir's "a(,oIlI1\I,',[ in Ih,' dill"1'f'1l1 l'i"lnr,·;; must haVl' t.lw SIIIIH' valurs 1.("

(~,l )

1-'111'1111'1'1111'1"', If il i>i 1"''11111''''; 'hal lilt' IhI"'!' l'i"IIII", j,,' i<l"111kal at I 0, I.ht'll Ih,' Iolluwing
11111,,111,,1.(:

I'[I" ) 1* t( II)) I'll,((I))
(i,,(O) (}/(Il) U.,. (:l.2)

'I'll<' dlnl'" "I' "1'1"1111'<'" I', .(""'1'1111111'11 hy t lu- uu-t ho.ls Ill' kdllliqtl"s 1I~,,'d .• 1;' "('rt.alu
"1"'I'alllll'e, '11'" 111"1'" "a,;ily ";11'1'1"" !Ill I ill "Ilf' 1"'i'I'I'~"ntatinll than ill thl' 01111'" tWII, Fnl'
iWil:tIl"", t iuu 01"1"'11''''111 1"'I'IIII'I>allllll lit"IlI'Y iM JIIllst ,'''llvt'nil'Il!ly lonnulut«! in l.h.. in
"'1':11'111111 PII'IIII'I' ll"WI'VI'I', t lu- (!t""'II's 1'II11l'IIIIII iN Ill"',! "imply ,["'hII'd in IllI' lI('iH"lIb('i'I~
(,idHl'" 11"11"", ill "I'd,,!, I .. apply I illl".("I"'lld"1l1 1"'1'1 Ilrhal iou 1(l"tJry III till' (il'I'['n'M funv-
Ilo,". a 1'..('111"11 1,,'lw""11 lit,' ,I I,· \,,"'1111', alld "IH'I'at.IlI" ill lit" Ikih"IlIIl'r)~ and Inl"I';W!IOU
pi!'1 III'"" 11111:.1Iu ' 1'''111101.

(2.:l)

,,/11/1'1\110;(11)).

Op' I':tllll'" ill Illi" l'il'IIII'" .11" 111l1t' iud"i','ud"111 awl till' matrix "(1,'11[1'111Ill' nn art.ilrar;v
"1"'1';,1111' (I" ie' l'I'I'I"CiI'II(,'d :t.';

"



Chapter 1

Introd uction

'l'h« path 11l11')!;I'allllt'lhod or quautiz.uiou [::, :1, I} i~:tlll')(lfl'llIdy d"l!,aut. aurl us-Iul t.olll
liN'" ill 1i"ld I JWIII',V, whi.h ,'all hI' ;II'I'Ii' .] I () t hI' I.ypk:t1 l!JIIII i-lcnnion IiYIiIf'lllH I'UIiHirlNI"j
ill "11,,,[..w.,,·d rnau cr ph~'hi ..s [;)1,

111II I'd , 'I' III "II{,I'I','II,Y lali" Ihl' "Ial.j,,'it'h ol"'YI'd by 1"'I'IllioUHinto :\"('011111"11>;,{il'rllli

liddh ill'l'l':ll'iUI.\ in III!' palit illll'I.',I';11 HUH;IIll' (hahlillH\1I1l (antirounuuting) j'j muun- [:!j,
I !ldill'llIllilldy, (:I';W.;IlUWIl vill'ial,j,-.'i al'l' IHilially nwkwan], if' I]lli. I!,,'huh-ally dillicult III

11'111'1\ wilh.
H"~"Ilil:d iOli illl'lIlvl'H dlill1gil1g III a ,'I" PI' "lJlllllllllillg val'j,lhkH, which haw Lill' snrur

')11'111111111 ~lill.'s and m.urix ..1"1111'111"'; ;I~ til" llri~ilnl thl'IlI'Y [HI, Tit!" main <11[1'1\11(,:\1';1' or
1)1'''I Illilal j, III, :lIld tlw 1','aSllll .il lVa."lfil'.'I, Intl'"dll('I',j, iH r.lla!, tI!I':'!' variabl.« prl)vidt' a mun-
nut ur.il ha~i" fill' dl'sl'rihlllf,l "lllll'('livl' I'x,'ilal.itlll~, In !.II" p:lth inl.('p;ral appr()fwh l,hl'H!'
\';tJ'lal<l, .., !t:t\" Ill<' add"d 'ld\'illilil~" Ill' ),.,jIl1!, f'ilsif'r Itl Wild, with I,)rill! ('l'llHHUHlllll vnrinhl.«.

\1l1~1 ,,1' li)l' al1<'IlI),IH, thus r,lI', III j,I1h!lllIZI' 1'"t'lllinHi,' thvorivs 1.."., ,11",,1 a trunsfonna-
Illlll 1.11 lll(',t! v:II'h""'" Itt I + I dllll"W'llIll", Ii!)' "X:ttllplt, [i, H,!l, It), II. I:!. laJ I'll', 1,(1('111
1"''''''lI/allllll ill I t [ "III'I\,il1I1' hns alr,':\lly YIt,hkrl illt.l'r(,Htil1~II'('HlIltt', including ('!'it.ahli~lh ..
itl,~IIii' "'lIlhal,'!ll'" I,,. "I"'lIdlll~l.v lllllt')all'r1 III""ri,','; alld Ih" HlJllllillll "f I'l'vl'ral IJltprfwling
1i"I.) 11ll'I1l'lt'H Ill],

1111\\'<'\'1'1', II" tl\'l1ll1l1b' 1IIII'I''1l'Iillil 1'l"'Vah'lIl III 1'lIlidl'll;;ptl lII:ltl.l'l' t.hl'lll',v iM nonlocul
ill 11:\1111'.', .uul a" ~'l'I IIlI'l', , i,·; nil "IIlllpl,'h,ly ,\"Il"l'aliz('" I'XII'IiHillll .,1' \.lI'al 1J('HlIlli~,at.j,'ll
I" 11If!,h,T "1I11<'11"illl1,,1 /'''1' 1111:, )'1';1,",". Ih" )'illlcal 1)lISIIJlIZ",jllll rllrlJJ:diHllI valid ill any
,1i1lll'1I',:1l1l "1i<'wl"W.) )'n'I'lItl,v [I]. will l«: IIh"I\ ill thil< I liss"I'1at,j!lll,

,;·iti" 1"'''"lIi/alillil IIlf'll''''{ is all "Xill'l 1','IHil.illg ,,1' )'l'l'lIIiollll' v"dl'oi' lIllld ..I" In !t'flllH of'
I,illl,'al I inn- IIrdl'I'I" I imal'ialll s, II wah "l'igillally ""Il~irkr<'d by (':Wi""'l! .i.« [Iii], hnw-vr-r
1111' It"lIlm'ial ,h,'"I'Iali !l't), illll'"dll""'( illill tl", palh ill I.''!.';ml I,y tIl<' dlllllP:<' Ill' variabks.
lr.o- ,,"ly 1"""'Illly IIt'I'1l I'akliiall'd .'xadl~· [I],

SIII,'" 11 w.» .11'\'1,1,,1"'') ill lilt, IlInl,'xl "I'll", !;1I'g" .\' "xpau!'illll, Ihi~ ill'l'l'lJadt ha:" tlnu-
lar. IIltl,\' I It" II apl'li,'ol 1'1,1011ivi-t i..11I"""i,'''' Thi« l,illlqllltl"llIizat.jllll 1Mpartit'lllal'i)' useful,
iI" il 1,',1<)" llatUl'ally I" ;1 .~. ".\(>:111,;11)11, wilh ,V pla,villn lhr 1'1)[p 111'1111 inven«- "ollpliug
""n"tant,

II j,; I h,' .ruu ,,111,is I" ""';II'I'h 1'1'.,';"", I II illY!',"~igill I' I It,. applkabilit.,v t,fhjJlII'!lI )'usolliz:tl ion
III 1'.'11. "'liS"" runt I "1' 1IIlIIt f ,'1,"'11'''11 ",V,II'lll", d('''pil'' t ln- i'at't t hal fill' tit""" Hj'IlWIlt:, tV I,

111 I'''t'l il'lrI:lI': 1':1" dl;'l 1)\,,' t h,', I'Y III I hI' l,il'll'i11 fiddH fir:) W'lll'ral '"'llrl'lat,iV1Hlk multi-
"'1'l'!I'"'' ;,,\',,11'111 with ;1"""[' ,,'al p,,1t i.t.inl will l«: 1II'lai!\I'd. It will Ih"11 \11' illvl';;t.iI.~at.I',l hllw
1111> "I;(ti"lnl'l !'I11I1)1',III'ali"11 "f tit" dli','livl' 111I'"I'Vis rda!..',J III llJorl' t.1"lditilllmll<l'I'lIwl
qll,lIII.I"I'd ilpi'l'lIadl':" ",,,'d !'"r tlrl' ,.illl,.j"I'.'ll'lldr' (il"'I'II'"i 1'11111'111111, in, I(lr I'Xatllpl<" [11'1],11
will ;d"" I/{' .)"1""11.',11','11'" 11..\\· ,','rl '1111:;t!lwl;lI',J :ll'PI'IIXI11l.tli"w;,nurli dh tI)I' hdd,'r <I)ld th ..
1'111;." '\i:"'.l'alll 'l'I',,;;illlal,lIl1", Ilia,\' I", 1.1,1""1"" ft'lIll1l'1",dfk l;,rlll"; lit' Ill!' dr",'livl' adl"iI,
III '1<I<lil 11111, if \\.11 Ill' .,11.. 11' tltifl tl" 1')I;'l'I1\ t : :11'1111111''111 I,,' lUii'd ',.1 ~"I'llI'rat", :1,' l'''iTl"tj!lIl'''

lit" "d" .. I' ,It,,,,,I'O\)1'''111'1',1."'1, ..] ill lilt' 1,·,,«1111'. "),I'I'Ilxilll;llj"li.



Couveut.ions am! Deflnitions

'I'll<' •'''11\I'l1i,'lIl 1'''111'dillll'il"i"uaIIlP:;tf inn h'ls 1""'11 Il~I"1. 1'01' I'X'llllpk, if J' is a spa<'!'
i iuu- \<ll'iaj,j,', IIII'll

I' iJ'", Y) 1/, Y)

PI,I' paJ'/li,
'. .4-

k (kl},/")::("",k)

/tt h' ,PIk II""
/.,',I' !.:',j>' ,,,I

SPill illtli,"''; nr lain'Il'oJ by (il'l''']; h 111'1''', altri fUI' Ienniona, "lilt take I'lth"t Ill' til!' two
vnlu.-, +':\, TIt<, [':ill~ldJlI'''IlWllli''ll iH 1;,110\\'1'11. i.«. rl'jll'atl't( spin indict'H ilJlply 1"111II lImt, i011,

'lh .. Flllll'il'i' 'i'J':I1l,;f"l'lll "I' 1"(.1') i" ddilll,t( III Ill'

F(,,,) j"
, ... ,r,

F(k) ./", .{I", 1,IN J' F(J'),

(lp"I"II,,,I''' :tr.' d"I!flt,',1 ",I' a ":11'1'1, alld III!' ""lllllllltill()J' "I' two "!>l'l'al"I'H, ,1 .uu! N, iI.
tI"jiJII',j II~

I I.H! \If u :
:lIId lilt' unt k"lllllllll '11,'1',1.,1'

I. lif \II + ILl,

VI



{j Biltll'ai Bo,",uujll,atiou of COlltll'lISl'tl Mat tor Sys(.(·1US ··13
1;.1 h'"·", F<'l'llli"II~ . ,1:1

Ii, I, I (;al' E'[lialiull ' ,14
Ii, J.:! h"'I' (,1'",'11'" Iuurtion Hi

(i.:! 11l1."l'a"(IIl!~ FI'j'I:ll"II" -Iii
Ii.:!, I (,ap [·;qll:lll1111rill Inlt·l'a,'tlnl.( h'l'lllllIlH'. ,Hi
(;,:!.:! Til" Slll~,kl'at'tidl' (:1""'11'" Fnll(·tillll (',,1' Illlpl':U,tiUi'. [I"l'lllhlll!i . ,17
I;.:!.:I I'IJ1' '\'\1',.·1'''1111 JlI'(Il'a~al"I' ill t hv Em·nlVl' TllI't1ry Ii'
t\':! ..1 Ilihh<'l' Ol',lel' ('''I'I'''rlilln~; . .jp

li.:l '1'l',l<lil inllal AI'I'I".xitl.ltl.iolis 111 1.ljI' ('lIlll,!'X! "r I,ll<' EH'I,('tiv.· Tlwory no
1\':1.1 H III~\ I )ja~l'alll Apprllxitll:tt i. III , !i{)
Ii.:!.:! I.add"r I )i:t~\l'all\ APPI'IIxilll:l111l1l ;'1
1),;;,:; llartl"""(-',"'k '\I'I'I",xiJ1lnti<'1I ;):1

Ii. I l.in-ar H"~Jl'"I'''' illl<ltht· I-:ll',,,'I iv.: Tllt'"I'Y ;1·1
Ii ,~J . lh» I It Illl' 'l';t'IJt" 'liS I!<-till' Sall""t'l' 1':'111;[1i'l)I fj.\

7 CoUl'l1lsiOllK
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:2 0pI'l'ntol' Rl'lll'('/iputat.joll of' quantum Fil11d 'I'hom-y
:;,I 1'1'1'lilllillal'i"M .. , , .. , , . ,

:!.I.I TIlt' '1'111'1'" "I'kllll'f'"'' ill qllllnr:UIIl Medlani!'1'
:.1.I.:! 'I'ln- Tuu« lkvt'[t1PIll<'lIi 0pl'raltll ,
:U.:I Opnat,,!, Pl'ltduI'( Iklinlt lulls fur Ft'l'llli(ln~

:>,.:! 1"'1'1\11'1':1(1(111 Th""ry
:!.:!.I TIlt' ,\oIial,alll' IlYI",tl)l'si~
:!.:!,:! Wil'](:, T11I'1I!'PIlI .

:l.a Til,' Sill~dl'./'arli<'l., (:I'I'I'll FIllICI loll
:!.:U Iklillili!lll
:l.:\.:! 1'1'1'1' Fl'l'Iuilll1 (;1'1"11", Flllll'tjlll\
:'..:1.:1 1'''1'' 11I'11i11iv. Exp:tIlHiPtl "I' (;
:!.:I.I I )~'''I)II\ 1';qllati()l1~

:!A '1'1[1' 'I'1\'\,·I';(rti<'l" (:I'I'I'II'~ Function
~!.I. I I )I'Ii lIiI iou
:!. I 'J Tilt, Ih'l !t,o.Salp,'tl'l' I<qual inn
:'. .. 1.:1 1'"lal'i/aljlllt IU"I'I'II!l1l

a PI\t:h Iut:I'!I;\'l\llt'Ol'llmllltioll of Nourolntl visrh- Fjl'l,l Tlll'lJl'Y
:: I 1':1111 1111"Arab all" 1l1l~"Ili<' fi,'I" T1)1'''l'il's . ,
:L:! l'ru lr 11l1f':!1'ab allll ''o'l'lllill)lll' Fi,'I" TIlt'(Il'i,~

:1.:!..1 (,1'01,"11':11111 Varial,I,'s ,
:I.:'.,:! Ildillil','lllll' X

:I.:i l'alh 11111',I"l'al>, al1d 'I'll" (il'l"'I1'~ 1.'IlII!'I.i"lls

:1 :1.1 TIlt' (;t'III'I''''II1~', Flllll'1illllals ,d' t h .. (tt'!"'I1"; ['II11I'llt1m'.

:l.:l.:! FI'I'I' ['I'I'llIillll" ,

::.:1.:1 [lIt"I\I"llll!~ 1'1'1'1111"11"

,1 llillH'Hl Busunizntlon fill' F(,l'lIliol1s
1.1 ('hal1p;illl', \';lrial'[I'>' III Ilil,ll'al lnvari.un»
I.:! Th" 1'.n;'I'1 iv« .\ .. 111111 alld 1"'I'IIII'[.al JOIl TIll'III':.'

·1.:1 (il'l'l'll'~ FIIIIl'li"Il,'

-1.1 1'1'I'IIII'I1:1tillll 'I'h'·"I':.' ill Ih., 1':1I"·I'l.i\'I' '1'11t'01';o;

!i '1'I'mlit lnnnl ('oll!l('usl'd Mnttur Ap)U'OIWlwH to tli« !VInlly.Bt"ly Problem
:,1 TIlt' T~pkal !'.I'~I"lll

:,.:! '\I'"I'lIxil1lo'll]OIII:>

:',;! I 'l'h« 11'11'11'1",-1'''''1\ ;\1'1'1'11\1111al iou .
:,~!.:'. TIlt' ).;1.1'["1' lIi;II',I''1I11'; .\ 1'1'1'lixi 111ill ion
;,.:!;: 'l'ln Hill'.', lli:l,l\I"'111h '\1'1'1 "XIIIJ:llillll .

:,;: l.innr Ik:'i"'w,,' Th,'"I'"
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Abstrnc«

lh« hiltll 111hosouiznt.ion 1('C'huiqu!' ,kvPlopnl in [I] is applied to nonrclativistic multi-
li'rllliun sysl"Il.,. II is IClImd Ihat certaiu traditiollal c'oncensed matter upprcxiruasions, in
par: kula!' Ih" rill.; diagralll npprnxiruation. "orrPH(ll)lJd to ('X'\I't. rewritiugs of the elfectiv«
al'l ion. TIlt' hiluo'al hosouization t'(','lllliqllC', although doveloped in connection with the large
.V cxpnusiou. ih fOllud III [If' IIsc,rul ill explaining th» origin of these npproximatious, anti in
!\"ll<'l'al iug; higlll'r lll"[P1' (",1'1'",'1 iUlls sysu-uiutirully.
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;\ Ih,'~iHHili .lIill(,<I II) ih.. Fa"lilt~, "I'S"i"Ilt'." Pniv,'rsi'" «l' tlu- Witwatersrand,
,ruhilltlll'"l)lIl'~" in Iullihuent "I' Ih., 1""l'lil'l'Ill,'uts 1'''1' tilt ,('(' ,,1' Master ofS"j"IH'(',



Fit!;lIl'l' :!, I: F"I'lIl ,,), 11)1' iUI1'i\rall''1"atitlll 1'''1' /'"",

2.4.:$ Polarization Insertlon
TIll' .'x;),'1 dr",·t.ivI' 1IlI"I'a.'lillll j,PlWI"'lI ('.W'; I',\tt.il'h'~, [',"' inuy ,tlwayl'\ Ill' ,1t"'lllllPIlSI'd

iut« a ,"'I'i," "I' "II11IlH'I,'" I,lia,';ralll." TIll' '"wf'sJ 111'.],,), l!'flll is [,'",I",r, which is ,I"linl'd ill
I'qllalillll 2),0, alld all III<' "II)!'!' 1I'I'liiS ;ll'" l'IIIlIil','I. I ill ',,,'h ''IlIls I" 11 1m!'!' internet.ion.
llu suiu ,,{' t.h .. parts "I' ,';U'h ,Jia!;l'alll sandwidll'd '1('111'("'11 I Ill' ('lid [t', iN ·ldiIlI'd t.1l I", Ill!'
Jllllarizatillll IlIol'l't,j'III, II, Ilt'l!<"', {'," llJiIy ','1' Wl'it.II'Il"S all illl"'t!;ral ('(!natilJn in I,c'rms of!'
and ll. TI\I' "II'Il"[UI'1' lIt' Ihis ,"\Il;tlillll i~d"pici,'d ill fi;, 1'1' 'U,

Thi-. "qualillll is all ah~,'hl'at.' I'QI1:ttHllI ill 111111111'11\.11111"pa,'" for a uniform ~y"h'llI,and
r III ;lddilll1ll I hi' pari i,'"'' pari j, ", iUII'rael iun i~spill ]l1<\t'I'"ndt'lll,' Ill<' "lllIIl'lil'al I,d mntri«

S\ 1':','1 III'" di"apI'''al'h, i."

/'",,(,/) {'('II + 1'(")Il"",~:,(,,W(IJ)' (2,!H\)

AI',aill, th,' dia!!,I"lllls ""Ill l'ihnl iliA I" II IHay he' Kul"livid"d Inl" two daH~(':-l: l,hlllll'lhal,
1""',,111" III''' ''''1''11'1\1'' ,li:II.';l'allIK wh-u 111\" 111/' IW'/IIlIi lin» i~ I'llt. and thlJ~(' t.h:~t. d" not.

I h,' ,,11111"I' Ih,' lat "1' "',," Ill' diap,ralm, I" ""'illl'.[ III Ill' Ih" }l1'''IJI'1' 1'()lari~al.illll inHt'rl,jull,
.)"111)11'.) ii,\' II" 111 1"1'111;, "I' I!' 1"l'Hllillll :l,\I;) 111"'11111('''''

(2,!)li)

1,,,(,/)
/'('})

W" \\(I/){\I/)'
(2,!17)

{ '[""d,\', 1 ,II "all ab,' I II' ,,1,1'1111'" I ,'r(lill ( ;' n Ir Ihi' :,ytlli'lll is uniform :11lt! IhI' lut,'ra<'l inn
SpiIl1l1.kl"'WI.-II1.111t'1l, ),1'''\,1,1",1111" :11'[lI'II\IIII<llilllllll IIII' Ikl[w ..S;\lp,'tpr "lplal1011 i1d'lI1']I

,11;11 \ ill • ''Ilia! .IIlJ :! !);II:' 11)1' 1'al'l' ill" 1';\1'1 ion 1" ,I 1'111 inl I' , ,\1 j" """"111 ially 1',,,, Thill will! 'I'

"X:lIl1ill"d III II I!!r' , .I1'1;lillll IIii' ,'''111''\1 ",' Ih" l'ill.t\ diap,ralll appI'lIxillialillll ill "('('!inll f;,\',:1.

Iii

, ,



11'lIlt' int ",':[,'1 iou i- 111\ ari.ru: uu.i-r t r.uisln! i(\ll~, :1lI.! Ih" s~'~:"Ill is ,'ll:! lilllb' 1Il1iJi .],111, it i:;
p",;"jI,k III Ill"\", 1Il1" uuuuouuun "I"W", Il"jll~; Ill<' f"III',dilll<'ll"joual Fnlll'j.'r transf"I'll1s ,,}'
(,', I;" "11.( ';', Tfl<'I,,'f~'I'" illlllllllJO'Il11111l:'II;],'" I)Y""II\"'1l[alio"I""'IIul""

h.1' "II ,'II"'" under 1'''IlH,f,.rallUll IIt'I"" 11\1' illtt'rat'(init b -jnn iud"p,'wkl1l. Hnd C;. U",
:tn,1 ,;' aI'" all di;I~~"ll'lI ill Ill" :,pill illdk,'" A" a t,,'''ltil, (h" s['in hb<'!, may In> fat'IIll'"d nlll

"I' "'(II'll jllll :!,~~,aud th,' r'l[!tlWill" lI"'{ll! "lllIali"lI"hlalll' d'

t !" ,I (k) (2.lHI)

W\lt't'" IIu- ,j1'1111ll1illal"I' is lI)1llr'l'stnod I" ,'tJlllaill Ill!' i, "l!;n(lkl '., kl) I,('rlll, it' 1I1'('I'~sar)l,
1<'1llalillll :!,~lIllila~ III' :.IIJ",titlllt',\ illl" "'1lll1li,," :U;H, yid,HII)!.

(2.Ul)

2.4 Tho Two..Particle Gruen '8 Function

I'll" III'" 1'IlI'Iid,' (If'i'''II'', 1'II111'Iioil is d..Jillt'd ill illlalllg)' wHh "'111'1111111:!,li:ll(l III' ):!;IWIl by

(lltllll'[r,'tI", (,1:1 "i'Il,., (J':: )d"'l (J'a)t'il~J (J:,I)l1'~II)
" .. , (il/"j',U;,) .' . ,,," .,.... , ... '

TIlt' Iw.r 1'111'1id" (;I"'1'1I\' 1'011,'1" III h' n~,'d ill "lIl1d"II~,'d Illilllt,!, pll,v:,k:i III ('nl·lI[al;t·, Ior
""11111'[.', Ill<' 1',,1,\1'.,,",[ ""Il"il~ 1'111',..(.'111111\1'111Ii' I 11111, \l'lIi"'l it; Il~I'(1 in liu-nr 1'('NPOIIl1( !.Ilt'tll')

!-::Idl "i:"~J'alli ill ill" "'1""1'["11 "I' (,', I) liil" 1"ul' ('XI<'I'IIi11 pr"pagat..ll";, TIll' 1""r'pl/iul.
l'lIlll'li"lI "I' tWlllll"I~' ,,(';111"I'ill;', ailiplillld.', Xl . i" <II fiw'd 1,,111' Iht, "Illl! III' Ilit'HI' diagtatwl,
wit Ii, HII IIlt'il' "Xl "1'11,11 1'1'111"11",,1,,1':';' I'll. "illfil'l'liulI:'" "<lIlII'ibnl ill!,; III M 1I1i1,Y I... divir)J'd
illt" I \I'n 1',11'1[1'(1' 1'."hll'iI,l,' alld il'l','d\ll'tloI" diap;I"I1Il~. TIll' 1,,'.lll<'ilolc diHI\!'a!llS ar.' IhONt' l!Jal
I "'I't'III" 1\\" dhn'tlll,','I,'d <11111\1';\111" I,y "II{[i:1!', 1\\'11 [lOlI'lid" lilll'h, Ilwllh,' il'rt'.liwjblt" Ihow'

I hal tI" lI"l "I'l'al'al>' III 1hi:; I\'''~ If' \. j., ddill"d I" ht' 1Ill' -utn of 111111'10 pal'tid,· ial'dudl,j.,
djat',I'alll~, 11I,'1I 1[", 1\1'" 1"'1111 1'1II It' I 1"11 "1,,,,\'" n lil",a!' 1.1\·t"·I,art.it·j,. .'qW\(:;'If! III t.1'1'r!lii "j' I',
wit h j,llq~,I'''1 i"L1 "V,'I' lilt' r,,1lJ' 111"111,'11111111111'1 hp il1l"'I'llal I'i,rllt'lr' (lair, i.« .\f iH giV<'ll hy a
11,'1 h., !-Iall" It 'I' "'1",,11' ill

.\1", .'i " 11'1, 1"': 1')

(:!.!l:l)

"Iwl'" /'1, h. t ln 1'..1'111\," 1'''111'tlll1lll"nllllll Ill' I lu: inouuuu; Pill'liclt- pall', 1':' l~ lilt' nlativo
I~>lll" IlI"W"1I1 11111"I' I h,' "111:.,,"11[", ['art [..!,' p;dr, alld I' I', I hi' tll(alllllllllf'lll,lllll Ill' Ih., hYhtt'lll,
\' i" I Ii,' ""I'lld "I' IIII' 1'1 flllll 1"11 .unl UI 1', lilt' lull t\I'1l I'llrl id., 1'1'''1''' I';alllf, j,. I',i\'. 'II by

r:' i'(I{, r, I," "II I [' I A'IC :':')( 1" l'), (:.!.!l1)
, IJ :~

lIiI, I'" (o" ro' j" I Ii" 1'1111illl"I'",'1 1111',rrl lr': I,arl jd,' {It''','II'', 1'1I11,'fi..1\ ,ir'lilll'd It,\' "'(IUllioll :!.Ii:.!
11,,\\',,\', I' Ill" ,;. II I:., III ","11",:11 1'l'a.'II"I"I,\ 11111 [lII:;:,il,I,' (" .'"knla'" \" awl !ill!H"

"1'101,,,,,1111:0'11111 I:, ,,;.\1:.11,1 Id,ld, 1'''1' \ wI11'(, \",Id,; .'I t'!lrJ"";'III'lIdilll,; aPl'l'tlXilllatiuli liJr It,
;\11>1 IJllilll"!"I~ ci'" lit,' ''I '1'1'''\1111:11 j""" 111"'·1 "III1II1I"III:v II"".! II \'fll\,' 1,,'pla<'ilH~ l' with
ill' 111':,1 ). II 11'1'111:, "j It-. 1"'1'1111'1,,,11"11 ",\1',111'''''11,

I.
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Proper sclf-encrgy

/'2:*
!.•.....

.I'll' .·,,·If''lwl'l'.Y IlIiI) ;1';,.j]' }... 1"'\\'I';U"lI ill "'1'111;' "I' till' 1'I'''I,,'r "I'(r"'lII'I'gy, ~;'. whh-h j"

",.Jilll'" 'I:, III<' ,,11111 "I' ;t1II'I'''I'''1' :.•,'II"".liI'l'~\~· il'~"l'li"lI:';,

/' , , f'j, , 'I I 1, ,,1 i \.. ' ttl ,I \ ~~ ',f
I , d ,I:,}I ,1", II ,1'", ,J J',I' '\'. \J',. J'~,)( I ".(,! :,. J';,)."",(J !:' J'a)

, /'\~. '., ,I '" -I ; ' " ,1 ,I \... " I .1,1 \ .' \'1 , ,i
"\I,l,I"J\) 1 }I"", rI.I",.\,(Jl.J!')(I""(J::,J~)",,,.(J:!.J'I) (2,HII)

(:;.KI')

II



+

y y

iC ;'",(./,,11)

1'1'11111 1''[11:11ion :~,X:I il i,; appitl'I'nl thall'adt u-rm In 1111' I'XIHlllsioll is till' llllllillt.f'r,U't,inp;
p,rl,UI1' {.'I all' ,'xl"'I" al ill" valu« !II' a ['.'1'1·,,<1II!'I or intl'rat'! iOll pit-I,url' /ipld l)pPI'alDI'ri, 1)1')1('1',
Wit'/(',; 1111'111'1'111 "1111 III' l\:'I'd In 1'<,<1\1('1' Ill!' 1i1':-1""l'dl'l' 1,<'1'1ll ill "'11ti1t,itll\ 2.K:l to

i(i~:,\ (/1' .11\ ie ;'~, ,I ('''' "I',l] I i(r':~ dJ·. ,1'Il[iU'{'/1 (J't, J"diU~:,,1 (J'\ ' !Il

ur; d ,1', ' !/) i( ;:~'" \,1.
/
1 ..!'dl + iC i:'fI' t J', J,/!l[iU;:, x(J'\ ' J,tliO'~,I,(,l't , III

iU;:, ;(,I''t I/Ji(i';"(J',,,l'llll (!UH)

:2, a ,·1 J)y~-I(llllH Equntious
1111r. ' 1"'J'I1ll'I.ali()1I I'Xl'all"ltllI til' (i ill ''''1 [Itlll :! :1.:1 it I" luuml thnt t'adl FI'YlIlIHm dingrum
It I" (WII "XII'l'lIal {l('''ptlf,lallll',' "I' ptll'li!')I' liw·.,. "",It "I willi'll art' [ru pr"paWllol'H 'I'IJl'
pal'l <It' IhI' r"YlIIllltll diap,I':II11 (t,1'I al't.,1' Ihl'hl' t'xlt'l'lIal ]>l'npnp;at"l':-t an- rl'llllIV(·.j if! "ltllr·r! a
",I'll'I'IIt'I'P,Y ill:"'l'li"lI, Ikllt'I'. t: IlPIY h,· Wl'ill"l1 ill 11·!'tIl'; f)!' lit .. :wir'l'llI'l'gy ~;, thl' Hll111of
",,11' .'111'1',[",.1' Ilh"'I'IIIIII:';, 't'ld lilt' 1'1'<'1' [ll,,,pa~\alill', (!" a~ li,lll)\\'li:

.lh.: !','ynlllall dlagl'lIllI;; 1·1'l'l'I'SI'lll.ilJ)!, 1,,\,,;\1 illll :.um al'l' "huWII in !i!\Hrt' 2,1,
1'Ilt'1'1' ill'l' 1\\'1' ',\'1"','0 "r"I,lf"II"I'!\,V iUHI'l'li"liS, tho.« t.hut 1">llMIs(. til' 11"0 IIIIl .. r H"][' "lll'rp;y

111,,"1'1j"n" 1'''lIl1t'I'll'd ,,~' it "ilJ~~Ir' pal'l id,' liu« alld 111",,1' I h1\1 runnot I o\l'l'1I1ll11l1H"d int«

"II1i) ,jI'I' :",11' "Ii"n;~' iU""I,t illil;;, I'll<' 1;11kl' I Y Ill' lOr,,"'r'''!I''rp,~' iWit'I'II!lW; at'" known liS prop"r
:,..(1' "I1"n',~' ilo"t'I'li"II", 1':0.>11111'10'" Itt' IlItlll ':VI'I'" "I' ,;"'rl'IlI'l'g~' IW;('l'linlH; al'l ""lllaiw,d ill

lil!,lll'l' :! ,:,!,



'lh-: ill.:,'u'll II I ,'III'lli"ll "I' III" ~I"p lunrtiou

1/(1 I')

,,1«(1' :~),~L~f.,J~i)'l
W ."... Ir

(I(k}" " Iki).. ···..··· .."··..,,..·,··1.
"-I IJ.)r It

(2.7;')

i,l.
(i", .( ,1', ,/" \ ,J~ (,1' .r' I

..J -_ «: -l- ;; ';;ili!! (III" "'f;,:)' (:l,7H)

(2,77)

(2,711)

2.a.;~ Perturbar.lve Expansion of (,'
,\llh"H!,dl il i~I'''~~i'''''I" ,':11"111.11,' III<' ,.jltf,';k·pal't!<'I,' (;1'('1'11\ lIul<'f:jllu fill' a £I'<'t' ["I'mioft
~,V"I 1'111,,:..plidl 1,1, rh,' fully (ulnaI'! illg :,ill!),iP pat'l id,' (i)', "II's 1'1I11('t iull ",111 !lilly lit, I'aiculatl'd
1"'I'IIII'I'al ild,1

1'111' ill.I"r:ll'lill~·; li'1'1I11"1I",

(:J.t'!))

wh-r«
(:l,1I0)

.\hhU III II II!, Ihal fit HI'!,\' I", :Idiahali.'ally "WildlPd "II. 111"")'1'111 :UilJ ,'an III' :lJlPIi"d t.Il
"'III'lli"ll :!.li:J,with till' 1"'~1l11:

i( ,'" ; (J', !II
~i ("in J' I~!I~,[11", I.:, ril,
"I'"If'{lldld' ·lldl,.)1,',,(J'jl;}.llIl]l'h,)

,~'.',. ~.,.-- .. ~. '" (:J.ilJ)

I:!



(V;7)

\kl ,k/.' part.il'i,',;

lA'" !"I' lI"k"

''''Jill''s Ill<' "1'1'1':11<11', " .uul b. II'hl'I'" "f 'TI'all's pal'l ich· ....alit! <I d,·,trIlYs pal't.i<-ks uhov« ,.11t'
f,'I'I11i '1'<1. whil« r.t "I·,'alt·s h"I.', alld b d"stl'ny", h"I.'s 1",1,,1\' Iii!' 1'('l'llli "',·a.

Th,' 'llltk"IIIII.lllaliolll'l,latilllls ['Ill',' 1I1l'! ,,1

{I'\, "I, } /)AI'

'/' " " .. {,,! I·t} ." I')1 -\. II r ~',. .\.,' .-... , (Viii)

11111>1.\ t lu- r,·IlIlI\·la~, <11111""111111111 allll''; 1'''1' 11\1' u , ,,'. iJ an.l bl op"ra.

{if \. 'Ir,}
{I/ \' /'" } {,' \ . hi, }

{Ii" b;,} 11\,.
{II\. bl,} ~.. [), (:.l.O!l)

J 111'\,;(,'1111111 1\[1<;),·"tH,isls ,,(, 1111'1111,'" [il'l'llti "'il, i,•.. Ih.'rI' ar!' lin hOj,'!' lu-low, and II"
]1'11'111'1,·, aIHl\'·. I h,' lr-rmi SUl'h!'I'. 11"Il"'"

(:!.il)

i(j' ~ j ( ,I'. ,,.') ('!'III/'[ 1',,(.1') I.,1,(,,.' )]1*,,)
1/(1 /')('!loll',,(,/')I. ',',(J"l!')IIl) /1(1' ·... I)(I)IIlI~';I(J")~I,,(J·Jllj'tI). (2.7:1)

1-:«11'"1"11 2.Iili ,':l1l I,,· ,,"t.~tillll,·'! illl" "'1":\1 ion 2.72. TIll' l'1·MIIJl.llIl!; ,'xprl'ssillll r('(iUl'I'S to,

IIslll:'. "'I'I:lli"I1" 2.,'1.

/')II(jkl

0(1' 1)(/(1.- ('1..7:1)

;i,'1 ri,'- ;',"l \, !., rl\··I,','n11l \\';l\','\"t'dPl

h,l' 11'1'1' f1'{-ll1iIl1l~ I It" illt!')',ldilJlI ;U1d I {I,je"'nh,,tr pktlll"l':'I'i1iHcidf'. i,r-: J;'f.. (/. t) 'I;!)I" (,it, t) 1i'"(,it-, f).

II

'" 1f
I

"



2.3 Tho Siugle-Purtfcle Greell Function
'l'l«- 1radii illwtl ap(l"(I;wh 1<1III<' llullW,h,,!I,v r"l'llllnil ,'y~ll'lIl~('llC(lUIIh'l'nl ill "OUdl'llHPd mat-
1,,1' i'h~~i," has I""'il !" lilld IIii' ~illp;"" 1>'11'111''''(;J'I"'I1'~ function. t), perturbat.ivoly DPHtlltl'
Ih,' ril"! I hal it I' :t l\I'OHlld'stal,' 'nwap;", (,' i~ r"'al ... l to impurtant physical quanrities. In
ra!'I, t h" ~ill~,\t'''l>art.i<'l,'(;],""11 's funrt.iou 1',111 Ill' lls<'d (.fI ,'a1<'nlal" t.h" ground-state oxperta-
Iion vain" I If' allY ,illl;I<"1 ,al'l iel" "jl"l'atu]', Furthcrruor«. I [.-spit!' thr- fa!'! thai Ih" interaction
1,,'1\\"'1'11 pal'li<'l,'s i, d"hnil,,'d hy it I\\'II"pal'tjl'I" "p"l'alol', Ill<' gI'Ollllll"Htatt' r-norgy mny abn
I", ,·akltlai<'.{ frillIl (,', Finally, ('1'''!llllll' L..lnuanu l'<'pr"s<'ulalil]n (:!7] ii, is clcur that a has
"jill!,'" 1",1.'" al Ill<' I'X:lI'1 "X"iUltjUIl I'w'j'gi('" "I' til" illt!'raclillg' sYlltl'lll. i.t'. thr- exrit.at.iou
'1',·,'1]'11111"1' III!' sysll'111 Ill'l)" al:;p I", d,'I"l'lllill,'d lrorn (r',

2.:3.1 Definition
111l' "illi!;1t· parJlci,' UI"','II'" ('nil"! 11111. abn klJlI\\'1I ilK Ill<' ,,,,·,·It'II11·,linle prop:W;1tI,()r. b d{'lilll'd
a" till' ill'.l'l'a.'1 inn !!.1·lIlllld"slal.' "xp""latiulJ vnlu- 1)[' 1\1<' r'pro<illl't of li'it, (a.) and ~'lt"(1/).
If IIII,,) is Ih., ill("1'<1I"1jJJ~ ).\r"lIlJd·,.;ral.,' ill tilt' 11<'!I;t'llh"rp; piorurr-, t.h"ll

(2,ti2)

F!'lIl!1 Ilti,' ""'illilillll il b ,'vid'HI Ihal c: is silllply a lunrliun Ill' lit!' l'I,",'l'dillatl' variahlcs iii'
:llld .1:'1',

'lln- ddillilillil :,!,;Illlf'll", /"p I'II<I11<' I Illay I", illK!'I'II',{ into equntion :l,U2, yil'ldinp;

i(;",dY/,,t'/') (Vi:!)

It'll >I,",S Hili ruut aiu '11l~ tim. .{"jH·nd"lIl 1,'rUls, .ni.] F ii" t.hr- g;rtlttlld'HtaJI' 1'1II'rp;y. I,\I('U

"'lllal i"l1 ·J.I;;! (""'11111",-

it ,',,,,(YI, rr,
{

(II' I ("\ IlIlt"t'I/"I"',t,(J':/)I'II'I)I r:1f ",' 1/ /< I) 1,', •. J'," ,
I' ." . (\i;,~(l[il;} '" .

/\P 11,,1 (1~/)"illlt"t'\/II" (J'l) III, >
d:'lr .r'llll \ _.:,1.,,,~,,:.1~· - 'tt ' '!II

I>, t'

(2.tll)

which •",jllllll,1 rail';; J hal. 111illi:, ,'as", t ; d"I"'ltd, IIIl!Y 1111 I·h,' I,imp ,lill<'rl'w'(' I -I', nnd Hilt
1111 / nn.l I' ,:"],al':II,'I". Wit h hll"1i {;r"I'Il'" fllll,'IIIIIlS II is "II11VI'Ilt.'IIt. 1,0 takl' th .. FIHll'I,'r ..
t 1';IIIH['II!'1I1 nl' (; ill !t'rull. 111'1 t'

(:J,Ii!i)

2.:~.:2 Fl't't' Forminn (;l'(\('l1'S Function
'1'1\1' 11<,1.1"I"T~tlll' iii lilt' illl'·l'a.'1 iou r"] '1"",,'111 illi"l1 i, d<'fit}!''' ill It'rll1~ of tltl' uunihilai.iou
alld ''1'''<111''11"I" 'I'al "I'':, 1'/: ;lIld "J:, .unl Ih,' "'!',t'llslal"H, ~~,a,

(:J !i"l

10



'I'Iu-orr-m 2.1iH .\".'11111111.'1 11[(1: lilt adialvil i. 1II0r/I./if'lltwl' of I,jl,,) /.' liz, n.,mdrl]fIIll'Illt
qroutu! -tut, o] lilt nit, /'/(1'1111.'1 ,"1,1, III llu n

II'h, /'( (JII(I) 1<11{''''III, ,m ,"hlll'll/'li 1"1.'1111111 ..' "/'1111/(1/' .uul. ()I(t), tlu (,()ITt"l'ulltim.'/
11111nzdWll "1"1'111",..

Th"(ll'<'lll :l,!jK ulom: i~ iusnfllcicnt. 11111 it c.m Ill' itSI'd to prove thfcm'lll 2.fJ!l. which
[ll'ovi'[,'" Ilit' I',''!uirp,[ rclat ion.

'I'luunxnu 2.50 ,1.'''IIIIIII.'llilal (;J:!r\l;;y 1.,1111 IIOIHIt</tII"<1!r t/I'Oll1ld siul« of tilt lIlillYlrlmq
'.'f.,I"II, lilt II tlu ,.1'1,,,·latlllll ",!ill< of 111II1-lInt, nd lhis II/"·m OPt'nt/til'S mlly 1:1' Wl'lllf'll tis:

2.2.2 Wick's Theorem
Till' .[dillilioll :l,·11 <'1111III' Ils"d III '[""IlIlIJH)"" t lu- lV'llulld-:<laIP '·X!H,(·tatioll vnlue of a
["1'1'0.1/1,'1 ill I lu- inu-rurtion pirt.ur« int« ,V"]1I,,,t[llct$ aml pair-wise rnutractious.! Since,
('I)"IS(.l· ··i;')I'h) '''' D. nn.l 11lf' olily lI1lIlZI'I'O (·!lIlLl';l<'l.iolls ar(' given by 2An, this derorn-
p"sitillil sililplili,'''' tilt' "vaillalillil Ill' tln 1!;1'1I11Ild·,,(al!' !'XI"'elatioll value. However, ali tilt'
uuml .. I'llI' Ih,ld "1"'l'allll's is ill'·I"·as("1. it j,""IIIW'S ill"l'('a~illgly uior» (.rdi()ll~ til I\P('P track
III' t.h.: trruu- involved, FIlI'llIlIal"ly, Ih,' T'pl'lIdll'" Ionu of vVick's tlu-nrrm [:l<i]lllak,'s it
I"""il,[,· I" ~·."II<'l'at" III!',,., I«ru IS uutomut.icnllv

TI1I'01'<\lU 2.G(J .·1 l"I'rodlltl "I flit III/I nut um lwlll/'( Ii, 1<1 "plnl/o"" (!, \', W, . , "Z uiitl:
,hlr, /.,II/ /1111' """"l'dlll"I" r',111 I" n l'!" .,,'111, d ".' <I ."1111 of S -produrl«, inrludiuq 118 [actors
1/', conl iu.'! 1"/1.' III 1/1/ I,m,tld, /,1111" "I' "I" rat 1/1'.' , tilt lilt 1'11118'.'111 [ot: 11",/, of lilt 8,· term.
I' d, /, tninn d 1'1/ tilt 1111111/" I' "r It 'e/TIIII.'II III' 11/.' flI tlu "l" 1'111,)/'8 1I(,I'''.'.'II1'l1 10 "1'111" tilt
,"II/II'I'{," "I" ,<1/1,/'.' /0.'/"/11 r.

;\'(1'1' .. Xl t/ 1.\'(11 ,X) ,'lr.vO', .. x)+··
if ,'11' .\ VI) .X) I

S(l'\ II ·,Y}'/'I f '\(~ll1IlIlV"I' all ""H~i"I"pairs "rl'nllt.I':t('lillllsj

I'h"III'('1I1 :!.!il) IS h;",·.\ 1111 th,' r;wl t hnt a /"[,l'u.\II,'I. inuy Ill' ~"al'I';\Il~\l'diutn tIlt· ('urI'"
sp"II'[iw~ .\' ['1'11.[11,'1, by moving I Ill' ''I'''aUo!l part H<ll Ih,· OP"I':ltoI'S til tlu left. provi.lnd pach
tillH' IWII "[1"l'all1l''' rail In i\nli""Il1IIl1i1,' all additillllal I,'rlll 11I·"plJl't.iollill til t.lu- r'01\tra<'!.jnll
"t' IIIP "1"'/':\1"1', i,; add,"\. Furthorruor». tIlt' 1"1'11l~ I"'sllltilll-\ ['rlllll 'Ill pussi!>l£' I'Illitl'[lr·t.iotl:;

111<1,\I,,· 111<'111,["'[,a~ 1'1'''111"'111ali"l1 :!, 1!1 it is t·vidr'lIt that

(:l.til)

i ". il';\ 1T"atillll pari is "I'igi)lally III IIi!' !d'i iI!' a ,,,",,tl'lI<'linll par! ill Ill!' T'pru,jur'l, then
II,; ,',,\111':1,'1 i, 'II i·, ,"1''', .uul hm, 1111 d[,,','1 on I h" suiu.

\\,id(, 1111'''1'''111 :,t ill hllld, wlu 11 "11" "I' IIIII!'. , .\' 1'1" ,,[iI"1 is I'IJtltain,',j wit hill th,' T
1'1'"dlll·l. h<l\\',"'T. ill I !tis ";):i(' t lu- ""l1ll'a'" ion 1,,'tIV""1l "1"'rallli'H involved ill I It" N ['rodud
I:' "llIill" I.

\\,il'[(" tlll'''I'''\l1 :ll'l<li,"; I" all 1']11'''.[l1,·t", 1111 lllalll'1' wlu-r» tltt'y ",','UI', Ho\\'£'v, '1', till'
fa,'1 I hal t h.: \';1" '1IIId HIai,' ,'xp""1 al iun valu. "I' an 1I11",'nll':lCI,'d N"I'I'"du,'( is "'1'11, tuakr';;
II all ""I" "I:dly P"\\"'I'I'IIII",'hni'lll" wh.-n ;IJ'p!i,''[ I" th,' ,i',I'''lllld·stat.r' t'Xllt"'lalion value 01'
a /' 1'1'",111,'1. ;;11,.[1 a~ till' (;1""'11 fUWI i"l1 '["lirll',j ill ,,"'t iou :J.:I.

!I



Fl'!lllIl"IlI<lliliuS :!,:! 'Iud :!.1"J-l il wllllld S""1ll thai tIl!' I'xal'( l'ip;fnst.atps may hi' ronst.rurtcd
lroru II[r/(lJ,; Iising l', -iu ... ·

(2.fiti)

l lowovor. l ', has an oxpliri: ,~d,'pl'n,Jr.ll"f' as shown ill «quation :l.i'ifi, which rauses l', to
dir"I'g" !ik,' ;1 ill lilt, limit t ·~t I), 111'111'1', "fjUilfiU)l :2.i'ili I';WIl"( II(' IIst'ti 10 obtain anything
Ill' ph~'sil'al Si'\l!ilit'all!"',

Tll£~~C±~~lj:::.,lY1Jm.!UlllllJ.9}Y__TJ!!,>!)1·"111.

{'sing Ilil ndiabat i,' nssutupt.iun. (idl·'\'laull and Low lUll prover] that uuucr certain condi-
t ions. it is I'us"ihk 10 "011,11'11<'1 1*11). TIll' 11l'uhlt'l!1 with tho diwrgil1g ph~IHf' is overcome
by "tlllsid"l'ing t li« rali" "I' IWIl qunnt.it.ir-, propol'lional to ,,·'Itl.

, ",(0,,)1<\>,,) . f',((),·-x,)I'['Il)
11111 ""'-"'-_-'''-''''_'-'' 0:: hill -'---.----~--.
'.-+" ('I'"ll', (0, "ll'[',,) ,.,,, «p"I/',(O, -x)I<Po)

1'111 I III 1'<1'1 -Ju]! dill l t) /III 11111 nul urn " !l1i'f 11 1111 [:201

~F F Ell
. ('['nIHI", (0, .•. '>...')1'1''')lim .'" .---~- ... "~-.---, ..,,, (')',,1/',(1),-- x)l<h)

('1',,11/ 11\[/0;
(;I~,;TIti;,,; ...

'1'111111'1'111 :1,;);' applil's III any s.lllil1l1ary solut.ion Ill' til!' unporturh«] systom. Ilowevcr,
th., .'xl'it",1 sl:('"s "I' lll:tn,r·I".dy systl'lllH al'!' normullv ilil~hly rl.'g!'lll'r:ltp, and b(,(~ollJ(' at.
1",,,1 '[llasi'''1 ,\1 i"II,u'y as tln- intrrnct iun i» swildwd 1)11[21. :2:2, :2:1, 2,1J, I1"IlI'I', ill ('nlld(,II~('d
uuu.n-r physic", I h I'll 1'1' I11 :!,:,T is usunlly applj"" III I h., 11111"'I'll1rlwd ground Hlal,(', Un Cor .
I lillard,\', 1111' 1'.""lIling adiabatic Illlldili.-al ion 11I'l'd is Ilot 1l<"'I'HHarily 1.1t" 11'111' Around stat!'
"I' t h« !'1I1l l lamiltuuinu [:2f)j, II!l\VPVI' 1', in 1l)'tIN tll simplify t.11<'rlis"llHHjoll, it will Ill' ItH'

HIIlllt'd I bat I lu- adiabnl i,' III"dilit-at iou III' 1II<' 1l1l1"'l't urb"d grll\lI\d stat.1' is iurjpptl till' trw'
inll'I'i\t'l illl); !l.I'III1I1<1 .,t.at,('.

A dinl >ali,' 1I(~isl'ulH'l'p; all,d, Illt(~l'l' ,·till1d)i,;t:'ll"~M'\tl'i:x J~l~~~~.l!'!I.S~
In 111',[,1' ill liS" 1"'I'llIri'atilllllh,,"I'Y 11I1'xpnl1d, 1;'I"'Xalllpl(" tilt' t:rl'!'ll function, it must II!'
p""".il.l .. I" I',.]al,' t h« iu.u rix d"llll'1I1 "I' n ']' prndlll'l "I' Ikisl'llll('rV; "j>"l'atpr .uliuhat.icnlly
III ;1" iIJIH':t<,ljllll pit-llll'I' l'fllllIl"I'I'!l1'1.

'I'll" (idl,,\lallil awl j,II\\' liI"IlI'I'llI :!':')j" :tl'pli('d III til!' 1I111H'rlllrl,,'d ground :-;tall' yi,.jd~
I Ii., r"ll,,\\'il1~; 1111'''1'''111:



.\ ""lltra<'li"lllllay ai,,, ","'111' within a N"!,I·",ll'cI. Sin!'!' it is nul ,\II operutor. it muy b,·
I. ,vt·d "III ,i<lf' I Ill' !,r"dllcl "llI'!' the <)I,,'rat<>r,; haw 1"'('11 rf'arrallp;('d so thai til!' rontracted
")l,·rat."r, aI'" tIJ)!,,'tIWI',

i(.1[W,· q.""",l, (2Ai)

wlv-r». i1haiu. I' is lilt' uinnlu-r "I' ppl'Illlitati()lls rf''lllirl''[ 10 lIlOW (' and II t.o till' indicated
p""ili,,"s.

Frolll "'Illal iou 2.1;) il. "an I.., -huwu Ihal, IlL,' only nouvanishiug rontractions art':

t,r > '1/
/" > I"

and
t,r > 111
1,/ > 11'

(:lAX)

(ZAn),.,1"') (J') /..1 ,It (Ill r 0
~'t (I>,d'f'(~'I-)(J')I;.i.-)t (11))I'I'n)!':C" iU"(J',y)

2.2 Perturbation Theory
2.2.1 The Adiabatic Hypothesis
.'iII1"" ll « "I'PI'I''''l1ts a snJul>lt' 1'1'0('11'111. Ill')"!' t'Illlllllnnly tho uoniuteractiug system, it il-l
pussihl,' h.1 "01[.0111,\«0 tll")kis"IlI"'rp; <'i)!;<'llsLatf's, 1'.JllIn)' of ll., ('xa,·tly, However. th« nbj{>('ts
11[' il1\('],"'" ai'" 1111'f>Xa,'1 <'ip;,'uslal"s Ill' t.lu- illl<'ral'litl~· sysu-rn,

1,1'1 I .::C /", all.! 1\sS1l1l1l' thai iu t lu- lluur III '-)0 ±x· th .. sysfl'lll is in a noudogonr-rnt«
li;'l<'~illd('I)('IIlI('lll l'igpu.,tal,'. 1«('1), "I' II", I.r-. fll<' intoraction Hamiltonian, Ht, is zero, and

(2,50)

(2.51)

'Iud il [,,,I1,.\\'s Ir.un t lu- '[din;lll)lI:! Ii lilal

l·iIi"r"III Ill! " (I,,})
1'1',,). (2.r,2)

i.«. a .• I" ,·}:t x fill' In"'l'al'll"lI pit-IIII'" ,Iall' \','('IIIl's 1)!'('()IlIl> (jllll' ind('I)('udf'UL
.\btl, ;l>'SIlIll" t.h.u tIl!' illll'l'a,'li"n '\\11 1", swildll'd «n illlinil!'ly Hlllwly frorn I ~" '$ 'x,, f,n

(.I [J,Y1'''I'I;l<'llll~ 11 with II" wh"I'"

II. (2,1i:l)

.\s, ,~II rh .. (lalllilfllitiall, II,. 11('('f)Il)l'~ Ih,· fllllllamiJll)lJilill of til<' iUj,Pl'a(,tinp; SYHt.l'llJ
II, ;lIltllht· "i!!;('llslatl's 11[11(1) aI'" now iim« <I"[)('I1<1l'nl, Silwl' { i~illlrorill{'I.'d ali part of a
lIlat 11<'111'11 i"al dl'vin·. any nll"1IIin,..,t'ull'hy~i<'a1 i'('SlIit nutst 1", ill(ir'I)('lldpllt. nf I, Hr-nrr-, till'
limit. .., (II' IUllst Ill' t;(k"n at till' "fill, ,I' auv l'al<'lIlatioll lI~illP; /I"

Th« liltl(' ,kvdllplIJt'lIl npt'I'al "I'. l', (1./1)), "!lI'I'{'sp,.utiilltl; t.1l 1I" ill <lllalnp:y to dolini-
li"l1 :!.:!I. is !~i\,'n Ily

(2.1H)

i.i-. l ', t!"snilll'S lit" """hllillil ill tuu. 'I]' th.. inl"tacl.iull sl<lll' V(','hll> vl','lor "fil"
.\/1 ,'xl,aw,jllll "rl', (1.1,,). similar I" Ihal J"l' "U.I,,) givl'll hy f"IIlIlt.illll :!.:!ti, may abo

II(' "I,t;llllt'd.

~.~~ ( 1",1 '..l" I l2... 'j <111'
II :11 ' II. , til

.,

'--;-''''''1

...... i!1'



:I'1!!'-l"L( 'l'tt1!,\1~S21'.!1_<'l~Lrr(1(!!_I.£;!
TIJ(' ,\' 'lIppl'atur J'('a1'l'allC;!'~a prodll.'1 I)r annihilariou and rrcntiun oporators in such a way
that all .uuiihil.uiuu "I"'l'al()rs ''''''111' lo II\!' !'ighillf all cr.'aliot! ol'Pl'atnrs, Again. a Iactor
,,(' .,. [ is illdul.kd f..I' l'iI.'1t illl.'t'l'ltall!\f' "f Ierruion 1I]"'rators n-quirrd.

Fill' «x.uupl«. Ill<' .v'[lI·Od'l,·1 Ilf 1,,1-1(,I')I.,I+J(!I). ;u't't)rding to thl' above d<'lillitillll, is
~iVt~U IJ~'

,\'(I'(')(,t~)I.,I+I(!I)) "__ U,(+i(y)tj,H(J')

_ ,N(I"i+I(Il)lj.H(J')) (2.:17)

(2,:lH)

:'1.(1)1'1' illlJHlI'lanlly. il li,llfl\Vs l'iom tlu' ddillitiull that [,ltl' unperturbed ground stat«
I'x[I{','latioil valur- Ill' any nortnnl-ordorr-d product i~ ,('1'0. This is what makes N -products
Sll '·"IlV<'lliPllt.

l lowrvr-r, 111,'liI'l'] "IH'ral"I' is, ill gl'lll'!'al. nul purPly an annihilation Ii,,'r'.·:~',l(Jn opemtor.
1l"IlI"', in I)l'd,'l' tn Ilnd tit .. nonunl protiul'l Ill' a l'ul!Pdioll of liPId oporators, ouch Iield
"IH'l'alol' must Ii!'sl 1)(' dl"'1I11l[HIs,'d into its 1'1'('atioll part. li"-) and, 1/'(+), the part of it.
which nnuihilnu-s tll!' nunint.ornrt ing );l'rll1ud ~tatl', I(ill)) i.e.

(2.:WJ

when-
1,H'(J'll'lln) ::::0,

TIll' ad.inilll~ "I' "qllalil)ll~ 2.:1!1 and 2 ..10 abo link] , i,p.
(2.40)

(2.41)

(2.>12)

III .uklit ion. till' Uflt'lllal'II['dl'l'l'd 1'1'11<1111'111l11~t I", dist.ribut.ivr-, h<'I1"(', fur i-xnmplo,

S(I'(,I')1,'tW)) ,\((1,"+'(.1') + 1,'[ i(J'))(I,H)I(Yl + li,Ht(lI))l

-- 1,'I+i(.I')I.,I+:t(!ll + I.'I+l(J')lj,l-l1(y) ".,!,(+11(1I)1/'(-)(J:)

'f'II_C'. (.: (!l.~t.l'a(~ti~)l~.~lfS)Jl~'r:I~t().r:~

Tit,· "nut 1'01<,1 ill II 11[' pail'iu:.\ Ill' t.w« 0l'l'rat()r~ l ' and \. b dolinrd to II(' equal 1,0 the' dilfrrI'Jl('('
1,,'111'1'1'11 til!' '/'·pr()t]wI and Ih ... \"[ll'lllhwt.

t: \' ?: /'(1'1') • .\'(IT), (2.44)

1:1'1)111d"fiuit ion 2.11. .unl I III' ('ael 1hat I lu- ",rulIud·stat.' l'X!H·,·tati(Jll value of all IV-pruduct
vnui-h.«, it [i,lIl1\\'s t h.u

,'I>ol" t 1(1111) t (')'IiI.\'(lT)I'IJ,!)
1 \' , (2AIi)

.uul il i,. f'\·i'{.'lll that ""litral'lj"u, nr. ruumlur fUll<ti"lh i.i-. not Opl'raturs. but. Iunctions
III' tilt' "I",rdillal,' vnri.rl.l.«. which ["":"'SS Ill,' [,["'[,'Tty:

t. \. \ 1 (2, lfil

\)



Th» 1<'st.ri('(.inU :!.:l and tll1' deHnition :!.:ll of till' operator l' may Ill' used to obtain the
Iollowing iuiportant rolat.ion j,!'IWl"'1l 11{f,,) <lndillf I(I)}:

(:l.:l~)

This «qunt ion iuiplir« that, provided (11"iuu-raction state vectors at tinwt:::;; 0 are known, l!
may lw llsl'd to ronst.ruct !*II)' Tho siguilicanco of this is upprcciatod when it, is remembered
that Ilfl,,) is an ,':<ae[ pigt'llsta(p "I' th" innracting system.

'I'h .. matrix ,·I"lItt'll! of all operator in till' I11'i:;PIlIlPrg picture may also ln- related its
"(II1Il(Npal't ill the iutcract.iou picture by (lIP I' operator. Equations :l.t:l and 2.19 imply

(2,29)

('lIlllpal'iHOII with t''1W1tj.,n ,1,22 finally yir-kls

(},,(I)::: ['(D.t)O,(I)[f(t,()'. (2.aO)

'l'hls !''1l1ation also has important implications 1 •oation theory,

2.1.3 Operator Product Definitions for Fermions
In !,I'd!,l' tn pr<N'U( SU!lIP "I' (h,' tlWIlI'Pllls and results of quantum field theory in th« most
"'1I!I'isl' f'UI'Ill pussibl<', it i" l1f'I'''SSi\l'Y (,{l introdur« (,Ill' following definitions. Since, thr. system
IUld"I' "ulIshkraliun iH li'l'IJ1illni<- till' oporutor product dellnitions for [ernuons, only, aro
PI'('sl'ul.!'d.

IJ.J.£_T illlc:-J..h.:rJ£)'p d Pl'o.!lli£.t
'I'll,' /"I'I'I.lIlll"I. IIr a 11111111",1'"f' lipld olH'ral.()I·s ordr-rs t.1t" oporators in nsconding time order,
SII t.hnt fi"ld "pc'ra(ot' wit h (It" lun-st tlnu- is )11 th.> left, and that with tllf' earliest time
O('<'II!''' on thl' riglu. Uuring th .. n-arrungeuu-nt pr{)('PHH, t.hr- all antlrotnmutntors are taken
til Ill' r-qunl tn )I,{'l'". I.r-. plfl'('livdy, a Iartor of --I is mhlpr\ for p3,ch lnterchango of Iermion
o(l,'ratol's 11,<,,1<,<110 l'l'al'l'llnp:<' t.hr- jlr(Hitll'l.

l'((,) (I I )U(I~) .. O(t,,)):=: (-- 1)/' ()(I,. l(}U,!) ... O(t,,) t,.:> I" > .. , > tv (2.:11)

wh-r« " is III<' uumb-r of illl('I'('hallp;('s pI'rtimll!'d.
As all «x.uupl«, t lu- 1"01'.11'1'1'1.1 prudlld of 1;'(J')~'(!I) is

1'(I.'(.")I,'(!I)) .._ { li'(J') 1;'(11)
... 1;'(.'1) 1/' (J!)

,_ t;-(,I')lj'(!I),

J'o > 110
u« > J'"

(2.:12)

(2,a:J)

whil« t.hnt

:-'1,,\'1' illlt'I"'hlillp;ly,

(2.:l5)

F),I) II 1 '[..filli(jUll 2,;)1 tIl<' Ioll )Will~',Pl'l)jl"t'ly j~ found:

[,(.lfU'/),· ):" (-1)1"1'(( ',lflU·'·) (2.:30)



Chapter 4

Bilocal Bosonization for
Ferrnions

4.1 Changing Vnriablos to Bilocnl Invariants
Tl'adil iUllal Illllll'dal ivist I" multi ,,1,'('11'''11 ",vHI, 'II" nlll~id"l'f'tl in "!ll!dPlIHl'd 111.\(,10'1' involve
tilt' '·I1IIl),I,·); "}lin"I' lkhb 1,'" alld "l,. 'lh« claHokal a"lillll u, Ill' Hldl Ih"lIr)t'H, 1" F(I)
ill\,;I1'I:1111 i.•" ,', iM II IIl'l II II 1!:"." I,,\' Ih,· 11''IlIl'('''I'IIt:lti<l1l

I, "1 )' I, <. I ':,,~
1':. ,,/ l,t,I't (!.I)

1I'1it'I'i'( bail ,,1'I,ill"\I·.I' (', I) ,.(qll'1I1

'I'll<' 1<1"lIlil,\

I· t ,,}.,.•..,•.['.;.'...';" I
.
. 11" J1,., ..

,\t' ,(.1')

",,101:; I~'i' A :1I1 :11'1,,11';11'.1 1'111"'11,,,,:11 "I' " ;111,1 (,I II! I'ill'i i"II)al' )"1

I)

"', '.·.• (.11)1-'[',. I.,IJ";'"

(·1.·0

II I' /), ,Ill", ,I ". 1'.'" ,(!lIF[,/,I, t),,:, "1.
. ,I I. '.« 1')

\\hidj ~kld" lit,' 1~,JI"will'\ SI')IWill!.,<I' IlY:'''"''qliilliliu

II

,5{'
t, (11)", ( I

I 1:',1 J'

i ,)8 ,r . tIl !. ,. ,,1" (Ill , ... "" l'lt', I;' «,h'·(.thlII ' ". ,11,";< (J') '. .

II' V;Il'i"hl"., ;01'" d,;III)',"'1, 111"'1'''' Ih, 1',,111 IlJr"I',I',d, 1'1'''11111", tll'igillal (iraHHlll'lll 1;' and ,:,1
til IIi<' ill\:trlalll :llllll,"I'lIlHi:1I1 !."""IIl" 1,11'''';1)", ,r, ddill,,11,.v

( I.'r')

( I.K)



. ]"
/
'[)1'/1/,1 I' \ ,.)1 t (I' I'· (J"""j('J")(' (1')1.1(1"'.). . -,' 1. . .' . ,1 '_ 1 -," J' , i~ .' ~ •

\.1 (,./'j k,;iJ':d) (I ,(,1'1)1. ,;(.1',1\[ ! ;/1 /:,1./, ;;,iJ,' \'(i J!')J(J'II ,1';,),
~ I, •

(,,' ,( ,I' \ ) "',f. (,' I" ,(.1") ",1, (J,I) I ',,(J') I,·,t (J':')' (;!,(]!I)

iI,' ,( J') ) I, ',I, (.1'))d( 11'1'(/) I!':. (J,t)) F( I;'" (J! )1,',;(,1"') fo'

(I, ',I (,t'lJ J (J':') > r( 1/',,( J') li',I, (J/J) d
H", (.1' I) I.':, (.1'l}d<lj,;.(J/) 1;''\ (J':!)d~ '..(J') I;'!, (J'))F

(1,'" (.1") I"t, (J') J'( 1'" (Ji) 1;'.( (J':i) )1,0] (:l.70)

1,1 ,f'/'lk1r,,"'»1' f "1 ;:11,1./;/1/ \'(J! ,_ _;:/)'\(J'l1" J':d
~I . .

. i(I, ,1,1'1)' 1'\')'))1'1(", i(,I"\1"tl(.I'())f.'(I",.('I·)1.'~(J':')}/' (1/'I(J'()1,',I(J'~i)Jo'

, (I, .. (,1')' t,( .,.') F] ! (I', \.r .r (J')) r[( I,' t(J ') I,',l (J'~) 1'(1/'" (J'jl/',t, (J'l) i'

'd,/")/,t. (,/ ):'1 (I '" (.1' )1.'\ (,I':, ill (:1.71)

(I ' , (,/' ,II, ',~(,,..,))

II ; "d ,,.I ' ,J", I (:1.'/'2)

"lIl1ll'al'j;,IIli with "'1',,,II"li :! x f '''I''W;; t h.u illl~ ie, IlId,'nl 11tr' /if,il nrdc'r ,'lInl'I'tj.1/) III th ..
·,jlld"I':ll'li,"'· (il"I'1"" !'IIII"Ii,,"

'11" 111'.',",'1' 1;".,'11' LUlI'll"Il,' ""Il I,,' 'il1<'111<11 t,d III a -iiuilur 111.11111"1',

:_! 'i~



:u~.a lJ,; "I';)('t.ing Fermion»
,\ddillg;, ",.,'1 111'1,;,11 II/). II, III Ill!' fr.·.· J)alllJlI IIlll't]J , ll,«. r"~llil~ ill a ,'J;I1'si<'a1II('tillll ul'l.hl'
1'111'111

'1'11,' :'."liI'l':'ll11)'. 1'11.11,'1i".II" I. " fo'I' Ill,' 111'1'11111",.] ,y,.I,'1I1 l:i ,,j,laiu,d I>y l'i\lI'litilllflll~~ "'iua
li'lI! ;Ui:~ 1111<,;1 ;kl

rI',. '[l/.•t,
lhl' ''''1'1", ");I':III"i"ll 1'11'111<' "\I"'II"l1lial ill\'lIl\'iIlL~"'; tuny I", 11'" ... 110 "XI"\I\t! X, prllvhkd

lilt' "1""'" ruu« illl"~',l'al Ill' rI!I' Pllt' !llial is "!ll;dl itt "lIl1ll'itd'lIl1 with It. i,,'.

J '[ t1"'. ('''\ 1'1. )' I ..)
:2'"

, . Jr' ..·
//11 ,I', ,lId,

1[11. '111,'t
(:!.n·1)

TIll' GI'I'('l1'~ Functiou« 0(' Irlout.irul Int.c'I'HI'I:iuf,l; FI'1'luiOlIH

.,\,_ all ,'x'\11ll'k ,', '1I"i.]"I' a ,·.y:.1 "III ..I' 1t1.,1111,·al illl"I'a"1 illl!. t"'I'I11ltJII", wh,'!'" fllt· int,'raf'f,jlll!
1",'l'(llial i- ,,,';.1:11'. "lid Ih,' I" l'IIII·I,ill:'.fLutlillllll,alI in f''lllalillil :!.~i:, l~i\'1'1l b.v

II: ~ ./1'1.1' ./1"/ I ',', iJ!ll,'t:i./')\· (.F Jil) I,' d /' )1;',,(/)

~:./rl.l' /1;1.1'11 1./1 ';:')/:,.t,tY)t'.d/')I;',',(J1I)·';·"li) (a.fir!)

, , , . I :'~"'"
/
,(I", '},(,I')!i/"'l,.,, f- ' , . jI:., (J')

, . - - :~ttl

. ,.,t,(.I')I' ,(,1',)"1,(,,.')1.',(.,,)

~It\" ,~''I

(:I iili)
(:I ti7)

L,\

,
1,',1,",1,. ,;(1 /11"]1, ,1 ,.i. ", ,1.1' III',: (,1':,)

./ II, [11,1,./ -, II'; ill f I /'/1 /'/., "'":!h, ' ,I, f ,I' I (,"

./ ,.: ~ (J':,)



Th« 1IIIIil IIII\\' arl,!lr;II',\, I "1l"I'1I11,; 1,,1, an.l I'" ;1I'" \'[1"":"11 "I!ch th.u

h", i;\ I
) I.'" (,I') _ il,l, (,r):!nl ',I

""".,IJ')

• , Ii .~, 'I""
,-·1n., I'd jfll,''[l I.' t ,,1:-Ii'",,, ,;iJ'j(it.d,,, + --j",-<:')I.'-"(,")~. ,

(,1.,;,))

v (:I,Ii(j)

11 ': ,,,1\. .' ", ,~5"" \ pt' ,:. Jt>1.l' .).l'l" tl,~(.1' It 1"~;_ly)) "f. ~~~;,;»,}'~111" (U) I
,\//,1,(,1') SI/,dil) 1I':llt,,,n

I/if'
,I·l(illt'l"., I 11.). J,P(YI _. !fl.

:!1I1

1-'1'''111 I h., d.-li"il i"ll "r I h" illV",~I' «l' au "11(1':11,11' it [',,1Io\\,,; thai

/
' h"ii: ~:'
dl!1 (lhl'I'I,' f 'J' "I(!I!Ii/"lr" i:". ) III')

, "HI :!1II'

LI'. (,"'" i- 1II<1'I'd til<' (;1""'11'" fllltl'tiflli ,,1'111<' "pI'I'allll' (lltil,." I' '::,;/),

,fi(J' 1/), (a,Ii!))

(:l.I.(])

wh,'p' ,Il I l'I'I'I""''''l1h III<' "["'1';11"1' ill ''1ltaliull ,UiH,
F'IlJali"1l :\,:W 11'1" ["'I'll m'I',II" "[,Iaill .r» ill Ih" PI'I'villllH ':"I'[illll, II llIay 011"" 1)(, wH'd

I" "llIllllllti,o;ill'r (jr"I'Il\; 1',,"<'1 jllil" , t;'l'l'Xdlllpl,,(;I·H

I," ,i ,f, If _,)." I,i; (:1',· }I·,,,,,~(.I'j;\1 I (J','I)'I"O(l1
,lIlt IJ'l) ,llrl,. 1.1':.)1\1/,1, (!J)) rlI),'.,(!I::) 11;;"'1. II

'\.",.,'\"., -. \[ I(J'I,.'It),\/--I(,l::".lI:.)

1,\" 1\.,_ i, II 1(.1':" n. ),\l 1(.1'1. ,II:.)

Ij, ..,i"'J )1,'.1" (,III ))), (1'1"".,1./".)1, l,,(,'1:.)]l,

wl.i.-l. I,·, i-I-ut i,';l1 !" 111" ,., ';1111 "I,! ailll'<I 11"1111', 111"111'<'11\ :!.I;I), i.v. till' \Vi<'l, ,-xp<llll.ilJll 1'"II"w"
u.u ur.rllv 11'''"1 il" ,HlIlIij"ll "I ell<' l"llll IJilI'I',r:t[.



'I'hr- SiHg!r'-l'Hl'lir'!f' rtl'('PU\ lo'llllI't:io!l lin' NIluilltl'l'lwt:illg Formions

,\ ':"',"'111 "rf,"·" j,it-IIII"'1lu"IlI'"lalll'I,;ti<' t~'!'lId"ll:'I" d""'I'il,'d h\ r lu- l l.uniltouinn

(:t,·W)

wlur. /11 '" Ih, lila,·." .. 1' III!' !"'l'Itli"ll ,[,',.!'I'il<,'<1 I,~ till' ti,'ld I.', :.; b 'lflildl'al,i.' ill
;111.1, ,'.tll"" I Ii" I'MI i,.J .. ,,; ;11'" h"", 111";1' llI:v,,' Itl' ..d Itlll I.,' l'i'UnJ'llIalt''<'ll

~ld,,,tlllllitl!', -"', 1111" "'1lla1t"ll :1,:111,,11" "f,t:IlIt"

II' and 1/",

(:1.·17)

',',,(.1') 11',,(,1') + /,'",(,1')

I ,t, (,I') ., ,!, (J') t I "',,, (,I'),

wh·'!'" I " .uul I -,I, :11" ", ,wil :till" WII II 1', "llI','I I" I,' ,'111.) ".1, Sill"" IiI ,,~slllall inu-grntion hi
""'it".! I" I", 11';)1",1:111"11 i11\;\ ruurt . IIII' palh tlll"I,,,1'a1 ii, Ir:lt lllt>'lHllt)!,I'dhy thl' f.rallH(in'lllfl'
ti"l1 ;:'1:-;

[lid ..r Illi,; 1!,:,,,,,t~"'I";lli,," lit., I'XI"'"I'llt 11I1''1l1itlllllt :1,·"'1"'/'''111'",';,

• (I'.,(,I') + 1.'11"(J')) + il/!,(J')(';'.,(J') li'li" (J'))

1;(1':,(.1') + I.},..(J'))I/,.(J·), (:i ..W)

(:l.iill )

all" III additj ..u.

Itl.!. (1/'t'J.I"I.}" (,1')

::1



i.:(
,(.; .. [1

I' :'ll I 'I".) .. f" ,1'1
" (1111",

I t' I '/ ( )( f!, ~~H)/ :, III ' , ,j,,!lll , '" ",,',

,\'I J' vi) I ,t I';' " 1,',,, (J' 1) , , , I, '"" I J'" )1:':/, (111 ) , , , ~'j.,(!III)

((111'[1"" (J'!l ' , , I,'j'" (J'"h','" (ut) , , , IJ';,,,(UII l]lO) " ~
.",", ,.,._,,'- """"'~-""""""""'"_U~_"~~'''_'_''_''' __ '"''_''. (,l,.ll)

(Olll)
(''''III':II'i",," II/""IIIItIlUII :Lli wili! III.'f\"/I<'I';t/ili;llillllllfddilliliI)H ;!.Ii!/ ,vil,lds tIll' li)llllwmg

",'I"li"" 1... I\\"'<'1i Ib, (;fl"'II\; 1'l1l1"lillll', ill Ihl' palh illll'Al'al 1;'!'llJaliHIII all" Ihlls!' in I.h,'
')lI'!'al"I' 1I'I'llIaliHIlI:

"'/''''!/I'

\,,\\',

J;

,i

.iI/ii, (.III )

I)

, ti1}f",' (J'" )'
","",!l!, ",.'/,,1

\"\\', ,,: ,1\"111'1''11,·,. ,II/Ill" ('''''I'll ,. )'llll<'llllll;;, )'"Ih "lllllJl'I'tl'd and di''''IllllJI'dr'd, llowovr-r.
Ih' .);"'1111111,,'1.,,1 (;/""'11',,, 1'1111"lillll," ","',1'1'1)1" 1'''1'1;''11''' Ilillvillf~ illd"i"'lJtil'lltly, and h"I1I'" :11'"
11,,1 II'I',V 1I11'1','.',tii"! t ' II 1:'i"""iI,I,' II) "<'Iilll I\, :;",,),thaI,

1.1

Irtll, III]
;.11ldII' :~I'III'!'ill I', "Illy l'III1II"I'II',j dj;l,l\l'alll'"

III !Ill' ':h" II)' 1'1"'1' li'l'lId"II', XI ,""1':11':11,'" urt« 1\1'11!;It'lIl]'S :', "II" \l'lIi"'l <{"''''Ilris "u "II' Ill'Jds
"nJv, .ui.l ,b" IIlh"I' .j"I"·lidlln>; "lily "II ill<' ""I1I"'I'h, Sinl'" till' 1'lIll1'ljll'lal jUI"l~1'iI1iN l.ak"11
"\",. IlfI' H..Jd,·;, Ill<' illtl~',!';tI "I ,hI' 1:"""" t{"I"'lIdiIlJ.\ llli lidds I:; .Iw'! it 111111/1",1'. III :,ddil.itlll
";I,'It I<-l'liI ill t,I", ,'<'I'i.,s 1',i"'III.y "'I'I,lli",,;j:l1i is it [n r [;I'I'I'U\ flllll'l,il)lI, Th,'s,' 1','"" (il'('f'II'!-i
('111I,'IFIIl:' "'Ill I... ,':t["III",.,,f li"llJ >,', , 1I"illf~ "'Illatloil ;j, II, whit-It ill 11Iru 1'I'prndllr"'" I,]rl'
\\ i<'l, "\1"111"'1111 nnu I;", 1'1'111, 1'1""", "IIIl11lll'liI:; willi .., datilit'd II,\' l'<lllhi,I"I'ill,l\ a "1"'l'iJil'
f'XdIHI'j.., ",,111,-1,\, !'i'", IIIIIlIIII"rat'lill)', 1I(111I'..tativl';til' 1"'1'I11i,,":;,

"



C;

(f);' l)c;:.~;''.kc"~(:,.:;~~U)v:j,( tl))

Ii" 11)1;" /)1.') ,"i"

(a.:tl)

'Ihi.. illll"ll'al"'; alllli It,,!, llh •.fIL11'1'IIP''I'ly ,,1'1., u.uu-lv, that Iunruonnl ,fprivlltiwli of 1. with
l'thjl""1 III Ih .. ~Illll""'" "Yalual"" wln-n III<' "'>111'",,;; un- II'I'U yield \'<It'UIIIll PXjlPI'I.lltioll va!u,'s
Ill' t.im. "rd''I',,1 1'1',11111,'1".wlu-r. lIlt' lidds apl'"al' III tht: "lIllll' ,,!,,[t'r ill which lilt' Iun«
i iuunl d"l'ivali\'('~ III' IllI'il' ""I'I"'''I'''Il'IiIl~\""111"'"" is lak!'I" Tid,.. j" l'artit'lIlady Ilti!'(tll. "jw','
t ln {;"""]I ',.. I'IIJl1'1i"II" III' II P"IlIt ['1I1lt'IIOIiS ai'" vacuum "XI",,'tatlllll values. Ill' 1.11111' urtil'fl'd
1>1',,,111<'1,,"I' "11I'1'allll'''. ("lllll';lI'III~, "qllatillll :!,Ii:.! with «qnution :l,:l:.!, it IH «vi.l 'lit Ilml t.11"
(11""'11', 1\111"1jllllS "all I", "f,t;1ilwd fl'IIl1I X.

III hI'! X is til" 1.\"""1':11 ill~; ['1111,'1 i(lllal "I' I Ill' I ;r""11 '" fllll<'lillll", ill I.h'lt.. Z lllay hI'
"xpall' [0,,1 :t" a ""l'i,'I', ,'adl 11'1'111• ,I' whi.h I", a (tl','J'Il'" ['11111'111111.

a.:~.l 'I'he G(·lll'.l'nj,ing Fuuot.iouals of the Green's Functlona

ftl I' li,t, r .r'if. 'II ..!' I :1 /II,I,,}:,(,I')I',.(I') I (

\~ I (..
t-,." 111
1/.- 11

I /' )';li , dl.l'l/:.(,I'IV.,(J')

), /(1,1' ,.',(,1'1//,,(,1'1 t (

'" I (..._.,/I' .
II II

I ' )"
/
.111' I ,t (J'I'I (J')

I '. it 'IV
I,

.\'/IIJ' /,1"/,/,1, ji)I'Pti,t "h'i'i,,,(J')Ij';l(,lJh'.r,(~)

II, (:l.:lfi)

ill fa"I, til Illl1:,;1 ""I'I.II:1lli"'d 11I"III'i"" "II "':IIISltillll !lltll'lilll,k~ iU\'JlIVI!lP; all ",It! nUllI],"J' .)[
lid.! "1"'1''11 "I',: \:tlli'i[t rill' Ih,' iuult I' 1;'l'llIi"11 hy,tl'lll un.b-r t'''IlKId''I,:tt.i'lll. III>t'alIHI' dmrr,"
j" "I1ll.'iI'I'YIII, t ln ,,"11/11"11/"1'11 t r.uu-it iuu alllplit.lld,'" '11'" IhuH" illv'llvillJ~ 1111«juul muuher

,,1'1' illld t, ,) "1"'/';,101'.', ""IJI"',

, I ,t" (.'II III', (1/1 ) ,.t" (fl,,)I/',.(/I:, I



wlll'r" /':, an' I r, '11'" l« ,I It (,I'"sslIlanll ill uat 111''', Th.: la-! r.-lutiou has "h,' ('tlIIHP'tl11'1II'(, that

.v
;7;::~',cc I),

i..-. ,11Ikr"llllaljulI lia, 11<' mvcr-«- "l" r.itiuu, and hl'w'" 111'1'1';1':1111111vnn not tnen-ly IH'd"'iIIPd

"l< t lu invor-« III dill"'I"'l!lialiun,
Ills11':!,1 auot h--r Hs,.J'1I11,r"J1('l'IY "firrll'f.:.ra1il'll ,,1'1'1'111 f!llll'tjl'ilH i,~Ill''''') to df'fiw' IIH' inte-

grill j"l1 "I' (j)';l~'lllallll lunrt iuns. 1I111111'1,\', 1 rallslat i"lIal iuvarinuve. Di-mnndiug t.rnnsluf.iunnl
invariant'I' 1,,,,,,,]1,, ill I Ill' rllll"will~ r..\al.illllH:

}Il' 0

}II,', 1,', I, (:1.:!.1)

['Ill' al" 1\'" r"!atilllls II<,Id fill' I h,' ),;1'11<'1'1,1,II'S01"1 iinit, (,rasstllann al(';"hm, However. th"
1i'l'llIllIll li"'d \':[rj"I<":, ,trI' f!tll<'til)llM "I' I:h .. "Piu''''I,illll' variablr-. J~, Ilt'lll'" t.hey must lH'haVt'
lil«: ,t);C'II<'l'aI<ll'H<II' an III/i'IllI, \i1'a,.."llIilnll a[j';l'hl'1l, 1I1l!'yjll~ Ill!' n-lat ions:

{j'(J').I;'{Y) }
!lUI,!;'( J')

"iJ;:q/l\

/lIi'LI'1

/k(J') 1:'(,1')

1'11,'''' rd111 jllil" l'llll I", 1I"',f III 111'0\" I,ll!' fI,llllwilll!; iIUP"I'I<lOI, id,'lltily,

ji11,' 111,tI"d, ,1",1 ,!r', \.

(:l,2f)j

(:1 ~(j)

()

I)

I

(:1.2!1)

wiur. l i- :111 "1"'I'alill', Tlti" !''',;1I1t i~IInell 11~l'd ill till' pal II jul,PAml loruinlism.

a.2.2 Dofiuit.iou of /,
( "'Il,iol,'!' 11IfllIl! j, 1;'l'Il1ioll "y,""111 oI"''''I'jI ...d hy I hi' lit,Ids I;' ilwll,',I, :\,;::!)"iaf.1' t,IIt' l'xtl'l'lIal
',11111'1'"" II ;1IIt( 1)1 WII Ii '"~I alit! I,' 1"'''I",,'li\'l'ly 'l'lun. III atl:tlup,y with ",!Ilatillil a,IH, I,hl'
\'1\"011111 I" \'1\"1111111 11';\11,.;11jllil lllllplillld,' ill 1111' 11l"'H"Il"" .. I' t.lu- r('I<'v:\III, hlllll'I'!:H hi ,jPiilll'"

(;J,:nl)

11'11,,1'" il III Il'; I I", i"'IIl"lltl"'I'l'd t h.u J,', 1;'1, I), .uu] II' !t:1Y" IWIH'lIlllpIlIH'lIt~ alld arC' <tr:lhH'

1I1;,lIll IIll1alll1"',

3.3 Path Integrals awl The Gl'<wn's Functions
III 01\,,10-1' I" haw :tIlY pl'n,'lic:IIIl'''' t lu- v.u-uum-to-vacutnu transit.ion alllplit,IU!<' writu-n as

11pal h jlllq;l'al. X, 1Il1l~1 I,,· I'da"''' III },hy,;j"aIIJi<oil'I'V:Ii<"",
( '<lIP,iol,'I',

II) I.' I" .t ";, i' II It'" (",~{,I ", ,(," I f··; ,; (.t' III" I,"IJI

" /11;,' P,,'\,,;','
/111,' 11,,1 ,,';;'" +, 1-1" J' h,T, 1,,'11. ,,1.1' 1+',','. \,1' 1'1,,1.r'·)])'1'( Ii';" (Il)

,,:' /11", 11" 'f



I", ad,I,',1 ,,' lilt' iUIq;t'<lWI ill Ill!' "XI''''1<'lll. This u-rrn al'" ,'all~"~ Ih,' illtr'gral ttl "Illlv<'rg",

,\1 i lu- "11<1 ,,1'11i. "akll\alj"ll , is "lilllina!.,'" I,y lal(ill:~ 11lf' Inuit I -~ O. Or, ~I'I'rlllclly.
if "'1"all,'11 ;Ui is ""lIlillll<'oI ill(II j':wliol,'an "pa,'" by Wid, l'lllation [i .r-. ruuuion "f till'
lilli" :Ixi,;), IliI'li I ,il alltl Ill<' ]'1'11.)11'" il is 1',..,1. awl 111'11<'(', Ihl' illl,'gr'lnd ih no hm)!;1'I'
"." ill<lI"I'.\. This 1111'111".\ r.m "111,\ I", 11"'" II' nIl sin!!,ul'u'itit,,, al't' "IlI'U1IIlt.c'rl'd when till'
,"'11111111' i, ""':ll,d. l'h-Iinnl an,\\','I' in I"':d t iuu- i, tlII'1I ,,1":1ilh'<I by analyti« routinuut.icn.
11",h 111,'111111\" I"'hlll, in rlu "ill," 1',,1 t' , ]ll'f''''I'll'li''IlI',

("'Il",'ally. ill lit,loI 1I"'''"Y th» 1I111111,,'1' "I' parI i<'[.'s Jlu,'lllal"s as prll'tidc's :\1'1' ,'rl'at.('d awl
'!<-sll'uy," I. This "all I,,· Inl«-u illtu ;1"""11111 h~' Ilsilll!, ';0111','" hTIlI" [:l(ij, A SoUI','P is a~ti(lI'iat<"'1
wit h "adl Ii"'d, ;Ill.! Ill<' 1'I""ItIl'I, "I' "'lI'h ""III"'" with il:; asslI<'ial",llkld and It, ar« addl'd
I" Ih,' I.al.\rall~.!.iali ill IIll' Va,'lllllll,I",V:!"llIlIlI I ransition amplit.u.l« For cxaruplo, if till'
lit'ld ';'(,1') hah IIii' "lIrl"'''l'''lIditl~, ~""1"'" ./(,1'), II!"1i l. Ill" v.u-num-to-vru-uum transition
.unplit nd» ill lilt' pr"~"Il"l' .. f.l (whil'h a"(, a, :lII"xt"l'llal.tl'ivill)~ lim'!'), iH p;iV!'u hy:

XPj

wh-r« Ih,' "IIIl~I'lIlt ,\, is a nortunhs.u iun {':wlllr, If X j,. lIorumlih"d hU('It that.l[.! OJ:;;;; I,
1h"11 .Y c" ;::lil) , 1,'1'11111 "'Illat ifln :UH il ih ""'ai' that 1. i~ a Iuuct ioua] inf.<,!l;ml of .l .

As willi", <I'·III."II"II'al.'<I in tlu- ",·xl .,,'<'Iilt)!. X i~till' p;('lIl'l'aljl1l~Iunctionnlof'th» (lr('('·n'H
1'1111<'11"", ,,('th,· "Yhl"IlL 1"'lIall~'l>"I'tlll'l,atiun 1111'01':'>'is \lsl'd \IlI'Xt.l'ilcl. 1,1", (irl'l'll's Iunction«
1'1'11111X Th,·",' fUllI'lilllb <11"'11\1'11 11"'" til "al<'l1lall' IIII' pltYHi,'al "(HtH(,,,\lI'tll'I'~ fir lit" till'ury,

3.2 Path Integrals and Formionic Pield Theories
,\" ,,1111.'.\ [",ti,r,', Ih., palh inlq!;l'al .\"""'I'iplillil til' f"l'lllilln}t- lidd t.llI'"ril's iH ,,\tt.ailH,r1 by
allal"g~ wit h Ihal 111'1" '''''IIi.' (ic,ld Ih""l'i,". lI"IVi'\"'I' , wlll'l'l'a~ t h,' liI'lt! v:\riaJ,h'l< apl't'arin,..;
ill Ih" \"""llIi,' tid.! palh illll'~\r;d ill'" lr"atr-d I" 1I11r1l1al "'lIlIlII\H'I' Iuurt.ions. ill or,lI>r to
\,1"''< '1'\" 1"'1'1111"11 slal i~',i.». li'l'llIil)l\l" 1i"ld I'<ll'ial,j"s III11~t IlI'haw lik .. (ir:I~~IWIllIl variabk'l{
in Ih" \"11 h iut ")\I'al 1', 1I'II1alislli.

a 2,1 Gl'HHHIllHllll Varinblos
,\111 i"(lIIIIIII!lil\e," 11111111"'!'" :11'1'ab" 1\11(1\\'11 as (ira~""lallll 1I111111wfS, IWl'lII1S" Ih,'y WI'I'(' lil'HI.

""",,i""I"'" 11\ a 1"'1"'1' Wrill"!1 I,\, Ikl'111111111 (il'''''hIlJaIiIi ill IXliii, Tln-v 1'''lI1l1illl'd l'dativl'ly
,,[1''<'111'''. uut il t hoir \I~, 1'11111""" ill "IlI\II,','lillll wirh r"rlltiolt!" path illl,'graiK was I'!;,,';~t'd,

III "1'.1"1' '" I,,· 1\ (il'''''~';I'''I1I' 1':\1,,,11,1,, I,' l1111s1 sillisr~' r h» lollowuu; illllil'fllIIllIlIl,_:i(l1\

1',·\ .. 11"11.

i"" I :h,"
0,

Ir.uu which il illlll\,'dial..t~ t'.lI11W" tltal

I'" :.,:(I Ii, l ,

I.". 'III) Iun. I iou "I' :1 (,ra"'tIlalll1 \'<lI'l<l1>I,' ,':\1\ :11 111",,1 h,' liu-ar. TillS lim; import:ml.
ituplirnt i"Ii" 1'''1', ""I""gsl III 111'1' 1hinu-, III!' ddillil illli ..rdi!l"'I'I'lItiatiPII alld inll'l\l'at.i1l1l ,,1'
I'll II< 'II"I}>; "I' (; \'i\:'SIl\'lllll \'\I'la I'[.·k.

[lirlill,~, il will III' ;I',li"I"1, 1.,1' "IIII";,J.'l'i1l",, Ii,,' ,'x:III11'I,'. lilt' 1'1'111111,'1.111' IW" Ul'IIHHltlllll1l

\'al'l""""" thaI IPt't .m.l righl dili't'I"'1I1 i;\lI' 'II wit h 1""1,,','1 I .. it liras"llIillltl v'Lri:\)lIt, aI'" 11111

Il<',·,·,·:;sal'll~ "'1UiV;I!t'III, and III" l;,I1"\\'illl~, allll""llIlIlIllal.i"tl r"I:\ti"lI~ HHlsl h.. hl [:c!, :1]:

r " I 1
\. ,'11 i . I f
r ,I " 1
l,'I, " ' ill', j' u.



wlwl'" 11]1' ri,j'II11,'lillll:d is ddilll'd 1" I", :ljI' ),1,,,.]111" III' t h .. ,),fUllClioll at oarh (luillt in t.hr-
!Ill"'" dilllt'lI"i"lIal "1"1"" i,I'

dn, f,!1r!!l)(';:I+l(tt)->I,':Idi!"))

2'\"

(:1,12)

I h.: ""'IIud lin« is ,,1'1 aill"d by r"I'I:lI'illlJ; I':teb .I-f\ll\l'tiou wit h it.~ Fourier transform, and Ust'
is mad.' "I' I Ill' f"lll!wiut!; ddinitiou:

/ D«, III"~..~~~,
:t ' .... -, ... rr
J

(:U:l)

E,(lIal.il)l1 a.l:! is till' fUII"lillllal Fourier trnnsform of til!' (l"fulll't.iollai.
Siur , ,'xp( i }<P,I' rr(JI),,)(,tj) ih it fidd nionu-nnun "ip;l'ufuw'tiollnl,

/
' ']' 'l/[~' ,,],./;J'.t'rrt\j'H1"H(")·":',P'))

'if1 - lit.', iI.' , (:l.l4)

:\,,11': II b; 11111 all "["'1';(111", bill i\ f'uu<,ljllllalllf Ir and 1.1, whc'rt' liJi '''' ~':!.tli±$.!.!, ddill!'H <111

"I"'l'al,,1' "nt.'l'illg,
II IIt"1I IH'l'll111t'''' "I.viulls t hut (, has till' lorm.

(:UIiJ

I'"~

1'""Vld.,,l Il I:; ,(1I:I<lral'" III 'Jr, alld I lu iutl'I'a<'tillll !t,l'll) dill" Ullt hav« a 'Jr•• If'IH'ndl'llt'C' ,
II j,.; [""si]'1< II! !,,,l'I'll I'll I Ih,' fuu,'lillllal inu-grut.ion uvor 1l' hy "fllllplt'tinp; til" squaro in till'
, X!,lI11I'III, alld t lun IL,ill\~f lu: 1'1'''111 f 1'''1' (;al1~~ian Il1i.l'f,';l'ait; IJ;"I1,'ralisl" I 1.0include i'1I11"tillllill
illl"~~l'al~, I I'hi-, ~ I..],{,.

(a,li)

111'1'" :.; fIll,I' t(J') i~ i\i);aill lb., <'i""I.'al :1l't.(flll, and IIII' IHllllldary l'lllulitiollh arl' tnkon
iul" a",'u11l11. hv 1"''[II lI'i IIp, I hal t h« "Ill'1l i'1I11l'1illil .:' ill t.h" 1\llll'tjol1rd integral t.ak('H on 1,11('
\,;\111<'" '.'li al I" alit! '."f .u I" 111I\\"'v,'I'. "illl" tilt' iJlII'grand is pUrt'ly oHcillallll'y.lll!' path
'nlq),l'al ill 1''11111111111 :L Ii I~ ill d"'illI'd, III addi'iull, iu onler III I", '1"1" (I) \ls,' I'qllatillu a,li,
lIS wriu-n, lilt' phYHI,'al "Ial.,,, ,,1' t hr sysL ,II (kIll and kIf)) must 1)1' known, Unforturrately
1111" is 1I1lt. alw,I,Vs p",;sil.J.,,

'1'1,,'"'' PI'"hJ..IIIS '11'" av.,idl'tl il' III<' pr"[la~~alllr (Ill' tansil.iou uuipliunl«) "f interest is titl'
"<11',111111·("" <'11111'11 t r.un-it ion .uu] llilud,':', Sill.',', iITf'H[JI"'j iVI' "I' till' pitYHil'al HI,alr's Ill' 1.111'

,'.,,,1"111. a :;I:li<' ,,1' hl"l ("W1'i;,\' I'an :dwi\,I'" lit, !'nlllld,
Til" v.u-uurut« \'al'1I111I1 II'a1l:.ili III .unplitn.l« lila,\' I", js"lat(',J from rquution :1.17 hy

"1,1111' Ill' IWII lil..rh,,,b [:1, :1',1 FiI':'lly, a .l.unplun n-rtn, :.'Ii":'!· (wh-r. 1 ':', ( . 0), lllay

I jJi thlh t lu»i-. .rll :;y',lt'm~ I.'uw,id,'p,d ;'-)1' d''',I'I'ilu'fll.,V Ilumilt.uuau- whirh at't' qu.ulruti« ill lh" l'fJnju·

~,,;}.tt, lHo11WII~1I111 II! tilt· 111 Id ..., ,Hili lilt' iuu-r.ur iou pn{I'l1tiab t oli,.,itit,tl'li al,' ind"p,·ltdf'ltl or lit .. t'ou_jugatr'

11\1111\1'111111117'

'th,' II',Ul,.,il iOll ,~Illplil!ltk III tln- ".\'....t.'tIlll!llll tht· v.uuruu !,L~tt· (',(.\,11' HI' "'a~t l'I\f'l'~;Y) .u t
\'.\1' u unt ~,Ii I t I' at I

...~to ih«

1!1



lft.lu slall' ."'IIi,' 1',1,,1('111al t inn- t.. is j'I.(t",1} t lu-n «quation S. (yidd" tilt' following formal
,,"l IIt ion 1'111' I'['if))'

(:l,5)

[I' t lu- lid" tht,tlr~' is I'tlrluulatrd in ft'ruls IIf t lu- hasis Wl'tur" 1<.'1) i hon It/I) I)b('y tilt'
lunct i, 'Ilal v"['sit'll "f' I lu- t·f1111pJr.t"Ut'Ss r"l;d inn

whor« r [1','1 dt'II""'s all inlq?;!'al ,,\'t'l' tilt' SP.\I'" {If all maps from throe-diinensioual spat'!'
into Iht, ['('als,

'lh. W<lW Iuncti.uinl dt's('l'ibinp; tIll' sial<' of Ih!' syst.om at t , i'I'>(I)), is dplitwci to 1)('

(a.7)

hPlalitfll" :U, alld :l.I, lIlay I", inst'l'il'd into "qua'ioll :1,7 yipldlllg tho tunct.ional rolation

'l)[,,(n, f] c;;:; .!P')II(I:d" ..ut« ·''')Ihl(i~o}'l)[~~o(;).io]

- //)""11 (i[,,), I; ('", 10] 'I> [,/)" (J') , In], (:1.1;)

wh-r. (1'[1).1: ':'11, IIIJ ;~ tIl!' matrix I'h'lll!'ut "I'llit' t imo-i-volut ion oporatur. and is equivalent
t" l'l' l' IIIII !)WT all pat" ,hl'!lIlI!,1tIll!' ,,[);1<'" of nll iuappings from throe-dimensional space
illtll t.h.- I'('ais starlin!!; at (J,,(J:) at 111nn.l Pllrling at 'ill;) ;It. I,

l'lu Iinn: int t'l'val I I" ill IhI' "X»tlllt't11 til' tht' I itn« ,'v"lnl ion-npertuor may Iv divided
Ill'" .\' + I "'1Uallilll(' im-rvnl». and III<' ""ltlph,t"Il('~s rolntion illHl'rtC'd N tiuu-s to giv«

.\fI{I:+-oIIi1-,,,,!f,,, "'-'I/{",-r,,!!f'I!J>o)::;:

(:Ul)

!f/Jn)

(:1.10)

wlll'l'I' 11)1'ddilliliflllh, ,,"'HI ,,) allt] 1,'liH '.': I, h;wl' })I'(II mude. As N -+ (X.' tho interval
I i+ I I, ., 'I, 'llid IhI' "Xplllll'llt ial ill Ii Ill.IY I", r-xpandr«]. and thon npproximated by
IhI' Ii,'st I\\'II I('I"IlS, as r"lltlw,,:

"s
\Ii~n. III Ill), (,.),till

• t ~- I

..\
IIlI! /111\11 ,il':l,+ I
\ ...

, r.l

(:\,11 )
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Chapter 3

Path Integral Formulation of
Nonrelativistic Field Theory

J','YUlllilll d'·\"'I"" ..,, III" pal Ii int"gml ilJlpt',,;ll'h III quunt utu uuvhanirs ill hili UJ/l:! PrillcptUlI
IItI'SIS, au.l plI hlisll<'d til<' Iliml'Y ill I !J.jK [:lJ1, l lowovor. Ih .. bask obs:,tvatioll 111ldpriyillg
pal II illl,)!,mls rill' tiin« I'vulut ["II .uuplit ltd,·" was iliad" by Ili!'al' as ,IMly ill' 1!l:J:J [:I:!}, The
<'l'IlI'ial "I ,,"'I'Val ion was t hu Ihe shorl-l tuu propagatol' "an \I" writ.t "II a~ tit" cxpouential
,,1'17,"'; II'J)I'I'I' ,...;is thl' dass[":d :\t'I[IJIL

In ils lIl'igill;tI !1I1'1I1, lit" pnt h illl('gmi rOl'lIIalil'tll is applh'd III Ih!' quantum ruechnnical
d"St'J'ipl illl.! oj' a "ill)!,lt' p"iut 1':l1'I[dt' iuoving ill a (",I'l('sian '·'Hlrdinal.l' system, and b u~pd
III "aIt-lilah' 11"11I"ilil)lI :tllll'lillld,'s ["I' til<' tinr« 1'\'II)UI,i"ll "llI'ralll)' of t,h!' part.i"'!' [:l:1]. In
I hi,", !'''l'llialiSIlI l}!I' Ilh,j"t'l ..r "l'lIlml illll'l',·,,1 is I hI' pl'Ollagator. 1\', ([I·filwd 1.0 Ill' such !JIll!.:

(:l.l)

i.,', ~;I\"'1l lilt' wnv» filII"I ion Ill' I Ill' pal'l i<'ll' al a ~p,'('i/i(' puint in tim!', IlSillg the propagat.or.
lit, wav« rllllt'l jull ,If Ill!' pari id" lil ~"IlI" latr-r till:" run I,,· t·akulat,(·,1. (THing ..k-uu-ntnry
qu.uu.ruu Ill>',.h!llll'·~ il "all I,,· "~lahli~It,'d thai

(:I.:!)

i.«. Ih" 1'1'''l'a~al''l' i~ :t,·lIlall.\' ;111':tnsiljflll umpliuul«. H\lllllP>;1 iuiportuntly ,h" propagntor
lila.' I", "xPI'('~s,',( ;'" a [,alit illl,'~rai.

('/rlli,/,/,) (:1.:1)

I'I'Ilvid,d II :\;~;-j I'('ll [:I'IJ. til!' /,-illt('p;rali"lt in 1',]1):\11(111a.a can I", perform!'d, nne! t.1l1'
"X},"""1I1 is hltll\\ It I" lit' it.'"'"

11,,111',', II,,· 11':llIhlli"lI !llIll'liIU.\'·' ih lIlt' «uu 11\'1'1' all pm;sibll' pnt.hs (.hal, Hlm'l ai, '/i at.
t iuu- I, and I'nd al 'lt at I,. 1I"'ighl,'d hy till' <,XI)(lllt'lJlial of j,. l·jlllf·S t.1J(' action ovnluatod
fu,. Ihat 1'!I1'IJI'lllar palh, ,\,,"~, I), lit .. ild"J!,l'and I)sdllall's with gl''';~t('r freqnr-ncy, unlc'Hs
:'''- u. i.•-. «nlv tit,· courribur iou Irotn II", t'lal'sI('al path survivr« in tho da:lHi,:nl limit,
-Hit' jlilt h int t'gr;;l rlll'llla\isllI .·jmJll<'1l11y t·"lilll·,'t S , hlshkal aud quantum mechanics,

I {.I\V'·\'I'I'. ill t.his Ihl'~b P:lt II iut "p'l'al quan! bal ion Ill'l'li,''] III Jit Id lliml',f/ !:!] iH Ilf inu-rest.,
"lid i~ I'l't's''I!t"d I,dtll\' Bu"tlllil' Ii..jds art' I.r,·iily t'lI]Hii,[t'r"" Ilrst, sinr«, th: pat.h intl'gml
"1'1'1'11;1,.[1 I" ["l'llIi"lIi,' ti..td, i:< aniv,''} ill I,y aualtlll.Y with lit" busonil' I'at;I', A rr-veiw Is

'.',111I, "I' "Illy III""" ""1""'''' "I' lI..)d I h"(lI'Y which II,Wt· 1""'11 :Ippli<',[ in dlll\l11'1' G, !lcW'('
)11"1'" ""1111'1[.-'11,''( a,,]>,·.'I, l", ;1], lik.· l·'·lltlrlilalisatillu. 1'(.(' .• havl' IlI"'u t1ll1il,h·,1.

3.1 Path Integrals and Bosonic Piehl 'I'heorios
1,1'1 /1 I", lIlt' l l.uuiltouiuu d.·,"'ril.iIH~ a multi 1".,;"111"'.\'S('·III, Itlld 1(1)(1)) ),,' lit" stalt· "fIll,'
:'~'h!"llI .,( IIlllt'/ til IIii' Sdll';idill,l\t·1' rt'pl"';('UI;lli"ll, TIlt'1l tit" "\'IIIIIIilll\ in lilll,·!)f il{'(I)) is
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i I'dl/.' II' [ i /'dll
/ '. "

"

\",, . . ... 1 (; (I>,) I (II) I ," "1. f I '('flU (I' ," ,/)(;"(11 + 1})1'(1'
, ,(~J,7l'1 " (~r'

i,' I' ,{I,\ U"(k) ,'I'(i:
" (:":r) •

(Iun)

U"(I\') + I /' ,(1/,0 ,,,. "(" i ... '.'•..... [e. \kW \ (Il)~ + -,III, (:1:1\ 1 '." h <t'.

", j' ,!I'l \ (,i!c;I'(), q)(;Ii(k 1q)l'(J> , fJ,/.: +- q:},.k)
" (~lrll

i I'd''{ . ,,,. \ ('1)( I (k
h , (~11'JI

,(,"(,,+,,)1'(11 Q,I'+ 'nd')j (h(h') ,

\ (l,:' Ii) 'I)

(fl.~O)

1i.2.a The lUng Dingram« Approximation
III. t Ill' d"1!,I'II.'rat.' ,e;ah 111""1'1, t h., ~,Vf;I"1Il ,·ollti..h'fl't( i" uu ",,','1,1'(111 flaH ill a unilonn positiv-
Iqdq,o;rlllllld , 'l'lu pn;iiti\,' [,;II'I(~~I'lIlIlId hal' thl' <'1\',',,(' Ill' "",Ill'pllillr. thl' '/' ~::Il "flII1POIll'lIt:
,,1'1 (ItI, i.». all 101011'"1,, diagJ'lllllH vanish. TIlt' rillg diagralll IIPPI'IIxinmti1l1l tn tht' prop.'r
'iI'll' "IlI'q',Y iii IIbt /11111',)bv l'l't.;tillilig tIll' 11111"( qIVI'I'!"Pllt dia)!;l'alll in !'(wlt urd,'r in \' in tilt'
,'xpallsjllil ,,!' ,;. ll' II""

(fi,21)

II'lwI'" ,:~, i:, III!' ,.11111 "I' all 1'['11111'1',,,'If"!l<'n,;y illN"l'tillllh with !.Ill' ht.rllt'IIW' shown in nI.l
111'" :i,li. ':~I'i" ti,.. [IlW' ",I' 1)1""'1' 10-1'111,all'[ ~;7:!) ifi !h,' hl'I'''lld 111").'1' "lIl1l.l'iillltLlIl til ~;',
withuu! I h.. "IIlltl'il!lllillll 1'1'11111 t.h,' hl"'1 ruu; dia~\rahJ. 'l'I\I' (I"YIIIlI;.1I mh,,, "lin I:,· lit.,..! 1.11
:,11,,\\'

I, ," I ) /"1 /'/1' I!:' ,) \" (, " \ (," I ' '/'1 ' ,J':, I,},:, . (,1'1
II "

i ,!! I ) f"l f'll I f'I'1 j'll' 1'(;1(, I' \ (,I' I' J'l ,.1':: f· ,I'" I ,",I , J':l ' J',
II ""
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Lowest order
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Ladder diagrams

11lIWlltl<'1l11l11l1'l1'<lCt' "'111'11ion I,H 1,,"'olll"S

i /'dl'f ' . .",.'," ...,'[.)\ I (O)C r ('/)li , (:!. rrJ I II 1'1'

I /' ./lk /' ,,11/ .Ii k I' ~ .il .11 ('kJ/, l~llf\I, (:!lr)'('111)·j. ('1,(, 11:!ldp+'l)('\"1 . 'l)V(k q', II)

([!.Iii)

;\:"'."'11 II iII>'. 111,11 l is ,"1'111 lIld"}l"ll,it-UI" I hi,. rnu I", r-wnu-n a" fh,' I'llllllwill!\ into'l!,wl (:(1111\.'
lill\l:

(h, Jll)

\\,1\<,1',' t lu- l'!r,','livl' Iw" I'arlkk IHI"I';(I'lillll ill Ih" ladd,'!' diagram a}lprllxilllat.i(lll, \" ill
,t.-lill"" l,~' 11\1' "datillll

•• • I /' .11
,/ •• 01, ,I) ,.,.,

['(/'1,/,:<),;\,/',1) 1(/11 /';(If ", (:!1I')1 \ (I/i(, (PI' q)(, (/'::lIJ)\ (I'I"!}' 11';1)+ .... (rd7)

1'(1'1,/':>, "Ii, 1'1) i j' ./1 ,II
/(1) +, ' "l"//'('})(' (Jll

I, ,:!1l)
(f)' [~i)

II' lit(, k"1'11II,d'I''llla1illll :!,~I;l:;q'I'l'(lxilll,II ... 1 hy IIII']IIW",;! 111'.1<-1't.w-. l\;\rtid,· illt.l'fll.'tillll.
i, I h"11 "'111.\11,,11 ;r. I:, i" ,,:'1 .uu. [. 1"" "'I"aQllll ;i,l.~1:; fIll' ladd"r diar';I';UlI al'l'rnxitualillll
I.. li)l' B.'lb, S"lp"I"r "'Jd;.ljllil

:1','
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JI)I' sitld"'paI'IWk Ul""'[l"h fllll<'i.jllU Ii", tli., Ilarlrr'l' F",'k approximnt.inn l~ obtaitH'<i hy
s\1I,,,1 ir ut ill~\ I 'Ill'll inn ;1.,~rnr« :Uf(', yil'ldilll!,

1;,",." (d·,.IIl ·11 . i /1'1 /'l'l I ,II ( ) '"( I )[l'('Il(" .•/) t'("",(J',!/) i;,' J". I J'l (',r~ J',J', ( J't" .",.J'ln .• ' J'l ...' J't (1.\/.

,j,'l;'J"., \ (J':j ')(' (' )J':' r ru ,." J':,. J'~!

(Ii.! 0)

whHt i~;f,h"\\'1\ ill li~\nr,' G,:l
~hvilt1-\ jill" 1l1l11ll"1I11111J "1';,"1', "111"" Ih., iul·,.r;wl.ltllI iii invlll'ialil. Illldl'r l.rmmlat.iollH .m.l

t lu ~;"bl"lIl is ~pali:dl.v uuilurur. ('Ill. Ct':~I"~;:II' atHl l Wily ;111111' I'I'pl:u'l:tl by tIt,,;), j;'lIr
.(illll·lI,illllal 1"""1'11'1'lI'all,l; ,)'111><, Th>'I'di.I"" "qll;llillll it.1l 1""'HUll'/<

\~I_'_\II (,1'1. II'~)

\;~Il\" (k) i /',/\ !. . ,
,'. '('I):i' ,I II' t ((J)( I II" ". (tf)
< , ~)r (!i.12)

whidl, \\'11"11,;ui>slillll,'d iut« :!.!II .1I<'IrI,;

,t\ . I ,I). j',Pq . .. ,{, ,1"'/, ···1, \(/ ..) , (1\~li~· (ll)l'I'I' (/1)." . It" . (:!11')'1 "" I

r;.2,2 'I'he Ladder Diugram» Approxin: nt.ion
Iu I II,' I"dd"l' ,fi:\,r,nllll aPI'I'''xiltl:l1 itlli. lit" "ulu-laH" III' Pl'tll",r .Y1'1f.i'!JI'l'gy jIlHf'I'linmi, l'III1Hj~t,
illi!. ' " ,,:: t h« ';add 'I' >li",;I'IIIII" Iwlll'''I'1I (".·I'I'II·N I'lIlld.illm. w;l.h ilrr"WH running ill [.It" Hllllll'
din·dillll. 1:, (,,·taill,·d.

i i '\(J' J,I",)I',i(:l'(,i:, Y1r),/tl:lJ"" \'(j11,,-"\1' 1" .

, I /'/.1, 1'/1,1 -u . ,I ,1)1". , J', , .1" ( t , \ {.I .,.. 1 1 1,1'1li , " "."

(ldl)

:1Ii
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:11i.1

(lUi)

11'111'1'" /; (..;,k)
SllhstilUl!ll1-\ "'1llatJlJJi '),;j iut" ':,n, ,\'11'1<1" Ill!' l(,llnwillg ":qm .."ionliJr Ill:

(1i.,7)

5.2 Approximations
I :~iHI~ 11"1'IIlI'[':ltillll t.hlllr.v it is I"",sillk I" (,:It.-uht!' tlu- Ur('('u'~ Iunetiun, and ill'll('P nt.h!'!'
"l""'l'val v, I'l'd<')' h~'IIn"'r. IIIIw"V<'I', ill nillHI ,'as!'s (If iul.l'rmL in order 10 obtain reasonable
I'l'sldtt:. Ih., I'l'1'tl1l'hal.illll t'Xl'lInhill)l would have til IH' I'ollt.illHI'Ilt.tI infinite onlor. A prncti-
,';!lIy impiissiht.· task, unless silllp[il~'illf!: apprllximations ,'au hI' macif'. Tltt' approximlll.:ioll
1l:;I'ti it; llsuaily dil'tall'd IIv "XI"'l'imi'lIt.

Approximnt iuns makiug II 1""",il.I,' III ..alr-Illat .. (i In infinite nl'dt'I'H ill t.ilt' intetaetlon
1'''(I·I1(.i1l1. 1':111IH' l'uup;hly divided int.o two ,'la;;sC's:

I. lu IIII' lil'Ht d:l~SIlt'i\pprllxilllatiuns, Ill,' prnlH'r scolf..c,twrgy, i;' iH mplll('('d by tIll' sum
Ill' a -uuullmuul H','III' ]l1'01"'1' ,,,'If.';lIl'fP;Y iIlHf'rl,ioIlK in which (.111'noninteractiug Gr('('Il'H
I'll 11<'1.ilJll, (;" I, ""ph""11 ",v 1h.. full (;I'("'II'~ Iunetinn. (;, Sil\l.'1', (; iH UHl'd til find ~;',
which III IIII'll h; 11",'d 10 lind U. sUi'll all "fIlximal]oll ill H(·If.I'llllHi~t"llt..

:2. Tit" SI'I'IIUd da~H"iIfi'r~ from Iill' 1i1'1<(., ill I i ~;. II; ,'pplar'l'rJ by tlu- Hum of an IIIJitllll
"II "sl'l Ill' uutno.Iillol pl'''l'l'r Hp\r'I'lIpl'!~Yinsortion«.

III Imlll 1';(",1'" Ily"oll's 1"I1I<\lloll :2,/i; rnu I", UHI',[ 1..0 lillli r.ll!' single"particlr (jrl'l'n\;
luurt iUII 1'''l'I'l'''I'''ndil1~ III I lu- apPI:tlxirnal.i(lll, Eitlu-r till' ll,'t.lw-Salll('t(·r "(Illation :l.U:!, or
IIII' "xa,'1 "m''''IVl' illll'l'<lt'lillll Aivl'n I>y "'IlIat.iull :2.\); limy IH' IlHt'Ilt.!1 lind t.hl' two-particle
1,1'1"'11 ',i 1'1111<'1II Ill.

;'.2.1 The Hal'h'('('·Fol'k Approximation
'lh.: IIal'l 1'1'" I,'od, ;l('i'I'''Xilllal illli [:Ii, :I~1.:W] IwlnllA" 1., till' liM <'IaHH (II' approximatious
'!""'I'illl .] a"o,·,'. 'I'hi- ;1I1I'rIlXil<lal ion Is IIl>tailll,d hy r<·l'la<'iu[.'; tlll' prll}l('r Hl'!r·t'IH·rgy by t,h ..
"11111"rib, III''' lin,1 "l'Ikl' I'Illlll'ihlltllllHi, wit h (,.tI l'I'phll'l,d I.y C;, i....

(!i.H)

it" d"I'II''''.( ill Iip,HI"'" ,j.l and ;l.:!.
H"llJl'lllllIl'ill~\ that u., (J'~, J'~) I" J lI"t 1II" parIkh' llf'll:<it,y at. t.ll!' point. .1;'2itt. tittle' I ;;:.:,r~:ln'

1''111;[1.)1111 r).1'1 IWI'IIUII'"

(Ii.!))

i.«. Ill' hb apprtlxilllal.i"l1 th.' 1'1'''1'''1' ,,!,]f·I'n.'rI';Y ,'1111:'\1:;;.:: "I' ;111I1'al u-rm pr"Jl"rtiulml tn 1.lw
pari i.·f,. .kll,·,)I,V alld :, l1"ul,,,';[1 u-nu. TliI' 1""'11 {tortll i'i known as 1,1[1' din'", ""i'lit, wlril,' t.Il1'
1l"ltI"",d rnu I,. ",dl"<1 11(1' "X<'lI:lI1I),I' tvnu.



Chapter 5

Tradit.ional Condensed Matter
Approaches to the Many-Body
Problem

ln 111",1 "Illldl'II~,'d Ilial "'I' ":d!'ldal jll"S. II". ")'SI'I'v;d)j,. ,,1' int.t't'PHI.i" usually rpj:t(,('d to I:hl'
"ill,l;il' pill'l id" t ;1"'('11 's 1'1I11,'lj"". TIlt' (; I'I'I'Ii', i'lInl'tilill i,.. t lu-u !'I\!culat,'d lH'rturbativdy in
Iii" "p"l'allll' I't'pl'''MI'nlatltlll "I' Ihl' purt.icnlar hf'''"lld '[uantizl'd lid, 1.lwl)l'Y under 1'1)I\KhiPl'''
alilln.

In t.liis lill',js III1I~' 11\1' 11'1'" I"llll"'I'atlll'I' fortnulisrn j, l'IIIlHid.,tf'IL

5.1 The Typical System
Tit" '.vllll'al ,.,\,11'111 ""II,idl'l' ..<I j" lilt 11I11'1'<lI'l.illg 11Iuit.j·"[I'('lr!l1l 'YHtt'tn III a st ntic -ipiu-
1I1.[1'1"'lldl'lll I'XII'I'Bal 1',,1"1I11a1. In IIII' lulornl lurtnulisrn [lJ an I'xt,'rnal potl'lltial C1m \w
int "IIdlll'"d ,11'1111);111rlll'\\'1II',Il~', SUlI'I' it "11111<1"" til till' d"llsity, 1.1', to IT, [[IIW!'VI'I', for Ih ..
~ak,' "I' silllplidly, ..;.;I....nul plll,'lllials will I.., 11!.1I111'I"1.lInd 1.111' systl'lll "IIIlHirif'I'"d will ho
11';(11),;[,\1i·11I:llb' inv.ni.uu. Slidl a ,,""1.'111 is IIslially d""'rilll'd by a llalltill,(llliall, II f1;IVI'l!by

II 1111+1/1• (Ii.l)

f' h:'\~:'
. ,(1,), I;,t,l/)'.:.!I" li'.,(i"

'11101 /11 i~..f til., ti'l'l!l ,,11"\\'(1 lfl "'111:","11 ;,l,7!1, 1""" "impli!'il), it iH ai>;(Jas;;lIll11,drhal. 1JIf'
ill!'I'P:II'li<'!.' t"""lIlial j,; 'PIli iJltkp,'wit'lll "nd "':llil' II! t inu-. I.",

(Ii,!!)

Vli, jl')I\,,'IIII'"

\ '(,ill .- i).1\\"\'III"

/'\\'.1111'('1',/) ,\(,I'" '-_J<,) \' (jl "t')I\ \ \'''11/1

[' (,j' /)li,\Il\"Il'

/ 1/ ,")11\\,1\111" (Ii, 1)

\ IiI (:t.!j)



-t- r

(4.al)

alii I,

;..;

(4.:15)

( '""".,,'1j, In~"I' "I'd,,!, .i~' I" III<' siugk'pal'l ii'll' ({rl'''" ':; Iunrtiun art' given hy (,hI' lincnr
la. II" ,I" fr, 'Ill ;'''"" illl' I III,: ','uhi<' I ii' II" ,J.' 1'1'< 'Ill s.. 'rlt,,,,,, "1 ll'r,·,'t,j,Hill III (;( 2) !~r('l'OllHilll'rPII
ill WIII'I' dl'lai] ill :,t't'litlll ri.;!,:!,

Th» IIth,,1' tl'rlll~ ill ''''l1l1l.il)lI tao, II :., :l. tngf't.h.'r with ,.,,,,, and ,'_",, ~'il'ld higher Ilrdrr
"(Irl"'I'titJll~ I" til!' Iu 1111 tilt, (i1'1'1'II'f functions.

:I:.!



illlpli"H that tit" 'das,kal" "ullfi1-\uratiuli (1''' "(lI'Y" tit" stalldar<.l uap rquntion ji,t UIP liingk"
plll'tidl' (;1"'<'11'" Iuurt.iou, p;ivl'u hy rlJl' d"fiuitill)lS 2,(i2 awl 'Li

U",I(J', /I)
.(IIlll \T( li',,( .r)I,,;,(U)) \\~ ll)

·-l-""-··'''· ..·,·"~-~·-''-'"~,-
(IJIJI\lJ!u)

, (1{I1I1'l'("',1, (Ulli'" (.r)) \1'[1 II )
/ ,., .., ,.- " _."., ..,._,

('I'JlI'l!u)

.. LL!~:r:.:::~:::~.5!;_ril'.~~1
{Dl1'l'i;S,,, (4.27)

4.3 Green is Functions
(I. i~ now [1o:-;sil)l<- tu I/S,' IH'I'lIlJ'hal.l<lll th,",)ry III I)btain I,hl' mass spect.rum of th o I'/lh:tiw
lipid tl!l'ury, I'Y ],l'rt.1l1'('iu!); around It". This yil']ds au expression which, ill t.(·rml'l of till'
nrip;inal f('rllli'Jlli,' VilriablPt;, i,; Uw tWI).parl;idp propagator, (;('1), 1,1'1;

(·1.21\)

~, •. , 'J' (.\' 'I' J d)'d(II)) , 'I' I ( 1/ (, .) 1. (, )),I I'" .." _,/1. +, ..,~. I t.l . I nit.,,, J"l/ + J(i"<til ,r.,Y ,',I, (4.2!J)

On

"tI'TI·(((l'II)-ll/."

I· I' I'./. '/, '/, d ,/ ( .. " d J". .l .'/1 (4,:11)

Eqllatioll 1.:i2"ilU hi' Il~"" 10 liud Ih" prnpllr-l/liH .-1.";1,,,,11. "ftll!' lipid cr. SIlI'I'iHe I'XflWp!Pb
havf' 1"'1'11"l)lIsid,'I'I'') ill '''','lj''l1 ,L~,:I.

4.4 Pornnrbntion Theory ill the Effective Theory
!\~"llll1ill!; I hal tit" IIll'lIl'Y under t'OllSldl'fal ion is quadrati<' ill th,· original [!'rIlliOIl variabll'H,
1.]1<'11 /),,~.:~ II. lI"w"\'I'r, ('n f'~i!;b li,1' all vahwH flf /I. AH 1\ 1',",ull. thl' ,·m"'tjV(i th"'iry
haH all inlinin- 1I11tui"'I' "I' \'t'rt·it'I'S, O"SPllt' this. with N 1'('ius("I,',f therr' "Xil;tl1 1\ uatural
"""uplill!; ",,11"'·:1111", h'I' ".\;1l1l['J... fr(Jllt I'qllatillll ·1.:11J if I~ appar"lJt thnt thl' -;;~N



In.! •• (.\' + /.'(6"(0).1.,.,),1, r , , ./IIJ' ,/r1!1c'i'((J' Y)IT"d(J',!I)

.. -IS +- l:tS<i(O)S.,.,)Tr tr IUIT. (<l.IIi)

'I'll!' !>ilowal b''''"uizal ion Iunnalisin was t],·vl'i"IH't.1 ill th" !'uul,'xi of th(' Jarp;' , N t'xpad'
-iou. whi-rr III<' lollowinu "PI'I'IlXlIW\! ion is jllstili; t ",

III .J ~ ~ N '1'1' tr In 11', (4,17)

,\ II hough, ;\' c; 1 in I his "<1,,1', this appruxinuu.iou will still \)(' user] to obtain t.lit' gap
"quat ion. This b jll>'t iliah[I',iu Ill!' "'liS" I liar. Ihl' l'f,;ltlhl,l; two-point propagat.ur i~found
III satisfy lit" slalldal'd gap <',[llatinn, as will 1)('shown .n r'hapkr Ii,

4.2 The Effecniva Action and Perturbation Theory

jPl.'lh,j "i.'* 'i IJ ~ ./PIT ,"'h'~["J

-" ./PI"J' ,,111 ,1+ 1,. ...,

.::: jl)1T (,ii··'.n, (,l.1H)

,";.11 ,,:: =ili III.J + H. (4.W)

'i';,'(.l') ,,·-t v':\'\'.,(,J')
1.·,t,(.I') .. t V':V'i'.,(J·). (4.2\)

-".11 ihS II' '1'1' In rr t ilui,) l:tS·1(O) II' 'Ir III 11' + No'''
A,..,'ij t,SI

\V1t"I'"

alld

In III!' limit S )"
,..,',," .. ~ ,\"""11,

.uul 1111' "'adiUI4 ,'''l!l t'il'lIl I 'II III tr i'i d'("I'willl'd ".\ k "I;JI)"lJft)'Y poinl "r'ill i .r . by t ln-
n,'It! lIlinill.:"iu!', ...,'". A" wi: In ' d"lll"llsUal.,·" 1,,11"'. lit, ""hdili"l'

:10



;tlld

1\'1i"1'" if i- a"ltlll!'d t h.u J, th« u 'iii rivi«l ,j;l<'"bial! a,,,,(jl.'ial<'d wiih 1111'dIan!!,<' 1)[ vuriables,
j,; wdl-.idinl'd and "xisl'; [IJ. III lddili"l( stili'" till' billl.'als "'('r'> ddill.-J as 1})1'prndurt
!If i"'l'lIliollil' rid,[" al ,{",1, n III [,oillis (!''1uati''ll ·1.7), til,'.\, ar .. ill 1~('ll('I'al /lOlllilpn(;('llt and
r'lf'llt a llllldt lal'l-\"1' ,..'1 I:liln tilt' d"ll,:il" val'lahl""l IIsl'd iUIIl<W" traditiollal appr()adll's (;0
1"""ntzalitJll ,\,., ,\ rl'slllt, till' illl"i;l'atitlllllil'aSIlI" ill !',(I.lat-ioll .[,1) is Wl'lI·d<'JiIll',L

I'S!l1D t ln- 1'11111'1 i'"II,d li'I'la 111'1 Jll' dlaill ruk-, I h .. IiIll .. willJ.'; "qllali('11 iH "liLailll'd:

o

is 11\,1 atllt,d,
,\ suuilnr idl'ulily to I.:! ill h'rlll' !II'I hI' ill variant hit.w:tl variabkH may al:;o IJ(' uhtnilwd

II

(·1,12)

wJl<'I'" J ./",1' [.,1 b tli" \'111111111' "I' Ih,· s~,,(l1U

,\ddillg Ih.' S<'ilwiIlP"1'Ily"oll"'l'lali!llls I, II alld -1. I:! 11I!!,1'111",' yid<ls lhl' Jj.)llowillll: dlf-
1I'j"'lIli;ti"'l'lali"1l 1'''1' th,' ,Ia"ubiall.,./,

/

' I ,flit':d' : (1', d .;..'/)..:- .., -
, ,\tT ", (~, J') ('1.1:1)

'I'll!' ai,,,,. di~"Il"il\1t li.u- 1"'1'11 fi'I' lit".\' I I'<lSl' 11,,<lI,Ii"r,' IlPr'1I N spPI'iPn, i.", had
I II.. til'\. I "1"'I'al, 'I''' 1""'11~~iwll I.y 1':: (,1' l, alld ,,!," (J') 1I'1l!'I'" II ~c 1,. _" N, 1:11"11df'linit.i(lll ,1.7
\\'''111<1 hal'"~ (""'11

(,LJ.J)

j,,' iT would l!;t\", 1""'11 ""(ill".) I" I... invariaru ill lit' ~l'a",' laj,dl,',j by tlIP rl ln.l-x. III t.hi~
,'"'''' "'1llalillll I 1;1 \1','111.1 1"'I'lIllll'

/

' ,I ,illl.!
d '_(1' •. «."I!l-.:.

, ,\(1'.".(." ," I



0.1.2 Fl'l'l' Gl'l't'Il'S Function
If 1<1',,) is lit" ll!'l'lIlali"",.lllnllil't"l'H<'Iilll~ I,"<luud lHatt' ill Ih,' 1'0,,[1[,,11 hasis, then tht' single-
1':(I'Ii<'l., (:1"'('11'" 1'1111<'1iOIl is, h,v ./"liuiti, '11,

<t~'",(J', J,I) ::: i{<I'III1'(li',t,(J,I)l!",(J'lll'II,,)

;«110111:'"" (J", J')I'II,,)

i f~'~'k." II: I' ''''''11'' (k)
, (:!;r),1 f,<"

f' ,flk <,',ik (". .. ;1")

, (~1;'Tf":~c=:'~~'8'lij

(LIIl)

(G,2())

(lUI)

110,\\'1'\'1'1', t h .. 1'1"'" (,1'(','11'" 1'1I11<'I,i01l, (:~', i'l Ill!' "ollwnt.i01lal ri('rllli vncunm, ;~'1 dl'riwti in
"<lIlallllll :!,rl'i, b ~;i\!l'lI by

11<'lll'l'. ih» ,'111'1'<'1'1 pr""''I'lptillll it.

which "11;;111'", I hal IljI' "lIlIsl1';\illl

/,'IIJ, • ,I (J,11" I"j -- \'!.ilt. '-, ,._ ",... ,., i i!

WIl<'I'" S, if' I If!' 11111111",1' "I' pal'lkks ill t.h,' sy"II'UI. i" ,'ol·r<"'i.ly lakl'lI into ;U·POllllt ..

6.2 Intoructhig Formions
Tlu- lhuuiltouiun '''',!'I'ihtll[; inl''I'al'till". r"l'Il1ltllts iMAIV"II by I'qll:1tillll '),1, and Ihl' 1'111"', s ,

:'I'<>II"illl', ,'I;(,',,',j"111 >11'11"11 III till' pallt illll'gt'al i:, ~\i\'l'n by

1I'It"!,,, I,' alld 1,,1 aI'" (il';t",',IJI:UI I'al'i:lhh,s,
Th,' v;ll'ial,J,'h ill whi.h Ill., l,d'H'all'''l'lllali:Hll was "";l!;illally dl'vl'lllp,;d luul n Ikgfl'P of

flY'I',j,,"!. 1I,1I1l"),\' ""),,,u', IJrol'l'l'l'WUI ill ll!ll'llIall'uwkllsl,<llllat,j,I'f 1I00Irl'iat,ivistio' t,hporil'l!. AH
ul'ir;IlIi111y ""'illl,d, til<' hil",·)\1:. WI'I',· I'Ilio our invnriaur« i.c CIlIlt.ral'tHI nVf'r l.hr- I'Olollr index,
III th" 1'1"',';1'111 <"I"'" Hill"" 1111'1'1' ,If" w' "IIt'lI illdi"('H (N ";, I), tlll'f" "XiHIH an amhiguity ill
III<' w.iv ill whir]: ,..,' is rvwrit u-u ill 1"l'lIls "I' Ih" loi,llI'nl variuhlcs. Sinro,

,;,,1, (J') 1", (J,I) 'i}j (J") ~'" (J~j
,l';I,«J', ,I")rrll,,(J,I, J~)

1,':, (,1') I,'" (,I') vI, (.1") I ,l(J")

.y .. ,. (,I', ,1')1;,1.« ".', J,/)

(O.22)

(1i.2fi)



· .~,

Chapter 6

Bilocal Bosonization of
Condensed Matter Systems

6.1 Free Ferrnions
III rhl' I'a~" oCIIOllint('l'al·till[!; Il"urdac.ivislic f"rtIlj"IlM. (,hI'!lamill minI! in d-dimonsiorrs takes
IIII' 1'1l1'1ll

wlll'r" 1111' id"llli!,\"

((LI)

(G,2)

(1i,:I)

(1l.4)

(tUi)

h'l" 1""'11 11..'l'd,
SIlI'slil,lIt ing "'1l1alifJll Ii, J iutll 1"llIalillll ,I.:!:r til.' ..(r.,.,t,iV!' urt inn for nonrelativistir

1"'1'1111"11" is ,,\,Iaitll'd

'"'''' il: II' 'II' III ,r + ,,",'j t 1111).",/,1,1'1(0) II' '1'1' ln IT

11..~'ilt ill r r '1'1' 111 r'r + ,.....\

'",\

(ILli)

(lj,n



;.'.1

1·······'(."~-).,~ ..

t ",

Fiuur. Ii, l : "I 1'lh'l III'" "f lit,' """lIlId "'fill 1II"'111i11illll Ii.li;! ill Ih" I'iug dia;~\'alll uppruxi.nutiun

,,,,..
"" .. 0. , ,. . , .

~

{...

,'i",lIIl' I;.:~· 1... \\',"" "[,'1"1' ""1'1',·,""'11" I" t lu- ,.ind·· partido, (,\""'11"'; l'11l1l'ti',11 111 tit,; rlll!\
,hap,ralll "1'1 ,r·I\.illl;tI il 'II



/'" + '1),T'f',(I/). .. "1",(

III ", " 'II ,1J'""." (1'1 r:~)

II! ", 'I,T, (1'1
"ljl'l /':'i ,/),1'/,1'" I ('/)

I I' (fil "1';')(',\ (I'! lIT", t/,:do'Y' (}';dll'/., (p,J)
,lit· lit" nit, '1'11# ((i'(itl)

! "I, • 1 (/il p:.) ill,! /1"1':, '{III" 1':.:t 1/)/;/1:: . ('1)"'
11,,11 ' "1111 '" Jlll'l

1':'111>11,111111i,II!i1'1'1lI u- 1"'Wl'itl"1I III t"l'lllH lit' tilt' IW" hody df('di\,' intl'r:Ll'lillll, ~;\, and tIlt'
I, ,W"hl • 'rd,'1' p' ,Ial'izallllll 11I""'I'tl"II, 1[" )!;iVI'11 I.,v "'1IlJlljiJ)lh ;J.:!7 IIlld ;).2h, "",IIH'I'\.iVP]y,

\ '(J,'I 1':')

1 ! hi)'" \ (1"1 I';') Jll'/(':"II" (1'1 ' /':' 1(1)(;;:,,:,('1)

I "1' tl'l )",/, (1':')"'/' (I':dr,\', (7',lI"'~. F(1:\ , J,'» c '"

hi~!:r) 1 ." '''' .. ',. ",,' ' l·' \ (111 1'~)11~,,,,,(1'1 ." I'~)

(ILlii)

('''llll'llI'i''''1l wirl. "'1II;lIi"1I ; r. ;\1), "!tIlW,, Ihal "qltalitlll li,Ii7 hi iudl'l'd lit., l'ill1~diap;ralll11(1'
1'I'IIXllllilllllll 1.11 Ih., IW" I'''illl (1)""'11 ',.; fill I,'I loll,

III I h" l'IIl'\ ''':1,',',1'11111 111'111"'x i111;)1 11111, 111>' 1"1'111 ui ''111il1 i"l1 1i,1)~ nllliaillilll'; till' ra,'tlll'
(:""", '. ,\/'I,/'I',h'I,!.-1 l. yidd" IIii' ,;"I'Il'" "I' h'~HlllIUl dil\~~I'alllhi["il,"kcl in !ii'.ur,' Ii.!, ,\,; i"
,,\,i,),'111 1'1'''1i1 I Ill' >li:[\';I1\III:, lIJi: 1"1'111 b I'I'IIIIIIl'ljllllallo: \'(n), ;111'{ h,'w'('. it, valliNI\I'~ ill 1.1",
1')11.'" dt:I!,\I'111l1 ;q'jH'IIxilllafi .. n. '1'11"1,,.1<11'1', l'ltiIOllilllll;,r;:J. 1'.',ItI<"'1' til

\ 'j '/'11"'" I . , j'';11/" ,\ I/'I 1"'),' 1"T"'"dl' ("""""'.,\]" ,1'd'.J'1 ' (li.fiK)

(ILliB)

whirl: Illa,\ I", ,("l'i ..10>I ,,,l'aphi'ltlly .t.- ,,11"\1'11 III li)',url' Il.:~, ('''llIlIlIrilll~ (II)" w.th "qlla

Ijflll '1,,,:1 iu.rk.. II "1.\1"\1,, Ihal "-'/,'1, J: llli "iu!',!,' 1'111'li>l,' (.1"'1'11\ I'ulldillll III IIIl' rlllg
dllll',I'11I11 ,t"('I',,~illlilll"ll

<i.a.2 Lad<[!'l' Diagrum Approxhnut.iun

(!;'fil)

i ", ,'" I 11 ( I ,1 ) \ '( •

f i'l '\ I'f", \i'l !,T",.(I':' 11,'1""1' 1';1 fY"I" (i',j 1';1
J\<"

(Ii ';'1 )

'd



r 1
(IUiI)

""l j,'" ,h;11 rll" ,'OJI'I""" illll rr"llI ,/,.. Ii IWill' 1:1101,."/,,{'"ad I,\' I'illlt'''}'' 11111'"I' 1/11' I:('fllll' rt'NuHillg
I. '1'111 Ill!' "II].i,' I".II,"I" Sill",! it III illg; I 'llIallollll,ii,1 itllo IUil, illl,II;"ltilll~ N 1, tilt' !t.ading
",,',h'r ""I')'I','li,,11 I" lIn' ,;jllgJ,.'parl i,'J,. (;""1'11'" function. j;; )!;iVI'li h,v

. [,i'(/'1 "'d,l'I,I:," kl)(r:;,,)l'llrr::,I,(}':d + ~1(1)J,/':d:l.kt)J

.\1 ()'I I'::) ,/t'l' iT:: ,:, (1')( t;.•'I" ,,(I', ' /I: /" PI)

(1i,1i:!)

G.~~ 'l"raditiollal Approximatlous ill tho Context of the
IDfl'petivtl r.I~lw()l'Y

III Ihis ~",,'tillll, lilt' I'"",;ihilil\, 1hilt "1'1'1 uin iradii itlllal"olltil'llhl'r/ 1ll'tt.t.l'r phYHit'H approxi,
uuu ious may I,y ,,!>laill".I I..v dl"'"ill~', villI",,. li,l' ,\ 'Illd l' il\ illvf'lltiJ,lall't/,

li.a.1 IUllg Dlngrnn: ApPl'()XiuHltioll

((i,ti:1)

"111'1/11'1'111""'" rI' Ill" 1lI1l1J1"", ,'/'../, "'I"I,'- III lit, , ..V,;I...,II i" S, i1l1d a llIuli,rlll Jllmilivl' I>ad(,
1',1<111110/ with 1'1,:11'1'," .Y, Ii" ""l'Illll"d, Ih"it ;11111'1':111' invlIlviull \'(0) arl' ~I'I'lI (a:, dilil'lIlili!'l1 ill
""I,ti"l1 ;l.:!,;l)i,.., 1111' la<lI'"I<' dia"",iLIW' vaLII,1t 'I'll!' tVII' "'1l1llliull r,'du"I'I" III

ts;
I.,' ,,'I: ) , {lUi n

i.t ' .,1\ ,r1'-' , ill t itl;; ,';t:,(',

1'111'1,,'1'111'1', !'tfllal, .." I, :ili 1"'o/llI"'t·, I"

( ;",,,., I"~ (J'I ,I':' /"\' J")

(/'[ .r: /',\ I'll
i '"

"I :':,)[I (1'1



\11",,(/'j, I'~)11,,',,' (1':1. p.J)}
,\1(/'1 /11),\1(/1:, l':J)F,"""i,'(I'l.l':') t, ,P(l'l
• (i, .,,,,' ", (/'1 ']':" 1':;, 1'1),

I':, + I'a _H 1',,)
(ti.!i4)

F""","(/'I,I':,) «(Lit!»)

(,'",,,,,,,, (/'1 ,/':,./';1./' I) ,Ii "()" ( )[" ( ) tl ()\T' •)iJ(:i1l")'i,T, .. , 1'1 ITI•" 1':' lT,r',1 1':: IT",,' VI .I'a --I':!

Ill" \' (IJ' )i:,)U"Il"'I" (Pl 1':, + 'I, 'Id);! 1',1))

i; (~;11\ '(fi'1 11'~)IT::" (/'1 ) IT::" (1)2)[tT::", (l'a ) IT;'., .. (11.j)

/rl'l (,'''''''',,'(1'1 'I':! ,+ q, s.t». /"1)], (lUiti)

0.2.,1 IIiglwl' Orcl<'l' C'm'l'('('tiolls

1\"\11,1 al,lnfO; ,V, I'lll'l'l','1 iou.. Ill' "l'.kl' i~' I .. ,1' (i.«, 10 C;(:U) 'U'I' 1li>1,IIIIll'd frol!l,S". and ,"'"
\l'llidl aI'" !,tin'lI hy "'1llatilll1,. 1.:11 all~" l.:!;J, l'I'sl",,'tivl'ly 'l'hi« lilllow~ from th« fowl. that

/nl/(I f :,,.,.,,,\,,,)(1+ 11,'"\' +" }l'hHJ

j' " ,\,,l.I,'jl(()) " ", I 1 " 0)"1 a "
, 1" (I " i.", [T Ir «IT) 1/) ", ;1"':7W 11' lr «IT 11) +" ,)",;, J

v~ _f V n

1/ ,I,." [,1,\ I ill) "I) , I J ') ,,' 'j
[T "',' tl"ll'«(IT) (Ijl)·, ,'" :lr'l'r((IT )"(1/»)' + " .. «(Ui7)

v ,IvA

r «(UiH)

('Jr I r j'/l/ 11'1/, . u" ! k) U"( k )-- 0"',,1 k'
j , ' 'II.! "',' ":I,T" ,,'I ( " ,T" ,,"J ( ':, ,r., HI, ( ':I)
V'\ ,

(fUiil)

.11("'1 k:,)c ,',',,, ,,'.'.'Ii (k:" I\';j; k:j, 1:1)
1\ , , (,1,\1(0 I (i I, I

\' J" II't""",l""" •.'(I'I'I'~;IJ'l'l\ . ,

(lUi!))

Iii

1II!1.



it, .I" . (/11 . /'::)

(H,W)

111,\'(1'1 /,:.),11(/;:. fI' )IT:::' (/', )IT::.,' (].t:d

.\I-.(, .•.• (/'I /'::. "'I. k:.), (1j,'17)

(ti.4x)

l':xpalldill!!, :dHlllt 1/1 t' writinr; 1/ IU.

(tI,·In)

I J" /' /' /.:'., ,tllll, .I 11;.• , r-. ,,1/;,
,ill/:, .. Ii:. j h',', "'.J)

(2:1')1

, .... r i \I.'I,/..':')('.".,)/;a./;'I)

. ./",,;\/.. ..\. I':d·

Ih,f' (I.', kt),i"(t.·:: "':1 liT::,' :" (ka)(1'::~.~,(k,I)J
.I." ," (k:" f..'1 );If" ,',., .•,1",( k I, "':,.k«. k.tl

(IU\())

\\'11t'1'" Xl'! OJ i'l 1l1.·'·lIlali:;,·" I" I ''''!l''''. ill t!i,' ,.jr,·,·liVl' Ih,·"ry. IIll' tWn point I'IlrrC'latiPIl
l'uII"1 ion i"

II:' -. ,\ . . 111:(D. I
,Up,'>! (1':'.1'1) IU", ,,(P·I.f':I) I,

i1IM'i~'\" ,.,.[1'1.1':'.1';1.1,.1), (Ii,f):!)

whir]: uupli ';i 1hal

Ii'/II }II/I:. It "'"".\ ... ,1 ([i:. ":,,

,,'(1.'1 /.:'.' 1/'1 /1:,)
ilt.r' (JI,! :!:r)"

, \ '1 'Ii , \ I' I ,1':')'1"., (/,:,./1,11), (lUi:



(' .) .)
), AioI • ., 'I'h« Single-Part.icle Gr('(' 11'1' Function for Interacting Fermious

i ; {(,t',,!,')

(Il.:lli)

II 111'1'111111"; '11'1'<11"'111. I hal
U(kj irr"(k), (ti.:l7)

1I,'tlt"" "'1l1aliol1 :l,BI 1""'IIII1"S

,1 f:,'l:~:, [,leT" ,(~,\t'(k' ,," "Il .. I1'Y,td V((I)(r,'~,,(el)l,II, (:!rr)'1 "". . ((J,an)

is a ,I'll' ""ll"bl"lll ;II'PI'IIxilllal illl! I" >;. flin"'I'I'llI vaIII"~ Ill' ,1 and H cIll'rt'sl'ond to dillorent
apIII" ,xilllal i, '111',

0.2.:3 The Two-Point. propagator in the Effective Theory
'lln- j,'adilH\ "'Illtl'ihutjllll, eTiI, i~t[,'II'l'lllilll,t[ I,y "quatillllli.:lf). Perturluuion Ult'llry run HOW
I", 11M'" III .'al<'lIlal.' IIII' 11.'X( "rd"r ""I'rI'I'lioIlS,

Fl'lilllllll' Ta,vlul','xpaIISillI: ill ''1l1aljllll ,1.:10, lilt' Il'ladl'al1.' portion "rUl<' 1'!Ii'I'ti, , .tion

i.. If)'. ,..( '. ,t " ' ",~ ,. !!"" (!i.<lO)

1 1 1 ~ ." 0'''1 (" 0'''1 1/j,\""",\",:""f (,I', ,1';,)1" (J'a ,l',t)\'(jll j":I)'\(,I'I" J'an) lMr,i.,'t J"I,J'J)(Tlil"J(J,~,J':I)

·,1/,,,,, (J'I "1':0)1"",,,,, (J'a, J',j) (ti"l1)

(Ii ,'1'/)

(li"I:!)

1."1 .I I,.. ;111 ;11'],)11';11',1' ',11'11""', alit! add :t ""'11"'" "'1'111 I •., ,c,':, , 111<'11

::/I'kl,PI/>,;./t'~"'l(lk'I(·'l,t",,,.,;,, 1,1 (/J1

,\1 (I,' 1 Ii, t k; 1,011
i,iJ(kl A'd,il(k:., I" )It" I /', 'rr" I •'".)]ft. J _'j~", 1 ,h t } ,it '._;: \_11. ..

/'1/.-:,1.1"" (I.:., It'! )1/,."" (/,01, k:,), (Ii ..u)



itt t I' 'II' III rr 0{ ,'; + ifl,L" [;',11(0) I,)' '1'1'In (I'

,.,'II·f ,,,',.
(IL2i')

(li,2H)

f' f' "::i/':J,i .
ill II' 'II' hut +, ": ,,\,{.''''',,,.(J' "r')(· III i)",:, t- ),I{J'

f .: 1(I'",,(J', J.')CT""(,r" J') H 11'",,(.{', J'),T,l,lV',J")j, (IL2H)

(fL:lO)

G.2.1 Gnp Equation for Interacting Fermious
Tit" ,'tlilflirjtlll

(fLal)

I \1" t I

i 111'", (U ,ill

(1;':\2)

''':.,(,1',//)
/
' /1/..,

,\ j ..' ••• ,,'k i,l' ""rr"(k)
", , (~11')1 .. (fi.:l:lj

(li,a,l)

\\'lIilll IIlil,l' I,,' '''1.',1illll, .] illl" "'1l1al.jllll ",;:~!,alld fiJI' "pin illllil'!':> 1';.wt.llI'I'd 11111,.yir\ling til!'
I',")! "'I'I;\lilllll"'I' illl"I';tl'lilli,'; W'HI'..tal iVl:,;1 1,' (I'rlllillIH',

t •• ,

i
) I' '{'j! II' ,.

...,: } II I ,:'0iI' III /1,1"" i' (O)rrll(q))
(1i.:I:;),,"(k)

whirh JII.;I ilk" lilt II:", "I' ;lpl'r,'~illlill i, 'II 1,1 ';, 01""1'\11' till' ril"1 thaI N ";\1111,,1 I", I'tlllliit!"l',.d
LtP\I'

11\



" I,
•

all· I
(!l,H)

Th.- r hl)in' or ~1'i'al'atil1g -""'f iUI,., Ih('~I' two t('I'lIlS is tnot.ivntcd ill til<' larA" N limit, ali
di";"II""'I'd ill dial""!' .r,

''';111,,,,111,111 ill/.', "'flial i"l1 tU illln "'jllaljl>1I ti,i "')I>ld,,

I' /' {,:'iI~jtl
,"'111 ,," it, II' Tl' III (l' -+, ": til,r' 17',,,. (J', /l( iltiJ.I':. + -2m ")<l'I(J~'~ J,I). (B,ll)

G.l.l Gap Equat.ion

'I'h. "d<l""'ll'al" ","ll1li"Il, 11':', i" "hlaiul'd I,~' tuinimising SOl' with 1'1''''1)('('1to tr, i.e. IT~~must
sal j~ry th,' l'I·Jalioll

:-",\\, ,

11' '1'1' III (l'
,,IJ~ )

.......(L~'flr." '.~.;IIrr;,.1 (If:!,.'Id
,i(l'·",(J1l ' !I:')

wlli"'l 1."p,"llu'I' with Ii. III iltlplic·,

(fi.J0)

(lUI)

«(j.1~)

((I. J:I)

1'1'''111which it i" "I'l'i"II"; rluu IT:' is II'Hnsl;ltillltally i'lv1Iri1l111. lI"w'". till' four-dimensional
F"lu'j,'r II'illl",li'I'1II r"" ".:' ilia,\' .1,(, 11";1'''.

/
'/,1, ".,( ) II (, t )( J fTt",;, H,.I' tt,:!! •• 1 .....

[·;qllalillll"; !l.11 OIl1lIIU;1 Illlply

u : t,T.", (,/' . .'11

(B,I·1)

(Ii. Jlj)

(ILl t;)

«(LI7)

(1i.llll

f,1.~• I I III h,'I'" .c 1-" ;11111 ";1: :"" 1101\'" 11'1'11 i""."I'",d 111)\\'1'1"'1', 1"III:ttilill li.IH is i l,dl'{iuI'C, as lin
;'J'I'';I'l'il'tjl'1l i, :~j\'I'1l :t" I" hull' till' illl'}\I'al illli ill 1'(III'llilili Ii. J 7 j, t.1I III' (l1'rform,",i ;~rlJllud
Ihl' ,,,,j..., ill 1111' ""IIIJ,k\., piau".

11



II

Sub"tililtillllof "'1U;;! il)lI ii.:l:! int» '·'1l1at.jll)) G.:lJ .viPId~ III<' following dilfpr,'nt.ial equation
for I:

I!:.~tl ~c "llIllt'I/"(/)<,-l/{//hA(t)

u; (t). 1(1),

whirh has tlu- -olutiun:

/1(1):--: .1(/,,) - f; t lit' II:,'(/'):\(I') t » Ill.i. (5,:J.l)

IIlI.(Il) '" ,,-if{I/I'I>J!.(!l)) -_ {i(,-dr/lta t til' Jl;;'(f')jI[1,(lJ) + .. ,. (fi,:lii)ito
'I'll!' 1!;!'llNili "Xl,,"'tatlllH v<llw' 1)1' au ",,,'ral,or in I,hl' S<'Ilriitiingl'r representation. 0,;(1).

af'tn I" i~dditll'd til 1)('
(fi.:Hl)

(0,(1)" ."" {IV(OI/[l + ,i r ,II' 11;;'(1') + ' ,.JOII(I)[1 .•, .,1"1' cil' l!;/(t') + ., .]1\]1,,(0), Jt" I I)

,.:; ('!':,IO,r(I)I'!'II) + * t '/1' (11':,/[11;,'(1'), ()1I(l)JI'P.,(O) +.... (5,:mi.
til 1.11.,linear r,'~pllllH(' al'proxilllat,ioll «nlv (1)(' li11I'<lI' !.I'rtli ill equation 5.:17 is retained.
If I lu- «xu-ruul potr-ntin] l~ scalar. aurl t ,y~tl'lll('I)UHiHt,H of particlr« with a dHl,rgp f,

tln-n II'" has till' ['111'111

(5,al1)

(5,aO)

h,v
'I'lu- "(Illlpll'(,' dian!.", ill tit" p;r'lIlnd.sl at" "XI""'lalilJll vaiu« n]' (h" "'Hlrg!' rll'llHity IHgivon

(iJ.40)

(li011 )

Nil\\',

(I{t"I[lI,,(J"),lI,,(J'JJI'l',,) ... (1J1"lllfl(J")HII(J~)IIJ',,) ... (ll'"I1tIl(J')NII(~")II)'Il)

{'!til ilJ':. (,P') I;'., (J,I) 11"t, (J') 11',1 (J') I'lltl)

(Ii 12)

i,t·, tilt' I1IlI'{I r ["·"1"111"" is nlah'd I" (I'll! "di!lI'd hy I"llIali",t :~.H2. In fll!'!., allY approx-
uu.u iou rOIl' (;1.

1
, illlllH·diatdy yi,·hl,. .m aPl'l'm;i1Wlljull fur :Ill' lnu-ar "'Slltlllh(', and ('11'(

1Tl'sa.

12



lllll'ndllf'illl-\ all ;lI'l'l'oXilll;llf' dr",'IIV<' 1\V'"hod.\' 1I1I"ra"Hun I'll which illdlld<'s t,ll!' polar
iZ:tli"lJ (If IIII' 1l1"diulIl il';~II<'ialr,d with thr- cI",;",j loop ill ~~" i.«.

(Ii ,2,1)

wlu-r«, 11'" b (·h.· 1.. \\'I'st "1'01,,1' :tppt'oXilwttioll In Ih,· Jlolarizat.iur insertion .klllll'd by

(1i,2ii)

(1i.2!)

'. I (IT!
IIt 0:; i~-I'(li)IFo0Y' (5.21)

which. wiu-u ,;u},stlllltt·d illl" "'IIUtlinll !i.:W ,vi"]""

i .0 I. /' dl'l .u W(,J)FW" (q) ,-ct ,(r.:) ._ .•._(,\ (k,-,[),-.-.---.--(", (k).Ii .,~ ,('.:r.)1 ." I ._ F(,J)n'''(q) ,,~ (5.2!))

R~~j\.//~~);:i,R~~0'Jr~~);\O'\(I)1
'. ( ;::, ", (" I )( ;::"'t~(1':!)(;:~tii:(Pa)( ;;;J"~(1',\)

(1i.:Wl

5.3 Linear Response Theory
SIlJlP""" th,' iUI.'r;t.-tillP; lIIany-llI)!ly "ysl!!tll, ,kt"'I'ib"ci hy Ih .. Hamiltoniun in ('<llIal,joll 5.1,
is pia"!'!} at / " /0 into a lilll."d"I,,·wll'll( oxu-rual pot.l'lIlial. TItPIl. all extra t,'WI, lInx
must Iu ' ad,[r'd I" til" lluuult ouinn. II' ItT', (I)) is 11S('hriidill)l;N Htllt." Vt'('(.!)\' llf tilt' p!'rt,urfwd
",1';;1,'111 1111'11 1h., Sdll'i-"lil1);'>1' '>t]ualilll1 \"'('Ollli ,:

. iii'[I (I))
III ,)/ . [ll t ll"JI\~ (/)) I> I,,> (1\,:H)

(1\.:I!!)

II'h.,I''' Iii) 1 if t I"
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Chapter 7

Conclusions

Aftf»' l"'vi;>wing i<'>I'llnd qll:tnlizl'd 1['>l<llilpnI'Y in IIIP oporntor formalism, the correspondiug
formtllalion using palh iukgra]:.; Was pr<'sI·ntl'tl. TIIP bilocal hosonization technique, which
lI'a~ l't'('('ully sf'! "Ill ill <[('tail in Pl. Was abo reviewod, together with t'f'rt.aill traditional
upproxunut.iou», as <I"lil1"d ill tit, "i'f'I'alol' fOl'lllltliSllJ.

[II I his dbtit>I·!ntlfm. til" nuu.nrr ill which tIlt' hillJ('al busoniz,>d e;fi>e't,iv{' action, originally
,l'vd"!,,,d Ior rolat ivisr k Ionuionic Ill"dl'ls with N H}l<'t'iPn, llIay lw applied to lion relativistic
Illllllj·"h-ct.rtlil sy"tt'llIs is inwsl.igat,".l.

EV"ll thnngh N ::: I ! ll' Ilj('~'> systl'lIls. it. has I)('{'II shown that the Hplitting of th>
l'I],p,·I·iv.· il.'lion. natllral till' jarg!' .v. remains justiliahh- ill till' ('(U;(' N :;:: l , This is due
ttl til!' 1';\1'1 that. lising Ihis splil.Lillg. th.. :'(.;\lltllll'tl ~ap "'llH.tt.iullb lUI' still obtained. Th«
!!;;tp "'1l1a1i"U" tugl'lllt'l' wit.h I )YS!)u'" '·'1I;ati"ll. yield Kl,lf-'·Ollsist,l'llt. upproxlmntions for tlJP
Hiu!!;It"l'arli<'!,' (;I'("'il" rlluc't.iull.

TIlt' <'I1I'cliY!' at,tin(t iH all «x •.wl rC'\\'riting ill i;(,,·tlls of bilorals and it has tho advantage. of
providing 1\ Hysh'IWII if' way of g"lll'ratillg ('Ort'i'<'!.iOUH to t.h(·solutlons of till' self-eouslstent
!!;al' '·qIlillinIlH.

lu purt i.-nlnr. IIll' '1l1a,ll'atic lhu-t !latiolls "l'pal'li<'lllar .,>writingH ofth« (>(ff'l'tiw acr ion arc'
«howu I" "!ll'l"'''IHlucI tu ,,[andlll'd aPI'I'<lXillH\(,lllli,.; \0 th" l\,>('ht'-S.tlpl'tc>r equation. Namely,
I h« riug appl'lIxilllal JUIl \Il I IIf' \'a<'1111111 1'''\;\l'izat.ilJl1 and I,I\(' lad.d.>r diagrnm Hotho-Salpotcr
"'1l1aUt>1l haY"~ 1>""11id"llliJjl'd 1'''1' .[ilf"I'('I1I. I'Pwrilinp;s tlr t.h" llliginal theory.

til III<' .'a,,1' of il)1' l'Illg dill/.!;J'allJ apJll'"Xllllatioll. I~nexumpl« ol '\ H!'\,l theoretic calculation
!If Ill!' kadiJl~ ('lIl'l'I'('tiOIi 10 lilt' ,;jllgl"'parti,'lr (lrcl'll 'n funr+ion, IIsi'lg tilt' vl'rt.i<'I'H W'n<·rlLt.(·ll
by till' ,,{j;'I'liVt· action II:!,; 11("'11 .'al·ri ..d 0111. and NhoWll I:ll gl'lIt'l'lt(' 10111' stnndnrd' ring
diagram prop ..'!' s,·lf('lll'l'gy.

ill l'!1udl\siflll, tl", "il,,('al <'fIi'<'!,iv,' a('tion 11""d ill (,his dis~t·rt.(\t:illll t'ah hI' IlHl'd 1;0 under-
~Hllld 11\l' Ol'il-';il1or ''''\'1'1'011 t.rndit.iounl H,'lf·t·!In~iHt<'llt npproxirnntions lls('d IiI non-r=lntivisti«
ll111lti,·,·\r'cll'lIn "YS(.t'1l1S, alld it pr(lvid"" ;\ sys!f'luati<' way Ill' ident.ifying anrl including cor-
i',,"liolIS (tll' Sl'ls of diap;I';\lll") (0 Ih,·"" .ipproxiutation» .

.\



i lu-n "'l'lali(l1l (j.,~ I Yit'lds Ill! tidl"wiup; ""lIdili"lI for /1

iIT;C, (kI)11,."" (11.1. NI - k:I)'T:~I-,~,("'a) 0-: (il-fT ./<l1'/[:l.5''1,;,6",,;, \'(k4 - ,n ~ lJQ""'ii,S""lY(ka'- k4)] X

II,,, .1, (It. 11.\ - k;J) (6.83

1,1',

In t!1I' l·i1l!.\dia~ralll upproximation "l(nati()1l tLlH l""'ollil's:

• ". II j' cf4q .,» -/11",(/':1,1..', - A'a) "" IIT""lk.;)cr,,,,(k:l) (21l")1 \ (ka - k4)) x

1/;I,I(q, k'l - ka). (Ii-H5)

Liur-ur rt'spons(' tlw(lry \\'a~ ,jp""lnj>l'rl in orrlr-r t.1) iIwpstigat.!' collective excitations, which
app,,;n ah pul,·" iu (r'1·l} Th" ring ,liap;rarll 1![lproximal,ioll is, ill gl'lIl'ralu:;rd to Iin.I the' two"
particl« (;l'P"ll's l'UlII'! ion. [t ,'all hI' straightfol'wardly dernnnstruted that thes,~ collective
"X,'III'.liull sl·al.,'s Illay i\l:;" Ill' »litinucd fro'll t.h" solll(.jnll i.o the hornegcneous Brtht'-SalpetC'r
l'qu:ti.kn, i.,' Iroru equution lum.

TakilJp; tlll~ 1,'llI'I' uf f''1Il:tlioll IU~!)and inl.l'grating ovi-r k.j. keeping k'l - ka constant, tbe
filllnll'ilig "q!lal intI b obi ailll'ri:

./' ,('lJ.. () () , ~
- I.: \~1i')'lcr''''(!''l)(Tj,(k.j - k)\ ("'4)

- W'(II.t)t'(k.\), (!i.86)

which i, [lr",'i~"'y III<' "'lllill:joll !lhiailll'd for ih« llOif" of rquntion 2.02. In particular, by
hI <ludar,[ I rt'lIIUll'lll uf' ti)l' )1ll"'~Ilf U;;I) in [III], til<' plastuou b obtained.



6.4 Linear Response and the Effective Theory
By ddillitiull.

i( ;::,' (.1', J')

-. ~(II>"IIIJI (J')I'1>,,)

,_ ./ [ll;,[lt;,t "k'I!",(J,)t;':,(J')

(fL77)

h.ill~ til<' .k-liuit ill)! nr (I' atu] thr- pat.h iulogrul Ionnalism, «quntion 5.40 becomes

,5{1l(.r)) ~ I "flvDI;·t (1'- \:, }<i""4 ~(r')'i,,(r'I,'··'(.r'J - l)('~ ~7i"t(.r)tj,!,(.r)

/
. , ." 1'1" , ',e" • '-::;;. -, Drr (e-' 7). ( .1' r'ri,·d.r ,,1' )!~ (.1' I ~ I)f_l'i)S"flt'Tn'n(J~. J!)

:: /"1'1. ,,,, i • ) /. [l . i; 'i." (. ,) (.. )_' It. ' .1 I 'r "J,!. ,(I', (1',1," J'I. J I (1'",. J, J,

(0,78)

ci(n(.I')"" ..", - 7,. fi1)'l "''''(a'l).l '[l".,.k.'i,II(1'ii:i(J'1, J'I )IT",,(.r, J')

~ /rl'I'1 .':-"(J'I )(IT,Ii;!J'l ,J'l )IT",,(J', J'») (G.70)

6.5 The Homogeneous Bethc-Salpetor Equation
'I'ho qu.idrat.i.: [':\1'( nf till' d["'l'tivl' ilc tiun is ~iV!'1l hy ('<.IllatiotI 1i.'!:J, and llPh;lW>S Hlwa
harmonic' ()~dnalol'. yiddill~ a ,;pc"'! rum whio-h way I,,· in(/·rpl·pt<," ;u; l,pjollp;ing to 11systr-m
cll' 1'1'1'1'parlit'll·s.

Thus. fill' hIlIU')J,\"1j('O(lS Hpi h,'·Salpt'I."l' "qllal.ioll lilllnwing Iron. . ,!"IIt.ion GA:!,

1 ,,/,11, 1/'11 [' ,I' , ,'(i' 1')" I)' " \'(k~ k4 ))o<(I,.-k'I'7,-k")~,' ~I, I, I\'~ (. ,\", ••.•/)",.'. h',]'- ,,',I e, ) 1\''111,.1",,,,, '2 -. 'I ,_, p",'

.~i<P(kl~' ~'dc\l(k:, k:l)0'::~.:.(kJ)tr:;:,1,,(k~)j1J'l!ij.{kl.k2) '" O. (H,HO)

yipl,f,. "!.li",·liw ""(Illt] "','II"" "I' Ih .. ~ysll'lll.
Eqllal inll (j,.~() iltl{,li.'"

(ti,Hl)

(0.82)
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i II ( ) I) ( ) 11 ", [ • 5 I' ( )'I' ("~d,(T,,,, /'1 rT"" l'~ 1T"'il) rr"II' iV;) <)1)!I) ( )'1'" ,]'2 ~ P:l, ~'"

-T~~)I }Ilq {'(,f)lf::"I(]'1 ... q)lf;:".(l':1 + ,/))\'(T;~ - ([- ,);\)

- (h(;~)'I') ~ill,! vrq)";:,.)l'l - 'l)f7';;JIJ(P2+ 'I)

'jdl,/l \'('[ilcr;:')'j (PI - 'l . )/tlrr::t!,Jp~ + If + qt)V(ii'2 ~ tJ - iii -- 'f~~)

" (h(;~)!):1ill'} \'(,f)lf;:v,(Pl - <J)iT;:JI' (1'2 + q)

Iil'/! r(,[;)f7';:,,,, (PI - If - '[1 )(T~.,,,)1'2 + q + 1]1)

x }tl'/~V('F'!')<:J'" (Til -/'2 -q - 'lll(T;:'I'1 (P2 + I] + II! + 1]2)

;~ I'(I~ - 'I - .[1 - ,[2 - 11:1)+ ' , ,J
-::. i \I ( ) n ( ) I) U ()1'1} ( , )'C:T;Ti«;, I'l iT'll' ,,~' tT""'liT"IP' 7'4 "1'1""1 7'2,]lI,P.\,]I,1

I·

(!l.72)

wl\('l'(' 1") has tlu- sam" ~ll'lldlll'I' f\Ht.h« <'11'<'I'I[v,·two-part.ic]o intornct.ion. r discussed in
",'!'lioll ii.:2,:J, with til" iinpurtun! <':(('('pt["ll t.ha\ 11'11<'1'('tTY, would apppar in I', iTo appears
insto:ul. l!Pl!:'l'. 1'0 is a ~dr'!'llllsbt(,tl\ npproxunation \'!1 1'. and obeys the integral equation

Auain. l'UIIII".ll'io;<Jfi with "'1l1atioli ii,iX III,d(I'S it: df'i1r that IL7:! j" (.t),

6.3.3 Hartree-Fo ck Approximation
As di~"lIsS('d in ii.~,I. th" Ilart f('(" FUr'k appl'oxilllilt [Oil "Orf('s}>(lwls to approximating th«
prop"!' s"lf-I'IlI·I'J.\Y hy

(ii-H)

{'silll!; ('«Ioado!! 1i.:2(1, ~;:'l'"!Ill III' I'I'Wriaf!ll ill ""rms of IT;'

((L7!i)

(6,71l)

show;; that \;." j" ",(lUti to ''.;~II; : "llly if .1:::: 1 un.l H:::: l.Ilowever, n-membor that an
I'X<lct rr'writ int; <If lit" '"'i(,';iu:tI (hl'III'Y I"''lllirl's that .] + lJ '" I. This tneans that, Htrictly
sl)l'aldll~;, Ill" llal'(.I'('I·-F<wk ili'i'I'<Jxilll;lljoll ";mll,,1 I", !Ji'\aiw'" a:; a stutionury solution of
\111' l,il"'<l1 dl""I.;\'I' a<'li,,". Th« gill' <>,(11,'1.;0" .vi,'lds 1Iltly half til!' contrihutiou ncpcied for
\Il" lla\'\,!,!'(' .[', ".1; npproximat.ion. rli,' !'<'tllaillin!.; ('tln(.ributioll would h' gPlll'ratpr] by til£'
higl ... r ",',h'l' "nITI",ti')Jl' Iii il«: di'!'('\ivl' ill't.jIJIL

I
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