Ahdel'SOla (()Cq(;. %0\"'\‘0(4 q-t béut-to(ah‘cs-'

Classificatiou of Jropo(ogfoa.( Cw fulators

v ol sL«pwcouc{uc{‘ovs

,/{mdveu W.W Luc{w‘ﬁ
( Univ. of Celiforuca, )

Sautqa Ras lo ava

Shiuse: Rt—,u (KITP )
Andress Schngder kIte)

ARi<qa “Fur«u sak: G\"I«ENJ

0203 .1% 86

at’XLV B
March 2008




THEME oF THIS TALK .
C(stlf"jcwﬁ -l-oPoijCCa\,L Pyoper tres c( BHull
tusulators (or sepertoudunctors) by (lookiug

at thecr bouudardes

Y boumdqrj

/topolcb\,ca.(, / hou —fopolo f]“quCH"““‘“)
/1)

iuSq[q(‘Qf/ Ve & U U b
ey

A Siguature of the 'l-opo[ob{cgl properhes of e Rl

(M Suleator / /

/////

ts the applatraunce Q{ 3«9(“5‘ 6oquolcl-rj c[ejﬁ:eg
of freedem | whicdh ave etuficely robust 4o

| . T .
P{" %u{bﬂhous ‘k"f_;ﬂw.,(":‘ !!\ - ]:’-__?.‘4_"&‘":_};2 (

.H\

s 4 ( o, Ay 3y o o L 1 - \
ee systenn (€ move spesilie skovkty) | | tnebudkiug

disovrdevr.




THIS TALK:

We wll use e appearauce ol robust
qapless desyrees of freedouw on the
sample bouud.a.l—l‘és—) wheell cannoet be
Aundersou Locolired 6'3 dc‘so«rclerJ
as a c(\‘aﬁuosh‘c, of 4ke Topologicad
prvopeciies of 4he Lulle  (wsalatov.




2a




SOME EXAMPLES:

d=2: Tuteger Guautum Hol| Cuswlatov C—F bvo&’eu)

Heve. because +Hue divechou of ?Nopmgah'&u ook
to chdrelily

e dee- (S (. oue direchiow /_J»'-*.;- :
\.- (e -7" e ’ Oy \ -{—LL{ ede 3{-Q+€_,

Caann not (j*’f-”: -!-'-.\“ be €Goced red b;j diCs ovolev-




T brolen)
+(>) bq?tr‘CoKduo{‘of C

cral (Petvpy

v Chive

d:. Z &

Bt
: ! kov |

Q fum Hall cusula

: ‘[‘O Lo

55'!’01.(,:{,:(

ol -(7 -H,‘ (
1[{' (T oy (=3 ou 'j
C 'l‘\" .spo acc S (=% e&%

LA

IAC( 32 )

no C

“ t: d £§t o ;‘ ¥y P.}’.i"‘f:“___,;‘ ,‘f._.. N =
{ " "* { -L<.- ‘-- -‘]-o-
%

e-..
« SREC o\
‘...Af >(
L ]




d

n

et \

>Cm: e~ to

no charge trauspev t

L)-e o\;l' -(-vou«.s Qo"(’t (:_ de f#trﬂm_".'

mefe D(PEC. t_:g,a sl

expere meuts :

or.

2 . Chival (petipy) suptrconductot CT broleen)

Quw.u\{-u.y“ qut C:\*Sb\la\&-u«r'_\ bLot

AQY “ ‘!,; ;\ i )

—

Hg le

)

i

Bi

SYm 'fw\{,"?‘»'.‘f-.t,
oy

Sk

{

accurs ot the &oe | ouly

—

material s



d=1- 4../1 . 'i‘opolO**oCcc.,[ d\ASu(cc[-o“f'

More re_c,eu{'(j ok (WATTA Y reod.‘d:ed -(-(-u.o.‘l' Sfoe_,,(

Pld.q.scs Sepov l—;u:) topo log CCC\_U.j ?fm{-e cteof
Dq?lQSS Stetes u.f’[)equuﬁ at ‘H«e Suw(.ote
f)omd.u\-—.'c-‘- m OL:D alse ﬁr{')eu-&‘ i\ M(-(

abseww of Hime revusol Syuwmednw

b fe.m(a;v.tb :

These occr (v cevrtoin bauud (usulafors

Wik Stroug spin-ovhF  (ufemchnd | audf

cxe Ruown  al Wy *opo(oax‘cc..( Cu.Sq_(od-Q,rg(

the llﬁuuufu.m spiu Mol .S"f°'tl‘€‘ L@SH) :

: Y ‘ f.’ A~ : .
] ch‘_ ..;\ ,, Mele =¥ ! Lol o Mass .

in



—: A certalu  pou- tviucel '(-o(.\é(o&\‘c_c._( Cuvamac b
Carn be wsseccated wiHy Hiese 6bull stetes,
—>: Tu d=2  say Yy topologieed Cuscledors
ae Ruowu o PossessS 3«@&35 Qo(je Stefes

CCMSCSh‘,uﬁ c:€ o Keawers cloublet.

Evew 'Hu)qsk thete (s o ﬁcrwqrot ctanod
e e W usan ot 9"?‘99&5%('{“3 Woo(ﬁ, kliese
Cautuot o< Audersou locellzed eveu

53 Sbﬂ)"‘:} olis o~xdev,
‘f‘ qumerjs clowblet o( 669 .s‘)(q-{cg

J (|

/ 7£2 - \L\AQ“-Q‘ \#/ " i

[/ /
i ( ; .
/ / . We wdl diScess
. (

tie 7, {-op (uSlq toe
” cn d=3 below

e



—...’.>‘
5

-

e I

T 4hig telh we ask Hie scu&ra( ﬁuegh'ous.'

Whick systens possess gapped  Jroume
States w1+ ‘f'DFo(obc‘CkU‘\j Lot ~ P vial
p—roqlc,{lfici.z

HOUU N ow Y swcek Snsf'e-ms Q~e %c«-(z.

Spect (chltj , We may Cousider
Continuens by da@wwdus e &roumdd 8“c..+e_:
giviug  F3e to a Japped plase,

We_ Huew asb_l how Moy Olieé“ﬂ«i'

Suds  pleases  a sysfem cCoaw posfese

So Kk tu Qotuqg Rrova owe plase fo
Qo e a Guanm fuw plase frows chionm

hes fo be Cressed.

o



,_..jo
.

Becamse of; the pxe€Sence of e
Aulle %P | Hie bule plaases ane

rolbust C‘unccius‘(‘ clis o~dev.
Thus owe is led 4o Secelk a CIGSS‘CC\‘th\Q‘H

G% 3(ouu«w( Stetes o€ {LVL “\E,'.f_-f_.\’,_\

Fawu dowm «:)atapeo\ Ho‘mc’(ﬂuc‘qus_

Theee ave ou.(\j lO cla Sces G:@

reewdom Hoamcltouwtaus .

’-_“’ ' 7 E F ,_' b
1 L L€ LS £ ‘\;.‘!"
| i .
- --\: . £. . :-_.Il'"‘:. 't"‘ T C L 'L-.. A - lt"o. . ( - _‘- {-‘40‘_‘.-
CA A e Se Loty (cCCes & 1/

Ll'$% it = Li Y . p
» L L A 40" { b - - ~ A
. LML LA R TR ; & & . LA -



Deief Review: Classifeakionw of rawodom

Hawmo(teniausy ~— +the "[O-&(d wey ‘"

Iw CL&.SSILQ%Q\AS ramdovn Hmw{LtochAug
one wust cousider ouly He wmnest

qeuneric  SYwivie Lnles

+ime vreversal (T_)
ol

Old%v:)e.’Covjubmh‘ou ([)qv{'c‘c(e'—lu(e) CC/)

Theve «xe ovd-j (O possible bel.aviors

o% a Hawm:ltoucan waudev T aud C{,

( v -\' ,',---‘\_h #-)

10



LT
(s
_ l‘“
(®)
+ |

[ ..P.{_
auh uuHQaﬂj : [ = U : K
T
7a .
ey £y
S
guan ited Heiue (touon
4+ _ ,,
w 3 fb( = k / L(2) augular
-T T oL b "‘_‘ W - [ il
/
L] ‘ % ,5‘
ho Hme reversal (uvardow
-
Hwe revanad (uvarnaucw auwd | = ¢4

Ruwe reverScd (uvarcatte ool TL =—-A

is embuutta~y @ C= UC' <

_-/u’c. 3’(:*’(.&: = 3

!
=

ho particle-hole Sqtumetvy

2
Parhicle ~hole sywuwetry aud ¢ = -(-flL
Parbicle - kole J'bl»«mehﬁ Al Cﬂ'.‘:-/g

it



Note -

PaVa¥a e

A Theve are 3x3 =9 chocces  Lov R

# TFar R cf; these clodces Hie \Io\lu.co-:@

=7 (S uudguely R xed

Jt AL

f - o
these a~xe oll 2’(0‘—(-"e €01' A an ol A-_“_f_

. /AR e __\‘- ( , C—
* +ov A a,vto{ A’S_‘__(_ :

=D .gfee to CL(OQSC— S = 0 ov |

e\ lt 1%

Yielding A and AL



TABLE — "0 fuld waj"

. Hamiltoniay - NLem

= p'd Man: fo(d‘
CR—I::.&TM) U | € |lseT elemact of.  [UEimives] :,,
ame | | | | J
B Wi ) uyu(}

A ’ /O O, 0 | U ) |
umtary) ¢ - | Sple) p
M Tar]o]o ‘*“"’/oLvs e

59?““’_30&@0 | | OQ_[\J) ‘

Sympleche) = | . iy ) :
AG riF e, (PN(NE , 1V
[ cﬁ‘u!il \ / /G / Q)/ | uMguL“)
:M;;\w | "‘f ro@um ney
B (chiral ‘\ o+l ! Mm) S&N\
{0!"“‘05_‘4.’-- i ! ‘Zﬂ N
n SP@”* My U \
( cﬁi:—-l‘q.\ AN =t ?@oﬁ"' 5 o
iﬁmpkd\.t ) | | OQN
2 o |+l o O(N\ i
= | . . SPQN)
< O -1 o | Spaw) | A
KT ol o)
D =0 | k] 1 %/l |
— cT - + (

L) Sp(2v
e | s

&b



Eees S SEE e [’Ckmu Classes' |

. Hamcleoniay NLeM

CLA’QTA") ‘ — h S = R MQM‘“& S?C((?-) EXQMPI‘S
T e N
_N_q;"_“_e'_ y C e l-?,,‘f"‘__‘f‘_‘\' °{' (%c?‘wg)_ - cso::ssrwgg T
G IQHE
A o | up) “VW YE /o
anitary) /O /1 , ’ ‘ ulvl¥ ) | Anderson
AT U. Spl¢v) _
4+l 0 O W M) YES
f_ont-ﬂaoaouql.)' s ___ 1§ /OL v | @-Sf@ _. ‘Andecrson
Al 1) *Quautum Spiu Hall:

b L O O u@.f"% &N) cxo@-’) v d!)‘ NO %, ~TTop. rws:.lq4w

(fjlhe‘ff—h\"\ Mader Sou (spiu-orbit)

‘Random Flux

ATl 21 7 ’ e
 chiral | //@/Q), B b ar) ) YES/NO  ogogle

caniters, /07 0/ Aad)Y |
Bl it Hoo+l OW+M 5 ’LLQN )| e '.%m{"f‘:"ﬂ”’
| \Qr_ﬂaqu!\._ ,. O@J)\‘M GQ- | -}:;:,:1?; en-
C E i SP@N“"?- ) u( 'Bt“hi-h:fﬁ Hﬁmc'hy
ey || =] PRGN wo  |ade
Egv:p}u\it.\, | ; | ?Q yet ! OQ\)\ ,
D N | (Pet<Py) ~wave 2D
O +’| 0 O(N) OQ:,A@}) NO »SC, :é spim-ork o
—— '—— = A | | 1@
C | _ SPQ'N) 'Si“ﬂfd' ’S C; .
O |-l o | Sp@w) | %,, VEs Eds;:; Wave
3w | .| | ] ” ‘He 38

o | A+ l | So%l | O(N) No *5.¢. with Spim-orb t

SN TS, W— t

2 4 | SP% sl | yes

*Siuglet SC

g —




Co MN[LL?

SUuYER Cov Puc TelLC ¢

’é{_(': 'BOSO(A‘LL ‘3(\\] 'bc acunue S H(‘Al‘ﬂ(‘( f-c.l,“‘qr_(
{Q\r. Oluu-ké«.' pav Heles
[wikiin MFT of pairiug)

[

('nc\s natuxal 'Pq"{"'\‘("("“l‘? 3'{)*""‘2’&”’3 )

'y



Explt‘c:ﬁ Coustruclkon of +opol°3(ch

{nvatiaut s — trqus(mﬁot«a((:j (uvarcaut cage

. [rauslafeuwal MvGriau =D
around States of M’°b\"\-"‘{"e"“-°h.":j Tﬁtﬂt‘ohsgbw;i ¢u Sl _f‘*:-_,\‘

ave Lilled TFerme sead in the Brllouiu Zoue :

_ P
h = momeutum . [ J{QQ) luqd?b =~ Eq(k) ((aack-]>

L

i

/‘-E

| M Band iudex
i _/_,,/\—\«

->: Cousider Projector outo -@'U.e.cl Bloch states:

.Ue&
l ?Lk ) =

|u k> <u® | { |sPEcTRAL 'PRoJ‘g(,To_t_lJ

= Convenient o de G:Mﬁ'- [QLM 1= 2Pk) — A4 l

roperties : + 2 -
P Q=Q , Q=244 Q =m-n
filted - = emphy

\‘

Q qulfomal\ wheve E@)ﬂ -l 2wmpty
™~ 4 L

e




—=: Cousider Hhe case of oo Hameltoucau

w Meocd ouy s:\wmekj couocliNous ({t‘r %-l'-n;_:’.:..f-;} rclass A

class A : +the Hoawmiltoucaw H (s a geueval

Hecuniteau moctnix

—% Set og c&gmuedors = a.t'bltrawj uul‘mfn ma ') &

é UQ'H + 14)
7 . S
Lilled renply

_ t'aaw.ge SU'M-Meffj: U(l_fﬂ]x UQ.] = relabeliuy %

&

S5 A & S et = Gt

[ Ulmin) |
Q‘_ 'BZ — m4ala ‘U-Q-t
% B /uLmlﬁ J

The Quecn taama ﬂr'c.)uuo( &‘(‘q,‘l‘e_ S <« h'\a()

@wom e ’B\-{(.lm.u.‘g.t 2oue clate the GvugwmuCuq -

—




> How vy tnequivalewt ehcs'(‘ de forumable luto ead o&m}

grouwndstates Gma()5> are A4lLere &

—

This s ausweved by +he Howotsty Guoup:

2= B s N x4
— IU\ d-’z —‘Tl[ ( \‘U@]I:Z =
Q)
= couuts 4Uhe wvuwbex o.@ ed3c Stode R

0‘{ d=1 C'-\{‘cg‘c-r Coondhuny Holl Sfades

/

— | Wfmen for \
— ™ d el ; » UL“’] : 4_{ l_,‘ . L( I
' ;{“/\/v» “3[ G t{ 6 ;_“:f;fj,,j',;"

=~ : | Thete are ho ‘l‘opo(oadcc..L (usulators

—

tvi A=3 Awensioud  Cu deu«e.’cm

class A




—_ Tﬁg Spec.‘h‘c\k paroied‘w( (Acs H'tc Sawe Sawmefh'c,;

«s e Hoawmcltoniay,

Eﬁ.: The T—S:jwwe.l-’fj
53\4«;»«3%!3 clasg

Coustxatuk:

¢ QL‘-’?)* @y

d

iw e S?CL\ - ovéy:-(—

(wmplies Hthe

Gk )

Eveu *uough Heve ave uo cliffevcnt  Fopological

Sectoces  for  Q(R)

‘w the cbsea of e

Lous-\-m&u‘\') thete Weoy be Sowe (=

e pecsance ok e conShreaanuf

@: ko couskreiut

/'.'
/ ve—>ep )
\_\s\—-_—"‘/*-/.
L. { | E =~
i A% YL e ¢ /(
i .r- @ - vf\_ ) /
} .
. Ahe . 1
L;’ v 5 A A ;""

e

Coustrelit ox Qk)
/f/f P'_’_
s 7
4«(5 Caly, b fou‘jear
bLe elc&cha& (wtfo eucl
oke, (. e Preseu al
£ . Conrbrecitn
A

(wodeed 1 AL ¢g %, top. (uS <F

<> twe (vequivalewt Se ctors

1




The sublalw S‘DW'MG—\""j S s a Seure

of wou-travcal topolooical Sectors:

TAME : 5 Thee ave 5 Sguumeltry  clatses

Passz,ssl,aj Sulo (o e SE)""‘"““@J‘“\‘] S

-l-
= - X

W

S = u.u.l_i"qv:] : S X
SZ

BN

—
—

= caun  show:  projector QARY  hag

Llock  off -diagoual forwn tw Sowe basxy

O (R) ‘2
QR) = 5 ! ) &y k) = U
& o ( o Gl 41 )

0




5 $3mme’w3
classes wile |S (oustratut
Lk 5
AE[ l ou €
X
BDI ‘ qcR) = q(R)
, A
Cuw : ! Sy ‘{("’?) ¥y = = ?(k)
| .
D K qck) = - q(R)
g
¢ | qCk) = q(R)
- (ownscder A E (%o towstraiut ) : cI([QJ e ’CL(m)
@u Cow streelyt
— 3 q B Z —> Um)

k -5 q(R)

—~ % v g [ﬂ(m)] = 7 = d=3 ’foPo[ojl‘qu (w Sulqtors
(o S‘Ommc\w“ class AW Lobeled bj iu’l‘eber KA

— . [xplict form:

il =) ~1 =
L(q) = -—l-—z Sclgh el“ ‘h'[(‘l 1N 209)(9 ag‘l)]
2%0 el

1




-

In \'eh«aintuj Lour SYmmetry cla sses

- e -~ e T - "P'\

wilh SLS (te.: BDL,CL = ~y &=
certaiu integers rQ) may wot be

due 4o Htue coustraluts

allowed y

We will £iud the awsSwer to this

be(o\;\) 5‘3 COLLV\‘H“j the humber o:ﬂ
robust 3c«plcss me des ufpeq.n'“g et

Hie 2D bcuwdqmj

Result:
A LTE oew d :D_E_T B Ve 7L /_V’-f.: change )
<l 5 pe QL
CE aud ©BDODT b =0 ( Qc,i“q(_(j:
Cu s 7, top.
C“tho\.‘!‘ov’

L —> belo W

23




O

N | S

]

-
—
—

l

\—

SUMMARY:

) O

PR Y

el

o | +!

o -t
-\ | 4

4\

(V!

ToPoloaCCa(

Tusulatovs — seo fav

U

7L

7L

v

- N1

/ !-n.i-."-“sv
. y £
e o Hall

e

..tl&.- LI A |
- ; {4
. s 11

&
N

d=?y

.
At . B

V-7
. - L]

7L

'.«f"’u
L { SU

2




Giuelcss Ole:)rees cf -€feeolow1 at =2 éou.udqg
+a~mc‘uah'uj e od=3 Bk (usulatfor

= Heve' want 4o Luves{-cjc&e_ robustuess o€
of au[.\\cssm.(.sS agelust
() S?e\.h‘ql(tj l‘\omobeweous
(¢) tawdownn

peﬂ:u@m.h‘ous Qﬁ MAQ HQW\C({'OML\RM
resg&cc,H.uj {‘(4(, -Sawwe'ft-c‘cj a(. ’(’kc ,jC\rfA c!ws,

>+ Need 40 FLoolr ot (O Snwwe,{-va closses ot

d =l bou.uolqvS

—=: Need owe Lxcfran Cuafeo(.\'ck:(‘
—: Cauw coustruct d=x Dirac Hoamcltoulax
repcesewtatives of d=3 top. (v Sulofovs .

: *
- It isg hMO‘AWI that C"!q.uz')uacJ SL:)'! 0-’( }\rqc_
Mqss (wn Oue SpahaL C[Lt‘ec_héb‘ Cu fvo duce,

d=2 dirae Faumious ot the dowaly Wall @

,
(K‘ P g l,i__:’l.,._lj.i‘_” ‘/f!u"\ '»4 (Y (/l/f.:_r_‘ l."!.d_{::u(”_‘\l R w
- e . L -‘ - ” ARARE | 8 4 -'. A ] . . (3 O v [ Y .




J

/[\__ d=2 Dirac Fermioy

s Feoet )

at +lue boubwlo.«rj (_{"..‘. ;- )

RESULT ¢ CLASSIFICATION OF d=2 DIRAC HAMILTOMANS
LA ‘
BCt—tAm-ol + Le Clawk (2oo() C‘B Ll :

matecces ¢
e ——

V. +V_ | =195 tA
X ——————— Ve = et
+i. 4 A _ vV, - V_ )
— 2 v + —— A‘.‘_‘f - A---

¥ There exist (3 symmedtry classes | uet ouly [0

AT, DI, C L.

SSIMwe{-vj clq_s‘_f)

v’ Specificuuj: T eachy of

there 1§ aun  Ltra, hew
allowed by e Dirac Structare €05 derinbive




— Dirac deseriphon of d=2  Downdary olegrees

oﬁ -e\’-e.&(l()l/'/t ¢S Vevy cou eyt c:u.\a(
CwPort‘c&.w“? Cu  Cowyechoy w‘l{'c\

JCOP*"("%)C(‘J- P"N’(’MH(S °€ d=3 Bull iuSulafor:

— —— — — —_— — — — _ —_— — -_— —_— —_—- —

0 Useful to review the d=3  Z, top. intulefer case
(SPL\:\"‘O‘:"D:.{T / g-:ijl.ec_h‘c_ SZ)w'Me.{-ﬂ\ class A« )

x BL tells us 4agt +Hleve 23t a d=2
Dirvae Hoamcltoutan cu AT wit Nt =(
{[0\.\)0‘- 0£ :)“P(-CSS LZ“ (.oh'\Pc)U\el-d‘ ) :D[W:LC ?(KM(‘QR.S‘.

y A Scuslﬁ £ Lo vor (Nf 21) cauust he realredf

ou a d=2 C@QaHlc .
Thusl this situabhow mnust cot—respouo( to {le

quudwﬂj of o od=3 "'OP- (b Sedefor 4_(?

¥ TLLI:S Sc-“b‘.'e, {(0\\10" Lwt ';(_) D‘- e ¢ ?‘—Crm (\O'—\
was Coustructed 2-(()(4\‘(.;.('(3 6:1 Tf'_q- ((quc- ff(-e(c.

1F




/"

F

—y

x BL show that {the most geueval Npe=( Llave

sl Hamc (toutauw u AT ¢g

W = Lyl matrix = -1 Sk ‘Dx"’(::) 031 + V(",'j) ‘{-qzna

/‘D "-"'\*‘[t ?l- _"-.‘-’ (oh't g l. \ j.-’__\".“_'ri‘_ “"_ }!.‘"‘ . - ;‘. ‘{-.,:.‘ .\

-~ ‘u\l‘

o~ @ Sixgle Dwrac coue

. B
o 4his is tn elasgs AN ,f"n-:'- g et ol (1917)) Audo etal.(179€) |
(Spin-orbit) - e ' ? /

o VQ(P) = hok\no«ocueous or todom cacumol localize
He TFoomiom

o ‘ :
( {\;u“\ 'J" «"..(i/_vau;-\ / A 0 Mura €+ f/_ /‘;J-\ﬁ 2 \ ;
Ostvoushe, et ol. (Lo0?) Bardasou et d nw]
A (2n) A

——p - . 1 " & . g LY P § 5 Lo ~ &

/L 1 .""‘, » TEv oA . "\ /'_,‘\ ; ‘I!“l‘ AVE M M ‘:_\ rE\E€ ‘!-‘ "",f- 1 L eq
*:’g;.’ il .

\\L - "-’.*‘i— “' \

28




rprboﬂ o£ ﬁuQ\CSSMCSS gf ol=2 bou.uaqurb
deocees o‘g @reeolow\ tw classes AE{DE!CT

2 /Pt—ecisekj £or fAE DL CI[ there are eetre

symmebyy classes for d=2 Dirac /_B'-'- ~as !--"-..-’-".r-_»’._-]_.
C /%u’cbzqw i (w- 1,2, 3 )
el lar W LY = L ey
A i 15 CBL) ‘c&%f:r;noa ) 1 2)

(Alm), (2w -0)
(All?)_;,' Zn
diw), | (2u =)
sUl&r |} @
D“l & (D), 2y

- 1.1, Tee e | (2n-1d-2
=\t
CL 1| | ']-(“I)'”| 2n.2

A[u “o'o |

X T the ~Lrtra clasSses (Al-l_:'.-)q )CDEE)Q) (C, I)q

the d=2 Hamiltoutanu must be of e form

o - l—fag'ﬂ’q—[

~cd A [ v, J

(2w -1 ) (Am (:bl‘}?)
whete dim A‘t = ‘€

!

O e

ov

Qu~t1)-2 (AN
29




awnd A.l-: 3“”‘32 ‘?O"QK‘H%(S A e

classccal 3f‘oue g

J UQRw-t) Q‘t@)q
S ) for QT
z Sl:(2 @h-l)] (X3,

% The Qauye potewtalyg 3 whetler (agmobet«euu
or raudom , cahuot Cocalize  the Jaupless

Ditac Fermious

[ Leadwne t al. (71%) | Mudr ) et al. ("\

41 o

—

[svelck (19972) [udweeg (20e0)

% The humber of robust Japless  2-compouent
Direce TFermiou £lavors Nﬁ ¢S Q
+opolob\'cd tmua ct_v\{" 6'€ the d=3
Sq()pcd Lulle (usulqtor.

X Eyewwgl 3 g Wa hute

[u\,ul\lt\-sqﬂ\_ Q_gusl_\ﬂ-wﬂfwul SU«QRLL
\ wb\cku(,\&vz\‘ﬁ \\

30







