\90(

Quanfum Mecham‘cs Ge.nerd. Relah'vc‘iy

Gauwge Theory

Quantum Field Theor

2000 l

é‘_-'_';ng _‘l..h.e.?.!j_.



Str Ms Theo ry

closed Open

s I

Vibration wmodes — Species of pacticles

— Intevaction

/N/\ §C0¢Ttef{n9

0W\Pl;‘heide_s

Ji QUOM‘UM F.’e\Jl Tb\ﬂ'wy On zd XMFFO\CEJ

World ¢ heets




Non-linear 07~ model

Geometry ¢« 2d QFT

(M 9 ) Riemannian Mo/ fol d

vVariable = map ¢: 2. — M
150!"2‘( Space
action

S=L,| 8,00 he) 3¢ o [ ds

4
=

Correlation FUHCTIOV\

(i) weg

(B 3= 2#ean

Ma? (Z.M)



Note : S e S(?Jx} ¢) IS Invarant

(
under Local rescaling L\,M("') ik eb\ l L’pvﬂ.

In Quantum ‘\'\\QOVU , this  Conformal ""V“"'“?“@,
may be broken (anomakus) .-

e {-he measure. %54L\.¢ Maj hOt LC. invan'aud

Indeed, | L7 e kr,,, effectively cha es

e L P TUT (SO
Stj - Btj()\): L.e.

gg,ez*kcp o BQ(A)ASD

whevre

d,
;&'SUM " -RU +?Rmm JKLM+0(°">

T 1/

ica’ Tensor Riemann an  Curvature,



Conformal Invariance =

EEV\STQM equaﬁﬂ'on mool;)cied |oJ

Sh’(nﬁ\/ QManTum Co rred‘;‘on,

The Correction 1$ large for larje CuratTure
(S s mall \/otume.>

—> NLe-model (= felation to geomerny )

Sfops to moke senge ot smoll M!
PSS A’

But 2d QFT still makes Sense.”




MI'YYOY Symmefvy IS an &quivalence

O{ STH’ma fl’\.COV't‘QS ‘FOV‘VV\M.(CLT‘CCX Dv)

({4
d.i \Cferent fmrset Spacesﬂ

P 4

S h".",j H\eoip on M - STYMIC) ﬁeorlon M

Qltfymp'ech'c Geomavj Al 3&5@‘5\' G‘emme‘ivjw
of M & of M

+ 2t P + Stringy qustum
CONeg'gLn i ‘ Correction

i A\Sd"hfc K(_g ( S)'V“p'edic. I
o M 5 | +AW;_H M )

N + NN

< We need / N=(2,2) Supersymmetvy

|+ | dimensjons




Tme ¢
§upersymmeWic 0 - model. (\t 6/;%,
o
CP il [ 2= Minkowsks Spac IRIH)
\h‘: s Commm'nj SP:"OG with values ¢ CP*TM
(f@rmfom‘c,)

S <!-no( j [39 (DCPQt?J 90‘4) 90’19)
t 91} q’. (‘Z-*‘Va‘)q)} T ‘.39' Lh (Z—Vo‘) (PI

o

+Jf RL)’KL Lkbl kh.) \t.K LKL J dtde

Vi Lht’- i 3:\— th » ar-CPJ rJI K q’;#(L evi- G'Wﬁ >

(M 6) Kakler = S IS invariant undey

g

t‘j::m??q)‘: GJ(’." ~ e\ - dPt = ce
iV =118, e 2)9 v 0 G 7. oo
. (2,2) Su persymmetry

G/Cowlex Paramefes \ [&,&] o5 é;e;(c?tj: 96')
(Vead 2)



Anothey example :

(M 9 ) Kahler 2 W:M-C ho’omorrhig fund.'oq
with isolated critical paints.

€9. M= Cn : W = Po‘ynomid of N-vonables
S = Z\K:’ [ i( | ;)eq)i[L‘Der*“g( e tde) (”_"*‘@wa
i Z {9 W q’)) 18 (33W¢)‘{‘ V¥ +c c)]dtd(

(3l a

WA i VW

Potential Yukawa (oupl.‘aj

S is Invayiant under
f Cy‘p‘; Ce q”..(— 6-‘(’:’ J?Tz '
0¥ =tiE (A2dr)bec, g, (¥- cc

Rt o Landau-Ginzbur3 Mo del
with  Superpstentiad  W(3...9")




¢ Nother Ward
ymmz_frj ——s  ConServed d/\wbe, e Symmﬁa gemmn/‘

g i)
Co ge [
W |
(2.2) SUSY —» Q4,0.,6,,0., H.P, M
N - (_,w
&\:B\FAB*BA S\Mpercb\ayb‘es Poincaré

N ~ nE X ~ i ~ A o
10, @g) = H:tP
10+,8.3={Qs.G.}= e =0
(M, Qs]=570Qq , UM, Q] =30:

Tn addition , e st have R— C»\Q(«'QS
dQPQ-’\OQS on ‘HML@f) J

Fv (Vector ) and FA (axial )

[Fv,Qt1=—Qz, [Fv,a:}=at
(Fa, Q] =3Q:r, [Fa,B:]1=1Qs



R‘S\-/mme_Trj ((on’rmuei)

NLG"M U(l)v-' \[),; — éfd%: } C[asslcaug

d TiB()" Dot 5y mmetvi
Ul (’P: —p Q*‘BLh WO Ag——

&uamhm\: (/“)\/ i a}.wajg Q Symme.‘fa (F\/ exiSTs;
U(()A - gnomelows i C(Tu) # 0

UMy is o fymmety HF c(M)=o (Calqh’-%umfu()
(Eq exis‘l“s)

LG model Ik & WY

U(UA : q}:t‘. e e:([! Lh Symmwb (FA ex;513>

U(()V .-~ not Q'I'W‘i‘:f a Symmz.T:')
I 3o VP o W(lP) = & W(‘P))

qULC(SI' "10""032'\@0\45
tan Ully s P @2bp) | ¢ — *Dyy

'S an V1) veavr R*Symmd\? (Fv ex;m>



P /
uantize @ (LLl) theom on a permodic Cylnder ~—
Q ) P /

Supersymmetric  ground states "
|

H=4{Q.QJ+«L{a.8) & =@

= H)O 5 —=O if(‘ Q+=5+=Q_=a,zb

o | SUEY 3v\>w\i Stutes %gqu%
W"l'fe. QA: G;. ‘\'Q

QB @L,.‘\'Q
(Q:F)=(QA,FA> e (@B, Fv) obeJ
() Q. Q) =24
2) Qz — 0

3) [Fal=Q
Whea F  has a'nfeytﬂ Rigenvalues o.al_-) (=) Z‘bma“nj)
w ()
O R A T YL R

, el te/
;'efvs\( =~ o) THEE I
In Q:)¢tL, ¢!




Witten index Tpo(4)" = TSOH)F Sl 2{1 ! A (@)
- Buder chamaeristc o Q-vakn

NLs-M on o Koker mfd M’ :
Hopey = & HP' (M)

P.q=1
" Dilbench Chomelosy
M : Calibi-Yau = =9 FA, borh exist
HM(M) hes By = —pe

FA = f'ri-n
Hod,e diamond 41
(f), n)e— n
l”"’)/ \(0,m)7\ .
t T
b n
we F=Fv i

ji " (-\)Fz g CTAE™ H*M) = X (M) Glerttof ]



TWiSfina o Rpo'osical Field T‘leorj

WMZ s Curvec! SUSY s loSC gg IVG G JlL &E

2’60 Var: auﬂj lonst Sphor
i
[{' /8 ?upefC\/lagl. were m , wowd be presensed

gc«lar S'Vlfemhave_g are dotained “}) TWISrIﬁj_
Ve-definition of Spin

B T | M ,. (M=iM+ R, (My=M+F
=T L L ' 0 0
0. SHAE R |
Qp [ -1 s AO o ‘: g4 -2
Q.1 - | NEE 0 ”
A -twist 3 - twist
X A-twist s possible if Fv exists and is integral

(B)

(Fa)

X Al(fer TWpSTl.llj we. have. "7‘0 ™ { Q' G"v}

e Q= @a=Qy+Q.

Q= Qg=Q,+Q. # B

for A ~Twis 6.

~Twist X



COV‘re/[aTior\ &ncﬂ'ons 0{‘ Q3~ closed QCJ'CMQ in B‘Mcﬂd
Mou ave iﬂdQYMdzn‘t‘ 0? woddsheet mupic L’),../

hhade + 8O- 00> = S I {@p, G ) 00
= ({@Qs, [#*G. OO =0

Alse (0@ T (0+{Q &) = <O (3D

Define RB = QB-C.kom.,h” clogses of Fields

( = @b-cbttow[a)) C[«S}CI bj‘ fhdes = J{JUS‘(

e, elt ARG
e = ((S2), Yee

5. (Z,_ 7mb..l) Symm:yr,‘c_ functba  on 7?3
&LPMJ‘D\‘D 0’\(0 on Ha Tbyblo(jj b‘f‘ Z
Sawu. Can be Said on A-TWBT:A mocdle £ !

R A = Qh‘CxllomlaJ) C/a!k; af ﬁ'eM;
( t;’ _ fﬂ-l‘cf ;al'@wy >




R=Ry « Ra obey
@ 1 eR (1(9.'"0:%=<0,""Ux%

@ <00 =@ u) i
non- O(QQQMWTQ. bo’l:‘near 'FNM on k :

ths [ YC R linswr busis

ol
7&0 e <Oot Op>o 15 l'nVerfa'LLL / 7 p:/ﬂve/}a >




Coﬁfquw. "
od
define PY = ’2 <OJ. OP ’,2

Gy - O
)L (e,

i C:r C(i)\ il C(sot Cy\y “"‘—(ﬁ)
dl.(’l\u. /N S:»’bdud’ R WY R — R bj
O,( ‘ O(; - % 0., C‘:P
Then 4
*) & 0, (0u0,) = (G- Q) O,
/R forms an QASSOCiafive dﬁbm

i? o chiced ring R, : twisted chirol fing




Exmrle 4

+Opo'ogicd A - model (A-m.ma( NLo-mod] )

M : Compack Kahler md

W - Kshler form jtum-&J
[Ble H(M.R)

R - HDR(M)

[
000 = [ BaOLO, + N4(0.0.0,) €™
J A 3 Z d )

de H,
i) GW v,
Ok 4—; ke i i i

C)rc.Lu) nal — # L]0,0MO’Yl\Q §p‘l€'¥£
Pass. V\é Hwb«jk Ci.,C., G

<a&z=£om@, ((fon doyenaate. )
E i quan"‘um Co»\wno'o” rc'nj of M

——




hPO'OgiCd B-mow ( B~‘hu.’s1‘ec[ NLG—WM)

Mn . COmPad' Calu(o(’\/au mH (ol»\:n>
Q ¥ Hn.O(M> ho[omor?z\.'(, Vo\ww, ‘ﬁfﬂ!

P. 7

R=& H"M NTm)

with obvious prduct

e M NT)
mpepd, = § auq £ e
o M M:AHHH;)

"’14*!"‘“'”)

0 O‘H‘\-ﬁ-fwné—-



Topo/ogicd LG model ( B-misted LG modd, )

W = Polymmial of Xi,.., X. (#G;tW(oo)
‘F[x Q = JX“\...AJ)("

R = €l XD o o) Jucobi ring

<{l ‘FL ]Lb>¢, ity resw,g(f‘f‘ ‘f.; )
= AXM---M‘X’,
. R (R4 )

be Crt (W) T AN --aw

tIf CrlW) all mondegeeae [ dat W 4o )

RPS(, ( g >: 3C|(P)fz(f)]§(f)ﬁ
et 9:d; W @

noﬂ‘d%ngﬂl(.y b{' <f, 7‘*,_>‘ ecd7 1 See

» L\ %mr& : VPOn-d&j- b} <.7c/ ﬁ_>° /OCJG’W«(:‘I’)
H’l@»ﬂm.




Mirror Symmefry

Two (2,1) SOSY QFTs  are mirror

Cach oOther wWhen ’r‘heb are. C1w\/u(¢4‘l‘

as QFETi

QFT, = QFT,

under Wharch

(Q+Q+Q Q )H(Q;Q., Q_)
M
(FV.FA ) —— (Fa.Fv)

A-twist e B.twust |

G |/\/ c'ﬂva_r.‘awfs ¢ , PeV'"Ool l"V\TCj mﬁ;
T\LCMT\U\\ C,OhoanO‘)7 ja\(_ob; rin
Lesrdue pahkz

—_—

(
{

Vice versa



mirrov:

M (Cu[abi-\{au\.) b

AFa

W+

FAé——)f’:\\;

Fv L FA

M (Caebi-Yau )

—

4 Fa

Cghzt\* )( C('lx St

Kahlee




MOdeC Space Of' (2,2) theories

J{/{:/McxMt
I

/r
Chamﬁz ‘)LWfS t’C«{ C\'\x.ﬁ—Q
d‘bﬁ[mq"bn f dE‘fb o dAs

Decoup‘ina theorem

A‘moob,( corcelatyrs ---- L\olomo/yh/c ﬁ,mab.‘, o.\/z/fﬁ
ConsTant alot\j M

B -mod.d. (prrr;]ahrs holomw’h‘b ﬁmdl'ons on Mo
Cons fant a‘orb /Mt»



NLs-modd. on M (CY i)
MC = Modwulc Space O’f COMY'Q)‘ Stuctwe °(: M
{ M: CY 3+-h)N = “S’fecml 36"'“1-"3» >

- determie d ba Perfoa\ in)\?nfd
O)C Q o H; (M. Z)

Mf = i COMpIex,’T'i“c»( K’o’sk‘lr clus [w-.'BJ) C HL(MXJ)
+ Stringy quanfum Correctibpn

+ analyfo‘c Continvathdn

LY g W P N iltiunmen. P L 7 ? ?

Ure of  Mirmor fymmz.ig M(_) ,\'7\
Mg(M) = M (M) = chssical



Exaw\ulg ¢ qwhﬂc b r
«l 4
M ={ 6% X)=6 J < CP

moy
S M = & resolution of the orbifld of

%
2,;-0‘----0- ZSS-G‘PZ,---ZS=, n ¢P

L) (Zs>3 : z; - U.~2.- w:’.:u...ux._.l

M(M) = MC(M) = { q;}

1(72 i\ /‘) LC\ MooLJ. WetH
W = G(Xt,--, X;)

moduls Z g X‘. -y ezx/;‘)(o.

/
Vi




