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Introduction
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Introduction

H
ds® = dagises + H[do® + 0°d93] + K [(dz%)* + (dz°)]

v H
ng = —U Q, ezq) = — K = H2+(0199>2

- H? 4 (270)2

Locally geometric, L H\U Globally non-geometric (non—single-valued metric)
735wvH2av80 MulcR(33 T-fold e

J. de Boer and M. Shigemori arXiv:1209.6056
C. Hull hep-th/0406102
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Introduction
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Introduction

NFETIEFIC, shRFEO-—TJELREBENERF COHIBRTH -2

& SO—TJ & LTz Worldsheet 55 TREITI B
(HERBEOTEVF v T L — (A BR TR T AL)

~ Worldsheet I 2

== nonlinear sigma model (NLSM)
1= conformal field theory (CFT)

== gauged linear sigma model (GLSM)

GLSM (UltraViolet) <= NLSM/CFT (InfraRed)
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GLSM

N =(4,4) GLSM TR Z2 % (L HifFTE %)

MX: KK-modes
WX:  winding-modes
o N
H KKM
Tg—dual

8-V /135 R

d.KKM 52-brane
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GLSM

T-duality : NS5 — KKM — 53-brane

~ technique 1 ~

F-terms & D T® Roc&ek-Verlinde formula

\

F-terms % D-terms (CEZTH#Z 3
N y

~ technique 2 ~

2 DD isometry
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GLSM for H-monopoles (NS5)

L = zk: / d*o {—( — 3.2, + @cba) +0,e2Q, + Q. e‘2Va©a} + /d‘*e%( — 00 + @D)

T Z {\/ﬁ/d%g (éaq)aQa + (80 — \P)q)a> + (h.c.)}
+§: {\@/d25(ta =~ 0)%, + (he) }

GLSM for H-monopoles (NS5) | D. Tong hep-th/0204186
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GLSM for H-monopoles (NS5)

k
_ _ _ = ~ 1 _ _
Ly = /d40 { 5 ( — 3.2, + <I>a<1>a) + Q.2 Q, + Qq e‘2VaQa} + /d49 —2( — 00 + \If\IJ)
1k 3
+3° { 2/d29 (QacbaQa 4 (50 — \IJ)<I>a> + (h.c.)}
ail
+Z / 420 (t, — ©), + (h.c. )}
a=1
GLSM for H-monopoles (NS5) | D. Tong hep-th/0204186
N = (4,4) N =(2,2) %2
_____ neutral HM | chiral ¥ = J5(X°+1X0) 4. wwisted chiral © = J5(XT +iXT)+... | WEER
VMs twisted chiral ¥, = %ﬁ+D_Va chiral @, isometry D — Ik
charged HMs chiral Q, (+) chiral Q, (—) SZEZHIT S
FI parameters Sq = 86,0 + 1584 to =174 +1tg 4 five-branes MIE&E
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GLSM for H-monopoles (NS5)

k

= Z / d* {eiz( = TaTa + Bu®a) + Q™ Qu+ Que 2 Qu } + / d46%( - 80 + 71
k:

#3°{V2 [ 00 (Qu@iQu t (50— 112) + ()]

+Z f/cl2 Z+(hc)}

W‘

GLSM for H-monopoles (NS5) | D. Tong hep-th/0204186

U & O [DULVT duality (Roek-Verlinde) Z#2
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GLSM for exotic five-brane
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GLSM for exotic 53-brane

NEW!
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GLSM for exotic five-brane
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GLSM for exotic five-brane
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GLSM for exotic five-brane

5L /d49 (b 0) S (C — Cu) BEDSTES -

a

® IRTEPR T chiral model (CE>TULES [conflict w/ N = (4,4) SUSY]
® RFEHAEN—MEHRCE>TLES [conflict w/ non-trivial monodromy]
® BZELD B-BHREBLESK->TLES [conflict w/ original NS5-brane]
- CDIENMFEITBIDT N

T-duality Z#: 77 179 2RIDEEE X° RELRICHEHET S
\J
Bo U TEWLWET (A8
—MlEABH TIRVWEZ LD (G, B) hBHINS
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GLSM for exotic five-brane

e Steps to NLSM for 5%-brane geometry | | details | | superfields

N
1. SUSY BEZE&EEY protental —
2. charged HMs (Qq, Q.) DIERRHE %= iE<
3. IRERTTVM (V,,d,) £&D
*4.  T-dual BEEEIS X° =9
- J

(X%, X775, Y?)
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GLSM for exotic five-brane (details)

Step 1.,2.,3
_ _1 62 7\2 8 s 9
= o H[(00 X 4 (0, X7V + (0,X%?] — (0 Y°)
_(QS)2 8 QS 9\(qm 8
(O X )2 + 22 (0 Y ) (07 X)
(Q> 6 Q{28 6 m 8 % 9 m v 6
2H(@X) H(@X)(@X) H(@Y)(@X)
m"Za X% —t9.0)Ana) + ™0 X %) (0,Y")
1 1 X8—88a _S6a
H = =+ , =
9 Ea:ﬁRa . ZWR( + (X7 —t74)) ZfR + (X7 —t7.4))
Appa =~ (0, Y? —Q;0 X@')—LQ- O X"
m,a QRCLH m (] m \/§ 1,a m

-19-
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GLSM for exotic five-brane (details)

Step 4. : S6a=0=1t74=194 and sg,=21Rga with | k — o0 E——
(
H — ho + olog(u/0) : co-dim. 2 0% = (X6)2 4 (X7)?
— ¢ Q=0 : isometry along X°©
Qs — oarctan(X7/X% =o4, : “non—single-valued” metric

O s

++ o
AR —
/ " +

6,7 KK-monopole KK- monopole
8 : g Hov, 9 ny 8 2 2
X8 &R : 0.X :E[H(a Y)+emn(8Y)] K = H? 4 (00,)
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GLSM for exotic five-brane (details)
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Summary and Discussions

We established GLEM for exotic five-brane!

v [co-dim. 2] [2 DD isometry] [~ TIHLWEHE | &RIE

v ZD GLSM OFVIDILA : EFFIE +— E42KRKEKDEH

CDN =(4,4) GLSM (FELZFXLZLDBERZIFDOIEB D (W =(22) GLSM DIZ) [cLsm

v THIRBEFMILE (RR=Y)
v defect NS5-brane & 53-brane MRIFINEE de Boer and Shigemori
v modular invariance, dipole description ? T. Kikuchi, T. Okada and Y. Sakatani

& D AR GLSM K& 3 (17)
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Summary and Discussions

MX: KK-modes
NS5 WX:  winding-modes

H KKM
T'g-dual

8.V kM OZE’?KtaIk]
Jiv e} W9

/

d.NS5 d.KKM 55-brane

\ Tg-dua /

|
W8 1:%;&[]) M8

T9—dual
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Geometries in string theory

10D string theory = D-dim spacetime ® compact space Mg | main

geometry Conventional geometry (manifold)

. associated with O(d) global symmetry +  ordinary compactifications

Grnn [Calabi-Yau, etc]

geometry Generalized geometry

: associated with O(d, d; Z) T-duality symmetry flux compactifications

. Gmny Binn [T-fold] :
s

. geometry Generalized geometry

associated with SL(2,7) S-duality symmetry F-theory

. G, 7=C(g) +ie”? [S-fold] :

geometry Generalized geometry o

! . . _ 1 compactifications

. associated with Eqt1(a+1)(Z) U-duality symmetry _ _

Gouns Bomy @, Cp) [U-fold| with non-abelian gauge
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Various branes

M-theory on S1(Rs) mass/tension (Is=1) type ITA

longitudinal M2 1 F1
1 0152 354556 758;9;|\/|
transverse M?2 — D2 : ! ! ! ! ! ! !
9s \/ ; \/ ! \/ ; \/ ; \/ ! \/ ' \/ \ Sl ; RB
1 I
longitudinal M5 " D4 KK6 — 63  Taub-NUT
1
transverse M5 ? NS5
R? , 2
longitudinal KK6 N KK5 be - M — (Bi---Rec)
gs n - gn
s
1
KK6 with Rty = R, g_ D6
R2
transverse KK6 TSN 65
9s

for review: N. Obers and B. Pioline hep-th/9809039
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Various branes

b : spatial dimensions
c: 7 of isometry directions

n : mass of brane ~ g- "

NS5-brane :  5o-brane

KK-monopole :  53-brane

more 5%—bra Ne | etc

an instructive discussion : J. de Boer and M. Shigemori arXiv:1209.6056
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D7 as an exotic brane

A very rough sketch on D7-brane (co-dim. 2 in 10D)

Moving around a D7-brane induces an SL(2,7Z) monodromy charge ¢
q: (C2, B2) = (Cy + By, Bo)
Since co-dim. 2, brane charges are not conserved but

(0, NS5) — (D5, NS5)

D7
NSH
TSR e A S
NS5 4 D5

an instructive discussion : J. de Boer and M. Shigemori arXiv:1209.6056
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five-branes

- NS5-branes N

e codim. 4 (R*, XeR?Y)

Q 1
o H(@)=1+) e Honnp = €mny? 0 log H(z), @ = - log H(x)
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five-branes

- NS5-branes (smeared), or H-monopoles N

e codim. 3 (R3xS', 7eRY)

H-monopole

Tetsuji KIMURA : GLSM for Exotic Five-brane -32-




five-branes

- KK-monopoles 3

o co-dim. 3 (R3x S*: Taub-NUT space, 7€ R3)

(dfg + w) NLSM
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five-branes

- 55-brane \

e co-dim. 2 (R? x T?)

e H(zx)=h+olog (ﬂ) , (0,0,) € R?
o
N J

~
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GLSM

e T-duality transformation is represented as

(free) string ! sign flip (parity) in right-mover momentum <> winding
spacetime | Buscher rule (Gns Bon) — (G B! )

SUSY sigma model : Rotek-Verlinde formula chiral <> twisted chiral
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GLSM

Gauged Linear Sigma Model (GLSM) (& THm@A !

N =(2,2) BROIES :

v CY/LG (geometry/CFT) I [phases]
« E. Witten hep-th/9301042

vV ZS - [T-duality]
« K. Hori and C. Vafa hep—th/0002222

v EF Kahler moduli ZER [instantons]

< N. Doroud et al arXiv:1206.2606; H. Jockers et al arXiv:1208.6244
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GLSM

o %% O —7 & L7z NS5-branes ¥2 KK-monopoles [ DU\ T :

N = (4,4) GLSM O IRTEFRCEE

D. Tong hep-th/0204186; J. Harvey and S. Jensen hep-th/0507204; K. Okuyama hep-th/0508097

H o+
8 o + 4+ '+ 8 ++ + 4+ '+
4+ _ +
- 4 “T i + +
7L N 74 N
6,7 H-monopole 6,7 KK-monopole
~ 52-brane MEEIRIZ(F N
1. FANIBEEOITEEI (co-dim. 2)
2. 228D isometry DFTE
3. FZEEEN—MEE TR
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LESSON 1 : GLSM for H-monopoles

e = +
J* + L'+

6,7 H—r}onopole

QO




LESSON 1 : H-monopoles

o N = (4,4) for H-monopoles by N' = (2,2) language : peritlis
N = (4,4) N =(2,2) =&l
_____ neutral HM | chiral ¥ = (X0 HTXT) +... wisted chiral © = J5(XT+iXD) +... | BEER
VM twisted chiral X, = %Eg)_va chiral @, isometry D" — It
charged HMs chiral Q, (+) chiral Q, (—) ISRk s
Fl parameters Sa = S6,a +158.a ta =tra+itgg five-branes M E

k 4 L D H A A2V = 2V, N 4 1 — -
ch — Z/d 0{6_2(_2512@—’_@@@@) +Qae aQa+Qae aQa}+/d 0?<—@@—|—\IJ\D)
a=1 a
k
+; {\@/dZQ (Qu®uQu + (50— 1)@4) + (he)}

+zk: f/ol2 Z+(hc)}
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LESSON 1 : H-monopoles

Bosonic Lagrangian after integrating-out auxiliary fields :

2 = 3 S5 For0)? 1000l ~10m60] — 3 [1Dmaal? + 1D’

1
_2_92[(amx6)2+(amx7)2+(amx8) + (0 X%2] = V2 Z ® — t9,0) Fora
L = —22 (10 + 16al?) (Igal® + 17al* + 6?)

o (2 = @2 VX = 17,)) = 32

a

~ StepS to NLSM for H—monOpOIGS geometry | | details

N
Q) O
1. SUSY vacua ZPt =0 ++I Tii+
2. solve constraints on (qq, q4) — 7L N t 4
3. IR limit e, — 00, and integrate out A,, , H monopole
(X6 X7;X8 X9)
- J
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LESSON 1 : H-monopoles (details)

1. SUSY vacua main

Ua:O:¢a ' ‘Qa’2_ ‘@L’Q — \/§(X7_t7,a) ' \/§Qaz]va: (X6_36,a)+i(X8_38,a)

2. solve constraints on (qa,Z]va)

_ _ i (X0 — s6.0) +1(X® — 55.4)
g = ——— icg R —t 2, i +iag ) )
! 21/4e \/ 7.e) fe = 517" VRa+ (X7 —t74)
1 1 \ 2
Dm a2_|_ Dm~a2: [amX62+ amX72+ amXS ]+\/_R ( maa_Ama_—Qiaasz)
Dontal? + Dinl” = 5 | (0 X + (O XT)? 4+ (0 X) o= 5

Ry = /(X0 = 56.2)2 + (X7 — tr2)2 + (X5 — 55.,)?

—(X6 — 56,a)8mX8 + (XS — Sg,a)amX(j
V2 Ry(Ry + (X7 —t7.4))

3. IR limit e, — o0, and integrate out A4,, 4

1 : 1
Ama:_—ﬂia sz_— mnanXga Qz: Qia
SR T 2.

Qi 0 O X" =
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LESSON 2 : T-duality

\
KK-monopole

+
6,7

AN
H-monopole

6,7



LESSON 2 : T-duality

0O —-1I:
S 3> Yo :/ 912 +Z \f/dQ 0)%, +(hc)}
_ / 57200 +8)" ~2(6 +©) Zv}—\/ﬁemnz(‘am(xmn,a)
$
Lpr = /d49 ——BQ—QBZVG—B(FJrf)}—\/ism”Zc‘?m(XgAn,a)

real B = B : chiral EiF =0
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LESSON 2 : T-duality

O —1:

Lo = /d49{ _ 2%232 ~2BY V, - (T +f)B} — V2™ S 0, (X 0 An)

Integrating out I', I' : — GLSM for H-monopoles B=6+0
or, Integrating out B : — GLSM for KK-monopoles éB =—(T+D)-2> V,
duality relation : O=S(X"+iX?)+..., T=(YT+iV") +...
X7 — _92y7
0+0 = —¢*T+T)-2¢>) V, — | HoEWX® = —¢* Do+ D)Y?
. DpY? = 0,,Y2+V2) Ay
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LESSON 2 : T-duality

k
1 — — _ — ~

/d49 (P+P+2ZV)2+/d49i2mf

k

+Z \f/dz Qu®aQq + (50 — V) ) + (h.c.)}
k: N k
+) \/§/d29taza + (h.c.)} V2™ N 9 (X°Ana)
a=1 a=1
~ StepS to NLSM for KK—monOpO|eS geometry | | details | | superfields N
O O
1. SUSY vacua .ZP°t =0 . +r ) +++f+
2. solve constraints on (g4, qa) — f *ty N + 4
6,7
3. IR Ilimit e, — 00, and integrate out A,, KK-monopole
(X0, X7 X5, 77)
J
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LESSON 2 : T-duality (details)

1. SUSY vacua main

Ua:O:¢a ' ‘Qa’2_ ‘@L’Q — \/§(X7_t7,a) ' \/§Qaz]va: (X6_36,a)+i(X8_38,a)

2. solve constraints on (qa,Z]va)

_ _ i (X® — s6,0) +1(X® — 58.4)
g = ——— icg R _ 2, i +iag ) )
! 21/4 ° \/ 7.e) fe = 517" VRa+ (X7 —t74)
Doal? + 1Dmal? =~ [(0n X + (00 XT)? + (00 X*] + VE R (Ontta — Aa — 01,00 XT)
2v2R, Cov2

Ry = /(X0 = 56.2)2 + (X7 — tr2)2 + (X5 — 55.,)?

—(X6 — 56,a)8mX8 + (XS — Sg,a)amX(j
V2 Ry(Ry + (X7 —t7.4))

3. IR limit e, — o0, and integrate out A4,, 4

Qi 0 O X" =

! 9 0.0 X7 - —q. ; N Y He L
Ao = =g (OnY? = Q0nX") = 5010 0 X", Q—Zﬂ 2 Z fR
1 - 1 :
LN —§H(8mX)2—§H_1(@mY9—Q¢6mXZ) — V2 gm”Za X —t94)An.q)
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MAIN : 53-brane




GLSM for exotic five-brane

U - =

Dk > Ly = /d49 ém +y° {\/§/d29(—\11)<1>a + (h.c.)}
_ /d49 [+ 0~ V3(U + T) Y (Co + T}

g a
+/d49{22g_21(\11 ~ ) = V2(8 - 1) Y (Co - Ca) |
ZLrsxz = /d49 {g%}# —V2RY (Ca+C4)+R(E1+E1) + R(X + Y)}

4 / a0 {26;;2 L(15)? — VE(S) 3 (Co — Ca) +15(22 — 5) +15(X ~ X))

R=R, S=S, DyE15=0=D_%15, DX =0, &,=D,D_C,
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GLSM for exotic five-brane

U - =

a — _ _ _
L = /d‘le{?R? = \/iRZ(Ca + Ca) + R(E1 +E1) + R(X +X)}

+/d49 {22_2 1(iS)2 —V2(i8) ) (Co— Ca) +1S(82 — Ez) +iS(X — X)}

9

a

Integrating out =1, =5, X : — GLSM for KK-monopoles

or, Integrating out R, =5 : — new GLSM 20p —(E1+E1)+V2) (Ca+Cl)

duality relation at a =

1
2
V40 = _92(51 -+ E1) + \/592 Z(Ca + 6a)

X ~ real part of =

0X® ~ O(imaginary part of =) + “gauge” fields in C,
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GLSM for exotic five-brane

G = 3 [0 { 5 (S0 8,8.) + QoG+ G0

=1
a 19 T : 2 4 g° = - = )?
+/d 97(F+F+2;Va) +/d 9{ —5(:+:—\/§;(Ca+0a)) }
_— k B
V2 [ A0 (U —0)) (Co—Ch)
a=1
k B B k
+3 {\/5 / 426 (QacbaQa + sa<1>a) V2 / d20t,%, + (h.c.)} V2™ 0, (X 0 A )
a=1 a=1
N = (4,4) N =(2,2) & &l
neutral HM | twisted chiral = = %(X6 +iY®) +... chiral T = %(X7 +iY9) +... F 2E BEAE
VMs twisted chiral ¥, = \}_D+D_Va chiral ®, = D D_C, isometry D7 —I1k
charged HMs chiral Q, (+) chiral Q, (—) FRIZEZ RSB
Fl parameters Sq = 86,0 T 1584 tg =174 +1tgq five-branes MU E
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GLSM for exotic five-brane (details)

2 = 3 5[50 = 10m0? = 10,042] = 3 [IDaal® + 1Dl

1 92
—— [(5,, X562 mX”]——[ﬁmY“ D,,Y?) } 9~ to.0) For.a
2g2[(8 )"+ (0 X ") 5 ( )"+ ( \/Z 9,a) Fo1
A _29 Z O'agb+4McaMcb _22 |Oa’2+4|M0a’ )(‘Qa|2+|aa‘2)
a,b

2

2 2
=3 20l —1alP = V2(XT —t70)) =D e

a

Ga — (X® — 86.0) —1(X® — 58.4)

2
g ) )
# 5D (ema+ Toma) (B + B

Y

(Do + a1))(8 = _92(80 + 81>Y8 + 92 Z(Bc%,a + EH%G)
(8o — ) X® = +g%(0 — )Y+ 6> (Aema + Aezya)

2
(Aeeo+ A ) (Bos b+ Bos ) = ——= (0 X%)2 + %(amy8)2 M (9,,X3)(8,Y®)
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Quantum corrections

GLSM is a powerful tool, also in this stage :

Worldsheet instantons in NLSM can be captured by

soliton (vortex) solutions in gauge theory

Take the configuration : ¢, =0=0, with ¢g*— 0 and finite €2

k
1 e? 2 .
gE — Z [—(F12,a)2 - |DmQa|2 + E<|QG|2 _ \/§Ca) + 1\/§X9 FlQ,a}

2e2
a=1 a

Fioqa = :Feg(‘QCL’Q_\/iCa)a 0 = (Dl:l:iD2>qa

Abrikosov-Nielsen-Olesen vortex eq.

k
1
then, SE — %/dZijE — \/iz (Ca‘na‘_ngna> Ng = L d2~7/’Fl27a
a=1

_277
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Quantum corrections to H-monopoles

Worldsheet instanton corrections to GLSM for H-monopoles :

unfolding effect on compactified circle z”

_++ S ++
8 4 i T + + 9 y _\ + 4 +
/" N /- N
6,7 H-monopole 6,7,8 NS5-brane
1 < 1 1 < > 5
H = i - naRa{ —|—1naX _|_e—1naX}
9 2_:1 V2R, 9 Z \/5 Z_:
k:
. 1 Z 1 Sth(R )
9P — V2R, cosh(R,) — cos(X?)

D. Tong hep-th/0204186
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http://arxiv.org/abs/hep-th/0204186

Quantum corrections to KK-monopoles

Worldsheet instanton corrections to GLSM for KK-monopoles :

string winding modes along "

+ +
6,7 KK-monopole 6,7 KK-monopole

_l_

k . . . .

1 1 h(R, string winding alon
H — _2 + SH1 (R ) - g . g g
g azzl V2R, cosh(R,) — cos(X?) dual circle z”

J. Harvey and S. Jensen hep-th/0507204; K. Okuyama hep-th/0508097
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http://arxiv.org/abs/hep-th/0507204
http://arxiv.org/abs/hep-th/0508097

Quantum corrections to 55-brane

Worldsheet instanton corrections to GLSM for 535-brane :

string winding modes along "

H — ho+olog(i/o)

+0 Y exp(in X?)Ko(|n|o)
n#0

string winding along

dual circle z°

S. Sasaki and TK arXiv:1305.4439
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http://arxiv.org/abs/1305.4439

N = (2,2) superfields

Y \%(XGJriXS) +ivV20 Ty +ivV20 T +2i0T07G + ...
= %(W FiY®) +ivV20TE +iV207 6 +2i0T0 G+ ...
e \%(X7+1X9)+i\f20+§++i\f2§_5{_+219+§_é+...
T %(Y“AY‘Q) FiV20T¢ +ivV207 ¢ +2i0T0"Gr + ...
Qa Qo +i1V20 Yy o +iV20 Y + 20007 F, + ...
Qu = GutivV20tis o +iV20 P o+ 20070 F,+ ...
V. 070 (Aga+ A1) +0707(Agy — A1a) — V20 0%0, — /201075,
200707 (0 X o +07A_ o) + 210707 (0T AL o +07A_,) —207076T0" Dy,
D, = ¢o+iv20T Ao +iV20 Ao +2070 Dgpo+... = D,D_C,
Ca = ea+iV20T0et o +i1V20 e 0 +i1V20 Xey o +1V207 Xe 0
+200T07F, o+ 21070 M, + 21010 Ge o + 21070 Nog+ 070" A o + 0701 By
2107070 oy 0 — 20070707 Co o + 2007070 Aoy o +210T0°0" N, — 20707070 D, ,
with Dy = _aé% +10F(9y £ 01), D1 = aa% —i0%(9p £ 01) H| | KK || 522
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