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' Introduction

well-known objects String Dualities . less known objects
4
D-branes, NS-branes in lower dimensions Exotic Branes
- Exotic Branes N

v/ co-dimension 2 (“defect” branes), or less

v/ non-single-valued metric of spacetime

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Introduction

(Exotic) Branes are labelled as b¢-branes.

C b : spatial dimensions
c . # of isometry directions
n : mass of brane ~ g. "

i KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



H3-brane



Introduction

We begin with NS5-brane.

string

Objects: @ < >

coupled to B-field

electrically/magnetically

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



' Introduction

Exotic 53-brane is constructed from NS5-brane.

NS5-brane

0i1:2:3:4:5 FEEEERE

T-duality l/

KK-monopole

52-brane

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Introduction

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

e codim. 3 (R*x S, FeR?)

o ds® = dagogs + H(x) [(dx6)2 + (dz")* + (dz®)* + (dxg)ﬂ

/
1
e H(x)=1+ E Hpnp = €mnp? 0y logH(z), &= ilogH(a:)
p

7= 7|
N J

dzd 9345 = —dt? + (dat)? + ... + (dx®)?

QO Q)

Tty N v,/
/ > 6,7 H-monopole

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



Introduction

- KK-monopoles ~

e codim. 3 (R3x S!: Taub-NUT space, 7€ R3)

1
o ds® = dadipeus + H(x) [(dx6)2 4 (da™)? + (de)ﬂ o (47 + w)°
p
N b )
O O O O

s /50 4+ 4+ / > 3 /
L r+ 7 L / i 4+t +

4+ +
i‘ /4 \: y T-duality i' /
6,7 H-monopole 6,7 KK-monopole

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



Introduction

- 53-brane N

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

. H(a:):h+alog(%), (0,9,) € R
N J

/

oL
Q i j i 8 /
A T-duality
7L 6,7 \

KK-monopole

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Introduction

H. ~
ds? = dafipses + H[de® + 0(d0,)%] + =[(d7%)* + (d2°)?]

Y H
B89 = _O' Q, e2q) = — K = H2—|-(O'?9Q)2

| -

- H? 4 (270)2

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



: Introduction

Exotic 53-brane has been analyzed in spacetime (SUGRA) picture.

Ready to study STRING THEORY pictures!

KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Introduction

Exotic 53-brane has been analyzed in spacetime (SUGRA) picture.

Ready to study STRING THEORY pictures!

~ string theory pictures ~

1=>>  string worldsheet picture: NLSM, GLSM

1= five-brane’s worldvolume picture

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more




Contents

@ GLSM for (exotic) five-branes: 1st version

Sasaki and TK: 1304.4061, 1305.4439, 1310.6163
@ GLSM for (exotic) five-branes: 2nd version

Yata and TK: 1402.5580 and more
® Worldvolume theories

Sasaki, Yata and TK: to appear



GLSM: 1st ver.

v/ Duality transformation of neutral chiral superfield in D-term and F-term

v/ Exotic structure in NLSM is carried by non-dynamical field in GLSM

S. Sasaki and TK: arXiv:1304.4061, 1305.4439, 1310.6163


http://arxiv.org/abs/1304.4061
http://arxiv.org/abs/1305.4439
http://arxiv.org/abs/1310.6163

' GLSM for NS5-brane

Liss = +/d49%(—@@+$\11)

GLSM for NS5-brane D. Tong hep-th/0204186

N = (4,4) N =(2,2) role

neutral HM | chiral U = X% +i X% 4 ... twisted chiral © = X7 +i X"+ ... spacetime coord.

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more


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

GLSM for NS5-brane

s = /

+/d20<

a0 {i( 5> +6<1>)

e2

+ (s — \IJ)CI>> + (h.c.)

+/d25(t— 0)% + (h.c.)

GLSM for NSh-brane

}+/d4«9%<—@@+§\1!)

D. Tong hep-th/0204186

N = (4,4) N =(2,2) role
neutral HM | chiral U = X% +i X% 4 ... twisted chiral © = X7 +i X"+ ... spacetime coord.
VMs twisted chiral ¥ = D, D_V chiral @ gauging isometry
Fl parameters s=s%+1is t=t"+ position of five-branes

1A : N=(4,4) GLSMs for Exotic Five-brane, and more


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

GLSM for NS5-brane

Ass = /d‘*@{é(—izw@b) —|—@e‘2vQ—l—5e+2vé}+/d49%(—@@—|—$\1!)

+/d29 (@@Q + (s — m)@) + (h.c)

+/d2§(t— 0)% + (h.c.)

GLSM for NS5-brane D. Tong hep-th/0204186

N = (4,4) N =(2,2) role
neutral HM | chiral U = X% +i X% 4 ... twisted chiral © = X7 +i X"+ ... spacetime coord.
VMs twisted chiral ¥ = D, D_V chiral ® gauging isometry
charged HM chiral Q (—) chiral Q (+) curving geometry
Fl parameters s=s+is® t=t"+it? position of five-branes

A : N=(4,4) GLSMs for Exotic Five-brane, and more


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

' GLSM for NS5-brane

Bosonic Lagrangian after integrating-out auxiliary fields :

. 1711
2 = S [5(Fo0)? = 100 = 10m6] = [IDmal® + 1Dnl?]
1
o [(amX6)2 + (OmX ") + (O X®)* + (O X 9)2] — (X7 = ") Fn
£ = =2(lo1*+1¢1*) (la]* + 13* + ¢°)
2

=5 (1o = @2 = (7= 7)) = a7 - (X° = o) —i(x" - )]

~ Steps to NLSM for NS5-brane

N
O 0
1. SUSY vacua ZP°t =0 yam |
2. solve constraints on (g, q) — f N\ |
677 -brane
3. IR limit e — o0, and integrate out A,, o
(X0, X7 X%, X7)
N J

RA : N=(4,4) GLSMs for Exotic Five-brane, and more




' GLSM for NS5-brane

P (9—12 + %) [(am)ff + (amX9)2] + ™" Q2 0 X' 0, X7

Target space geometry is...

Gr; = Hory H =

1
g2

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



‘ GLSM for NS5-brane

T-duality transformations

(free) string ! sign flip (parity) in right-mover momentum <+ winding
spacetime Buscher rule (Gr7,B1y) — (G}, B )
SUSY sigma model : Ro¢ek-Verlinde formula chiral <> twisted chiral

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for NS5-brane

Ass = /d‘le{é(—izw@b) +@e—2VQ+5e+2V@} +/d40%(—@@+®11)
+/d29 (@@Q + (s — m)@) + (h.c)

+/d2§(t— 0)% + (h.c.)

T-duality transformations to 53-brane

Duality (Ro&ek-Verlinde) transformations

_%(@Jr@) = 4D +V % = DyD.V
S(V+7) = (E4+5)-(C+0) @ = D.DC

S

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



_ GLSM for exotic five-brane

ZLE = /d%{é(—iE—k@@) +@e_2vQ+5e+2V@}
+/d499;{(r+f+v)2— (E+§—(C+€))2} —/d‘le(\p—@)(()—@)
+{/d29 (QVCI)Q—Fs(I)) —I—(h.c.)}

+{/d2§tz+ (h.c.)} — ™" O (X Ay)

GLSM for exotic 53-brane

S. Sasaki and TK arXiv:1304.4061

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more



http://arxiv.org/abs/1304.4061

' GLSM for exotic five-brane

ozﬂexotic —

We obtained GLSM /NLSM for Exotic Five-brane!

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for exotic five-brane

Remark 1:

Quantum corrections to the geometry can be traced by Vortices in GLSM:

O%CGLSM _ <X9 L t) F01

opological

H = h+olog (%) — h + o log (H) + Z Ko(|n| 0) exp(inX?)

n#0
physical coordinate in NS5-brane Tong
X%is ... dual coordinate in KKM Tong, Harvey-Jensen
dual coordinate in 53-brane Sasaki-TK 1305.4439

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



_ GLSM for exotic five-brane

Remark 2:

H3-brane geometry has two isometries (8- and 9-th)
Possible to gauge both directions?

Sasaki-TK 1310.6163 as a trial

Not completely understood yet...

We want to analyze 53-brane from a different viewpoint

l
Another GLSM

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more




GLSM: 2nd ver.

v/ Toric structure is manifest
v/ Duality transformation of Charged chiral superfield in D-term and F-term

v/ Kahler potential for the system of “metric + B-field"

M. Yata and TK: arXiv:1402.5580, and more


http://arxiv.org/abs/1402.5580

I Sl

- A n-type ALE Space N

v hyper-Kahler

v/ transverse space of N + 1 parallel KKMs

v toric

15> T-duality along an isometry direction
— N + 1 parallel NS5-branes with B-field

15> large-N limit 4+ T-dualize along the singularity points
—  exotic five-brane with B-field

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Explicit form of GLSM for An-type ALE space associated with toric data?

field contents Ay Ay As Ay ... AN Ani1 Anao
U(1>1 . Vl _|_1 _2 _|_1 ‘c':::::::hemallcl Monographs
U(l)y: Vo +1 -2 41 MIR" * R
U(1)3 . V3 +1 -2 . Kentaro Horl
n Aorochi Kigmm
U(l)N_l : VN_l _9 +1 Eric Zaslow
@@
U(].)N . VN +1 —2 +1 chv;nth:'m:ue-l:-uh‘h

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more




I Sl

Explicit form of GLSM for An-type ALE space associated with toric data?

field contents Ay Ay As Ay ... An Ani1 Anao
U(1>1 . Vl —|—]_ _2 _|_1 3::§':1:t1hematlcs Monographs
U(l)y: Vo +1 -2 41 MIR" f R
U(l)g . V3 +1 -2 . Kentaro Horl
n Aorocht Kigrm
U(l)N_l : VN_l _2 +1 Eric Zaslow
@@
U(].)N . VN +1 —2 +1 cl'r:llﬂi:'m:ﬂellu-ﬂh‘h

Neither INSPIRE nor Google tells us a good answer...

OK! Construct it by ourselves!

A : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Notice:
D-term associated with toric data is not enough to derive correct NLSM

F-term is inevitable to fix the complex structure of the geometry

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Notice:

D-term associated with toric data is not enough to derive correct NLSM

F-term is inevitable to fix the complex structure of the geometry

N = (4,4) SUSY (SU(2)r symmetry) helps everything!

e chiral multiplets A; — N = (4,4) HMs (A;, B;) as doublets
e vector multiplets V, - N = (4,4) VMs (V,, ®,) as doublets

e F-term “—a®,A,B," as a pair of “|A,|?e?*Va +|B,|? e 2¢Va"

1A : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

N=(4,4) | (ALB) (A2, Bs) (A3,B3) (As,Ba) ... (Ax,Br)... (Ani1,Bn+1) (Anto, Byis)
(Vi, 1) | (+1,-1) (=2,42) (+1,—-1)
(Va, Bo) (+1,-1) (=2,42) (+1,-1)
(Vs, @) (+1,-1) (=2,+2)
(Vn-1,®Nn-1) (+1,-1)
(Viv, @) (—2,+2) (+1,-1)
(Vo, @) (—a, +a)

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more



Eguchi-Hanson (A;-ALE):

i KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Eguchi-Hanson (A;-ALE):

1 1
7 = /d40?<—|21|2+|<1>1]2) +/d40?<—|20|2+|<1>0|2)

1 0

Jr/d49 (|A1|2e2V1 I |A2|2e_4V1_20‘V0 I |A3|262V1)
—|—/d40 (’31’26—2‘/1 i |B2|2€4V1—|—204V0 4+ ‘33‘26—2‘/1)

~ / 426 (<I>1(AlBl —2AyBy + A3B3) — a(I)O(AzB2)) _ / d204,%; + (h.c.)

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Eguchi-Hanson (A;-ALE):

1 1
7 = /d40?(—|21|2+|<1>1]2> +/d40?<—\20|2+|<1>0|2)

1 0

—|—/d49 (|A1|2e2V1 4+ |A2|26—4V1—2aV0 i |A3|2e2V1)
—|—/d40 (’31’26—2‘/1 + |B2|2€4V1—|—204V0 + ‘33‘26—2‘/1)
~ / 426 (<I>1(AlBl —2AyBy + A3B3) — acpo(A2B2)) _ / d204,%; + (h.c.)

Integrate out {¥,, ®,} in the IR limit e, — ¢

3

o+ VP TTAP T AP

— 4 2 2 2\2 _
Zx = [ { P AP AP — tlog V0 e

: C. (V. (VA
with parametrization: A, = Lcosge?(“”“"), Ay = 0, A; = Lsin5e2(¢_¢)

1A : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Eguchi-Hanson (A;-ALE):

1 1
7 = /d40?(—|21|2+|<1>1]2> +/d40?<—|20|2+|<1>0|2)

1 0

—|—/d49 (|A1|262V1 4+ |A2|26—4V1—204V0 i |A3|262V1)
—|—/d40 (’31’26—2‘/1 i |B2|2€4V1—|—204V0 4+ ‘33‘26—2V1>

~ / 426 (<I>1(AlBl —2AyBy + A3B3) — acpo(A2B2)) _ / d204,%; + (h.c.)

T-duality along -direction

Duality transformations of { A1, A3} in D-term and F-term

(I)l — E+E_C

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



I Sl

Eguchi-Hanson (A;-ALE):

2 = = [t ((+ V1) log(¥i +¥1) + (¥ + Vo) log(¥i + V)
—/d4(9 ((Yl —+ ?1) — (Yg -+ ?3) — tl) log ((Yl —+ ?1) — (Yg -+ 73) — tl)
+/d49]—'((])

+ ...

[A2e*VT = + (Y1 +Y,) +T1(O)

‘A3‘262V1 = —(Yg —|—?3)+T3(C)

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for 53-brane:

i KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for 53-brane:

sorry, under construction

KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Worldvolume

v/ covariant form of gauged isometries and Wess-Zumino terms

v type lIB, IlA, and Heterotics

S. Sasaki, M. Yata and TK: to appear



Worldvolume action of exotic five-brane

Worldvolume action of 53-brane could be obtained from

D5-brane’s action via S- and T-dualities (IIB)
KK6-brane action via reduction and T-duality (IIB)
Mb5-brane action via reduction and T-dualities (IIA)

Different point: Two isometries along transverse directions

How to describe its worldvolume theory with isometries?

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



Worldvolume action of exotic five-brane

Worldvolume action of 53-brane could be obtained from

D5-brane’s action via S- and T-dualities (IIB)
KK6-brane action via reduction and T-duality (IIB)
Mb5-brane action via reduction and T-dualities (IIA)

Different point: Two isometries along transverse directions

How to describe its worldvolume theory with isometries?

Already Known!
Bergshoeff et al hep-th/9706117

Worldvolume action with WZ-term is gauged with respect to isometries

A : N=(4,4) GLSMs for Exotic Five-brane, and more



Worldvolume action of exotic five-brane

ex) gravity sector of KK6-brane action with gauged isometry in M-theory:

1 4 a v
Lhe = —Thev/ =7 (K7 DX Dy X" gy — 5)

= Tl k%~ det(Da X 1Dy X" g,

= Tl k2 det(8,X 10, X7 11,,,)

D, X* = 0, XF+C k" kM : Killing vector

kHEkY
H,LLI/ — g/,tl/ — k,2

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



Worldvolume action of exotic five-brane

v/ Construct the worldvolume action with WZ-term in a covariant way:

KK6 —t ,  KK5in ITA — 22 o 524, 11

M5 reduction . NS5 in TTA T-dualities . 5% in TTA

v/ 53-branes in heterotic theories can be obtained by truncations:

52 in 1IB RR=9 , 52 in HSO
N=(1,1)->N=(1,0)

52 in IIA RR=0 » 52 in HES
N=(2,00-N=(1,0)

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



Worldvolume action of exotic five-brane

SégB = — 5§/d6§e_2¢(dethu)\/1—|—e+2¢(deth[J)—l(iklikQ(C(z)—|—C(0)B))2
2
7D (D KO @ @ O
~det |9, XrOXVITZ) ¢+ 29 b (g,)2t b @ b Fa}
X\/ de [a % H (k2)2 (2) (dethjj) T Fab

~

1. . . . .
Plig,ig, B®?] — SPIB A CAONCN 4 PICH —CPOABAFE

— M5 /
M

- - - T Uk (6(2) + C(O)B)
—P[BIANFANF — L2
B (ik,11,(CD) + COIB))2 4 e=2¢(det hyy)

FAFAF

hry = k7k5(gu + Bu)

For details, please wait for our coming paper!!

A : N=(4,4) GLSMs for Exotic Five-brane, and more



' Duality web

M ITA 118

23 O)T

M5*"" e NS5 <= NS5 g D5

i KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



' Duality web

I HSO HES M

D5"" e NS5 = NS5 g M5

(23 O)T

i KIMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



SUMMARY



Summary and Discussions

We established GLEM for exotic five-brane!

v/ Dualization of neutral chiral superfields in D-term and F-term (1st ver.)
v/ Dualization of Charged chiral superfields in D-term and F-term (2nd ver.)

v/ Gauge covariant isometries in worldvolume theories

We hope our five-branes’ theories tell us more and more !

v/ modular invariance, dipole description ? T. Kikuchi, T. Okada and Y. Sakatani

v/ more exotic as “multiple states of NS5 + 53" de Boer and Shigemori

RA : N=(4,4) GLSMs for Exotic Five-brane, and more


http://arxiv.org/abs/1205.5549
http://arxiv.org/abs/1209.6056

Thanks



APPENDIX



Geometries in string theory

10D string theory = D-dim spacetime ® compact space My

geometry
associated with

geometry
associated with
Gmn1 an

geometry
associated with

G, T = C(o) + ie”?®

geometry
associated with
Gons Bon, P, C’(p)

Conventional geometry (manifold)

O(d) global symmetry +  ordinary compactifications
[Calabi-Yau, etc] I

Generalized geometry t
O(d, d; Z) T-duality symmetry i flux compactifications
[T-fold] !

Generalized geometry f
SL(2,7) S-duality symmetry " F-theory

Generalized geometry " -
. n compactifications
Eqi1(a+1)(Z) U-duality symmetry

[U-fold] with non-abelian gauge

: N=(4,4) GLSMs for Exotic Five-brane, and more



Geometries in string theory

Non-geometric structure

structure groups = diffeom. (GL(d,R)) U  String duality groups

N~

T
T-duality, U-duality, etc.

GL(d,R) U duality transf.

Generalized Geometry  (N. Hitchin)
Doubled Geometry (C. Hull)

H3-brane is a concrete example (T-fold)

Exotic brane shows us a new insight of stringy spacetime

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



Various branes

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

longitudinal M2 1 F1
1 0152 354556 758;9;M
transverse M2 — D2 : ! ! ! ! ! ! !
9s va ; v ; v ; va ; v ; v ; v : Sl ; RB
1 I
longitudinal M5 . D4 KK6 — 65 . Taub-NUT
1
transverse M5 ? NS5
R? ) 2
longitudinal KK6 gTQN KK5 b s M = (R1---Re)
S gg’),
1
KK6 with Rty = R, g_ D6
R2
transverse KK6 EN 65
9s

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

RA : N=(4,4) GLSMs for Exotic Five-brane, and more


http://arxiv.org/abs/hep-th/9809039

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) — (C2 + Bz, Bs)
Since co-dim. 2, brane charges are not conserved but

(0, NS5) — (D5, NS5)

D7
NS5
Cr’ﬂ | o
DT B & o
NS5+ D5

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

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more



http://arxiv.org/abs/1209.6056

LESSON 1 : GLSM for NS5-brane



' LESSON 1 : NS5-brane

Bosonic Lagrangian after integrating-out auxiliary fields :

. 1711
2 = S [5(Fo0)? = 100 = 10m6] = [IDmal® + 1Dnl?]
—2ig2 [(amX6)2 + (OmX ") + (O X®)* + (O X 9)2] — (X7 = ") Fn
£ = =2(lo1*+1¢1*) (la]* + 13* + ¢°)
e’ 2 2 7 )2 2| ~ 6 6 15¢ N
= (laf = @ = (X7 = 17)) = F[gg - (X° — 58) —i(X® ~ 59)

~ Steps to NLSM for NS5-brane

1.
2.
3.

SUSY vacua Pt = ()

solve constraints on (g, q)

IR limit e — o0, and integrate out A,,

RA : N=(4,4) GLSMs for Exotic Five-brane, and more




LESSON 1 : NS5-brane (details)

1. SUSY vacua

o=0=¢, |gf—|gP=X"—t",  q7=(X°—s")+i(X" ")

2. solve constraints on (q, q)

_ lOé\/,r,_'_ _t7 a:

ie-l-ioza(XG T 36> + .<X8 - 38)
Vr+ (XT—17)

1 A\ 2
Dl + 1Dl = = | (On X + (0 XT)? + (0 X®?| + 1Ot + A — Qs 0 X

r=/(X6—s6)2+ (X7 —t7)2 4 (X8 — 8)2

— (X6 - 59)0,, X8 + (X® — 5%)0,,X°

O X" = r(r+ (X7 —t7))

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

|
Ay =0, X+ = O XY
T

— e = ] (i + 1) (OnX)? + (OmX°)2] 4+ ™ 2 0,, X7 0, X

r

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more




LESSON 2 : T-duality



LESSON 2 : T-duality

O —1I:
S > Lo = /d49(— 9—12@@) +{/d25(—@)2+(h.c.)}
_ /d49{ _ zif(@ FOP (04O} 0, (X°4,)
1
1 _
Lpr = /d49 { _ 2—9232 _ BV - B(I'+ F)} ™9, (X0 A,)

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

O —1I:
4 1 2 T mn 9
Lpr = /d 9{——23 —BV—(F+F)B} ™9, (X0 A,)
29
Integrating out I', I' : — GLSM for NS5-brane B=0+06
or, Integrating out B : — GLSM for KK-monopole %B =—(T+D) -V
duality relation : O=X"+iX4..., T=X"+iX%+...
X7 — _92557
O+0 = —¢*(T+1) =gV — | +@+d)X° = —¢*(Dy+ D1)X?
DX = 0,X°+ A,

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



LESSON 2 : T-duality

ZKK

/d49{

1
e2

(—iz +6<I>) +Qe 2V (Q +5e+2vé} + /d40 {g;(r + T+ V)2 +

— v
g2

j

+/d20 (@@Q + (s — \IJ)CI)) + (h.c.)

+{/d25t2+(h.c.)} — ™ 9 (X7 AL)

~ Steps to NLSM for KK-monopole

~
O 0
1. SUSY vacua ZP*' =0 yam i
8 + /
2. solve constraints on (q, q) — i N
6.7 -monopole
3. IR limit e — o0, and integrate out A,, Hmonore
(X6, X7; X5, X9)
- J

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



LESSON 2 : T-duality (details)

1. SUSY vacua

o=0=¢, |gf—|gP=X"—t",  q7=(X°—s")+i(X" ")

2. solve constraints on (qq, qa)

X080 (X5 - 8)

q:_ie—ia\/r+<X7—t7) , a \/T+(X7—t7)

3. IR limit e — o0, and integrate out A,,

1 39 O i | i _ 1.1
Am_r—H(amX Q; 0, X") + Q0 X", H_g2+r
1 - 1 ~ .
LheM = —§H(8mX)2 - §H_1(<’9mX9 — Qi 0 X — ™0, (XY —t7)A,)

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



LESSON 3 : 53-brane



GLSM for exotic five-brane
VU — =
Lk > %L = /d4t9 %@W + { /d29 (—\IJ)CI) + (h.C.)}

/d49 {%(\11 PO - (w4 T)(C+0))

+/d49{2a_1

292

ZLRrRsx=

(V-0 (¥ -T)(C-DO)}
!
/d49{

%}# —~R(C+0)+R(E, +51) + R(X +
1
+/d49{2a

292

X)}
(iS)% — (iS)(C — ) +iS(Za — Zp) +iS(X — X)}

R=R, S

=S, D;E12=0=D_E;5, Di:X=0, &,=D,D_C,
IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more




_ GLSM for exotic five-brane

vV — =
7 = /d‘le{g%R?—R(C+U)+R(El+§1)+R(X+Y)}
2a — 1 _ _ _
— / d40{ ‘;gQ (15)2—(iS)(C—C)+15(52—52)+15(X—X)}

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

or, Integrating out R, =5 : — GLSM for 53-brane “R=-(E1+Z)+(C+0C)

U=X04+iX84...

N|—

duality relation at a =

V+U = —¢*E1+51) +g°(C+O)

X0 ~ real part of =

0X® ~ O(imaginary part of =) + “gauge” fields in C,

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for exotic five-brane

1 _ _ _ — ~
S = /d40 {—2( ) St c1><1>) +0e VO + Qe+2VQ}
(&
4 g° = 2 = —\ 2
+/d 02{(r+T+Vv) - (2+2-(C+0) }
+{ /d29 (@@Q + s(I)) + (h.c.)} _ /d49 (U — 0)(C - O)
+{ /d25t2 + (h.c.)} — ™ 0 (X7 AL)
N = (4,4) N = (2,2) role
neutral HM | twisted chiral == X6 +i X%+ ... chiral D= X7 +iX%+... spacetime coord.
VMs twisted chiral ¥ = D, D_V chiral ® =D, D_C gauging isometry
charged HM chiral @ (—) chiral Q (+) curving geometry
Fl parameters s=35%+is® t=t"4+1it? position of five-branes

A : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for exotic five-brane (details)

. 171
2 = 5[5 (Fon)? = 10m0l? = 10n0F] ~ [IDmal* + 1Dl
1 612 nal 9 812 vl yv9 49
—2—92[(8mX) + (0 X") _ —3[(8mX) + (DmX )} (X t”) Fou
L2 = 2|0 +4[McJ?) (|af* + 13 + ¢°)
62( 2 2 (X7 _ 47 2 2| o — (X6 6 106 N
~5 (la? = @ = (X7 =47)) " = e?aq — (X° — %) —i(x* — )
2

+ %(Ac: + zc:)(Bc+F + Ec—#)

(0o + 00)X® = —g°(9o + 01)X® + g*(Bey + Bey)

(8o — 01X = +¢%(0) — ) X5+ g*(Aee + Aoc)

2 1

2 _ ~
+%(Ac= + Zcz)(Bc+|- + EC—H—) = 292 (ang)z + %(amX8)2 +e™" (8mX8)(anX8)

: N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for exotic five-brane (details)

~ Steps to NLSM for 53-brane N
1. search SUSY vacua .ZPotential — ()

2. solve constraints of charged HM (Q, @)

3. integrate out VM (V,®) in IR

*4. integrate s°, and solve EOM for X% in & — U

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for exotic five-brane (details)

Step 1.,2.,3. :
7 = —%H[(amX6)2+(8mX7)2+(8mX8) } —ﬁ(a X9)2
—(222(%)(8) ?j(a X5 (0mX?)
(522[} (O X )2 — 9228(8 X6)(0mx*®) + %(amx6)(am)?9)
—™9 (X0 —2)A,) + ™9, X 5) (0, X°)
= %% e = r<rf<8X_7S—8t7))’ s = _r<rffx_78—6t7)>

TH(a X%~ Qi 0, X") + Q;0,, X'

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



GLSM for exotic five-brane (details)

Step 4. : s® =27 Rg s integral of s, emerge isometry

( H — hg+ olog(u/o) . co-dim. 2 0= /(X6 —56)2 4 (X7 —¢7)2

! Q=0 : isometry along X°®

XT—+¢7
(lg — o arctan (X6——s6) =0V, : "non-single-valued” metric
\
8 . g _ Hryov, 9 n 8 2 2

EOM for X®: 9,,X8 = E[F(&”X ) + Emn(0"X )] K = H? + (09,)

0 o
ik

KK-monopole

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Quantum corrections

GLSM is a powerful tool, also in this stage :

Worldsheet instantons in NLSM can be captured by

vortex solution in gauge theory

ex.) GLSM for NSb-brane :

Take the configuration: ¢ =0=0 with ¢?> — 0 and finite e

1 e? 2 .
ZE = @(F12)2+|DmQ‘2+E(|Q‘2_C) ‘|‘1X9F12
Fios = Fe*(l¢*—¢), 0 = (D1+iD3)q

Abrikosov-Nielsen-Olesen vortex eq.

1

_27'('

RA : N=(4,4) GLSMs for Exotic Five-brane, and more



(QUANTUM
CORRECTIONS


http://arxiv.org/abs/1305.4439

Quantum corrections

String Worldsheet Instanton Corrections

!

Deform target space geometry by momentum and/or winding effects

—_—

worldsheet
spacetime
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Quantum corrections

GLSM is a powerful tool in this stage :

Worldsheet instantons in NLSM can be captured by

vortex solution in gauge theory

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Quantum corrections to NSh-brane

» NS5-brane
1 1 _ 9
H = — + —: radius of X

g r
g — 0 case general r g — 00 case r—0]|r—o0
radius of X 00 radius of X 00 0
KK-modes light KK-modes light heavy
winding modes heavy winding modes | heavy light

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more




; Quantum corrections to NSh-brane

» NS5-brane
1 1 _ 9
H = — + —: radius of X

g r
g — 0 case general r g — 00 case r—0]|r—o0
radius of X 00 radius of X 00 0
KK-modes light KK-modes light heavy
winding modes heavy winding modes | heavy light

GLSM for NS5-brane has X?Fj;
!

KK-mode corrections can be captured by vortex solution in gauge theory

1A : N=(4,4) GLSMs for Exotic Five-brane, and more




Quantum corrections to NSh-brane

Worldsheet instanton corrections to NS5-brane :
X9F01 in GLSM

— unfolding effect on compactified circle X°

\\ > \\
7L 6,7 NS5-brane 7L 6,7,8 NS5-brane

IMURA : N=(4,4) GLSMs for Exotic Five-brane, and more



Quantum corrections to NSh-brane

Worldsheet instanton corrections to NS5-brane :
X9F01 in GLSM

— unfolding effect on compactified circle X°

\\ ; \\
7L 6,7 NS5-brane 7L 6,7,8 NS5-brane

oo

1 1 1 1 .9 . w9
H = —+- —» —4+— e~ T [e—l—lnX _|_e—1nX }
g> T 9° r;
11 sinh(7)
= —5+-

g?>  rcosh(r) — cos(X?)

D. Tong hep-th/0204186

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more


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

Quantum corrections to KK-monopole

» KK-monopole

—1 1 1 —1 . N9
H = (— + —) - radius of X

g* r
g — 0 case general r g — 00 case r—0|r—oo
radius of X? 0 radius of X? 0 00
KK-modes heavy KK-modes heavy light
winding modes light winding modes | light heavy

JRA : N=(4,4) GLSMs for Exotic Five-brane, and more




Quantum corrections to KK-monopole

» KK-monopole

1 1 1\ —1 - v9
H = (—2 + —) . radius of X
g r
g — 0 case general r g — 00 case r—0|r—oo
radius of X? 0 radius of X? 0 00
KK-modes heavy KK-modes heavy light
winding modes light winding modes | light heavy

GLSM for KK-monopole has e™"9,,(X°A,,)
L

Winding mode corrections can be captured by vortex solution in gauge theory

A : N=(4,4) GLSMs for Exotic Five-brane, and more




' Quantum corrections to KK-monopole

Worldsheet instanton corrections to KK-monopole :
M O (XYA,,) in GLSM

— string winding modes along X

’ /‘ ’, II,
ﬁL 6,7 KK-monopole 7L 6,7 KK-monopole

1 1 sinh(r) string winding along
H=—5+ 9 :
g% rcosh(r) — cos(X?) dual circle X*

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

IURA : N=(4,4) GLSMs for Exotic Five-brane, and more


http://arxiv.org/abs/hep-th/0507204
http://arxiv.org/abs/hep-th/0508097

Quantum corrections to 5§—brane

» 53-brane
E . radius of X?° H:i—l—alog(é) K =H?+ (09,)?
K 9 0o/’ )
g — 0 case general o g — 00 case o— 0 o— A
radius of X°? 0 radius of X2 0 0 ! oocatd,=0
KK-modes heavy KK-modes heavy | heavy ! light at v, =10
winding modes light winding modes | light light heavy at ¥, =0
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Quantum corrections to 5§—brane

» 53-brane
E . radius of X?° H:i—l—alog(é) K =H?+ (09,)?
K g o/’ ’
g — 0 case general o g — 00 case o—0 o— A
radius of X°? 0 radius of X2 0 0 ! oocatd,=0
KK-modes heavy KK-modes heavy | heavy ! light at v, =10
winding modes light winding modes | light light heavy at ¥, =0

GLSM for 53 with one gauged isometry has £""9,,(X°A,,)
!

Winding mode corrections can be captured by vortex solution in gauge theory

: N=(4,4) GLSMs for Exotic Five-brane, and more



| Quantum corrections to 55-brane

Worldsheet instanton corrections to 53-brane with one gauged isometry :
™ 9 (X2 A,,) in GLSM

— string winding modes along X

—
H — ho+olog(u/o) string winding along
+UZeXP(i”X9)K0(|”|Q> dual circle X
n#0

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

N = (2,2) superfields

U = (XO+iX®) +if0 Ty, +i0 x_+i0T07G+...

(1]
|

— (XS +iX®) +i0%E, +i0 €6 +i0T0 G +...

O = (X"+iX") +i0TX, +i0X_+i0T0G+...

I = (X"+iX%)+i07Ce +107¢C_+i1070 " Gr+...
Qo = q+i0TYL +i0 _ +i0T0"F + ...
Qo = (+i0 0, +i0¢_ +i0T0"F + ...

V o= 0T0H(Ag+ A1)+ 070 (Ag—A) — 0 0Tc — 0707

100 (B Ay + 0 A) +16+0- (0% +0-X_) — 070-6+6 Dy
d, = ¢+ib A\ +i0"A_+i0T0 " Dy+... = D.D_C
C = ¢po4+i0Thoy +i0 e +i0 xey +10 Yo
HOTOF. +10T0 M. +i070-G.+i10T0 "N, +070" A + 0707 B,
—10T07 0T (o —i01070 " Co +10T07 0T A +16107 0" Ao — 0107616 D,
)

with Dy = —8% +16%(0y £ 01), Dy = prre 16%(0y + 01)
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