fE LS E F R FE AR 2014 9H10H

Exotic Five-branes and Generalized Geometry

in String Theory
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(Exotic) Branes are labelled as b}, -branes.

b . spatial dimensions
c . # of isometry directions

n . mass of brane ~ g "
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GLSM description

as an example of nongeometric backgrounds in string theory



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

de Boer and Shigemori (2010, 2012), etc.

Ready to study string worldsheet picture!

~ string worldsheet picture N

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

1= gauged linear sigma model (GLSM)

otic Five-branes and Generalized Geometry in String Theory



I Votaion

GLSM is a powerful tool to investigate non-trivial configurations in string theory :

GLSM = Gauged Linear Sigma Model (2D gauge theory)

Calabi-Yau sigma model and its corresponding CFT
Witten (1993)

D-branes and gauge theories

ex.) review by Giveon and Kutasov (1998)

Analysis of NS5-branes
Tong (2002), Harvey and Jensen (2005), Okuyama (2005)

In particular, it is important to study T-duality of their configurations.

Exotic Five-branes and Generalized Geometry in String Theory



I Votaion

T-duality transformations

(free) string ! sign flip (parity) in right-mover ~ momentum <> winding

SUSY sigma model : Rocek-Verlinde formula chiral <> twisted chiral

otic Five-branes and Generalized Geometry in String Theory



1
LaLsm = /d49{ - SIZF+ |Q|2e2‘/+|\11\2—2rv}

: Exotic Five-branes and Generalized Geometry in String Theory



1
LaLsm = /d49{ - SIZF+ |Q|2e2‘/+|\11\2—2rv}

1 -duality

might be violated if an F-term exists.

We would like to find a consistent formula to perform T-duality

even in the presence of F-terms.

otic Five-branes and Generalized Geometry in String Theory



Duality transtformations
with F-term

in V= (2,2) framework



Duality transformations with F-term

Duality : chiral +— twisted chiral

Target space geometry is T-dualized under the above transformation.

't Exotic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

Duality : chiral +— twisted chiral

Target space geometry is T-dualized under the above transformation.

» dualize neutral chiral in D-term (ex. torus)

1 _
/d4«9|\11|2 & /d49 [iRQ—R(YJrY)} & —/d49|y|2

» dualize charged chiral in D-term (ex. projective space)

/d49|Q|2e2V & /d49 [e2V+R—R(Y+?)] & —/d4e(y+7)[1og(y+?)—2v]

These are well established.

otic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

“Global symmetry” W — U + o is preserved in D-term, but broken in F-term.

— Make sense? —

» dualize chiral in D-term and F-term

They can be interpreted as T-duality transformations

under conversion from F-term to D-term with trick(es).

otic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

» Dualize neutral chiral in D-term and F-term

L = /d49|\11|2+{/d2«9\IJW(<I>)+(h.c.)}

't Exotic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

» Dualize neutral chiral in D-term and F-term

L = /d4<9|\11|2+{/d2«9\IJW(<I>)+(h.c.)}

1. Convert F-term to D-termviaW = D_.D_C':

/d2«9\IJW+(h.c.) = /d49 [(\If+$)(c+6)+(\p—®(0—0)}

xotic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

» Dualize neutral chiral in D-term and F-term

L = /d4<9|\11|2+{/d2«9\IfW(<I>)+(h.c.)}

1. Convert F-term to D-termviaW = D_.D_C':
/dQH\IfW + (h.c.) = /d49 [(\I! +0)(C+C)+ (¥ —T)(C — 6)}

2. Replace ¥ + W to auxiliary fields 2 and i5 :
1 _ _ _ _
Ly = / d40 [§R2 +R(C+C)+iS(C—C)—R(Y +Y) —iS(T — T)]

otic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

» Dualize neutral chiral in D-term and F-term

L = /d40|\11|2+{/d29\IfW(<I>) - (h.c.)}
1. Convert F-term to D-termviaW = D_.D_C':
/d2«9\IfW + (h.c.) = /d49 [(\I! +0)(C+C)+ (¥ —T)(C — 6)}
2. Replace ¥ + W to auxiliary fields 2 and i5 :
1 _ _ _ _
Ly = / d40 [§R2 +R(C+C)+iS(C—C)—R(Y +Y) —iS(Y — T)]

3. Integrating out /2 and Y, we obtain the “dual” system :

& = /d49 [—%((Y+7)+(C+5))2+(\If—\If)(O—C)]

Instead, integrate out Y and T — %, appears

ic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

U — U still remains after the transformation.

The existence is rather important to complete the Duality transformations.

U — W appears as an auxiliary field, which must be removed finally.

Indeed, the procedure “integrating-out of & — U” leads to

the correct involution of the dual fields in the system /

otic Five-branes and Generalized Geometry in String Theory



GLSM for 55-brane

as N = (4,4) GLSMs with F-term



' GLSM for 55-brane

Start by GLSM for ALF space (KK5-branes)
= 3 [t {0 - 3 + Qe 4 (e}
/d49{—|\11|2 (r+r+22v }

+
8 *:J:: tk * t:: +Za:{/ (Qa oQa + (a—\I!)QDa)Jr(h.c.)}
/ ’ KK5-brane +) { / 40 (t,2.) + (h.c.)} — ) "m0, (X9 AL)

Q0

(6,8)-,(7,9)-directions are described by chirals ¥, T

D. Tong (2002)

otic Five-branes and Generalized Geometry in String Theory



GLSM for 55-brane

Start by GLSM for ALF space (KK5-branes)
= 2 [ A0 { 00 - ) + Qa7 4Gl o)
/d49{—|\11|2 (r+r+22v }

72 r g - +Z@:{/ (Qa a@a + (5 a—‘If)%) +(h.c.)}

KK5-brane + Z { /d2§(ta2a) + (h.c.)} — Z MO (X7 A%)

(6,8)-,(7,9)-directions are described by chirals ¥, T

Each position is labelled by Fl parameters (s, t,)

D. Tong (2002)

ic Five-branes and Generalized Geometry in String Theory



GLSM for 55-brane

Start by GLSM for ALF space (KK5-branes)
= 3 [t {0 - 3 + Qe 4 (e}
/d49{—|\11|2 (r+r+22v }

72 r ‘g - +Z@:{/ (Qa ala + (5 a—‘P)<1>a) +(h.c.)}

KK5-brane + Z { /d2§(ta2a) + (h.c.)} — Z MO (X7 A%)

(6,8)-,(7,9)-directions are described by chirals ¥, T

Dualize the neutral chiral ¥ — = : T-duality along 8"-direction

D. Tong (2002)

otic Five-branes and Generalized Geometry in String Theory



_ GLSM for 55-brane

T-duality!

; | / @8 (103) + (he) b — 3£, (X0 A7)
55 - / d*0 (U —0)) (Co—Cy)

a

(6,8)-,(7,9)-directions are described by (twisted) chirals =, T’

Integrate out ¥ — ¥ : Exotic Five-brane!

S. Sasaki and TK arXiv:1304.4061

xotic Five-branes and Generalized Geometry in String Theory



http://arxiv.org/abs/1304.4061

' GLSM for 55-brane

Remark

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

GLSM _ 9 rha
%opological — Z X FOl + ..

a

H = h+olog (g) ~  h4olog (ﬁ) + 3" Ko(|n| 0) exp(inX?)
0
n#0

physical coordinate in NS5 Tong
X?is ... dual coordinate in KKM Tong, Harvey and Jensen, Okuyama
dual coordinate in 55 Sasaki and TK

S. Sasaki and TK arXiv:1305.4439

otic Five-branes and Generalized Geometry in String Theory


http://arxiv.org/abs/1305.4439

Summary



v/ Dualized chiral multiplets in D-term and F-term

v/ Applied to N = (4,4) GLSM with F-term

v/ GLSM for exotic 55-brane with D-branes

Brane construction with string dualities

't Exotic Five-branes and Generalized Geometry in String Theory



We want to understand nongeometric backgrounds in string theory

We want to see a deeper insight of exotic five-branes

from various viewpoints /



Thanks
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_ Calabi-Yau Compactification

- Calabi-Yau 3-fold Mcy N

Ricci-flat, torsionless, (compact) Kahler manifold
with SU(3) holonomy group

dsiop = () dz" dz” + gma(z,y) dy™ dy”
4D CY

Invariant two-form J and three-form €2 on CY w.r.t. Levi-Civita connection:

A = Vindpp) =0 dQ = Vi, Q00 = 0

xotic Five-branes and Generalized Geometry in String Theory




_ Calabi-Yau Compactification

s Calabi-Yau 3-fold Mcy N

Ricci-flat, torsionless, (compact) Kahler manifold

with SU(3) holonomy group
N\ J

Invariant two-form J and three-form 2 on CY w.r.t. Levi-Civita connection:

dJ = Vipdnp =0, dQ = Vi, Qe = 0

This is suitable for 1/4-SUSY condition with vanishing background fields

10D
( dsusytms = Vin i D) =0 .
10 = P @nl +(cc), " = P en® +(cc)
0
(D )e =D (2 =gt = | 0 | ¢ SUE)-invariant ¢ SU4) ~ SO(6)
*
- V),

Five-branes and Generalized Geometry in String Theory



Calabi-Yau Compactification

NS-NS fields in 10D are expanded around CY :
o(z,y) = ¢(z)
_ X ) ma$ 2P0
gmﬁ(ﬂfay) = iva(-’ﬁ) (Wa,)mﬁ(y)a gmn($7y> = i?‘](m) <(Xj|)£;|q2 )(y)

AN

By(z,y) = Ba(x) + 0%(x)wa(y)
t4(z) = b*(x) + v (x)

R-R fields :
Ci(w,y) = Ad(x)
Cs(x,y) = Af(z) Awaly) + & (x)as(y) — &1(x) B (y)
cohomology class on CY basis degrees
HOD Wa a=1,...,ALD
HO ¢ HOD wa = (1,w,) A=01,..., A0 dwp =0 = dw’
H® & H©) ot = (@, very) doy =0 = dg’
HD X i=1,... h®D
H® (ag, 8Y) I=0,1,... A3

otic Five-branes and Generalized Geometry in String Theory



_ Flux Compactifications

- non-CY 3-fold Mg ~
vanishing Ricci 2-form, torsionful, (compact) non-Kahler manifold

with (a pair of) SU(3)-structure
dJ #0 and/or dQ#0

e nl = n1 at any points on Mg:

3 — _
dJZiIm(W19)+W4/\J+W3, dQ=WiJAJ+WoANJ+W5AQ

(It is possible to consider a geometry with nl # n3 on a certain point of Msg.)

xotic Five-branes and Generalized Geometry in String Theory




Intrinsic torsion classes of SU(3)-structure manifolds

3 — _
djzi]:m(WlQ)_'_Wzl/\J_l_Wg, dQ = WiJAJT+Wo AJ + W5 AQ
hermitian Wi=Wy=0
balanced Wi=Wo=W,;=0

complex

(1/4-SUSY Minkowski; 3)

almost complex

(1/4-SUSY AdS.)

special hermitian
Kahler

CY

conformally CY
symplectic
nearly Kahler
almost Kahler
quasi Kahler
semi Kahler
half-flat

Wi =Wao=Wi=W5=0
Wi=Wa=W3=W;=0
Wi=Wo=Ws=W;=Ws=0
Wi =Wy = W3 =3Ws+2Ws =0

Ile = ImWQ == W4 == W5 =0

Five-branes and Generalized Geometry in String Theory



Flux Compactifications

Non-vanishing d.J and df2 are expanded by “non”-closed basis forms:

1 BI eAI mAI (,NUA
[NS-NS] Qg EAT mAI WA

> QT Z_|_

601, eor: H-flux ChargeS (Hﬂ = —GOIOé[ + 6()[6I)
eq!,eqr:  geometric flux charges (torsion)
m™,m?;: nongeometric flux charges (magnetic dual of ex”, ex;)

F=Ily+Fh+...+ Flo=eBG  with self-dual cond. F = A(xF), A(E,) = (—)'FE,

LG = (GM+GD +GYYwy — (Gop + Gan + Gap) &P
+(G‘{ -|— Gé) oy — (Gl[ -|— ng) BI

Gy =pP, Gon=qn—Elens +Eren’

S

= (p",qa)": R-R flux charges (p”: Romans’ mass)

Five-branes and Generalized Geometry in String Theory



Geometries in string theory

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

geometry Conventional geometry (manifold)
associated with O(d) global symmetry +ordinary compactifications
Grmn [Calabi-Yau, etc]
geometry Generalized geometry "
associated with O(d, d; Z) T-duality symmetry . flux compactifications
Gmns Bmn [T-fold] :
geometry Generalized geometry "
associated with SL(2,7) S-duality symmetry . F-theory
Grn, T = Cloy +ie™? [S-fold] !

Generalized geometr
geomgtry _ 9 _ Y compactifications
associated with Eq11(a+1)(Z) U-duality symmetry with non-abelian aauge
Gmns ans (I): C(p) [U-fold] g g

ive-branes and Generalized Geometry in String Theory



(almost) complex geometry

almost complex structure J,,,”* on T Mg S.1.

Jmni TMG — TMG
J? = —1g
3 0(6) invariant metric , s.t. J'nJ = 7

Structure group on TMs :

Tlmn i GL<6) -2 O<6)
Nmn sy €my---mg E 0(6) =2 50(6)
Tlmn s €mi---mg Jmn i SO(6) - U<3)

TImn , €m1~'-m6) Jmn, anp i U(S) -——> SU(S)

Connection between geometry and physics :

Jmn — :F21 n:rl: Ymn 1+, anp = =2 77T— Ymnp T+

otic Five-branes and Generalized Geometry in String Theory



Generalized (almost complex) geometry

a generalized almost complex structure Ji1> on TMg & T*Mg S.1.

jHE : TMeg B 1" Mg — TMg B 1T Mg
J? = —11y
30(6,6) invariant metric L, s.t. J'LJ = L

Structure group on TMg & T Mg -

L § GL(12) . 0(6,6)
JP=—1n | 0.6 — UGS
T, F UB3)NTE3) - UE)xUE)
integrable 715 | U@B)xU(3) - SU(3) x SU(3)

Jins = (Re®y, TixRe®)

6 6
1 1 m ...m _i 1 1 m ---m .
k=0 o o

otic Five-branes and Generalized Geometry in String Theory



_ Exceptional generalized geometry

Further extend SU(3) x SU(3) to Er (7 :

TMg e T"Mg
momentum winding
(GCT) (B2 gauge)
6 6
™ & TMg & MNTMg & A°TMg & ASVe"T* N g
momentum winding NS5 KKS DO, D2, D4, D6
(GCT) (B, gauge) (Bs gauge) (GCT of dual vielbein) (Cpy, C(s—p) gauges)
6 6 6 6 1+154+15+1

dBé’ — *ZOdBQ ; dC(g_p) = *ZOdC(p) (p = 1,3) In type ITA

6+6=12: fund. repr. of O(6,6)
6+6+6-+6+(1+15+15+1)=>56: fund. repr. of B

hep-th/0701203, arXiv:0904.2333, arXiv:1007.5509, arXiv:1202.0770, etc.

xotic Five-branes and Generalized Geometry in String Theory



http://arxiv.org/abs/hep-th/0701203
http://arxiv.org/abs/0904.2333
http://arxiv.org/abs/1007.5509
http://arxiv.org/abs/1202.0770

Geometries in string theory

Non-geometric structure

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

/l\
T-duality, U-duality, etc.

GL(d,R) U duality transf.

— —

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

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

Exotic brane shows us a new insight of stringy spacetime

otic Five-branes and Generalized Geometry in String Theory



Various branes

M-theory on S'(R,) mass/tension (s =1) type lIA

longitudinal M2 1 F1
1 oi1i2i3i4:5 ¢ JNCEER
transverse M2 — D2 | ! : |
s \/:\/:\/:\/:\/:\/:\/:Sl: R3
1 l
longitudinal M5 . D4 KK6 — 63 . Taub-NUT
1
transverse M5 2 NS5
R2 o 2
longitudinal KK6 % KK5 b 1 M = (Ry--- Re)
S ggl,
1
KK6 with Rty = R, g— D6
R2
transverse KK6 A 64
s

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

otic Five-branes and Generalized Geometry in String Theory


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: (Co, B2) = (C2 + By, By)
Since co-dim. 2, brane charges are not conserved but
(0, NS5) — (D5, NS5)

D7
NS5
(:" N
R PSS
NS5 + D5

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

otic Five-branes and Generalized Geometry in String Theory


http://arxiv.org/abs/1209.6056

Five-branes and GLSM

ALE / ALF spaces



ALE space and others

4D asymptotic geometry is locally T*-fibration over R4—*

Lk harmonic function

ALE 0 7 C?/T", ADE-singularities
T
ALF 1 A+ B Taub-NUT

ALG 2 A+ Blog|p|  exotic objects as D7, 55, etc.

ALH 3 A+ B|x| linear potential

ic Five-branes and Generalized Geometry in String Theory



_ GLSM for NS5-brane

Lss = +/d4«9%(—@@+§\11)

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

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

neutral HM chiral v = X6 4i X® 4 ... twisted chiral ® = X" +i X"+ ... spacetime coord.

xotic Five-branes and Generalized Geometry in String Theory



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

GLSM for NS5-brane

Ass = /d49{€_12(_iz+5¢) }+/d49%(—@@+§\11)
+/d29( +(s—\If)<I>)+(h.c.)

+/d25(t —0)% + (h.c.)

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

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

neutral HM chiral v = X6 4i X® 4 ... twisted chiral ® = X" +i X"+ ... spacetime coord.

Fl parameters s=38%+1is8 t=t"+it? position of five-branes

ic Five-branes and Generalized Geometry in String Theory


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

GLSM for NS5-brane

Ass = /d49{6—12(—§§3+5<1>) +@62VQ+5e_2V@} +/d4«9%(—@@+@11)
+/d29 (@@Q + (s — \IJ)(I)) + (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 v = X6 4i X® 4 ... twisted chiral ® = X" +i X"+ ... spacetime coord.

VMs twisted chiral ¥ = D . D_V chiral gauging isometry
charged HM chiral @ (+) chiral Q (—) curving geometry
Fl parameters s=38%+1is8 t=t"+it? position of five-branes
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GLSM for NS5-brane

Bosonic Lagrangian after integrating-out auxiliary fields :

- 171
B = 5 |5F00)? = 10m0]? = 10m6[2] = |IDmal? + | D]

1
5 [(amxﬁ)2 4 (O X2 4 (0,0 X3)2 + (8, X0) ] ~(XO — %) Fyy
£ = —2(lo +1¢1*) (1 + 3> + ¢)
e2 2 B . 2
_§(|Q|2 o ‘Zﬂz o (X7 o t7)) o e2‘qq o (X6 o 86) o 1(X8 o 88)‘
~ Steps to NLSM of NS5-brane N
O Q)
1. SUSY vacua "t =0 ) * 4 ?
2. solve constraints on (q, q) — i N\
6,7
3. IR limit e — oo, and integrate out A,,, NS5-brane
(X6, X7 X%, X9)
\ _J

otic Five-branes and Generalized Geometry in String Theory



GLSM for NS5-brane

1,1 1 B} |
FNLSM —5(? + ;) [(amX)2 + (amX9)2} e, 9, X1 0, X0

1 1
—§G1 70, XTomX7 + 5BI semo. X1 o, X/

Target space geometry is...

4 I
Gryg = Hory, By = ()

I 1
H:_2+—, VZH:(VXQ)Z

\_ g7 Y,
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GLSM for NS5-brane

Ass = /d‘*é’{é(—izqt&b) +@e2VQ+5e‘2V@} +/d40%(—@@+®11)
+/d29 (@@Q + (s — \IJ)(I)) + (h.c.)

+/d2§(t— 0)% + (h.c.)

T-duality transformation to KK-monopole

Exotic Five-branes and Generalized Geometry in String Theory



GLSM for NS5-brane

Lss = /d49{é(—§z+6q>) +@e2VQ+5e—2Vc§}+/d4eg—12(—@@+®p)
+/d29 (@@Q + (s — \If)cb) + (h.c.)

+/d2§(t —0)% + (h.c.)

T-duality transformation to KK-monopole

Duality (Rocek-Verlinde) transformation
1 — _
2

(O®+0) = T+0)+V

+(0p £01)X° = —¢*(Dy+ Dy)Y?
D.,Y? = 9,Y°+ A,
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GLSM for KK-monopole

Lk = /d49{6—12<—iz+5<1>) +@e2VQ+5e—2V@} +/d4«9{g;(1“+f+‘/)2+%@\1!}

+/d29 (@@Q + (s — \If)cb) + (h.c.)

+ /d2’ét S+ (h.e)} — ™ On(X0A,)

GLSM for KK-monopole

Exotic Five-branes and Generalized Geometry in String Theory



GLSM for KK-monopole

Bosonic Lagrangian after integrating-out auxiliary fields :

: 171
L8 = 5|50F00)? = 10m0f? = |0m6l?] = ||Dmal* + | D

1 2
5 (O X+ (O X" + (0 X™)?| = (DY )2 = " O (X° = 1°) A,)
2 = =2(lo* +16) (la* + 1dI* + ¢°)
e? 2 B 2
—§(|ql2 g = (X7 - t7)> B ez‘qq ~ (X5 — %) — (X - 88))
~ Steps to NLSM of KK-monopole N

1. SUSY vacua ZF°t = i
8 +

2. solve constraints on (q, q) — i N\
6,7
3. IR limit e — oo, and integrate out A,, KK5-brane

(X%, X7, X5, Y7)
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GLSM for KK-monopole

1 - 1 :

LM = —CH| (0 X)?] = SHT (OnY® = Q00 X)’
1 I am vy J 1 mn I J
= —§G[J O X 0" X7 + §BIJ5 O X~ 0, X
Target space geometry is...
4 )
ng — H5zg ’ G99 — H_l ) BIJ =0
1 1
H=—+-, V,;H = (VxQ)
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GLSM for KK-monopole

Lk = /d49{6—12<—§2+5<1>) +@e2VQ+5e—2V@} +/d4«9{g;(1“+f+‘/)2+%@\1!}

+/d29 (@@Q + (s — \If)cb) + (h.c.)

+ /d25t S+ (h.e)} — ™ On(X0A,)

T-duality transformation to 55-brane!/

EXxotic Five-branes and Generalized Geometry in String Theory



' GLSM for KK-monopole

Lk = /d49{6—12(—§2+5<1>) +@e2VQ+5e—2V@} +/d4<9{%2(r+?+v)2+%w}

+/d29 (@@Q + (s — \If)cb) + (h.c.)

+ /d25t S+ (h.e)} — ™ On(X0A,)

T-duality transformation to 55-brane!/

Duality (Rocek-Verlinde) transformation

_%(\p@) = (E+5) - (C+0)

® = D,.D_C cf. 2 =D.D_V

otic Five-branes and Generalized Geometry in String Theory



GLSM for exotic five-brane

S = /d49{62( zz+q>q>>+Qe2VQ+Qe—2VQ}

+/d49%{(r+f+v)2—(5 ) |
+{/d20 (@@QJrscI)) +(h.c.)} /d40 (v —w)(C—-0)

+ /d2§tz +(ho)} — ™ 0 (X°A,)

GLSM for exotic 55-brane

S. Sasaki and TK arXiv:1304.4061
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GLSM for exotic five-brane

~ Steps to NLSM of 55-brane N

1. search SUSY vacua greotential —
2. solve constraints of charged HM (Q, Q)
3. integrate out VM (V, @) in IR

*4. integrate s°, and solve EOM for T-dual field X ®

otic Five-branes and Generalized Geometry in String Theory



3

9

2

GLSM of exotic five-brane (details)

2

e
2
2

(I ~ |7 — (X7 11) "~ lag - (X° — ) —i(xX* — s¥)

é[E(FmV — |Omo]? — |3m¢|2} - [|Dm‘1|2 + |Dm§12]

L [(8m X2 £ () X7)2: _ g;[(amW)Q + (DmY9)2] — (X% — %) Fyy

—2(lo > + 4| M.?) (la)* + |a)” + 97)

2

+ %(Ac: + Zc:)(Bc—H— + Ec-H—)

(Op + 01) X8

(Og — 01)X®

(Ac: + Ac:)(BC—H- + Ec—l—l—) —

—g*(00 + 01)Y® + g*(Betr + Beat)

= —|—g2((90 — 81)Y8 + 92(1402 + ZC:)

1

2
> (O X®)2 + %(amny)? e (9, X8)(9,Y®)
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GLSM of exotic five-brane (details)

—%H (02X + (0, X7) + (0,X5)] - 2—H(a y9)2
(Q8>2 8\2 QS 8 myv 9
5 OmX0)" + (0 X7)(07Y7)
o (0 X - (0 XO)(07X5) + —2 (0 X ) (07Y)

—e™ (X2 — 9) An) + ™ (9, X5)(0,Y®)

1 1 X8 — g8 X6 — 46
H-— 41 q. - 0. —
Z e S T iy =) ® "+ (XT—17)
1 .
A, =—(0,,Y?—9;0,X") —Q; 0,, X"
— (O O XT) — ;0

: EXxotic Five-branes and Generalized Geometry in String Theory



GLSM of exotic five-brane (details)

Step4.: s®=21Rsgs ntegral of o, emerge isometry

[ H - ho + olog(u/0) :co-dim. 2 o= /(X6 —s0)2 ¢ (X7 —¢7)2

} Q6 —0 : isometry along X°©

X7 o t7
(lg — o arctan (XG——36> = o1, :“non-single-valued” metric

\

EOM f 8 . s Hrod, 9 ny 8 2 2
or X%:9,,X :E[H(a Y)+emn(8Y)] K = H? + (09,)

KK5 brane

xotic Five-branes and Generalized Geometry in String Theory



GLSM for exotic five-brane

H H
Lootc =~ |(0m0)* + P (0m9)%] = =[OV *)? + (O Y *)?]
_O-_ﬁg mn 8 9y _ _mn 9 49
LM (DY) (0,Y ) — ™ 9((X° — 1) Ay)

We obtained GLSM/NLSM of Exotic Five-brane!
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Quantum corrections

on five-branes

S. Sasaki and TK arXiv:1305.4439


http://arxiv.org/abs/1305.4439

Quantum corrections

String Worldsheet Instanton Corrections

!

Deform target space geometry by momentum and/or winding effects

—_—

worldsheet
spacetime

Figure from E. Witten CMP 92 (1984) 455
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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

xotic Five-branes and Generalized Geometry in String Theory



Quantum corrections to NS5-brane

» NS5-brane
H:%—F% : radius of X°
g — 0 case general r g — 00 case r—0|r—oo
radius of X? 00 radius of X 00 0
KK-modes light KK-modes light | heavy
winding modes heavy winding modes | heavy | light

otic Five-branes and Generalized Geometry in String Theory




Quantum corrections to NS5-brane

» NS5-brane
H:%—F% : radius of X°
g — 0 case general r g — 00 case r—0|r—oo
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 Fy;
1

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

Five-branes and Generalized Geometry in String Theory



Quantum corrections to NS5-brane

Worldsheet instanton corrections to NS5-brane :
X9F01 in GLSM

— unfolding effect on compactified circle X*

/H -

NSS brane 6’7’8 NSbH-brane

xotic Five-branes and Generalized Geometry in String Theory



Quantum corrections to NS5-brane

Worldsheet instanton corrections to NS5-brane :
X9F01 in GLSM

— unfolding effect on compactified circle X*

6,7,8 A

NSS brane NSbH-brane
1 1 1 1

H — _2_|__ — _2_|__Ze—nr{e—|—1nX9_|_e—1nX9}
g r g Tn:l

1 1 sinh
L. inh(r)

D. Tong hep-th/0204186
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Quantum corrections to KK-monopole

» KK-monopole

—1 L Iy - Y9
H " = (—2+—) . radius of X

g T
g — 0 case general r g — 00 case r—0|r—oc
radius of X° 0 radius of X?° 0 00
KK-modes heavy KK-modes heavy light
winding modes light winding modes | light | heavy

otic Five-branes and Generalized Geometry in String Theory




» KK-monopole

Quantum corrections to KK-monopole

—1 L Iy - Y9
H " = (—2+—) . radius of X

g T
g — 0 case general r g — 00 case r—0|r—oc
radius of X° 0 radius of X° 0 50
KK-modes heavy KK-modes heavy light
winding modes light winding modes | light | heavy

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

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

!
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Quantum corrections to KK-monopole

Worldsheet instanton corrections to KK-monopole :
™ 9, (X°A,,) in GLSM

— string winding modes along X°

AL AL
8 | t\ |

9
; 8 + | /

AN / \\
VAl KK5-brane 707 KKb5-brane

+
g 1.1 sinh(r) string winding along
_> R —
g% roosh(r) — cos(X?) dual circle X?

J. Harvey and S. Jensen hep-th/0507204; K. Okuyama hep-th/0508097
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Quantum corrections to 55-brane

» 55-brane
H . > 1 A
= radius of X° H:?—kalog(g),K:Pﬂ—i—(aﬁg)Q
g — 0 case general o g — oo case 0o—0 o— A
radius of X? 0 radius of X° 0 0 o atd, =0
KK-modes heavy KK-modes heavy | heavy light at 9, =0
winding modes light winding modes | light light heavy at ¥, =0

otic Five-branes and Generalized Geometry in String Theory



Quantum corrections to 55-brane

» 55-brane
H . > 1 A
= radius of X° H:?+alog(g),K:H2+(m9g)2
g — 0 case general o g — oo case 0o—0 o— A
radius of X? 0 radius of X° 0 0 o atd, =0
KK-modes heavy KK-modes heavy | heavy light at 9, =0
winding modes light winding modes | light light heavy at ¥, =0

GLSM for 55 with one gauged isometry has ¢™"9,,(X°A,,)
!

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

ive-branes and Generalized Geometry in String Theory



Quantum corrections to 55-brane

Worldsheet instanton corrections to 55-brane with one gauged isometry :
™ O (X2 A,,) in GLSM

— string winding modes along X°

5
+
H — ho+olog(u/o) string winding along
+UZGXP(WX9)KO(|”|9) dual circle X*
n#0

S. Sasaki and TK arXiv:1305.4439
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Duality transtormation

of charged chiral in F-term

M. Yata and TK arXiv:1406.0087


http://arxiv.org/abs/1406.0087

Duality transformations with F-term

» Dualize charged chiral in D-term and F-term

Ly = /d4«9|\11|2e2v+{/d2<9\I!W(<I>)+(h.c.)}

't Exotic Five-branes and Generalized Geometry in String Theory



Duality transformations with F-term

» Dualize charged chiral in D-term and F-term
L = /d49|\P|2e2V+{/d29\I!W(<I>) + (h.c.)}
1. Convert F-term to D-termviaW = D_.D_C':
/dQH\I!W +(he) = 2/@149 wC + T0]
2. Replace ¥ + W to auxiliary fields 2 and i5 :
S = /d49 [e2V+R 1 2{6%(R+is)c + e%(R—iS)@} ~R(Y +Y) —iS(T — T)]

3. Integrating out /2 and Y, we obtain the “dual” system :

L5 = /d49[—2(Y+7)log]-"+%J:T+ 2v<y+?)}

F= T+ T2+4Y +Y), T = V[ DO 4 THENT], v = o

ic Five-branes and Generalized Geometry in String Theory



_ ALE space

1 1 ~ -
7 = /d49 (= 2P+ 182) + 5 (- 157 + 13P)]
+/0149 [|A1]2e2v+ ’A2|Ze—4V—2\7_|_ ’A?)’zezv] Jr/0149 []Bl|2e_2v+ ‘32‘2e4v+2x7+ |B3\2e_2v}

+{ / 420 (@(—AlBl +245By — A3Bs) + 5A232> + (h-C-)}

—{ / 420 (t3) + (h.c.)}

toric data (Al, Bl) (AQ, B2) (Ag, Bg)

U (v,e) | (+1,-1) (=2,4+2) (+1,-1)
U1)(V,®) (0,0) (—1,+1) (0,0)

M. Yata and TK arXiv:1406.0087
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ALE space

7 = [ao[5( 152+ 19R) + (- 5P+ 1))
d40 [|A 262V 4 | A, |20 4V - 2V_|_ Ay e 2V] /d49 []B1|2e_2v+ ‘32‘2e4v+2x7+ |B3\2e_2v]
/ (— A1 By + 2458y — A3B3) + <I>A2B2) + (h.c.)}
{ e e}

A1 2 2 2
ANLSM = — (Omp)? {(&mﬁ) (Omp)? sin? 19} - %{amw + (Omp) cos 19}
a
.A = 11— F

M. Yata and TK arXiv:1406.0087

EXxotic Five-branes and Generalized Geometry in String Theory
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ALE space

g:/MV(mumﬂQV®%@ﬂ

d40 []A ’2 2V A, |2 4V — 2V_|_ Ay ’2 2V] /d40 []B1|2e_2v+ ‘32‘2e4v+2x7+ |Bg\2e_2v]

/ —A1B1 +2A5B5 — Ang) + @AQBQ) + (hC)}

/ hc.)}

Dualize charged chiral A; — Y;

M. Yata and TK arXiv:1406.0087

: EXxotic Five-branes and Generalized Geometry in String Theory
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ALE space

7 = [d 9[1 (=122 +121) + 5 ( ~ [5P + 1))
/ \A 24V 2v_|_ A% zv} /d49 [‘31’26—%/_'_ ]B2|2e4v+2‘7—|— ]B3|2e_2v]
{ ( (249Bs — A3B3) + cBAgB2) n (h.c.)}

{/ 2Y1—t)§]—|—(hc)}—|—/d49 [4(3/1 +71)10g.7:1+%]:17'1]

Integrate out €1~ in 7; with A; = ™ : T-dualized configuration

A~ p* p? Asin? 9 9 1
d2 :_—am 2__8m192__ am R — amNQ
i 2 ( P) 8( ) 4ACOSQQ9+Sin2Q9( ¢) PQACOSZﬁ—i—SiHQﬁ( 90)
19 o~
T .Aco;;l ;Oi e g™ (Om@) (On¥) + B-field for 2 units of NS5-branes

M. Yata and TK arXiv:1406.0087
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Worldvolume actions

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

v type lIB, lIA, and Heterotics

S. Sasaki, M. Yata and TK arXiv:1404.5442


http://arxiv.org/abs/1404.5442

Worldvolume action of exotic five-brane

Worldvolume action of 55-brane could be obtained from

D5-brane’s action via S- and T-dualities (11B)
KK6-brane action via reduction and T-duality (lIB)
M5-brane action via reduction and T-dualities (llA)

Different point: Two isometries along transverse directions

How to describe its worldvolume theory with isometries?

Five-branes and Generalized Geometry in String Theory



Worldvolume action of exotic five-brane

Worldvolume action of 55-brane could be obtained from

D5-brane’s action via S- and T-dualities (11B)
KK6-brane action via reduction and T-duality (lIB)
M5-brane action via reduction and T-dualities (llA)

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
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Worldvolume action of exotic five-brane

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

1

é a 1%
Lo = —Thev/ = (K77 DX Dy X" gy~ 5)

= Tl k?\/— det(D. XD, X" g,.,)

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

D, X* = 90, X"+ C,k* k¥ :Killing vector
kHEY
-

H,uz/ — Guv
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Worldvolume action of exotic five-brane

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

KKe —feeton . kks5in A 22 . 52 B

M5 reduction . NS5 in lIA T-dualities . 53 in 1A

N

/ 55-branes in heterotic theories can be obtained by truncations:

52in 1B fR=0 » 52in HSO
N=(1,1)-N=(1,0)

52 in 1A "R=0 » 52in HE8
N=(2,0)=N=(1,0)
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Worldvolume action of exotic five-brane

5'5'35 = Ty / d%¢ e 2% (det hIJ)\/1+e+2¢(det hps) " (ikyiky(CP + CO B))?
K(l)K(l) (k2>2(K(2)K(2) . K(3)K(3))
—det |TL,,(kg) Oy XHOp XV + — 0 — e i AT,
><\/ ° [ v (k2) b T )2 (det fuy ;) * b}

1 ~ ~ ~ ~ ~ ~ o~
Plig, i, B®?] — SPIB A CHNCP4AP[CH +CEABIAF

—H5 /
Mg

)\2 N N . )\3 ik ik (0(2) + C(O)B) ~ ~ ~
—_P[BINFAF L =2 FANFNFE
5P LB T 3 ik i, (C® + COBY)2 + o 20(det iy

h[] = k?kf}(gwj + B,“/), etc..

S. Sasaki, M. Yata and TK arXiv:1404.5442
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