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Solution generating transformations

Recently, various techniques of solution generating
transformations in SUGRA are developed.

* Yang—Baxter deformation

[Klimecik, Delduc, Magro, Vicedo, Kawaguchi, Matsumoto, Yoshida,
Arutyunov, Borsato, Frolov, Hoare, Roiban, Tseytlin, Kyono,
Sakamoto, Orlando, Reffert, Wulff, van Tongeren, Osten,
Thompson, Araujo, Bakhmatov, O Colgéin, Sheikh—Jabbari, *-+]

* Non—Abelian T—duality

[de la Ossa, Quevedo, Giveon, Rocek, Alvarez, Alvarez—Gaume,
Lozano, Klimcik, Severa, Sfetsos, Thompson, O Colg4in, Hoare,
Tseytlin, Borsato, Wulff, =+=+-- ]



Solution generating transformations

Usually,

4 Solution of SUGRA A
N ) Y,

Yang-Baxter deformation
or Non-Abelian T-duality
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[Sfetsos, Thompson, 1012.1320;

Lozano, O Colgain, Sfetsos, Thompson, 1104.5196; ---]



Solution generating transformations

Sometimes, solutions of “Generalized SUGRA”
are produced.

Yang—Baxter deformation

[Arutyunov, Borsato, Frolov, 1507.04239;

Arutyunov, Frolov, Hoare, Roiban, Tseytlin, 1511.05795;
Kyono—Yoshida, 1605.02519;

Orlando, Reffert, Sakamoto, Yoshida, 1607.00795;
Fernandez—Melgarejo, Sakamoto, YS, Yoshida, 1710.06849; ---]

Non—Abelian T—duality

[Gasperini, Ricci, Veneziano, hep—th/9308112;
Fernandez—Melgarejo, Sakamoto, YS, Yoshida, 1710.06849;
Hong, Kim, O Colgsin, 1801.09567; ---]




(Type IIB) Generalized Supergravity

[Arutyunov—Frolov—Hoare—Roiban—Tseytlin ’ 15;
(NS-NS sector) Hull-Townsend ’ 86 ]

Generalized Supergravity
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Generalized Supergravity

If a target space is a solution of Generalized SUGRA,
superstring theory has the kappa-invariance

[Tseytlin, Wulff 1605.04884]
and the rigid scale-invariance.

[Hull, Townsend ’ 86;
Arutyunov, Frolov, Hoare, Roiban, Tseytlin ’ 15]

However, the Weyl invariance seems to be broken.

[Fernandez—Melgarejo, Sakamoto, YS, Yoshida 1811.10600]

Weyl invariance may not be broken!

\ talk by Kentaroh Yoshida

String theory may be consistently defined!



Solution generating transformations
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In this talk
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If time allows,
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Plan

. Review of DFT

. How to derive GSE from DFT?

How to derive massive IIA SUGRA?

67 pages
. Exceptional Field Theory (EFT) (U-duality)

more deformed SUGRAs can be derived



1. Review of DFT

, 10 years ago/
[Siegel ~ 93; / Y &

Hull, Zwiebach, 0904.4664;
Hohm, Hull, Zwiebach, 1006.4823;
I. Jeon, K. Lee, J.-H. Park, 1011.1324; ---]



Several formulations of DFT

* Generalized metric formulation: toroidal DFT
[Hohm, Hull, Zwiebach; I. Jeon, K. Lee, J.—H. Park; --]

* Flux formulation
[Geissbuhler, Marques, Nunez, Penas, 1304.1472]

* DFT on group manifold ———— talk by Falk Hassler

[Blumenhagen, Hassler, Lust, 1410.6374]

* DFT in supermanifold formulation

[Carow—Watamura, lkeda, Kaneko, Watamura, 1812.03464]

™~

talk by Noriaki Ikeda



T—duality

moE,

momenta windings

™, pp] =19,

conjugate | (T, wW"] =10

™ = T

winding coordinates
(dual coordinates)

Suggested in [Duff ' 90; Tseytlin 91;
Kugo, Zwiebach ’ 92; Siegel * 93; --+]



Doubled space

d-dim.

/

Generalized coordinates: (xM ) = (=™, T,,)

\
2d-dim. d-dim.

On the doubled space, there is a natural metric,
known as the generalized metric:

(g o Bg_l B)mn Bmp gpn
_gmp Bpn gmn

(Hun) = (



Doubled space
Td

String theory / T @

MQZE(ZM/HMNZN—I—N—I—N—Q)

O{’
} " (wmj: winding
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Pm momenta

~ 0(d,d) T-duality symmetry:

Mo (AHMN Y Hun = (AT HA) uN




O(d.@) metric

O(d,d) matrix is defined by

(AT nA)MN = TMN -

-~

(0 o
NMN = 5,,7,}1 A

O(d,d) metric

77MN:(

0

O,

Ji

0
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Standard convention

We raise/lower the O(d,d) indices M, N, ... by using

MN n n
p— or p—
i (521 0 ) MM N (5% 0 )

= (2", Tm) T =Nun Y = (T, ™)



Diffeomorphism

In the usual spacetime,
diffeomorphisms are generated by the Lie derivative:

£ oW, =v" 0, w,, + 0,0" w, .

The diffeomorphism-invariant gravitational theory
is the Einstein gravity:

LGR — \/—gR.



Generalized diffeomorphism

In the doubled space,
diffeomorphisms are generated by
the generalized Lie derivative:

ﬁvWM = VN8NWM —+ (aMVP — 8PVM) Wp

/ “generalized”
LW, =v" 0, W,, + 0,,0" w,

Derivations
Hamiltonian formulation of string: [Siegel hep—th/9305073]

Gauge symmetry of CSFT: [Hull, Zwiebach 0904.4664]




Double Field Theory

Double Field Theory is
the generalized diffeomorphism-invariant theory.

Fundamental fields:

CHun@M), deM).
/ AN
o) = (0 B0 B B i e g

T-duality invariant.



DFT action

Lagrangian of DFT (NS-NS sector):

[Hohm, Hull, Zwiebach, 1006.4823]
Lopp = 24 (’HMN Oy Ond — Oy ONHMN — AHMN 9. dond

1 1
+ 400 HMN Ond + S HMN OpHE OnHcr, — 5 HMY o0 H I aK%NL)

\

This combination is invariant
under the generalized diffeomorphism.



Consistency condition

In fact, the generalized diffeo.-invariance of the action
requires a condition, called the section condition.

{ MY 9, AOnB =0. }

This is also required for
the closure of the generalized Lie derivative.

”~ ~

Ly, L) WM = Ly, vy WM



Section condition

MY 9, A0yB =0. .
nMN —
\ g
Hun@™), d@), vM@EY)

fields or diffeomorphism parameter

This is trivially satisfied if all fields
are independent of the dual coordinates ., .

" =
T

n"N 0y AONB = 0, AO"B + 0™ A0, B =0.




Section condition

MY 0y AONB = 0, AO™B +0™Ad,,B =0.
AN 7

Another solutionis 0,, = 0

fHMN(M: :Em) ) d(wa jém) ? VM(M? :Em)

Section condition always (™, %)
removes the dependence on a half
of the doubled coordinates. (X, Tpn)

In fact, depending on the choice of the coordinates
we can reproduce the SUGRA or GSE.



Conventional SUGRA

canonical
~ .— section
Om = (a’ma 0 ) — (am) 0)
Parameterization
(9—Bg 'B)mn BmpgP" _9g _ 9%
(%MN) B ( —g'm’P Bpn gfnn ) S — € ‘g‘

Lopp = 24 (%MN 9y Ond — Oy ONHMN — AHMN 5. dond

1 1
+ 400 HMN Ond + S HMN OpHE OnHcr, — 5 HMY o0 H I aK%NL)

S

. 1 )
L= /gle2? (R+4\8<I>\2 - |H\2) + 0, (4y/]g] €722 g0, D) .



Generalized diffeomorphism

SvHun = LvHun = VEOpHuN + O VE — 07 Vi) Hpn
- —+ (ONVP —ava) Hurp .

mn

(Marn) = ((9 — By Blun By gp”)

_gmp Bpn g

VM — (0™, V)

t’> { 6ng'n :£vgmn

Generalized diffeomorphism unifies
the usual diffeo. and B-field gauge transformation.



Short Summary

Gravitational theory
on the doubled space

Fundamental fields (NS-NS sector):

(9—Bg™ ' B)mn DBumpg™" —2d 2@
(%MN) — ( _ngBpn gmn ! € — € ‘g‘ :
_ 1
LopT > L= +/gle2® (R+4 o) - — \H3\2) .
=0

2d dim. generalized diffeo. =— { d dim. diffeo.
[5m B O} gauge sym. of B,




Side remark

differential geometry
on the doubled space

[Siegel ’ 93;
I. Jeon, K. Lee, J-H. Park ’ 10;
Hohm, Zwiebach ’ 12]



DFT action

Lagrangian of DFT (NS-NS sector):

Lopp = 24 (%MN 9y Ond — Oy ONHMN — AHMN 5. dond
1 1
+ 400 HMN Ond + S HMN OpHE OnHcr, — 5 HMY o0 H I aK%NL)

“Einstein-Hilbert” action e 2% S

N\

generalized Ricci scalar curvature

[Siegel * 93; I. Jeon, K. Lee, J-H. Park ’ 10;
Hohm, Zwiebach ’ 12]



Generalized Ricci tensor

c lized ti [I. Jeon, K. Lee, J-H. Park ’ 10;
eneralized connection Hohm, Zwiebach y 12]
Vinun =0, VeHun =0, Vud=0, imvnk) = 0.

“torsion” free

<

RErun=0uDNE s —onTuB r + TS p I =T p Tl
@ not covariant

Sunkr = Runkr + Rxovun —Tpun TV k. not-yet-fully covariant

projection L _
Sun = (Pu™ Pt + Py™ Pv") ST krp,

AV R =

PY == (60 +Hu™) | < 1 I
M Q(M M ) SEi(PMKPNL—PMKPNL)SMNKL.
_ 1 .

\Pﬁ =3 (687 — Ha™ )J N covariant curvatures




Generalized Ricci tensor

Action LDFT = e_2d S.

E.O.M. _ —0. generalized
Sun =0, 5=0 Ricci flatness

manifestly covariant under
generalized diffeomorphismes.

ﬁ o™ =0
E.O.M.

Rmn — iHmkl anl + 2Dmancp — 09
— 5 D Hypiny + @ H" 1y = 0,

R+4D"8,,® —4|09)* — % |H3)> =0.

4 N

J




R-R fields/fermions



Ramond—Ramond sector 1/2

[Hohm, Kwak, Zwiebach, ’ 11]

{’YMa ’YN} — 77MN based on [Fukuma, Oota, Tanaka ’ 99]
(M) = (Y™ ) T Y Wt =07
O(d.d) spinor creation annihilation ’Ym‘()) — 0
1 - - /
[A) = ZaAml...mP'}/ Lo y™me|0Y =0
p
F)=9l4) (@ = ’YM )
: 1
Lrr =~ (FIS|F) = £RR_——Z Tl

SOm =0




Ramond—Ramond sector 1/2

~

matter
E.O.M. Sun =Eun, S=0, P|CS|F)]=0.
. 1 4 1
EMN = i e? ¢ {<F|(’Y(M)T Syn|F) — 5 HyvN (F|S|F)}
L Energy-momentum tensor p

O(d.d) transformation

F) = Q|F).

/ O(d,d) matrix

Qyar Q@ =ynv AV ar.



Ramond—Ramond sector 2/2

[I. Jeon, K. Lee, J.—H. Park ’ 12]
based on [Hassan ‘01 ]

HMN _ VMAVNB%AB.

Introduce double vielbein

(A} = {a, a) two vielbeins

Emn = Gmn T+ an

Moy _ L (em 1)
(V7)) = \@Y\Em (=T,

Local flat metric H .5 = (%b Ob) . NaB = flab 0 ) .
0o —n°

double Lorentz symmetry O(d) x O(d)



Ramond—Ramond sector 2/2

Local flat metric {5 = [ /" 0__ . map = "lab 9_ ,
0 _ﬁab 0 ﬁab

double Lorentz symmetry O(d) x O(d)

e

Ramond-Ramond fields (bi-spinor): C B

In this formulation, there are 2 vielbeins:

Moy_ L (™)™ M :i (e=H)ma
D (%@T)%)’ NP (—Ein <eT>%)'

In order to reproduce the usual SUGRA,

a a

we should make an identification: ¢,,” = ¢,,



Ramond—Ramond sector 2/2

Under a general O(d,d) rotation 7"y = (S m n)
Qm?’b pm

VML= My VY VMo =rMy Vi,

——)> The two vielbeins transform differently:

j]]

em® — [(ST + Et rT)_l}m” en? em® — [(ST —ETT)_l] et .

m

In order to keep the identification ¢,,”" =¢,,",

we should combine O(d,d) rotation and a Lorentz transf.
Ve = b N Ve, V® = hayN VP A%
A=et (s+rE) ' (s—rEYet
[Hassan ’ 01; I. Jeon, K. Lee, J.-H. Park " 12 ]



Ramond—Ramond sector 2/2

Under a general O(d,d) rotation WMy = (8 nol )

dmn pmn

only barred index is rotated by the Lorentz transf.
— 1\~
CaB — Caf—y (Q )’YB
Q7 IT*Q =A%T°.

The same idea has been applied
in the context of the Non-Abelian T-duality.

[Sfetsos, Thompson, 1012.1320]

(covariant under

Field strength: 7 =D, C g oheralized diffeo.)

Lrop~F*PF. 5.  [LJeon K. Lee, J-H.Park " 12]



Fermions
In type II SUGRA, we have

Fll 1
gravitino: é ; ¢ { DIy, Z (ITA/IIB)
Tt ,\1 =+
dilatino:  A\! )2 { (IIA/IIB)
Fll )\2 _ :FA2
ﬂ (fwa — ¢ Fll)

w} wZ 1_Paw )\1 Q_Iwaw )\2

a ) a ?

Covariant combinations

Type II DFT action. [l Jeon, K. Lee, J.—H. Park, Y. Suh " 12 ]
c.f. [Coimbra, Strickland-Constable, Waldram ’'11]



2. GSE from DFT



Neglecting the R-R fields, GSE take the form:

—

1
R— |H3|? —4D,, X™ —4X™X,, =0.

1
Rmn o Z Hmpq anq =+ Dan + DnXm — Oa

< 1

-5 DFH, .+ XFH. +D, X, —D X, =0.

X = O ® + (gon — Bonn) 1™

- \

non-dynamical vector

Constraint :

£Igmn:Oa £1an:09 £I(I):0

I should be a Killing vector of a GSE solution.



Example of GSE solution



Solutions of GSE

e

1. Non-unimodular YB deformations

P it # 0. [Borsato, Wulff, 1608.03570]
\
talk by Junichi Sakamoto
g N

2. Non-Abelian T-duality
for tracefull structure constants

fri" #0.

L\




Example from NATD

[Gasperini, Ricci, Veneziano hep—th/9308112]

Original Background (Type V Bianchi universe):

ds? = —dt® + t*[dx” + e** (dy” + d2?)] .
We consider 3 Killing vectors,
V] =0y —Yy0Oy —20,, vy=0,, v3=20,.
4 N

vy, Vo] =wve, |vi,v3] =v3, [vg, v3]=0.

fi’ =1, fis’=1 = fi,"=2.
I
N tracefull! Y,




Dual geometry
[Gasperini, Ricci, Veneziano hep—th/9308112]

4 (—1 0 0 0 \
t2
0 t4-|—’y2—|—z 40 , 0
— t*+2 o yz :
N B G B Geerers)
\ 0 0 — yz t* 4y )
2 (¢ +y2422) 2 (e 4y2422)
< 0 0 0 0
B — 0 0 t4+yy2+z2 t4+yz2+z2
mn 10 —m 0 0 )
0 —wror= 0 0
0d 2,4 . o o [de la Ossa, Quevedo ’ 92]
e =t (t* + o7 + 7). & = & — Llndet M,
_ 70 k
- (Mij = Ej; + fij” w)

This background does not satisfy the SUGRA e.o.m.



“A Problem with Non—Abelian Duality 7

[Gasperini, Ricci, Veneziano hep—th/9308112]

4 (-1 0 0 0 \
2
0 aroe 0 0
— t4—|—z2 . Yz
gmn 0 0 t2(t4+y2+z2) t2(t4—|—’y2—|—22) ’
\ 0 0 _ Yz t* 4y /
‘tz(‘t4+y2+22) t2(t4+y2+22)
0 0 0 0
B _ 0 0 t4—|—yy2—|—z2 t4+yzz—|—z2
0 —EREe 0 0 ’
0~z 0 0

—2P 2 44 2 2
=2 (t* + . :
e (' +y ﬂk They considered
- a general ansatz for dilaton,

but no solution.




GSE solution
[Fernandez—Melgarejo, Sakamoto, YS, Yoshida, 1710.06849]

4 ( 1 0 0 0 \
t” 0 0
tI4y? 422 X o
— t 4=z . Yz
gmn 0 t2(t4+y2+z2) t2(t4+y _|_Z2) ?
\ 0 0 _ Yz t* 442 /
t2(t4+y2+22) 2(t44y2+22)
< 0 0 0 0
B _ 0 0 t4—|—yy2—|—z2 t4+yz2—|—z2
0 —EREe 0 U
0 —armee 0 0
e 2% =2 (t* + y? + 2?), I=1I"0, =20,

N
Solution of Generalized Supergravity!



GSE solutions

More GSE solutions were obtained from
Non-Abelian T-dualities of other Bianchi universes.

[Hong, Kim, O Colgain, 1801.09567]

General formula:
The Killing vector is given by

RS

I = fpmp;()/\

SUGRA Generalized SUGRA




Generalized SUGRA from DFT

[YS, Uehara, Yoshida, 1611.05856]

[Sakamoto, YS, Yoshida, 1703.09213]



Without the R-R fields, GSE have the form:

4 1 2 m m
R~ |Hs|* —4Dp X" —4 X" X, = 0.

1
Ryn — 1 Hmpq anq + D, X, + Dy X, = 0,

1
_5 Dkamn + Xk Hymn + Dy X, — Dy X, = 0.

X = Om® + (gn — Bnn) 1"

£Igmn:()a £1an:()a °€I(I):O



Due to the Killing property,
f[.gmn:()a '£1an209 °€I(I):0

we can always take an adapted coordinates
where /""" is constant.

) £1:Im8m.

Killing equations become

"0 Hyun =0, " 0,,d=20.



GSE f DET [YS, Uehara, Yoshida, 1611.05856;
rom Sakamoto, YS, Yoshida, 1703.09213]

Now, we can derive GSE by introducing
a linear dual-coordinate dependence
into the DFT dilaton:

d=d(z")+ 1" Z,,
N

I"0,d=0.

. Section condition is not violated:

MY 9y dond =217 9,,d=0.

N OydOnHuN = 1" O Hun =0.

o




GSE from DFT

According to the ansatz,
d=d(z")+ 1" 2, ,

derivative of dilaton becomes

oMd = ! _
O, d

A

e

Iy 0 canonical section



By substituting the ansatz [YS, Uehara, Yoshida, 1611.05856]
Hyn = /HMN(SL‘i) , d= J(xz) + 1"z, ,

into e.o.m. of DFT, we can reproduce the GSE !

1
S=R-3 |H3|*> —4D,, X" —4X"X,, =0.
[Xm = am(I)+ (gmn o an) I" }

SMN = (2 Iimik 37 Biyny = $(m) — Bk 8% Bl Bk 85 — g §[,J"]) =0
MN — —0.

glmkl g, — §(mk) B &(mn)

g

- 1 . N
S(mn) = Rpn — Z Hmpq H,” +Dp,X, +D,X,, =0,

1
§[mn] — _5 Dkamn + Xk Hkmn + Dan — DnXm = 0.

- /




Ramond—Ramond sector
[Sakamoto, YS, Yoshida, 1703.09213]

We make an ansatz

4 A

HMN:HMN(a:i), d:cf(a:i)JrImfém,
A:e(i)($i)—|-fm T A(.I’Z),

F =P+ i F(z*).
o < /

N |
ﬂ "o, F(z')=0.

Sun =Eun, S=0, P|CS|F)]=0.




Ramond—Ramond sector

[Sakamoto, YS, Yoshida, 1703.09213]
Type IIA/IIB GSE:

Royn — sHpit H)™ + Dy X0y + D Xy = Ton
— 2 D¥Hppn, + Ok ® H" 11y = Ko,
R— 1 |Hs)? +4D,, X™ —4X,X™ =0,
dF, + Hs AN Fpo— ZNFp—11Fp40=0.

(Z1 = 8n® — By I™)

1 )

~ 12
_igmn|]:p|}:

k ~
.F(m 1Ky 1~Fn)k1---kp_1

7=

mn

fkl kp_o Fmn frwkp—2

mn

iz
S




Ramond—Ramond sector

[Arutyunov-Frolov—Hoare—Roiban-Tseytlin ’ 15;
Sakamoto, YS, Yoshida, 1703.09213]

We have also determined the T-duality rule
in the presence of the Killing vector:

9iz 95z _Biz sz B’LZ 1

!/ ) ,
Jij = 9ii — ’ gir — ) g — ?
%j ZJ Y=z v Gzz zz gzz
B -, _ Diz9%="9=b; B _ 9
1] 1) .. , ;s . :
1. |detg _ |
(I)’:(I)_l__ln gmn _|_IZZ’ I,Z:Irty I’Z:O'}
4 ldet gy,
_JZ Ch. i g;
Cél"'ip—lz — € e [Cil'--ip—l o (p - ].) (i1 ip—2|2] Fip—1]z ’
gzz
Cq?l...qu — e—I z [Cil--'ipz +pc['i1---ip_1 Bip]z _|_p (p . 1) [11 ip 2|z| ip 1|z| ’Lp]z

9zz

|



Summary

” = I"” a
DFT e.o.m.
canonical
section
HMN. %MN(.;W
_ d[z™) im d(z", zre] 2)
SUGRA e.o.m. GSEwith [ =170

Choice of the section is different.



Comment

Lopr = e—Qd(%MN OnOnd — OnyONHMN — AHMN 5 dOnd

| 1
+ 400 HMN Dd + < HIN OrHIE OnHacr — 5 HMY DT aK'HNL)

DFT action is invariant under
a constant O(d,d) rotation

g ™ K T L )
Hyunv — (A )y (AT )" Hir,

ZCM — AMN ZCN , 8Md — (A_T)MN 8Nd
NS /

Unlike the Abelian T-duality of string theory,
this is a symmetry even without isometries.

“formal T-duality”



GSE solution
Arbitrary solution of GSE,

Har N :HMN(ZCi), d(:l?) :d(.il??’)—l—jzg
Perform a formal T-duality ~
along the z-direction 272

N = Hiyn ('), d(x) = d(x )‘|‘Izz

Buscher rule \ /

0" =0 Solution of SUGRA

A solution of GSE [Hoare, Tseytlin, 1508.01150;
can be mapped to Arutyunov—Frolov—Hoare—Roiban—Tseytlin * 15;
a solution of SUGRA  YS, Uehara, Yoshida, 1611.05856]



GSE solution

Conversely, for an arbitrary linear-dilaton solution
%MN:%MN(LUi), d(m) = _(xi)—l—fzz.

ﬁ a formal T-duality

Hn = Hun ('), d(z) =d(z") + 17 2.
GSE solution

GSE solution is just a SUGRA solution
described in a non-canoical section.



Massive IIA SUGRA

[ Type II DFT J (M) = (2™, Zp)

|

[ massive type IIA SUGRA J [Hohm, Kwak, 1108.4937]

A = A (z") +mzdz

Oldd) 1 4,) = (4, 7™ +[m5')/z) 0)

spinor
F) = 9l4) C D= M Oy = . O

\

R-R O—form ‘F()) —m |O> annihilation

operator



D8—-brane solution

ds2 — g-1/2 (:139) dw2, .+ Y2 (xg) E [Bergshoeff, de Roo,
01---8 9
Green, Papadopoulos,

2% = H5/2(379) ) H(.SC) = ho+m |$‘ ° Townsend, ‘96]
D8-brane solution in DFT
ds? = H_1/2($9) d:c(z)l_,,S + HI/Q(:Eg) dajg :

Al =migda®, €72 = H2(2?).

. ~ 8
D7-brane solution ﬁ formal T-duality xg <

ds? = H=Y2(2%) da?, . + HY?(2%) (dx? + da?)
Ag=maz®, 2% = H*(27).



Summary

e Double Field Theory ™\
4 A
massive IIA
SUGRA N
Al = Al +m zdz
-
Generalized
SUGRA SUGRA  formal
9 = 0" =0 T_ 1
k\d—al—l—I ZU uality

formal T-duality



Exceptional Field Theory
2 - N\

M~N __/r.m o o
(ﬂj ) —(33 ? ym? ym1m2m37 yml---m59 yml---mg,n: yml...m7,

yml---m7,nln27 yml"'m7,n1"'n47 yml---m7,n1---n67 yml---m7,n1---n7,p

4 Double Field Theory N

(&™) =(a™, &)

SUGRA B \

xm

\ \_ J
ed. (' Ymimoms)
\_ deformed SUGRAs /

o /




3. Exceptional Field Theory
(EFT)

(/~dual version of DFT

[West ' 00; Berman, Perry ’ 11;
Berman, Godazgar, Perry, West * 12;
Hohm, Samtleben ’ 13; ...]



In DFT

We introduced the doubled space.

T-dual
momentum (P) <——> string winding (F1)
O\ VAN
canonical
conjugate
\V \

T-dual



In type Il theory

DFT 2
Lp " F1 NS5

IS I |
DO -~ D1 <& D2 <L D3 <L~ D4 L~ D5 L~ D6 <L D7

5)

There are more branes,
which are connected by U-dualities.




How many branes ?

It depends on the dimension
of the compactification torus

Example : type IIB on T3

P(1), P(2), P(3)

F1(1), F1(2), F1(3) 10 branes are related
>_ °

D1(1), D1(2), D1(3) by U-duality

D3(123)

_

D5ANSE_  cannot wrap on T3



How many branes ?

It depends on the dimension
of the compactification torus

Example : type IIB on T3

:L,m

P, P, P@)  — SL@ doutle

F1(1), F1(2), F13) — ya
m

DI(1), DI(2), DI() —

D3(123) - Ymimaoms

Extended space: (:CM) I(a:‘m, ygn, ymlmzmg)-



Type IIB theory / T 1

P F1/D1 D3 D5/NS5
fEm y% Ymimaoms ygv,l---mg)
n=4 3+2x3+30; ¢ =10
SL(5)
n=2:> 4—|—2><4—|—4C3 x — 16
S0(5, 5)

n==~6 5‘|‘2X5‘|‘5Cg—|‘2X5C5:27

/E6

[Obers, Pioline 99] “particle multiplet” of E,,



Type IIB theory / T or T7

(D7, NS7, *#7)

triplet of

P F1/D1 D3 D5/NS5 KKM 7-branes
af3

My _(,m , « o
(35' ) _(:E ) ym7 ymlmg?'rLg;) yml...m5j yml---mg,n; yml...m7,

« « )
yml---m7,n1n27 Ymy-mz,ny-nas yml---m7,n1---n67 Ymy---mz,n1--nz,p) -

52 / 52 34 16 /18 0%

N

N
Exotic branes
[Elitzur, Giveon, Kutasov, Rabinovici ‘97;
Blau, O’ Loughlin ° 97; Obers, Pioline ’ 99;
L Eyras, Lozano ’ 00; Lozano-Tellechea, Ortin * 00] ,




Exceptional space

afd

MN __(,.m
(':U ) —(SC y yma ym1m2m37 yml ‘M) Ymy - ‘Me, 1) yml “my?

ymlu-m7,n1n27 yml"'m7an1”'n4? ymlu-m7,n1---n67 yml"'m7an1'°'n7sp)

rH

U—-duality group \

Rl,d—l

by,

ST(5)

SO(5, 5)

FEg

Er

dim R4

10

16

27

56

248

a~dim.
external

@ —> Exceptional space




Generalized metric

(Harw) = (9— Bg ' B)mn Bmp g _ (1 BY (g O 1 0
M —g™ By, gmm 0 1/\o ¢/ \-B 1

¥ (B, C3) (Bs, C)

/

Muyny = (- LTLTLTLTML0L2L4L6

Einstein-frame metric



EFT action

[Hohm, Samtleben ' 13; =*-.]
EEFT — EEH + Escalar + 'Cpot + e,

. i e = \/— det g,,,
EH = €lv, _ _1_
e . N Guv = |det gij| 72 g
Lscalar = E g“ 8,MMMN avM .
Lot = i MMN 5 MPR 9y Mpg — g MMN 5y MPR 9o My p + € 9y Ine Dy MM

+eMMN 9, Inedylne + EMMN O 9" ONGuw -

Y

Type I[IB SUGRA action



Section condition in EFT
E, EFT »n"Vi'oyon=0, QMY9y0y=0.

a F1/D1 D3  NS5/D5

* (@")= (:v<, i Ymimaams s Yinemss )

(m=1,...,n—1) Type IIB section

[Blair, Malek, J.—H. Park ’ 13:
< Hohm, Samtleben “13]

M2 M5 KKM

o ('ZCM) — (xi7 y’Ll'zv yi1 --i57 y’il\?ﬁ,’i) \)

M-theory section




EFT action

[Hohm, Samtleben ' 13; =*-.]
EEFT — EEH + Escalar + 'Cpot + e,

e = \/— det g,,,
Lgn = eR, _ _1_
e . N Guv = |det gij| 72 g
Lscalar = E g“ 8,MMMN avM .
Lot = i MMN 5 MPR 9y Mpg — g MMN 5y MPR 9o My p + € 9y Ine Dy MM

+eMMN 9, Inedylne + EMMN O 9" ONGuw -

Y )

11D SUGRA action A
Muyn = (- LEFLY MLy L~ Y un



1A

IIB

1A

IIB

1A

IIB

Type Il theory, many branes are
connected by T—/S—dualities

F1 P
G‘D@\/@G‘D @\ /(D @\ /(D @\ /(D @\ /(D @\ /@ @ @ /@ @ @ /@ @ @ /
OJO) \@@ OO OO OO OO ® (L $ QL QL $
F1 P D1 D3 D5 D7 D9 52(1) 2(2) 2(3) 2(4 2(5
\/ S—dual
1 ,6) 2(2 5) 3(1 4) 2 3) 5(1 ,2) 6:15 6‘%2,1) 7(1 0)

@@@ @@@@ @@@ @@@ OPQe _OQ

\? A\ ///X////\

OOOE @@@ @@@ OOO® @@@ @@@ O®OE
2(1 5) 4(1:3) 5(2 2) g1

3(4) 3(6 3(2)

1(43) 239 2139 3(2.3) 5129 419 41129 53 5(1.0.3)
0(1,6) 12 1(10,6) 4 4 4 4
4@ DO éD ©]O) @@@@ OJOION ®\@ \@@@@ @@@@ @@@@ @@@ O®E
e AN N %Y ~J] -~
® \® ® \® \ AN \ \ \ \ \ \
(1,6) 46 (1,0,6) ® OOOE @ & O @@ ROICYOIOARO) @@ @@ ®
044 43 1 143) o(33) A13.3) 40 3) 4011, 3 53 5(1.0.3)
4y 4(5) 4(2) 4(4)



Type IIB branes

Type IIB / T7 [Kimura, Fernandez—Melgarejo, YS ‘18]

[F1, P, D1, D3, D5, D7, D9, NS5, KKM]| 52, 53, 5, 75, 52, 34, 19,
6:())1,1) : 4L()’l,B) : 2:()’1,5) : 7;()’2,0) : 5;()’2,2) : 3§’2,4) , 12 : 0511’6) , 15(11’0’6) : 52 : 44&1’3) : 3512,3)

b

2&3,3), 15}4,3)’ 5511,0,3), 4511,1,3), 3511,2,3), 2&1,3,3)’ 9, 7512,0), 55}4,0)’ 3£L6,0)’
2g1,5) ’ 2&3,3) ’ 2&5,1) ’ 1él,o,ﬁ) ’ 1&1,2,4) , 1&1,4,2) | 1é1,6,0) ’ 2&1,0,0,6) , 2;1,0,2,4) ?

221,0,4,2) ’ 2&1,0,6,0) ’ 5§ | 5&2,2) , 5&4,0) , 4é1,1,3) ’ 4g1,3,1) ’ 322,0,4) ’ 322,2,2) ’ 3(52,4,0) ,

2&3,1,3) ’ 2&3,3,1) ’ 1%4,3) ’ lt(31,4,2) } 1%2,4,1) ’ 1é?,,zl,o) | 3é2’4) ’ 3é1’2’3) ’ 3é2’2’2) ’

3((53,2,1) , 3é4’2’0) , 2((31,0,2,4) 7 2((31,1,2,3) | 2((31,2,2,2) , 2((51,3,2,1) ’ 2((61,4,2,0) ’ 1F(71,6,0) ,
3,4,0 5,2,0 7,0,0 6,0 2,4,0 4,2,0 6,0,0 1,0,1,5,0 1,0,3,3,0

1g ),1£, )’1£{ )’3g )’3; ),3(7 ),3(7 ),2(7 ),2(7 )’

2(71,0,5,1,0) , 2;1,3,3) | 2(73,1,3) ’ 2&1,0,4,2) ? 2(71,2,2,2) | 22'1,4,0,2) ’ 2(72,1,3,1) ’ 2(72,3,1,1) ’
2;3,0,4,0) ’ 2;3,2,2,0) | 2&3,4,0,0) ’ 1g’,o,o) ’ 22(31,0,6,0) | 22(33,0,4,0) ’ 2&5,0,2,0) ’ 2&7,0,0,0) ,
25(33,3,1) ’ 2&1,3,2,1) ’ 28(32,3,1,1) , 2%3,3,0,1) | 2é1,0,3,3,0) 7 25(51,1,3,2,0) ’ 22(31,2,3,1,0) } 25(31’3’3’0’0)
25)1,4,2,0)) 2&3,2,2,0), 2&5,0,2,0), 2&1,0,5,1,0)’ 2é1’2’3’1’0), 2&1,4,1,1,0), 2S()2,1,4,o,0)
2&2,3,2,0,0) , 2&2,5,0,0,0) , 25?6,4,0,0) , 2%,3,3,0,0) ’ 2%3,2,0,0) } 25:(3),3,1,0,0) , 2%3’0’0’0) ,

2(7,0,0,0) 2(2,5,0,0,0) 2(4,3,0,0,0) 2(6,1,0,0,0)
11 y 411 y 411 » 211 .

3

b

defect branes, domain—wall branes, space—filling branes



Domain—walls

In [Kimura, Fernandez—Melgarejo, YS ‘18]
all of the domain-wall brane backgrounds
were constructed as solutions of EFT.

They have a linear dual-coordinate dependence.
——> solution of a certain deformed SUGRA.

much like D8-brane solution

F1, P, D1, D3, D5, D7, D9, NS5, KKM, 52, 55, 55, 73, 52, 33, 15,
6:(31’1) ’ 4g.1,3) ’ 2:(31,5) ’ 7:(32,0) ’ 5;2,2) ’ 3:(%2,4) ’ 12 ’ 0511,6) ’ 1511,0,6) 7 52 ’ 4511’3) , 3512,3) ’
2513,3) ’ 1514,3) ’ 5511,0,3) ’ 4511,1,3) ’ 351152,3) ’ 2‘511,353) 9, 7&2,0) , 5514,0) , 3516@) ’
2L£)1,5) ’ 2&3,3) ’ 2g5,1) ’ 1gl,o,ﬁ') ’ 1%1,2,4) ’ 1;1,4,2) 7 1&1,6,0) ’ 2!(51,0,0,6) 7 2;1,0,2,4) ’

2;1,0,4,2) | 2&1,0,6,0) , 5% | 5;2,2) ? 55(34,0) ’ 45(31,1,3) 7 4!(51,3,1) , 322,0,4) 7 35)2,2,2) 7 35(32,4,0) ?
2&3,1,3) | 2g?,,zm) ’ 1((34,3) , 1((31,4,2) ’ 1((32,4,1) , 1((33,4,0) | 32234) , 3g1,2,3) ’ 3(()_2,2,2) ,
3é3’2’1), 3((34,2,0)7 2((31,0,274)’ 2((3171,2,3), 2((31,2?2,2)3 2((31,3,2,1)’ 2((31,4,2,0)

1(1,6,0)
b} 7 b}
1g{3,4,0) ’ 1(75,2,0) ’ 1&7,0,0) ’ 3g6,o) ’ 3;2,4,0) ’ 3(74,2,0) ’ 3(76,0,0) .



Example
2,(;3’3)—brane solution :
d5? = H3/2 dxg,, + 72_1/2 das,s + H'/? drg.g + Hb/? dxg
e =H", B =muysys.
dual coordinate
of D3-brane

Redefinition of Bg

MMN — [LT(y345) M(xoaxla xZ’W’ x67 T 73:9) L(?J345)]MN

ﬂ LErT

We can (in principle) obtain
the action of a deformed SUGRA.



Domain—walls

Similarly, we can obtain deformed SUGRAs
for all of the domain-wall branes.

F1, P{/,D , D5, D7, D9, NS5, KKM, \m 15,

6:(;,1’1) ’ 4g1,3) 1 5) 7(2 D) 5(2 2) 3(2 4) 18, 0(1 ,6) ’ (1 0,6) 58 (1 3) 3(2 3) ’
2513,3) ’ 1514,3) 5(1 0 3) 4(1 1 ‘3) 3(1 2,3) 21&1 ,3,3) 9, 71&2 0) ’ 514 ,0) 3(6 ,0) ’
221,5) ’ 2g:a,s) ’ 2g5 1) ’ 1&1 ,0,6) ’ 1g1 ,2,4) ’ 1;1,4,2) | 1%1,6,0) ’ 2gl,o,o,ﬁ) | 221 ,0,2,4) ’
2&1,0,4,2) | 2&1,0,6,0) 5 5&2,2) 7 5&4,0) ’ 4g)1,1,3) ’ 4F51,3,1) ’ 35(32,0,4) ’ 3552,2,2) , 322,4,0) 7
2;3,1,3) | 2&3,3,1) 7 1(4 3) ’ 1&1,4,2) | 1((32,4,1) , 1t(33,4,0) | 35;2’4) , 3é1,2,3) , 3((52,2,2) ’
3(3:2,1) | 3(4,2,0) ’ 2&1 ,0,2,4) | 2&1,1,2,3) | 2&1,2,2,2) , 2é1’3’2’1) ’ 2&1,4,2,0) ’ 1(1,6,0)

7 b
15'3,4,0) , 1&5,2,0) : 1}(77,0,0) , 3'(76,0) : 3(72,4,0) , 3(74,2,0) : 3(76,0,0) :




Summary

YB-deformation/NATD can generate solutions
of GSE or massive IIA SUGRA.

Deformed SUGRASs can be derived from DFT

by taking non—canonical sections.

By considering EFT,
we can consider more non—canonical sections,

and various deformed SUGRAs can be derived.



