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Motivation: Integrability, Duality and Beyond

Type | SO(32) heterotic

Type lIA Eg x Eg heterotic

Type 1B



Motivation: Integrability, Duality and Beyond

S
/\
Type | SO(32) heterotic
T
Type lIA Eg x Eg heterotic

\ T = T-duality
T Type II@ S S = S-duality
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Motivation: Integrability, Duality and Beyond

5-deformation

\-deformation AdSs x S° n-deformation
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5-deformation

TsT

\-deformation AdSs x S° n-deformation

NATD

non-abelian T-dual

Poisson-Lie T-duality
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Worldsheet perspective

» What is Poisson-Lie T-duality?
» How does it connects to integrability?
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Two-dimensional c-model: Lagrangian and Hamiltonian

> action S = % / d?ov/—hh"9,X'(Gj + By)0, X!
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Two-dimensional c-model: Lagrangian and Hamiltonian
1 . .
> action S = > / d2ov —hh"0,X'(Gj + Bj)o, X

> alternatively use momentum
|_|,' = G,jaTXj + B,jang
to write

S= / dodr M;0, X' — / dr Ham(d, X, M)
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Two-dimensional c-model: Lagrangian and Hamiltonian
1 . .
> action S = 5 / d®ov/—hh"9,X'(Gj + Byj)d, X!

> alternatively use momentum
|_|,' = G,jﬁTXf + B,jang
to write

S= / dodr M;0, X' — / dr Ham(d, X, M)

» with the Hamiltonian

1 G-BG'B BG"\ [(9,X
Ham(X,rl) = E/dO' (8O—X |_|) < _Gf1B Gf‘] ) ( M )

J/

generalized metric H

[Tseytlin, 1990, Tseytlin, 1991]
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Dynamics in the first order formulation

» time evolution for observable %f(x, M) = {f,Ham}

» we need Poisson brackets
{X'(0),X/(0")} =0
{X'(0),Nj(0")} = 6j8(0 — )
{Ni(0), Nj(0")} =0
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Dynamics in the first order formulation

» time evolution for observable %f(x, M) = {f,Ham}
» we need Poisson brackets
{X'(0), XI(c")} =0
{X'(0),Nj(0")} = 6j8(0 — )
{Ni(), Mi(o")} =0
» brackets are simple but Ham(X, ) is in general complicated

» idea: choose more adapted coordinates on phase space
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Dynamics in the first order formulation

» time evolution for observable %f(X, M) = {f,Ham}
» we need Poisson brackets
{X'(0), XI(c")} =0
{X'(0),Nj(0")} = 6j8(0 — )
{Ni(), Mi(o")} =0
» brackets are simple but Ham(X, ) is in general complicated

» idea: choose more adapted coordinates on phase space

When is it possible to
1. make the Hamiltonian quadratic
2. while keeping the “simple” Poisson brackets?
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Current algebra. ..

» naive answer 7 is constant (independent of X)

» more general X has POisson-Lie symmetry:
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Current algebra. ..

» naive answer 7 is constant (independent of X)

» more general X has POisson-Lie symmetry:

1. define the current J; = (9,X’ ;) resulting with bracket

{Ji(0), Ju(o")} = nud' (o — o)
with

(o4
Ny = 5{ 0
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Current algebra. ..

» naive answer 7 is constant (independent of X)

» more general X has POisson-Lie symmetry:

1. define the current J; = (9,X’ ;) resulting with bracket

{Ji(0), Ju(o")} = nud' (o — o)
with

(o4
Ny = 5{ 0

2. use E4/(X) to transform
= Eadi, nag = EanyEs’, Mas = Ea'MEs’
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...and its transformation [aiekseev and strobi, 2005]

» then we get the brackets

{JA(O'), JB(O'/)} = FABCJ05(0 — O'/) + nAB(SI(U — 0,)

and

1
Ham = E/da JAHABJB
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...and its transformation [aiekseev and strobi, 2005]

» then we get the brackets

{JA(O'), JB(O'/)} = FABCJ05(0' — J/) + nABCS/(U — 0,)

and

1
Ham = E/da JAHABJB
with

Le,Eg' = FagC®E(!|

» the generalized Lie derivative

E(X o) (y f) = ([X,}/]Lie L& —Lyo + Lyd¢)
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What means simple?
> we require that nag, Fag® and H g are constant
» target spaces with G and B such we can achieve this are called

Poisson-Lie symmetric
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What means simple?
> we require that nag, Fag® and H g are constant
» target spaces with G and B such we can achieve this are called

Poisson-Lie symmetric

» current algebra is a Kac-Moody algebra based on Lie algebra o:
1. generators T, with [Ty, Tg] = Fas®Tc
2. ad-invariant, symmetric pairing (Ta, Tg) = nas
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What means simple?

>

>

we require that nag, Fag® and H g are constant
target spaces with G and B such we can achieve this are called

Poisson-Lie symmetric

current algebra is a Kac-Moody algebra based on Lie algebra o:
1. generators T, with [Ty, Tg] = Fas®Tc
2. ad-invariant, symmetric pairing (Ta, Tg) = nas

use Lie group element g € D generated by 0 to write

JA = <TAa g_1acrg>

Ham = ;/da (97'0,9.£97'0,9) Hap = (Ta,ETs)

coined as £-model (kimcik and Severa, 1996,Kiimcik and Severa, 1996 Kiimcik, 2015]
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Poisson-Lie T-duality [Klimcik and Severa, 1995,Klimcik and Severa, 1996]
» £-model has target space D, dim D=2d

» is equivalent to a o-model on M, dim M=d
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Poisson-Lie T-duality iimcik and severa, 1995,Kiimcik and Severa, 1996]

» £-model has target space D, dim D=2d

> is equivalent to a o-model on M, dim M=d

— integrate out d fields on maximally isotropic subgroup H

» physical target space M=H\D
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Poisson-Lie T-duality iimcik and severa, 1995,Kiimcik and Severa, 1996]

» £-model has target space D, dim D=2d

» is equivalent to a o-model on M, dim M=d

— integrate out d fields on maximally isotropic subgroup H
» physical target space M=H\D

» in general different ways to choose H

E-model on D

‘a-model on Hi\D ‘«—»‘ o-model on Hx\D }«—» «—»{ o-model on H,,\D‘
Poisson-Lie T-duality Poisson-Lie T-duality
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Relation to integrable worldsheet o-models
» on D=GF decompose currentd s J=R & Jand R, J € g

+useER=Jand T =R
such that time evolution 9,J = {J,Ham} decomposes into

R =0,T + [T, R]
0, T = 0,R
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Relation to integrable worldsheet o-models
» on D=GF decompose currentd s J=R & Jand R, J € g

+useER=Jand T =R
such that time evolution 9,J = {J,Ham} decomposes into

87'7?/ = aa'j + [\7’7?/]
0:J = 0sR

» alternatively express in terms of flat Lax connections

_R+T o R-T

1
AN = J et oY & =p0rEa)
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Relation to integrable worldsheet o-models
» on D=GF decompose currentd s J=R & Jand R, J € g

+useER=JandEJ =R
such that time evolution 9,J = {J,Ham} decomposes into
0-R=0,TJ + [T, R]
0-J =0, R

» alternatively express in terms of flat Lax connections

AQ) = BT g %d

1
— +_ !
S )

» eigenvalues of the monodromies

Q(\) = Pexp }[ AN

are conserved — infinite number of conserved quantities
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Example n-deformation iximcik, 20021

» D=SL(2,C) has two maximal isotropic subgroups:
SU(2) with generators T, and B, with generators T,
» pairing on corresponding Lie algebra o

(Ta, Tp) =(Ta, o) =0 and (T, Tp) = 64 (Killing form of su(2))
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Example n-deformation iximcik, 20021

» D=SL(2,C) has two maximal isotropic subgroups:

SU(2) with generators T, and B, with generators T,
» pairing on corresponding Lie algebra o

(Ta, Tp) = (Ta, Tp) =0 and  (Ta, Tp) = 64 (Killing form of su(2))
» decomposition into R and J

Ra= (77_2 +1)T,
Ja=(n""+n)(RTa- 7-3)

with R a solution to the modified classical Yang-Baxter

[RX,R}/]:R([RX,y]—I-[X,Ry])—I-[X,y] VX,y €9
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Example n-deformation iximcik, 20021

» D=SL(2,C) has two maximal isotropic subgroups:

SU(2) with generators T, and B, with generators T,
» pairing on corresponding Lie algebra o

(Ta, Tp) = (Ta, Tp) =0 and  (Ta, Tp) = 64 (Killing form of su(2))
» decomposition into R and J

Ra=(n?+1)Ta

Ja=(n""+n)(RTa— Ta)

with R a solution to the modified classical Yang-Baxter

[Rx,Ry]l = R([Rx,y] + [x,Ry]) + [x.y]  Vx,y €g

» g-deformed global symmetry
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0000000080



There are many more

» p-deformations: Yang-Baxter Wess-Zumino, bi-Yang-Baxter

> \-deformations (setsos, 2014 tWO-parameter anisotropic,

products of interacting WZW factors

» [-deformations: TsT from CYBE
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There are many more

B-deformation

TsT

\-deformation AdSs xS® n-deformation

NATD

non-abelian T-dual

Poisson-Lie T-duality
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Target space perspective

» What are consistent truncations of SUGRA?
» Why are they useful?
» How are they related to Poisson-Lie symmetry?

Target space
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Motivation: 1-loop quantum corrections

> g-model S = % / d?ov/~h [hﬂ”aux"(eij + Bj)a, X! + R

is renormalizable
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Motivation: 1-loop quantum corrections

> g-model S = % / d?ov/~h [hﬂ”aux"(eij + Bja, X + <¢>R(2)}
is renormalizable

» S-functions match the field equations of the target space action

Sxs = [d9%V—Ge 2?(RY + 49,00'¢ — 5 HjcH™)
with Hijk = 38[,'Bjk]
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Motivation: 1-loop quantum corrections

> g-model S = % / d?ov/~h [hﬂ”aux"(ey + Bja, X + <¢>R(2)}
is renormalizable

» S-functions match the field equations of the target space action
Sxs = [d9%V—Ge 2?(RY + 49,00'¢ — 5 HjcH™)
with Hijk = 38[,'81';(]

> symmetries:
1. diffeomorphisms: 6G = LyG 6B = LB

2. B-field gauge transformation: B — B — d¢

» both captured by generalized Lie derivative

0H = E(X ¢)7‘[
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Find new solutions for 10/11D SUGRA

» various applications: AdS/CFT, phenomenology, cosmology, ...

» BUT in general very difficult
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Find new solutions for 10/11D SUGRA
» various applications: AdS/CFT, phenomenology, cosmology, ...
» BUT in general very difficult

» many different approaches
1. Calabi-Yau manifold and F-theory

2. flux compactifications

3. apply dualities to known solutions
4. ...
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Find new solutions for 10/11D SUGRA
» various applications: AdS/CFT, phenomenology, cosmology, ...
» BUT in general very difficult

» many different approaches
1. Calabi-Yau manifold and F-theory

2. flux compactifications

3. apply dualities to known solutions
4. ...

» a prominent idea: reduce dimensions
= get ride of some degrees of freedom

— simpler to find solution
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New challenge: find consistent truncations

1. consistent ansatz for fields in 10/11D
2. reduce action with this ansatz
3. solve field equations of reduced action
4. uplift solution
Workdhest Toeget spacs



New challenge: find consistent truncations

1. consistent ansatz for fields in 10/11D
2. reduce action with this ansatz
3. solve field equations of reduced action
4. uplift solution
6,
91 |2
I
k
m3
mj
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New challenge: find consistent truncations

consistent ansatz for fields in 10/11D
reduce action with this ansatz

solve field equations of reduced action
uplift solution

Eal

7 6,=0

v form, — cosetf, =0

6,

6, I \/ for my=mo set 61=0>
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Generalized Scherk-Schwarz compactification
[Aldazabal, Baron, Marques, and Nunez, 2011,Geissbuhler, 2011]

String Theory

matching
amplitudes

Double Field Theory

simplification (truncation)
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Generalized Scherk-Schwarz compactification
[Aldazabal, Baron, Marques, and Nunez, 2011,Geissbuhler, 2011]

String Theory

matching Double Field Theory

= amplitudes

e

IS

e SUGRA
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Generalized Scherk-Schwarz compactification
[Aldazabal, Baron, Marques, and Nunez, 2011,Geissbuhler, 2011]

String Theory

matching Double Field Theory

= amplitudes

e

IS

e SUGRA

2

® =

O =

= >

g £

D =

| D— d SUGRA
embedding tensor
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Generalized Scherk-Schwarz compactification
[Aldazabal, Baron, Marques, and Nunez, 2011,Geissbuhler, 2011]

String Theory

matching Double Field Theory
= amplitudes
.0
©
2 SUGRA
g » Scherk-Schwarz
5 & > strong constraint
T 2 > closure constraint
= 5
3 £
® =

D — d SUGRA

embedding tensor
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Generalized Scherk-Schwarz compactification
[Aldazabal, Baron, Marques, and Nunez, 2011,Geissbuhler, 2011]

String Theory

matching
amplitudes

Double Field Theory

SUGRA
» Scherk-Schwarz

simplification (truncation)

[72] .
o » strong constraint
> .
= » closure constraint
5
o
<
2
D — d SUGRA vacuum

embedding tensor

Motivation Worldsheet Target space Outlook
000 [e]e 00008000 o]




Generalized Scherk-Schwarz compactification
[Aldazabal, Baron, Marques, and Nunez, 2011,Geissbuhler, 2011]
some hints, but in general unknown

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

String Theory

works }
matching Double Field Theory }—‘
= amplitudes
e
IS
e SUGRA
E » Scherk-Schwarz
< & > strong constraint |5
= S : S
© = » closure constraint
= 5
g £
‘B 2
D — d SUGRA vacuum
embedding tensor
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The compactification ansatz

» internal coordinates y, external coordinates x

Hi(x,y) = E21(y)Has(x)E®y(y)

Motivation Worldsheet Target space
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The compactification ansatz

» internal coordinates y, external coordinates x

H/J(X,y) = EA/(y)HAB(X)EBJ(y) where

1. EAln/JEBJ =1NaB = constant
2. frame algebra
Le,Eg' = Fag®E(!
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The compactification ansatz

» internal coordinates y, external coordinates x

Hiy(x,y) = EX () Ha(X)EBy(y) where
1. Ea'nyEg’ = nas = constant
2. frame algebra
Le,Eg' = Fag“Ec!

> FgC is the embedding tensor; embeds gauge group G —0O(d,d)
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The compactification ansatz

» internal coordinates y, external coordinates x

H/J(X,y) = EA/(y)”HAB(X)EBJ(y) where

1. Ex'miyEg’ = nas = constant
2. frame algebra
Le,Eg' = Fag“Ec!
> FgC is the embedding tensor; embeds gauge group G —0O(d,d)
» ansatz is consistent

» remaining challenge:

find one E4 (unique?) for each Fag°

Target space
0O0000e00



The solution

» the same structure as on the worldsheet
» E, follows from £-model — o-model (imcik and severa, 1996]
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The solution

» the same structure as on the worldsheet
» E, follows from £-model — o-model (imcik and severa, 1996]
» alen raenhia enma r\nnr\eptua| Subtleties in DFT

Drinfeld double

worldsheet target space
—> |

|
I

Poisson-Lie | Double Field Theory

T-duality I
|
| Generalized
! parallelizable
: space

Motivation Worldsheet Target space Outlook
000 0000000000 00000080 o]



The solution

» the same structure as on the worldsheet

» E, follows from £-model — o-model imcik and Severa, 1996]

> also resolve some conceptual subtleties in DFT

» criteria for uplift of gauged SUGRAs to 10/11D SUGRA

Poisson-Lie T-duality Poisson-Lie T-duality
SUGRA on Hy\ G SUGRA on Hp\Gle—— -+ «<—— SUGRA on H,\G|

gauge SUGRA gauge group G
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Dictionary

worldsheet
bosonic closed string «~———
&E-model >
renormalizable —
Poisson-Lie T-duality <«———
Green-Schwarz superstring <------ >

integrablitly

g-deformed symmetry

?

target space
NS/NS sector of SUGRA
Double Field Theory
consistent trunction
different uplifts

R/R sector

?

Exceptional Field Theory

Target space
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Open questions

» complete the dictionary

» extension the Exceptional Field Theory
include higher derivative corrections

>

» discuss branes

» what is the fade of supersymmetry
>

applications to AdS/CFT

There is an intriguing web of relations between
Poisson-Lie symmetry, integrable deformations and (g)SUGRA.

It is quite likely the it will give rise to more interesting results in
the future. Existing insights in one of them can lead to a better
understanding of the others.
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