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1. Revealing a new symmetry

2. Physical interpretation: abelian & generalised T-duality

3. One- & two-loop RG flow

4. Open questions



2-dimensional o-model, the Swiss army knife of field theories

1 . . . .
= m/ (g,-jdx’ A xdx! 4+ Bydx' A dx! + *QSR)
b

Sy

» D bosons x', i =1,..., D coupled to gravity (topological)
» couplings gjj, . ..describe the geometry of a Target space M
> fields x/(7,0) embed the worldsheet ¥ into M

> related to other (;all?) QFTs by string theory

hidden symmetry

open questions
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Discovering a new symmetry

1. Ss in Hamiltonian formalism: (Tseytiin, 1900]

&:/ﬁﬂm%—/wmﬂ
>

1
mﬂzhd/wmwwm

with Poisson bracket {Jy (o), In(0o')} = 2na/nund’ (o — o)

hidden symmetry T-duality RG flow open questions
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Discovering a new symmetry

1. Ss in Hamiltonian formalism: (Tseytiin, 1900]

s =

JM = (80Xm pm)

1
H(r) = — / dodyHMN Jy

with Poisson bracket {Jy (o), In(0')} = 2na/nynd’ (o — o)

Now= (0 1)
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Discovering a new symmetry

1. Ss in Hamiltonian formalism: (Tseytiin, 1900]

Sy = / dodrx'p; — / drH(T)
>

_ 1 MN
H(T) = o /dUJM’H In
with Poisson bracket {Jy (o), In(0o')} = 2na/nund’ (o — o)

2. Make H(7) as simple as possible

HMN _ M E Ny AB 2AB _ (18 ]?)
1
v = WEAMJA op = EAnERY

but more complicated Poisson bracket (siegel, 1993]

{Ja(0), Ig(0")} = Fag€Jc(0)d(0 — o) + nagd’ (o — o)

RG flow

open questions

hidden symmetry T-duality
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&£-model and Poisson-Lie symmetry [kimeik and Severa, 1095:Klimeik and Severa, 1996]

relevant quantities: nap = <]é 0]1>, Hag = <]é ?l) and Fag€

Fagc = FagPnpc = 3Ej4'01Eg” Ecyy with 8 = (0 9;)

encodes all o-model data (gj and Bjj) in one quantity

hidden symmetry T-duality RG flow open questions
[e]e] le} 000000 00000000 (e}



&£-model and Poisson-Lie symmetry [kimeik and Severa, 1095:Klimeik and Severa, 1996]

relevant quantities: nap = <]é 0]1>, Hag = <]é ]?) and Fag€

Fagc = FagPnpc = 3E'0/Eg” Ecyy with 9, = (0 9))
encodes all o-model data (gj and Bjj) in one quantity
PL symmetry: Fag€ are structure constants of Lie algebra d
1 [Ta, Tg]l = Fag“Tc TA€D
2. ad-invariant pairing (Ta, Tg) = nas

3. involution £ := n*“H g with E2 =1 and (ETa, Tg) = (Ta,ETp)

hidden symmetry
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&£-model and Poisson-Lie symmetry [kimeik and Severa, 1095:Klimeik and Severa, 1996]

relevant quantities: nap = <]é 0]1>, Hag = <]é ]?) and Fag€

Fagc = FagPnpc = 3E'0/Eg” Ecyy with 9, = (0 9))
encodes all o-model data (gj and Bjj) in one quantity
PL symmetry: Fag€ are structure constants of Lie algebra d
1 [Ta, Tg]l = Fag“Tc TA€D
2. ad-invariant pairing (Ta, Tg) = nas

3. involution £ := n*“H g with E2 =1 and (ETa, Tg) = (Ta,ETp)

E-model 1
sz/whﬂwm

{Ja(o), Ig(d')} = FABCJC(U)é(U — ') +npd' (0 —0d')

hidden symmetry T-duality
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T-duality and integrable deformations
> for a fixed O there is a different Ea’ for each

max. isotropic subalgebra h > T2, a=1,...,D, with (T2, T?) =0

o-models on | H1\D Ho\D [e— === - oo - — H,\D
PL T-duality

hidden symmetry
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T-duality and integrable deformations
> for a fixed O there is a different Ea’ for each

max. isotropic subalgebra h > T2, a=1,...,D, with (T2, T?) =0

o-models on | H1\D Ho\D [e— === - oo - — H,\D
PL T-duality

> £-model field equations:

. 1
Ja = {Ja, H} YR VA B
"\ similar to flat
J=Tx (SABJBdT + JAdU) Lax connection

for integrable £-models map between J and L [Zevera, 2017]

hidden symmetry

open questions
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Abelian T-duality

> target space with abelian isometries

- winding <> momentum

hidden symmetry T-duality RG flow open questions
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Abelian T-duality

> target space with abelian isometries
- winding <> momentum

» on the worldsheet Buscher procedure (suscher s7]

1. gauge global U(1) symmetry

2. use Lagrange multiplier A to impose F =dA =10

3. integrjmeyA or A\

original model dual model

[ ]
% 4. Wilson loops %A fix periodicity of A

hidden symmetry T-duality

open questions
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Non abelian T—duality [de la Ossa, Quevedo 93]

» idea: gauge non-abelian symmetry on worldsheet
» problem: A\ now in the adjoint & not a singlet

1. global properties of dual model do not arise as in the abelian case

2. isometry group of the dual target space is smaller

iNATD is not invertible?

hidden symmetry T-duality

open questions
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Non abelian T—duality [de la Ossa, Quevedo 93]

» idea: gauge non-abelian symmetry on worldsheet
» problem: A\ now in the adjoint & not a singlet

1. global properties of dual model do not arise as in the abelian case

2. isometry group of the dual target space is smaller

iNATD is not invertible?

[Giveon, Rotek 93]

We argue that, except for “accidents”, there is no reason to
expect nonabelian duality to be a symmetry of a CFT; at
best, it can be a transformation between different CFT's.

T-duality
0®0000



Poisson-Lie T-duality [kiimei, Severa 05]

NATD is invertible & we should look at the phase space

configuration space

Drinfeld
double
D

D/H model - . D/H dual model
canonical transformation

hidden symmetry T-duality RG flow open questions
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Poisson-Lie T-duality [kiimei, Severa 05]

NATD is invertible & we should look at the phase space

configuration space

Drinfeld
double
D

D/H model - . D/H dual model
canonical transformation

ID = Lie group with two max. iso. subgroups; D = H x H
H and H are Poisson-Lie groups

hidden symmetry T-duality RG flow open questions
0000 00000 00000000 (e}



Generalised T-duality double coset F\ID/H [kiimik, Severa 96]

__ —— most general
dressing coset construction includes AdSsxS®

U
Poisson-Lie + WZW
U

ID with one max. iso. subgroup
Poisson-Lie H and H are non-abelian
U
non-abelian

U

H or H is abelian

abelian H and H are abelian

hidden symmetry T-duality RG flow open questions
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Generalised T-duality

dressing coset construction

U
Poisson-Lie + WZW
U

ID with one max. iso. subgroup
Poisson-Lie H and H are non-abelian
U
non-abelian

U

H or H is abelian

abelian H and H are abelian

classicall quantum corrections?

hidden symmetry T-duality RG flow open questions
0000 000e00 00000000 (e}



PL symmetry & Double Field Theory [rH 17, catal-Ozer, Demulder, Sakatani, Thompson,
Remember: Poisson-Lie symmetric o-model (£-model)
» 2 D-dimensional Lie algebra 0 with T4 €0
[Ta, Tl = Fag“ Tc
» ad-invariant O(D,D) pairing
(Ta, Tg) = (T, Ta) = a8
> involution £:0 — 0, 2 =1
(Ta,€Tg) = (ETa, Tg) = Has
* element from the center of

FAtA, FABCFCZO

hidden symmetry T-duality RG flow open questions
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PL symmetry & Double Field Theory [rH 17, catal-6zer, Demulder, Sakatani, Thompson, ... ]

Remember: Poisson-Lie symmetric o-model (£-model)
» 2 D-dimensional Lie algebra 0 with T4 €0
[Ta, Ts] = Fag“ Tc

» ad-invariant O(D,D) pairing
(Ta, Tg) =(TB, Ta) =18

> involution £:0 — 0, 2 =1
(Ta,ETg) = (ETa, Tg) =Has

* element from the center of 0

FAtA, FABCFCZO

iHow to get the metric g, the B-field B and the dilaton ¢?

hidden symmetry T-duality RG flow

open questions
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Generalised frame fields

> EA(x)

such that

hidden symmetry

0 &
EAmagEB, = < J)

with

Le, Eg = FAgCE
E LB AB C

Lee = —Fpe ™

& 0

holds (frame algebra)

generalised Lie derivative

T-duality

O0000e

open questions



Generalised frame fields

_ 0 o
> EA)(x) with EAmagEB, = <5J_' 6)

C
h th Lebs = Fas™Ec holds (f Igebra)
such that B B olds (frame algebra
EEAe 2d —FAe 2d

generalised Lie derivative

> E{\/I = §J8JV’ + VJ8’§J — VJa_/fI, o) = (O 8,)

hidden symmetry T-duality

open questions
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Generalised frame fields

_ 0 o
> EA)(x) with EAmagEB, = <5J_' d)

C
h th Lebs = Fas™Ec holds (f Igebra)
such that B B olds (frame algebra

EEAe 2d —FAe 2d

generalised Lie derivative
> E{\/I = §J8JV’ + VJ8’§J — VJa_/fI, o) = (O 8,)
» g, B and ¢ are encoded in

1
gen. dilaton d = ¢ — 1 log det g

. ij ikB i
gen. metric Hyy = (—ég;kgkj g —gB,-kngk’B/j> = EAHABEE,

T-duality
000008



RG flow
» the o-model is a 2-dim. QFT with oo number of couplings

» How do they flow from the UV — IR?

d -
% —R; t=logu (one-loop)

hidden symmetry
0000

T-duality RG flow

open questions
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RG flow

» the o-model is a 2-dim. QFT with oo number of couplings

» How do they flow from the UV — IR?

dsij
dt

= R} t =log (one-loop)

dHy . .
e = R;y —— generalised Ricci tensor [Hohm, Hull, Zwiebach 10]
hidden symmetry T-duality RG flow open questions
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PL symmetry & one-loop RG flow

El
» go to adapted frame: Hyy AL Hap
> restrictions on Hag = (Ta,ETg) = Rag

. I 1
§2=1 —  0=PEP=PEP P=301+¢)

1

%. P 5(1—8)

only D? components of R g are unconstrained

hidden symmetry T-duality RG flow
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open questions
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PL symmetry & one-loop RG flow
Exl
» go to adapted frame: H;; ——— Hag

> restrictions on Hag = (Ta,ETg) = Rag
: . 1
=1 —»  0=PEP=PEP P=5(1+¢)
- 1
* P=-(1-¢
5 e
only D? components of R g are unconstrained
0 A 52
A (Rib : encodes g <0
one-loop A _ 0
RG flow B= 1o
RG flow

0Oe000000

hidden symmetry

open questions



“Feynman” -diagrams
Cp.D EFpCH EF BEF
R.p=2P."Pj (FCEGFDFHP P~ + Fcpe FEP™ + DpFc — DeFcprP )

with DA == EAlal and 8/ == (O 8,) [Geissbuhler, Marqués, Nufiez, Penas 13]

PAB— A——B PPP= A B
A
Fagc = Fa=E—A DsFg = A—»B B
RaE—Zw—I—QJ 77777 +2 — ae---- —ZQ
= DFT field equations killed by PL symmetry

hidden symmetry

RG flow open questions
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Challenges beyond one-loop |

B-functions are scheme dependent!

scheme = coordinate choice on coupling space

hidden symmetry T-duality RG flow
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Challenges beyond one-loop |

B-functions are scheme dependent!

scheme = coordinate choice on coupling space

2
diffeomorphism

X = rcos

x Y =rsing

an infinitesimal coordinate change
xH — xH —

changes a vector v*

v — vE + LevH

Levk = £0, v — vV, &

hidden symmetry RG flow open questions
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Challenges beyond one-loop |

B-functions are scheme dependent!

scheme = coordinate choice on coupling space

2
diffeomorphism

X = rcos

x Y =rsing

an infinitesimal coordinate change
xH — xH —

changes a vector v*

v — vE + LevH

Levk = £0, v — vV, &

~

gij Bij ¢)
Agi ABj A(Z)):

(
(
~ (85 BE B%) =B
0

=

~

)
"9, = oy = Agjji— + ...
§ v =B,

p— B+ LB

Ly = 0yp — oV — T(V,B)

4 can have torsion

RG flow
00080000



The “right” scheme marques, Nufiez 15]
» observables are scheme independent

BUT action of symmetries depend on the scheme

» keep frame algebra unmodified ['EAEB = FABCEC

hidden symmetry T-duality RG flow open questions
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The “right” scheme [Marqués, Nufiez 15]
» observables are scheme independent

BUT action of symmetries depend on the scheme

» keep frame algebra unmodified ['EAEB = FABCEC

— generalised Bergshoeff-de Roe scheme (Marqués-Nufiez scheme)

% double Lorentz transformations are modified

— keep track of E4’'s double Lorentz frame

frame algebra E,! gen. BdR scheme EA’
\/
finite generalised Green-Schwarz transformation
generate o/-correction for metric, B-field & dilaton

[Borsato, Lépez, Wulff 20; FH, Rochais 20; Borsato, Wulff 20; Codina, Marqués 20]

RG flow
00008000



Challenges beyond one-loop Il

» in right scheme two-loop field equations exclusively depend on

[Baron, Fernandez-Melgarejo, Marqués, Nufiez 17]

FABCa FA7 PAB) ﬁAB? and

%. BUT field equations # S-functions
instead dyS = /dee_2d\|l -K(B)

hidden symmetry T-duality RG flow
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Challenges beyond one-loop Il

» in right scheme two-loop field equations exclusively depend on
[Baron, Fernandez-Melgarejo, Marqués, Nufiez 17]

Fagc » Fa, PAB e , and Da

%. BUT field equations # S-functions
instead dyS = /dee_2d\|l -K(B)

> @ two-loops: 6yS? = / dPxe2 [w KAL)+ w. kKOO

> KEB);CD = —NACTBD Zamolodchikov metric

hidden symmetry RG flow open questions
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Challenges beyond one-loop Il

» in right scheme two-loop field equations exclusively depend on

[Baron, Fernandez-Melgarejo, Marqués, Nufiez 17]

Fagc » Fa, PAB e , and Dy

%’ BUT field equations #

> @ two-loops: dyS?) = /deezd [\IJ- (M) +w. kO ((2)

> KEB);CD = —NACTBD Zamolodchikov metric

ils it possible to write K just with e?

hidden symmetry T-duality RG flow open questions
00 - 00000800




Sketch of the computation

> obtain K@ in the Metsaev-Tseytlin scheme
» transform it to the gen. BdR scheme
» write result in terms of H-flux H,pc, spin connection w5 and F,

» match 77 terms with 19 doubled diagrams like

e Y

» works despite 4:1 overdetermined

hidden symmetry T-duality RG flow open questions
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Two-loop [S-function

» 342 diagrams vs. 4 @ one-loop
» transform covariantly under gen. Green-Schwarz transformations

» imposing PL symmetry and — 40 diagrams remain

= O+ O +2 j,” {D JI\

PL symmetry is preserved under two-loop RG flows!

hidden symmetry T-duality

RG flow open questions
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Open questions

| 4

>

is there a “geometric” interpretation, like for R g, for ﬂf,;
obtaining S-functions directly from the £-model

can dressing cosets be treated in the same way

two-loop heterotic string should be manageable

explore the integrability/RG flow correspondence further
how do quantum groups fit into the picture

is it possible to study irrelevant deformations, like TT

operator map under PL T-duality

open questions
°



