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Dualities and fluxes  Why bother?
T-duality
m Mass spectrum of a closed string on a space M x S! is invariant under
R« % T-duality

m On the level of supergravity fields this translates into Buscher rules
m For a torus T9 T-duality group is O(d, d) and acts as /

E+b
g tB—E— E/ = =

cE+d’ )
. la b
2d x 2d matrix [C d} € 0(d,d)
m Extended objects of string theory transform as
D, = D, & D, 1, )
NS5 = KK = ...
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Dualities and fluxes ~ Why bother?

Flux compactifications

m Generalization of Buscher rules

T«
le...mpx — Fm] ...mp

®3)

Tx TY Tz
Hy, «— £, «— Q¥, = Rv~

[Schelton, Taylor, Wecht]

m Non-geometric fluxes (gaugings) do not correspond to any geometric data of
the compact manifold,;

m Gauged supergravity: gaugings (topological fluxes) are necessary to stabilize
moduli;

m Sources of non-geometric fluxes - non-geometric branes
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Dualities and fluxes  Strange objects

Supergravity on a twisted torus: a T? fibration over S!
m Field strength H,,. # 0 (NS5-brane)
ds? =dx?+dy2?+dz?, B=NzdxAdy,

z—z+1, B—B+dA

Ty
m Torsion f2,, # 0 (Kaluza-Klein monopole)
ds? = (dx + Nzdy)* + dy? + dz2, B=0,
z—z+1, x—x+Ny,
T
m Non-geometric flux Q2 # 0 (53-brane) Y
ds? = ¥(dx +dy?+dz?), B= N7dx/\dy
1+ N?2z2 1+ N2z2

z—z+1, gluedby T-duality

[Shelton, Taylor, Wecht]
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Dualities and fluxes  Strange objects

T-duality orbit of NS branes
Asymtpotically well defined solutions

h .
m NS5-brane, H(R) =1 + R R? = dpxix) + (x*)?, {x!,x%,x%}

ds? — H(R) ((dx4)2 N 6ijdxidxj> +ds? ).
B = A,dx! A dx?, (4)

ho e
m KK monopole, H(r) =1+ —, r*=9;x'xJ, x*iscompact
r

N2 o
ds?2 = H(r)*l ((dX4)2 + Aidxl) + H(r)éijXmdX] +ds 515)) (5)
B=0.

[deBoer, Shigemori]
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Dualities and fluxes  Strange objects

Non-geometric backgrounds

T-duality along compact x3 ends up with a not well defined background

m 53-brane, H(p) =1+ hlog%, 02 = (x1)2 + (x2)?

H
2 _ 42 32 1)2 2)2 2
ds? = 25 e ((dx )7+ (dx?) ) —l—H((dx )"+ (dx?) ) +ds 5, o
ho
B=— dx*Adx’
H? + h?0

m Non-trivial monodromy around the brane 6 — 6 + 21 —
m Non-commutativity of string coordinates

m This is supposed to have Q-flux Qy* =
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Dualities and fluxes  Strange objects

Monodromy of the 53-brane

m Define the object
+Bg'B Bg!
m=" g*ng ggl] 7

m Monodromy around the brane

H(0 +2m) = O"H(0)O, O = L’jé) fj (8)

m Patched by a g-transformation
B ="h60d, A D5 9)

The non-trivial monodromy around the brane implies that the space is
non-commutative.
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Dualities and fluxes  Strange objects

Beta-supergravity
m Field redefinition of beta-supergravity

(g+B)'=g '+ (10)

m The background of 53-brane becomes

ds? = H(r) ((dxl)z + (dx?)* + (dx*)* + (dX3)2) +dst s,

(11)
B = h0d, A D5,
m The flux is defined by Q,,"* = 9,
m Magnetic coupling with 8-form with values in A2 TM
p™ = B)™ (12)

[Andriot, Betz, Chatzistavrakidis, Hohm, Liist, Zagermann, ...]
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Double Field Theory

Double Field Theory
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Double Field Theory ~ Behind the scenes

The idea

O Consider objects transforming covariantly under duality symmetries
O Construct a geometry consistent with duality symmetries;
O Formulate a field theory where the duality symmetries appear geometrically;

Solutions of DFT unify known supergravity solutions

m DFT wave solution = an F1 string or pp-wave,

m DFT monopole solution = NS5 brane, KK monopole, ...
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Double Field Theory ~ Double everything

Doubled geometry

m Momentum and winding modes of a string unify into a doubled momentum;

m

; ] doubled coordinate (13)

m

Plep = XM=

m Mass spectrum is invariant under O(d, d);

M? = PPN,

generalized metric: (14)
— -1 -1
Hun = |8 g]i%B ’ ngﬂ , H—O"HO, 0€0(d,d)

m Invariant dilaton .
d:cp—i—ilogg (15)
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Double Field Theory ~ Double everything
Doubled geometry
m diffeos & gauge transformations = transformations of doubled space

LyTM = sShift[T] + GL(n)-rotation[T] =~ Riemannian geometry

LyTM = Shift[T] + O(d, d)-rotation[T]. Doubled geometry (1e)
m Consistency of the algebra —> section condition:
iTl . iTz =0, VT,,-generalized tensors (17)
Oxm " 9%y ’
m Effective potential
V= e [N ) O — SN OH AT~

— 20MdONHMY + 4HMN O dond

[Berman, Cederwall, Coimbra, Godazgar?, Grafia, Hohm, Hull, ETM, Nicolai, Perry, Samtleben,
Thompson, Waldram, Zwiebach ...]
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Double Field Theory ~ Back to reality

Section condition

m The section condition halves the number of coordinates;
m Different ways of doing that are related by T-duality

T,: X+—X (19)
m The action drops to that of supergravity
1
V = Vg e (R S Hp H™™ + 4g™ 0000 ) (20)

m The whole construction reproduces Hitchin’s generalized geometry

Doubled tangent space: Eo =X, Ep € T,MO TyM
Oxp:G = LxG, Oxg:B=LxB+ dé (21)

&3]

Lz, — Lg,81 — [Eq, Byc
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Double Field Theory ~ All in one

Generalised flux

Generalised flux is defined as a generalised torsion

[eaveb] = fabr:ea - [EA7EB]C = l::CAB EC~

(22)
V1, Ve = %(,cvlvz — LyvVy).
Its components are naturally identified with fluxes
e = P, Hape = Fape, QP = F, R = Fobe, (23)
DFT EOM’s and consistency conditions imply generalised Bianchi identities
OF + F ® F = 0 (or d-function) (24)
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Non-geometric branes in DFT




DFT monopole  All in one

DFT monopole
Kaluza-Klein understanding of the theory

dsdpr = HundXMdxN

25
= (g — B,PB,y)dx"dx" + 2B, dxHdx, + gdx,dx,. @3
The Taub-NUT-like solution in coordinates (z,y!, x?, Z, X;, X, )
ds3er = H(1 + H2A?)dz? + H~'dz? + 2H ~'A;(dy 'dz — d'dy;dz)
+ H(8; + H2A;A;)dy 'dy) + H~16'dy;dy; (26)
o 26
+ 1, dx?dx® + nPdx,dx,,
e—2d = He %,
With harmonic function
h
H(y) =1+ —=—=, 20;Aj = e dH, (27)

\/ 6inin
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DFT monopole  Red pill and blue pill

Physical subspace

m The doubled coordinates XM = (x#,x,x?, x,,X;, X,) are identified with the
parameters z,y ', z, y; with a high level of ambiguity

m The choice matters

(x#,x1,x2,x3) = (z,y!,y%,y?), NS5-brane (H-monopole),
(xz,x1,x2,x3) = (z,y L,y %, y?), KK-monopole,
(x*,x1,x2,x%) = (z,y',y%,¥2), Q-monopole, (28)
(x#,x1,x%,x3) = (z,y L, y%,y3), R-monopole,
(x#, x4, x%,x3) = (z,y L, y2,y}1), R’-monopole,
m The harmonic function is always
h
H(y',y%y®) =1+ (29)

A/ 6inin

m Non-geometric backgrounds depend on dual coordinates
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DFT monopole Strange objects

T-duality orbit of NS branes
m NS5-brane, HR) =1+ %, R? = opxix) + (x*)?, {x!,x%,x%}

ds? = H(R) ((dx*)? + bydxidx) + ds? 5, B = Adx' A dz,

(30)
h .
m KK monopole, H(r) =1+ =, 1r* = d;x'xJ
r
2
ds? =H(r)™! <(dx4)2 + Aidxi) + H(r)dydx'dx) + ds7, 5, (31)
m 53-brane, H(p) = 1+ hlog %, p? = (x1)? + (x2)?
H
ds? = m((dﬂf + (dx3)2) +H((dx1)2 + (dx2)2) + ds(2175), 52
32
ho
B=———dx*Adx’
H2 4 h20

[deBoer, Shigemori]
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DFT monopole Strange objects

H- and KK-monopoles

= H-monopole. Physical: (z,y !, y2,y?)

ds? =n_dx"dx® + H(dz? + dydy‘dy/),
B = Aidy!Adz,

33
N (33)
H=1+ 2 2 2
VT2 (22 + (v
m KK-monopole. Physical: (z,y!,y2,y?)
ds? = n_dx"dx* +H~!(dz + Aidy’)? + Hoydy 'dy/, 60

B=0.
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DFT monopole Strange objects

Q-monopole
m Physical: (z,y!,y2,y3)

ds? = 1 _dx"dx + ((d2+ A dy)? + 53 ) + Hody *dy®,

24 A2
B— Ai(dz—kA Ldy %) A dy
H2 + A2 3 (35)
h
H=1+ :
Oapy y P+ (v3)?
m Conditions:
20;A 5 = e OcH,

OA; =0, (36)

AH=0
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DFT monopole Strange objects
Q-monopole
m Physical: (z,y!,y?,y;) = axial coordinates:

y!l=pcosH,
y2=psin0, (37)
y?® =y 3 (the dual).

m The Q-monopole background:

ds? = H[(dz + A 0d0)” + dy? | + H(dp? + p2de?).
__h
P+ (y?)? (38)

y3
Ag=h[1- ———_|.
P>+ (v?)?

m No monodromy = no non-commutativity

H=1+
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DFT monopole Strange objects

R-monopole
m Physical: (z,y1,y,,y3;) = axial coordinates:

1

y
}72 = pcos 0, )~(2 :y2 = f)COSé (39)
¥3 = psin0, X3 =y%=psin0

m The R-monopole background (p — frame):

ds? = n_dx"dx® + H (42 + dp? + p2d6?) + H(dy ),

0z
= A 3
B = A 1 )
h
A9h<1y>, H=14 —/—m———.
p* 4 (y1)? pr+ (y1)?
m No monodromy = no non-associativity

22/29
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DFT monopole Strange objects

Generalized fluxes

Generalized fluxes
[Ea,Eg] = Fap“Ec,

41
Fa = OEY + 2EY9yd .
« H-monopole: My = 27,6505 00 Ay, Flpe < F (42)
m KK-monopole:  Fl5 = 2e?,eXpelcdpA ) — 265[5]:61’ s “)
m Q-monopole:
Q&gi _ EaEHilaﬁH? Qﬁl%j <= Q/75 <— ]__5’ (44)
]:mnp — ]:E
m R-monopole:
RZ&p — g&BH_%aﬂ‘L Fai® <= QmaP <= Fi (45)
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DFT monopole Strange objects

Sources and Bianchi identities

The RHS of Bianchi identities tells something about source of a solution

H N 8[aHde] + e
KK : 8[bfacd] +...
Q: 9Qq™ +...

R:  OqR%®c ...

Brane support from BI

Action :

EOM :

Edvard Musaev (AEI MPG)

= o Peaead ()2 + () + (),

= 1€ Peuard (0) + (27 + (67)2),

o 2 2 =3\2 (46)
= —ﬁﬁablzfcdsz;@((xl) + (2 + (3)%),
= e e d (<) + () + (%))
S:/H A xH —I—/B A Oy;
7 7 6 4 (47)
d*H7 = 64
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DFT monopole Strange objects

Non-perturbative effects

T-duality: KK-monopole <= H-monopole.

m Adding worldsheet instanton corrections leads to localized NS5-brane

— —kr-+ik: —kr—ik:
H(xl,z)_1+zr<1+§ e ke 4y e )

=1 k=1 (48)
h sinhr
2r coshr — cosz
m Smearing procedure of the harmonic function of the full NS5-brane
H(xl,z) = 1+ i SR E— (49)
r2 + (z + 2mk)?

k=—o0

m For KK-monopole and 53-brane this introduces dependence on winding
coordinates

[Tong, Jensen, Harvey, Kimura, Sasaki]
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DFT monopole

On the shoulders

Integration into the general picture

__, _T-duality or
NS5 H-monopole H—monopol;e naive Buscher rules
9 .
loc. X isometry X — - compactification
_ instanton
corrections
KK-monopole _
KK KK-monopole KK-monopole | s KK-monopole
loc. X° isom. X° >?9C‘ X7, isom. isom. X8, X°
Q Q-monopole Q-monopole lQ—mg(réopole 53-brane
loc. X° isom. X° i<S)(():1.’n. NG isom. X8, Xx°
D=10 D=10 D=9 D=9 D=8

[Jensen, Harvey, Gregory, Moore, Kimura, Sasaki]
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DFT monopole  Magnetic charge is there

Magnetic charge

m Charges in gauge theory

4nq:/8iEidV:/*F, 4y :/&BidV:/F, (50)
£ )

m Integration surface & = S§* x S!

L x! o x2 X2 x2 X X X3 X,
H X X X °

KK | X X X

Q X X X

R X X X

m Duality-invariant magnetic charge

dmp = / FrunkdXM A dXN A dXK = 41Q s, (51)
z
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DFT monopole ~ What's now?

Future directions

m Check to what extent these backgrounds are solutions of the Type II equations
of motion and BPS equation

m Construct effective action for these objects

m Compactifications with such sets of fluxes, tadpole cancellation conditions.
m Properly define electric charge

m Non-geometric branes of xFT, classification

m Genuine non-geometric branes
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Thank you!
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