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1. Introduction

T-duality provides the relationship between the different space-times. Double Field Theory
(DFT) is the field theory with manifest T-duality in string theory [1]. The most fundamental DFT
is defined in the 2D-dimentional doubled space Myp. The coordinate of that space-time XM (M =
L,---,2D) is decomposed for (x*,%,)(u = 1,---, D). Here, x* is the Fourier dual of KK-mode,
and %, is the Fourier dual of winding mode. T-duality transformation corresponds to the exchange
of x# and %, on this space-time. The theory exhibits manifest O(D, D) structure. The O(D, D)
DFT is the T-duality covariantized extension of the NSNS sector in type II supergravity.

The O(D, D) DFT has a gauge symmetry which is described by the C-bracket. The C-bracket
does not satisfy the Jacobi identity, then that is defferent from Lie bracket. This suggests the ex-
istence of more general algebraic structures. Actually, the C-bracket defines the metric algebroid
which is presented by Vaisman [2]. The metric algebroid is also discussed as the pre-DFT algebroid
in [3]. We call this structure as the Vaisman algebroid. The Vaisman algebroid has a doubled struc-
ture which is the direct sum of two Lie algebroids [4]. This idea is based on the Drinfel’d double for
Lie algebras [5] and for Courant algebroids [6]. The notion of Drinfel’d double is important to con-
sider the Poisson-Lie T-duality. The Poisson-Lie T-duality is well as a solution-generating technique
for type II supergravities. The application for DFT is also discussed in many papers [7-9].

In this proceeding, we consider the heterotic case. It is related to the T-duality covariantized
extension of the gauged supergravities called gauged DFT [10, 11]. This is the alternative formalism
of the effective theory with T-duality. Gauged DFT includes non-Abelian gauge symmetries which
are introduced by gauging a duality group O(D, D + n). This theory is defined on the (2D + n)-
dimentional space Myp+,. Gauged DFT also has a gauge symmetry which is described by the
modified C-bracket. We call this bracket the twisted C-bracket [-,-]r because this includes the
structure constant FM y g of the gauge group.

(21,52 = EMoxEY — EX0xEM o)y

1
- EnMNnKL(E{‘aNag — EXONED) M + ENEFFM Nk (1)
Here, E;(i = 1,2) is the (2D + n)-vector on Mjp., and 5 is the O(D, D + n) invariant metric. We
show that the twisted C-bracket (14) in gauged DFT is rewritten by the geometric quantities. We
will see that the twisted C-bracket also defines the Vaisman algebroid. Then, we also see that the
Vaisman algebroid with the twisted C-bracket has a tripled structure which is Drinfel’d double-like

structure. The contents of this proceeding is based on [12].

2. Gauged double field theory and twisted C-bracket

First, we give a brief ntruduction about the gauged doubled field theory and the gauge symme-
tries. The O(D, D + n) gauged DFT acton is given by

1 1
SO — /d2D+nXe—2d g(}{MNaMWKLaNHKL _ E(]—{MNaN(]—{KLaL(]—{MK

=200 dONHMN + AHMN §,,ddnd |, (2)
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where Hyn (X), (M,N =1,...,2D +n) and d(X) are the generalized metric and the generalized
dilaton. These are the fundamental fields defined in the (2D+n)-dimensional doubled space Mopy.
The coordinate XM may be decomposed into XM = (Ko xt,Xo), (u,v=1,....,D,a=1,...,n).
The standard parametrizations of the generalized metric and the dilaton are given by

gt _ g'“pcpv —ghe Apﬁ
Hyn =| —-g"° + PO + KA, LA PTAL + AP
MN 8 "Cou Buv T Cpu8" CovTK ualvg  Cpou& o u ’
—-g" A, Cov8PT AT+ ALY K + Ap(’gp‘TAaB
-2d _ —2¢
e " =q-ge "7, (3)
where

= By + kB A0A 4
Cuv = yv+§K palvg- 4

guv(X), g (X) are a symmetric D x D matrix and its inverse. An n X n symmetric constant matrix
K o and its inverse kB and a D xn matrix A ua(X) and a scalar quantity ¢(X) have been introduced.
By, is a DX D anti-symmetric matrix. The indices M, N, ... =1,...,2D+n are raised and lowered
by the O(D, D + n) invariant metric,

0O o4, O
nun =| 6, 0 0 |, (5
0 0 «%

and its inverse n™ Y. Note that the generalized metric Hj;n is an element of O(D, D + n). The
action (2) is manifestly invariant under the O (D, D + n) transformation;

HMN (X)) =0MpON gHP2(X), d'(X')=d(X), XM =0MyxN, 0e0(D,D+n).
(6)

Now we gauge a subgroup G of O(D, D + n) and break it down to O (D, D) X G. This is done
by introducing a constant flux F™ yx such as
M F,PY if (M,N,K) = (a,B,7)
F" Nk =

)

0 else

Here F,A7 is the structure constant for the gauge group G whose dimension is dim G = n. The
constant FM y x must satisfy the following relations;

M NK _,

PKT] Funk = Fiunk)s FMyxFN py=0. (8)
In order to keep the gauge invariance, the action (2) is deformed such as [10]
S =80+06S, 9)

where

1 1
55 = / PP | = S FM g HNPHE O Hoy — < FM p N Lo Hun HN VT

12

1 1
- ZFMNKFNMLWKL - EFMNKFMNK . (10)
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The action (9) is invariant under the following gauge transformation;
SeHMN = BP9pHMN 4 (9MEp — 9pEMYHPN + (0N Ep — EpENYHMP — 08P FM p g{NK
&d:EMQMd—%aMEM, (11)
provided that the following physical conditions are satisfied;

m™MN dpdn+ =0, MY dpp « Oy = 0, FM 1% = 0. (12)

Here = are all the quantities in DFT including the generalized metric, the generalized dilaton and
the gauge parameters ZM. The first condition above is just the level matching condition of closed
strings and the second is known as the strong constraint in the context of the ordinary O (D, D)
DFT. We call these the physical conditions. The last one is specific to the gauged version of DFT
and we call it the gauge condition in the following.

The gauge transformation (11) is closed under the conditions (12), namely, for an arbitrary
O(D, D + n) vector VM | we have

[6:1’652]VM = 5[51,52]FVM’ (13)

where the left-hand side is the commutator of dz, and dz,. In the right-hand side, we have defined
the twisted C-bracket;

1
= = M _=oKq =M _=Kq =M MN =Kq =L  =Kq =Ly, aNoK M
([B1,B2lp)” =B} 0kEy —E) 0kE) — 0" "nkrL(E] ONEy — &, ONE)) +E) B F" Nk

2
(14)

Note that the conditions (12) are trivially solved by quantities that depend only on x*. In this
case, the action (9) reduces to that of a gauged supergravity in D dimensions. Among other things,
when D = 10 and n = 496 and G is SO(32) or Eg X Eg, the theory reduces to the heterotic
supergravities in ten dimensions.

3. Geometrical realization of (2D + n)-dimensional doubled space

In this section, we consider a geometrical realization of (2D + n) space Myp.,. Then, we
rewrite the twisted C-bracket geometrically.

First, we assume that a (2D + n)-dimentional manifold My p ., with the (psuedo-)Riemannian
metric 77 y. We introduce the nps v as the O(D, D + n) invariant metric (5). The 1, defines an
endmorphism P : Mypin — Mopy, which is the integrable product structure. The endmorphism
satisfies P2 = 1, therefore P = +1. The P decomposes T My p., into a rank n distoribution L
and a rank 2D distoribution D on M>p.,. We can define the coordinate on Map., as (XM, x9),
M=1,...,2D,a =1,...,n because the distributions are integrable. We suppose that the D has
a para-Hermitian structure of the O (D, D) DFT (see [4]). Then, the coordinate of the base space
Mopn is decomposed as (x#, %, X,). Therefore, we have a decomposition

TMopin=LoL®L. (15)
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Then a vector E on Mjp., is decomposed as E = EMoy, = XHo, + fﬂ(';'“ +a,0%.
Given this decomposition, we introduce operators on the bundles L, Land L. The Lie brackets
in each subbundle are defined by

(X1, Xo]L = (X760, X5 — XJ 0, X)dy, X1, X2 €I'(L),
[£1, 6] = (6100 éxp — £2,07E1,) 0, &,6 eT(L),
[a1,a2]; = (a150P aza — azpdPaie)d”, ar,ay € '(L). (16)

Here ko is an invertible matrix. We also define the exterior derivatives for function f € C*(Map4n)
as

df =9 f0, e T(L), df = 9, f0* e (L), df = kapd®f3P € T(L). (17)

We can also define the totally anti-symmetric products for each bundle as follows,

1
X = Exﬂl“‘”pam A... N8y, €T(L'P),
1 - ~ -
£= 1m0 NN O € L(L"P),
1 _ — -
a= Eam,,,%a‘” A A0 e T(L"P), (13)

where 1 < p < D for L, Land1 < p < n for L. They are defined in the subspaces in T Myp .
The exterior derivatives d,d, d act on a p-vector P = EM1="Mp gy, A+ A By, in TMapan as

1 ~
d=) = Ea/.tEMl"'M”(X)a” A 5M1 A-e- A (‘)Mp,
~ U comyom
d.:(p):lT!a#d ! P(X)aﬂ/\a/\/[] /\.“/\aMP’

_ 1 _ _
2P = —kopdPEMMe ()G A gy A -+ A Dy (19
p:

12

These are defined by maps that increase the rank of each wedge product. For example, when E(P) =
x () = xm “HP By A-ee A Dy, € T(LMP), we have

dX = 9, X* " FP I Ny A A D

Hp>
dX = OFXHITHP G N By At A By,
dX = kqpdP X1 HP Y N Oy N+ A Dy, (20)

By the definition, the d, d and d satisfy the properties,
d=d*=d=0,
dd+dd =dd+dd =dd+dd = 0. 1)

These are a generalization of para-Dolbeault operators on the para-Hermitian geometry. We next
define “inner products” by

(X.6) =X'é, =X(£) =£(X), XeD(L), ¢ eT(L),

(a1,a2) = kopal'ds = ai(ar) = ax(ar), ar,az € T(L). (22)
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The other combinations vanish. They are maps that decrease the rank in each wedge products. They
act, for example, like

1
r-xP = b GLY, TN, T
Le (p _ 1)"511 H2 Hp

1 ~ -
Lx§(p) — = 1)!X”§W2...,,p0”2 Ao AOHP,

1

7 )
wed = oy

Note that all the interior products anti-commute with all the exterior derivatives. Then, we have the

K"Maj 24, az‘..apé"z Ao ANOP, (23)
following properties;

Tt+il=tt+te=1i+0ct=0. 24)

These are economically written as

0 1 0
igy,On=nun=(1 0 0 |, (25)
0 0 «

where i = (f,,7). These inner products determine the relevance of each bundle. L and L are dual
vector spaces each other and L is seld-dual. Then, we can introduce the inner products t¢, tx, tq as
the anti-derivatives of the d, d and d. Using these operators, we can define the Lie derivatives,

Lx = 1xd + duy, Ly =1pd+dig, L, =1,d+di,,
Xel(L), éeT(L), ael(L). (26)
We can also “Lie-like derivatives” as follows,
Cx=wxd+dix,  Le=Tgd+die, Lo=id+di, L,=rd+di,.  (27)

Using these operators and Lie(-like) derivatives, we can rewrite the twisted C-bracket (14) geomet-
rically as follows,

[E1, BalF

- - _ _ 1 -~ ~
= [X1, X0l + (LeXo— L& Xh) + (Lo Xo — Lo, X1) + z(ﬂalaz - Lga1) + zd(ex, & — 1x,€1)

1
Laa2 — Laya1) — Ed(Lxlfz — 1x,€1)

_ ~ 1
+ [ 1’§Z]I: + (£X1§2 - LXzé:l) + (Lalfz - Lagfl) + 5(
1

1, . _ - <
+ E[alsaﬂi + E(La,az — La,a1) + (Lx,a2 — Lx,a1) + (Lg a2 — Lgan)
1,- _ 1, - = ..
+ E(lefz - S:Xzfl) + E(Qfl X — £§2X1) +iz,i=, F. (28)

This bracket includes the C-bracket that appeared in O (D, D) DFT. We expect that the algebroid
defined by the twisted C-bracket has the extension of the doubled structure. The first line of the
right-hand side is in I'(L). Similarly, the second line is in I"(L), and the third and fourth line is in
['(L). This strongly suggests the tripled structure. We discuss algebroid structures related to the
twisted C-bracket in the next section.
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4. Vaisman algebroid by the twisted C-bracket

In this section, we introduce some algebroid structures. Then, we discuss the algebroid struc-
ture defined by the twisted C-bracket and the Drinfel’d double-like structures.

Lie algebroid

A Lie algebroid is a most fundamental algebroid structure. This is defined by a vector bundle E
on the manifold M, an anchormap p : E — TM, and a Lie algebroid bracket [+, -] : [(E)XI'(E) —
I'(E)satistying the Jacobi identity. We can say that this is defined as a generalization of Lie algebras.
The structures p,[-, -] and E are satisfies following properties.

[X1, fX2] = p(XD[f]1 X2 + f[ X1, X2], Xi (i=1,2) e T(E), (29)
p([X1, X2]) = [p(X1), p(X2)]. (30)

-] ) satisfies the

If we assume a bundle E as the L (or L, L), the Lie bracket [-,-], (or [+, -], [,
,5 : I: — TM2D+n)iS

Jacobi identity. The anchor p : L — TMopy, (or p : L — TMopan,
defined with the exterior derivatives (17) as

df(X)=p(X)-f,  df(&=pE&)-f,  df(a) =pa)f,
Xel(L), éeT(L), ael(L). (31)

Then, the set (L, pz, [-,-]1) becomes the Lie algebroid. The same applies to L and L. The term
includes the structure constant F' can be interpreted as a twisted term.

Vaisman algebroid

A Vaisman algebroid is defined by a vector bundle V' on a manifold M, an anchor map p :
V — TM, anon-degenerate symmetric bilinear form (-, -) and a Vaisman bracket [, -]y : ['(‘V) x
I'vV) —» (V). If the (V, p, (-, ), [, -]v) satisfies the following two axioms, this quadruple be-
comes the Vaisman algebroid.

Axiom V1. [E, fEo]v = f[E1,E2]v + (p(E1) - f)BE2 = (E1,E2)Df.
Axiom V2. py(E) - (52,53) = ([El, B2]lv + D(E1, Er), B3) + (Er, [E1, B3]y + D(E(, Ba)).

In the following, we check the twisted C-bracket (28) defines a Vaisman algebroid in Mjpy.
Since we have seen the tripled structure in the twisted C-bracket, we deduce the bilinear form as

L _
(31,52) = §(L§|X2+LX162+La1612). (32)
and the anchor map as p = p+ 5+ p and the derivation as D = d+d+d. Then, we check the axioms
with the quadraple (L& L& L, (-,-), [, -]F. p).

We first check the Axiom V1.

[E1, fE2]F = f[E1L.E2lr + (P(B1) - f)B2 - (E1.E2) DS (33)
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The (2D + n)-dim vectors E; (i = 1,2) are given by &; = X; + & +a; (i = 1,2). The left hand side
in (33) is decomposed as
[E1, fE2]F = [ X1, fXo]F + [ X1, f&2]r + [ X4, faz]F
+[€1L [ X F + [€1, f&lF + (&1, fazlF
+[ar, fXolF + (a1, f&21F + [ar, fax]F. (34)

For example, the gauge part [ai, fa>]|F contains following terms. It is not only the Lie bracket
because of Lie-like derivatives.

1 1 ~ ~ 1
[ay, fax]F = 5[611 faxlf + = (£a1 (faz) - /Qfazal) +5 (Lo, (faz) = Laya1)
+ = (-Eal (fa2) -Zfazal) + LazLalF- (35)
Then we have

lai, fax]F = %f([al, alip+ (Laa2 — Laya1) + (Laa2 — Laya1) + (Laaz — L_azal))
+ % ((p(a1) - f)az — tmardf — tardf + (p(a1) - f)az — ta,a1df)

= flay, a2lF + (p(ar) - f)az - ltazalz)f (36)

If we repeat a similar calculation for the other eight parts in (34), we can show the relation (33).
Therefore, the quadraple (L® L& L, (-,-), [, -], p) satisfies the Axiom V1.

Next, we check the axiom V2. We need to consider the extension of Lemma 3.2 in [6]. We
introduce a scalar T as

Tr(E1,5,53) = g(([El, E]F, B3) +c.p.)

=T(er, e2,€3)
1 _ _ . _
+ Z{(L§2La3dX1 +1x,Lay AE1 + Laytxyday + taytgday + taytayday)

- (L§3La2(_1X1 + LX3La2c_1§1 + taytx,day + La3L§2(~1a1) + c.p.}

1
+ 2L. g,z F. (37)

After some calculations, we obtain the following relation.

e = N I | D
([E1, E2]F, B3) = Tr(E1, B, Bs) + EP(EI) (B3, 52) - Ep(dz) “(E1,53) + ElEglEzlElF- (38)

By summing up the equation (38) after the label of 2 and 3 are replaced, we obtain
PE1) - (B2, B3) = ([E1, B2 F, B3) + ([51,53]F,52)
P(E2) - (B1,E3) + —P(~3) (E1, E2). (39)
Since we have p = pr, + pj + pj, finally we obtain the following relation.
P(ED) - (B2, B3) = ([E1, Bo]F + D(E1, E2), B3) + ([E1, Bs]F + D(E1, E3), E2).  (40)

This is just the Axiom V2. The quadraple (L& L & L, (-,-), [, -]F, p) satisfies the Axiom V2.
Therefore, the (L& L® L, (-,-), [, -] F» p) defines the Vaisman algebroid with the tripled structure.

l\)l'—‘
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5. Conclusion

In this proceeding, we discussed the extended doubled structure of algebroids. This is related
to the gauge symmetry in the gauged DFT which is defined by the twisted C-bracket (14). First,
we consider the geometrical realization of (2D + n) space and we rewrite the twisted C-bracket as
geometrical language (28). This gives explicit expression of the twisted C-bracket in the Drinfel’d
double-like (tripled) form that is different from the one for the C-bracket in the ordinary DFT. There
are not only ordinary operators and Lie derivatives but also “Lie-like derivatives”. Next, we check
the definition of the Vaisman algebroid with the twisted C-bracket (please see our paper [12] for
details of the proof). Finally, we can show that the twisted C-bracket also defines the Vaisman
algebroid. It has the tripled structure L & L & L which is an extension of the doubled structure with
the C-bracket.

Based on this result, we can consider the heterotic case of the Poisson-Lie T-duality. In general,
the Drinfel’d double structure is needed to treat this duality. We discussed the tripled structure on
the gauged DFT as a generalization of the Drinfel’d double. I expect that this will be useful to
consider the heterotic Poisson-Lie T-duality

We can also consider other algebroid structures with the twisted C-bracket for example Courant
algebroid. Partially discussed in [13] and tripred case is in progress. We can also discuss the finite
gauge transformation in gauged DFT. This is to consider the “integration” of the Vaisman algebroid
with the twisted C-bracket. The relationship with the pre-Rackoid structure is recently discussed in
[14].
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