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ABSTRACT: In the paper [1] we showed that in double space, where all initial coordinates x*
are doubled z# — y,,, the T-duality transformations can be performed by exchanging places
of some coordinates x% and corresponding dual coordinates y,. Here we generalize this
result to the case of weakly curved background where in addition to the extended coordinate
we will also transform extended argument of background fields with the same operator 7.
So, in the weakly curved background T-duality leads to the physically equivalent theory and
complete set of T-duality transformations form the same group as in the flat background.
Therefore, the double space represent all T-dual theories in unified manner.
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1 Introduction

The T-duality is one of the stringy properties, because it has no analogy in particle physics.
Its distinguishing features are unification of equations of motion with Bianchi identity. The
standard way to construct T-dual theory is Buscher’s proscription [2-6]. In order to apply
such approach it is necessary that background has some continuous isometries which leaves
the action invariant. Then, in some adopted coordinates, the background does not depend
on these coordinates. For the backgrounds which depend on the coordinates such approach
is not applicable.

The simplest coordinate depending background is the weakly curved background.
There the metric G, is constant and the Kalb-Ramond field By, is linear in coordi-
nates with infinitesimal coefficient. In the paper [7] the new procedure for T-duality,
adopted for the case of the weakly curved background, has been introduced. This approach
generalize Buscher’s one and makes it possible to carry out T-duality along coordinates
on which the Kalb-Ramond field depends. In that article T-duality transformations has
been performed simultaneously along all coordinates z# : T = 70 o Tl o ... o TP-1,
(b =0,1,---,D — 1), while in the article [8] it has been performed along any subset of
coordinates 2% : T¢ =T%0 T o---0T% ! (a=0,1,---,d—1). The first case connects the
beginning and the end of the T-duality chain,

T! “ T? " T! " TP #
Iy, ot = Mg, o) = ogpy, x5 ... = iy, @) ... = Upip, ', (1.1)
T1 T2 Ti TD

while the second one connects the beginning with the arbitrary node. Here II;+,, and
o

xt', (i =1,2,---,D) are background fields and the coordinates of the corresponding con-
figurations and we will also use notation IIp4,, = *Ilt,, and x‘l‘) = yu. The nontrivial
extension of T-duality transformations in this approach, compared with the flat space case,
is a source of closed string non-commutativity [9-11].

The T-duality in the extended space has been investigated in refs. [12]-[20]. In ref. [12]
all coordinates are doubled and T-duality relation between the beginning and the end of
the chain has been established for the flat space. In ref. [14] only coordinates along which
T-duality is performed are doubled and background fields do not depend on them. The
relation with our approach has been discussed in ref. [1].

In paper [1] the extended space with coordinates ZM = (z*,y,), which contains all
the coordinates of the initial and T-dual spaces, has been introduced. It was shown that in
such double space T-duality has a simple interpretation. Arbitrary T-duality 7% = T%0T,,
along some initial coordinates % : T = T%0T'o--.0T% ! and along corresponding T-dual
ones y, : Ty =TpoT10---0Ty_ 1, can be realized by exchanging their places, z% < y,. It has
been proven for constant background fields, the metric G, and the Kalb-Ramond field B,,,,
when Buscher’s approach can be applied. This interpretation shows that T-duality leads
to the equivalent theory, because replacement of coordinates does not change the physics.

In the present article, following idea of ref. [1], we are going to offer similar inter-
pretation of T-duality in the weakly curved background. The main difference, comparing

with the flat space case, is that in the weakly curved background the background fields



depend on the coordinates. So, together with changing the coordinates, we should change
the arguments of the background fields, also.

Let us stress that we doubled all the coordinates. We rewrite T-duality transforma-
tions connected beginning and end of the chain (1.1) in the double space. We obtain the
fundamental expression, where the generalized metric depend on both initial and T-dual
coordinates. We will show that this expression is enough to find background fields from all
nodes of the chain (1.1) and T-duality transformations between arbitrary nodes. In such a
way, as well as in the flat background, we unify all T-dual theories of the chain (1.1).

In section 6 we will illustrate our approach by the example of three torus.

2 T-duality in the weakly curved background

The propagation of the closed bosonic string in D-dimensional space-time is described by
the action [21, 22]

B
V=9
Here z#(¢), n=0,1,..., D —1 are the coordinates of the string moving in the background,
defined by the space-time metric G/, and the Kalb-Ramond field B,,,,. The intrinsic world-
sheet metric we denote by g,g. The integration goes over two-dimensional world-sheet >
with coordinates £ (€0 = 7, ¢! = o).

The space-time equations of motion, in the lowest order in slope parameter o/, for the

Stel = [ d6v=g Bgaﬂwxw Bulal| dastdpa’, (1 =-1).  (21)

constant dilaton field ® = const have the form
1

Ru — 4 BupoB =0, DB, =0. (2.2)

Here B, = 0,B.,+ 0,B,, + 0,B,,, is the field strength of the field B, and R, and D,
are Ricci tensor and covariant derivative with respect to space-time metric. The equations
of motion are consequence of the world-sheet conformal invariance on the quantum level.

We will consider the simplest coordinate dependent solutions of (2.2), the so-called
weakly curved background, defined as

1
G = const, By,lx] = by, + §Bu,,pxp = by + hu (). (2.3)

This background satisfies the space-time equations of motion, if the constant B, , is taken
to be infinitesimally small (for more details see [10]). Then all the calculations can be
performed in the first order in B,,,, when the Ricchi tensor can be neglected as the
infinitesimal of the second order.

In the conformal gauge g.s = €215, and light-cone coordinates (¢ = %(7’ + o),
0+ = 0r + J,, the action (2.1) obtains the form

Slx] = /1/ d*¢ Oy Ty, 2] 0_2”, (2.4)
by
where we introduced the useful combination of the background fields

My lr] = Buule] & 3G (2.5)



We will assume that background has topology of D-dimensional torus, 7”. In the
section 6, we will present example of the 3-dimensional torus, 7.

2.1 Sigma-model approach to T-duality in the weakly curved background

T-dualization along all the coordinates in the weakly curved background, has been ob-
tained in ref. [7]. Let us stress that the coordinates of which the background fields do not
depend on, presents Killing directions. The usual Buscher procedure can be applied along
these directions. Here, following ref. [7], we will consider the more general approach when
Kalb-Ramond field depend on some coordinates. Then, in the case of weakly curved back-
ground variation of the action with respect to the argument of Kalb-Ramond field is total
divergence. For topologically trivial mapping of the world-sheet into space-time it vanishes.
It means that classically, directions which appear in the argument of Kalb-Ramond field
are also Killing directions, but now the usual Buscher procedure can not be applied. The
explanation is that the argument of Kalb-Ramond field depend only on the coordinates
and not on its derivatives. In order to generalize Buscher procedure we must find the gauge
invariant coordinate. It is nontrivial step and have been realized in refs. [7, 8].
In ref. [7] we obtaind the T-dual action

2 *TTHY 52 2 9 g
- d 8+ “w II+ AV 0 v — d +IuY— AV 0 Vs .

where 9 1

O (AV) = =2 (CFTLGTP = 07 (G (27)
Its symmetric and antisymmetric parts are the inverse of the effective metric GEV and the
non-commutativity parameter 6*”

GE (AV) = Gy — 4(BGT'B),0,  0"(AV) = —%(GEIBG_l)W. (2.8)
They depend on the expression
AVH(y) = k03" Ay, + (g7 Ad, (2.9)
where Ay, = y,.(§) — yu(o) and
Ay, = /(dTyL + doyy,). (2.10)

We also introduced flat space effective metric and non-commutativity parameter g,, = (G—
4bG1b),, and 087 = —2(g71bG1)* as well as their combinations 0} = 65" F (g~ 1)

Consequently, both T-dual background fields in the case of weakly curved background
depend on the coordinates AV (y) and have a form

*GP AV (y)] = (GEH™ [AV(y)], *B™[AV(y)] = gew [AV(y)] . (2.11)

Note that the dual effective metric is inverse of the initial metric and hence it is coordinate

independent
G =rGM — A" B*GT B = (G, (2.12)



while the following combination depend on the coordinates
¢tB*G N, =—-(G'B",, (*G"B),)=—-(BG),". (2.13)

The fact that we work with the weakly curved background ensures that T-dual theory
is solution of the space-time equations (2.2). Because both dual metric *G* and dual
Kalb-Ramond field * B are linear in coordinates with infinitesimal coefficients, then dual
Christoffel *I';” and dual field strength * B#*? are constant and infinitesimal. So, both dual
space-time equations, for the metric and for the Kalb-Ramond field, are infinitesimal of
the second order which we will neglect.

2.2 T-duality transformations in the weakly curved background

As well as in ref. [1] we will start with the T-duality transformations between all initial
coordinates z# and all T-dual coordinates y,. For the closed string propagating in the
weakly curved background they have been derived in ref. [7]

Oxat =2~ [AV] [0y, + 2687 [V]] |
01y, = =2, [z]0+2” F 26,7 [x]. (2.14)

Here V*# is defined in (2.9) and the functions Bff have a form

1
(62 + ﬁ;) = :F§hw[a:]6¢a:", Bg[a:] = huy[x]x/y, 5;11[33] = —hy[x]d”. (2.15)

NN

By la] =

If B, (x) does not depend on some coordinate !, then the corresponding 53, func-
tions are equal to zero, ﬁ;—Ll = 21 = B}“ = (0. Because in that case the standard Buscher
approach can be applied, from now on we will suppose that By, (x) depend on all coordi-
nates.

The transformations (2.14) are inverse to one another. Using the fact that

Hi'/(x) = 9/&1 — QK[HOih(IL’)HOi]/W, (2.16)
we can reexpress these T-duality transformations as

Orat =2 —k 0 [AV]01y, ,
Oxyy = =21y [2]042” . (2.17)

Here with diamond we denoted redefined background fields, where infinitesimally small
parts are rescaled

3
*Buy(v) = by + §h;w($) )
OGEu(x) =g+ SAGEV(»T) ) (2.18)

and AGEV(IL‘) = ny(af;) — guw = —4bh(z) + h(x)b]u,. Let us explain the origin of the
coefficient % The T-duality relations (2.14) have been obtained varying the gauge fixed



action of ref. [7] with respect to v/ . From the quadratic terms in v/{ we obtain the coefficient
2 and from that of third degree in v we obtain the coefficient 3. Note that equality
of some redefined background fields is equivalent to the equality of corresponding initial
background fields

°Bi(x) = °Ba(x) <= Bi(x) = Ba(x), (2.19)

because both finite and infinitesimal parts are equal. Similarly, all relations between back-
ground fields as (2.12) and (2.13) also valid with diamond.
Finally, we can rewrite above T-duality transformations in a form

£0sy, = G, (V)ora” — 2°B(V)G ™', 0z |
+0rat = 2[GTB(x)|", 0xa” + (G7H)" DLy, , (2.20)

where the terms with world-sheet antisymmetric tensor e,7 (e+* = +1) are on the left
hand side. In the double space, which contains all initial and T-dual coordinates

zM = (5””) , (2.21)
Yu

these T-duality relations obtain the simple form

01 ZM = £ QMNY e (2, V) 02 Z5 . (2.22)

01
QMN — <1 0) : (2.23)

and the coordinate dependent generalized metric

Here we introduced

OGEV(V) —2°B,,,(V)(G™ 1) > . (2.24)

HMN(xav) = <2(G1)NPOBPU(x) (Gil)wj

Using (2.12) and (2.13) we can rewrite the generalized metric in terms of T-dual back-
ground fields

(2.25)

M. V) = ( (O*G_l)MV(V) Q(Q*G_l)“p(V)O*BpV(V)> |

=2 Byp(2) (G () (" Gp) ()

In Double field theory [23]-[27] it is usual to call QMY the O(D, D) invariant metric
and denote with n™¥.

The argument of the generalized metric was not written manifestly in double form.
We can rewrite generalized metric as

Hnk (@, V) =Hyx + Zive Hyuni = Hyi (Zarg) (2.26)

where the zeroth order generalized metric

y o Gfl v
it - (%Ggﬁb)% ?(Gbl)“)““ ) | (2.27)



and infinitesimal coeflicient

(2.28)

H — ( _2[b#aBaup + BMOAPbCW] _BHQP(Gil)aV >
MNK = ’

(G’l)“O‘Bal,p 0
are constant. We also introduced the double space vector
u _ ‘91“’ —1\uv s
Zgg:(‘/):( w0y + (977) y“), (2.29)
xt zt

according the rule that all background fields in the upper D rows of (2.24) depend on
V# while all background fields in the lower D rows of (2.24) depend on z*. For more
details about notation see section 4. With the help of (2.9) we can conclude that V# and
consequently Zé‘fg depend on both y,, and its double g,. It is important that we can not
express Zé‘fg in terms of ZM because Yy is not linear function on y,,. We can relate theirs
derivatives as

0 —rOLY
8iZ£r4g =K MyopzN, KMy = <5u 00i> , (2.30)

but the arguments of background fields does not appear with derivatives. This is significant
differences in relation to a series of papers [23]-[27], where the arguments of background
fields depend on ZM.

The finite part (the zeroth order) of the T-dual transformations (2.14) have a form

Orat = —kO 0vy, O+yu = —20og,0+2" . (2.31)
The solution of these relation are
' = —k 08y, + (g G, Y = =2by1" + G’ . (2.32)
Note that solution for z* coincides with V# in (2.9), so that we also can write
=V, (2.33)
The generalized metric satisfies the condition
(QH)? =14 4bh(z — V) =1, (2.34)

because z# is T-dual to V#. This is the consistency condition of the relation (2.22). We
can rewrite it as

HIOH = Q, (2.35)

because the generalized metric is symmetric, H = H. As noticed in refs. [12, 14], the last
relation shows that there exists manifest O(D, D) symmetry.
The inverse of the generalized metric has a form

_ - (G [A(z—V)],Y 220G e B, (V)G 1 A(z—V)G]%,
" 1)MN‘<—2°BW<x>[G1A<m—pv>]w G (V)G A V)G, ) (230

where A(z),” = 6,” — 6(bG h(z)G™1),”. In the zero order it takes the form

Gfl v Gfl y
(H)"™ = <_2£W(G)u1)p,, 2 g::p b ) : (2.37)



2.3 Equations of motions as consistency condition of T-duality relations

As was discussed in [7, 10, 12, 28] the equation of motion and the Bianchi identity of the
original theory are equal to the Bianchi identity and the equation of motion of the T-dual
theory. So, we will show that the consistency conditions of the relations (2.22)

Ot [HuN(Zarg)0-ZN| + 0_ [Huin(Zarg)0+ 2] 20, (2.38)

are T-dual to the equations of motion for both initial and T-dual theories.
We are going to multiply the last equation from the left with H~!. So, we will need

expression
_ - B —4h(V)b + 4bh(z — V) —2h(V
MO = Hy 0sH = O (2[h(V) + 4bh(V)b] + 2[h(z — V) — 4b2h(z — V)] 4bh(V) ) '
(2.39)

Using the relation (2.33), z* = V#, we have

3 - —4h(x)b —2h(x)
HOLH = 0y (2[h(V) + 4bh(V))b] 4bh(V) ) ’ (240)

where in the first row we chose z* dependence and in the second row V* dependence.
Multiplying (2.38) from the left with 7 ~! and separating first and second rows we
obtain (for simplicity here we omit the indices)

20,0_x — 60, (hb)0_x — 30, ho_y — 60_(hb)dsx — 30_hdsy =0,
20, 0_y + 30 (h + 4bhb)O_z + 60, (bh)d_y+
+30_(h + 4bhb)ya + 60_ (bh)dry =0, (2.41)

where all variables in the first equation depend on z* and in the second equation on V*.
Using he zeroth order T-dual transformations (2.31) these equations turn to

040_at — B! )p042P0_2° =20,
L0 (V™0 } — 0 (%04 (V)] 01y} 20, (2.42)

where in analogy with (2.18) we introduce
3
Oai(V) = 0p4 + iAGi(V) , (2.43)

with Af4 (V) = 0L(V) — 6p. So, they are just equations of motion for initial and T-dual
theories, respectively. Note that the second one can be rewritten as

04 (6" (V)O_yy — 205" B (V)] — 0— [0 (V)Oqyy + 204078, (V)] =0, (2.44)

which is the form of the equations of motion of T-dual theory from the ref. [7].

The expression (2.38) originated from conservation of the topological currents iV =
goh 0z M \hich is often called Bianchi identity. So, we proved that T-duality transforma-
tions in the double space (2.22), for weakly curved background, unites equations of motion

and Bianchi identities.



3 T-duality as coordinates permutations in flat double space

The present article is generalization of the paper [1] for the case of weakly curved back-
ground. So, in this section we will repeat some notation and the results we are going to use.

Let us split coordinate index p into a and i (a=0,--- ,d—1,i=d,---,D —1), and
denote T-dualization along direction z® and y,

T =T%T,, T°=T°0T'o---0T¥ ! T,=TyoTio- 0Ty ;. (3.1)

The main result of the paper [1] is the proof that exchange the places of some coordi-
nates % with its T-dual y,, in the flat double space produce the T-dual background fields

b _ Fhab fab
oMot = 593; ; allgsi = kb5 Moy
- -
alloxi" = —kloxibp% » alloxij = Hoxij — 26TTo4ia005 Hotby 5 (3.2)

where all notation are introduced in appendix A.1. The symmetric and antisymmetric
parts of these expressions are T-dual metric and T-dual Kalb-Ramond field. This is in
complete agreement with the refs. [8, 29]. The similar way to perform T-duality in the
flat space-time for D = 3 has been described in appendix B of ref. [10]. Consequently,
exchange the places of coordinates is equivalent to T-dualization along these coordinates.
As was shown in [1] eliminating y; from zero order T-duality transformations (2.22)
gives
Opa® = —QHégiH():Fbiaixi — &égi@iyb. (3.3)
Similarly, eliminating y, from the same relation produces

Oya’ = —2néé{tﬂg¢ja8ia:a — /ﬁééiaiyj . (3.4)

The equation (3.3) is zero order of the T-duality transformations for x® (eq. (44) of ref. [8])
and (3.4) is its analogue for '

4 The complete T-duality chain in the weakly curved background

Following the line of paper [1] we will show that, in the case of the weakly curved back-
ground, the complete T-duality chain can be obtained by by exchanging the places of
coordinates in the double space. Due to the fact that background fields depend on the
coordinates this conjecture will be proven iteratively.

In the case of weakly curved background, comparing with the flat case one, the argu-

ment dependence is a new feature and will be discussed in subsections 4.1, 4.2 and 4.5.

4.1 Notation for arguments of background fields

In the flat space, permutation of the coordinates z with the corresponding T-dual y,, we
realized by multiplying double space coordinate (2.21)

le

o %
zZM— (T ) =" |, (4.1)
Yu Ya

Yi



by the matrix

001, 0
1-P, P 01, 00
a\ M . a a o (3 _ _
(T) "~ ( P, 1—Pa> 100 o =1L0(1-P)+%0eP. (42
0001

1, 0
we(59). "

is D x D projector with d units on the main diagonal where 1, and 1; are d and D — d
dimensional identity matrices. It is easy to check that

(THT =T, (TTOYMy =My, QT QMy = (TN, TOUT*=Q. (44)

We have to be very careful with notation for arguments of background fields. The
double space coordinate ZM has 2D rows. In the upper D rows we have put the D
components x# and in the lower D rows the D components y,. The notation for the
arguments of background fields Z,., is a bit different. Let us first notice that in the same
row of H(Zarg), as well as in the same row of combinations TH(Zarg) T (see (4.28)) the
arguments of all background fields are the same. So, if we want to uniquely determine
arguments of all background fields it is enough to introduce new coordinate with 2D rows
Zarg, putting in each row the corresponding argument from H(Zarg) or TH(Zarg) T*. Note
that unlike double space coordinate Z™ | where in each row there is only one component of
the vector, in arguments of background fields Z,., in each row there could be the complete D
dimensional vector. Rewritten in form of the one column the arguments of background fields
are 2D? dimensional vector. In particular examples the background fields may depend on
some n < D component. We will use indices r, s to denote coordinates ", (r = 1,2,--- ,n),
which appear as the background fields arguments. Then the components of the argument
of background fields are n-dimensional projections z" = P,z and V" = P.V# of D-
dimensional vectors x# and V*. In that case the arguments of background fields will have
2Dn nonzero elements and we will write them as 2Dn dimensional vector.

We will use the following shorter notation. Let us start with the most complicated
case for the background fields combination T*H(Zae) T, which depend on F,. The mul-
tiplication with matrices 7® partially implemented the change of arguments according to
the relation (see (4.28))

TH(Zurg) T* = (THT ) Zyorer=) (45)

which can be used as definition of Zyay7«. It has the same arguments in the first d and
then in the following D — d, d and D — d rows, if we perform T-dualization along first d
rows. Generally, it has the same arguments in those d rows of the first D rows defining by
projection operator P, (which we will call a-rows) and in those D — d rows of the first D
rows defining by projection operator 1 — P, (which we will call i-rows). A similar rule valid

,10,



for the last D rows. For simplicity, we will assume that we perform T-dualization along
first d rows, except in section 6 where we will present useful example.

So, in the shorter notation we will write such argument in four component notation
(note that real dimension is n[d + (D — d) +d + (D — d)] = 2Dn)

xH 1 0
Ny Ve 0 1
ZTanTe = vel =10 ®@ "+ . V", (4.6)
xH 1 0
a,r a a

where the lower index a indicates the rule described above and index r the projection with
P,.. With “breve” we mark 2Dn dimensional vector.

Because arguments of all background fields in H(Zag) and (H(Zarg) are the same in
the upper D rows as well as in the lower D rows we can write them in two component
notation. We will indicate it with index D. But, it is useful to reexpress these arguments
in P, dependent four component notation

% Pyxlt 4+ (1—P,) VH
g Iz 1z o a Y/t Pt 1—-P Iz
Zar = v = v y aZar = v 7V' = ot +( a)V ) (47)
& xh b aH B Ve g 5 P,VF 4+ (1—P,)zH
7r 7r
ah P, VH 4 (1— Pyt
a,r a,r

in order to be of the same form as ZTGHTG- Note that for example the first D rows in

aZarg are
z® ¢
P.[Pyz"+(1—-P,) V¥ =P, vil =y (4.8)
T
4.2 Relations between arguments of background fields
The arguments (4.6) and (4.7) are connected by the relations
aZarg = S’»(z Z’T”'HT“ ) Z'TQHTQ = 7éa Zarg’ (49)
where
0 0 1,P 0
¥ 0 ;P O 0
R =T*Q P, = T , 4.10
“ 1P 0 0 0 ( )
0 0 0 LiP|,
and
S*=T®(1—P,)P,+T"® P,P,
P,P. 0 (1—P,)P, 0
_ 0 (1—P,)P, 0 P,P, ' (4.11)
(1-P,)P, 0 P, P, 0
0 PP, 0 (1-P,)P, Y

— 11 —



The matrix 7 is defined in (4.2) and

1,0 0 0

- 0001,

T =1LRP+MWe(1-F,)= 001 0 (4.12)
01; 00

The lower indices a and r indicate the same rules for the matrix as described above for
vectors. With “breve” here we marked 2Dn x 2Dn matrices.
Because

(T =1p T° - T'=Qp=%Walp, (4.13)

we have

TO=8" R°=1,01p®(1—P)P.+Q ®1p @ PP,

(1-P)P 0 PP, 0
1-P,)F, P,P,
_ 0 (A-F)h 0 afr | (4.14)
PP, 0 (1-P)P 0
0 Papr 0 (1_Pa)PTa
According to (4.9) this matrix transforms the arguments of background fields
aZarg = 7-(1 Zarg . (415)

Note that double space coordinate ZM transforms with 2D x 2D the matrix (4.2). Up to
1p (which reflects the fact that in any row we have put the D dimensional vector) and
P, (which, when it is different from one, reflects the fact that we can omit background
dependence of some coordinates), 7% and 7 have the same structure. For P, = 1 they
are isomorphic and form the same group Gr(D) with respect to multiplication. For P, #
1 theirs groups are homeomorphic. We can consider matrices 7 and T as different
representation of the same operator Te.

The relation (4.14) shows the width of applicability of Buscher’s approach. Whenever
we perform T-dualization along coordinates x%, which do not appear in the arguments of
background fields, we will have P,P. = 0. Consequently in that case T = lop ® P,
and aZarg = Zarg. For P,P, # 0 (when we perform T-dualization along coordinates
x®, appearing in the arguments of background fields) the second term in (4.14) becomes
nontrivial. It exchanges positions of x# with V# and turns the physical theory to the
nonphysical, described in refs. [7, 8].

In order to get proper arguments aZarg from arguments Z7ay7« we should make sub-
stitution ' ‘

2t = Pyt +(1-P)VF «— 2" = V'

V5 Poat+(1—-PF,)VF «— V% —a"
VE 5 P VF+(1—-P)at — Vi
2t - P, VF+(1—-P)at — 2*->V

(4.16)
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which performs the transformation (4.9) with the matrix 8% These rules are valid for
d, D —d, d, and D — d rows of the generalized metric, respectively. Consequently, in all
background fields in T*HT* with left index a (in all @ and a + D rows) we should change
all arguments with index i : 2° <+ V* in order to obtain ,#. Similarly, in all background
fields in TOHT* with left index 4 (in all ¢ and 7 + D rows) we should change all arguments
with index a : 2% < V% in order to obtain ;4. We can also obtain arguments of aZarg
directly from Zy, using (4.15).

4.3 T-duality transformations as coordinates permutations

Let us derive expression for T-dual generalized metric. We start with the T-duality relations
in the form (2.22)

0L ZM = + OMNY e (Zang) 0225 (4.17)

with generalized metric (2.24)

(4.18)

°GE (V) —2<>Bup<V><G—1>P”>
2(G~1)" ° By, () (G '

HMN(Zarg) - (

We are going to apply the procedure of paper [1] to the case of weakly curved back-
ground. Then, beside double space coordinate Z™ (4.1) we should also transform extended
coordinates of the arguments of background fields Zarg (4.7). We will require that the T-
duality transformations (4.17) are invariant under transformations of the double space
coordinates ZM and Zarg

ZM — qaM N oZarg = T Zrg (4.19)

with the matrices 7 and 7% The new coordinates should satisfy the same form of the
equation
8:|:Zé\/[ =+ QMNaHNK(aZarg) a:l:Zf s (420)

which produces the expression for the dual generalized metric in terms of the initial one
oM (0 Zarg) = TH(Zarg) T (4.21)

Note that multiplication with matrices 7% partially implemented the change of arguments
according to (4.5), which we marked with transformation matrix RY

aH(aZarg) = (Ta H Ta)(ﬁ'azarg) . (4-22)

Recalling that ,Za, = 7v'aZarg = Saﬁ“Zarg it is clear that in order to obtain ,Za; we
should make remaining transformation with matrix Se.

Consequently, we can obtain the dual generalized metric o H (o Zarg) in two steps. First,
multiplying initial one H(Zarg) from left and right with 7% and second additionally trans-
form the obtaining argument with matrix S,

,13,



4.4 The T-dualities in the double space along all coordinates

To learn what is going on with the arguments of background fields we will suppose that the
first relation (4.19) valid and we will derive the second one in the simplest case of complete
T-dualization and when background fields depend on all the coordinates. In that case we

01
have P, — *P =1 and P, — 1, so that (4.2) turns to 7% = *T = Qs ® 1p = (1 0D>
D

and the first relation (4.19) to ZM — *ZM = *T7zM = (%) Then from (4.18) we
x

obtain

@ 2AG By (a)
“H(Zarg) T = *TH(Zarg)*T = . (423
T ( g)T T ( g) T (_2 QBup(V) (G—l)pu QGED(V) ( )
Using the analogy with known expressions for dual background fields (2.11), (2.12)
and (2.13), but this time according to (2.19) with diamond, we have

(4.24)

e yalld _9(ox R ok =1\
*TH(Zarg)*T: < GE 2( B*G ) V('CL‘)>

Q(O*G—l o*B)uV(V) (Q*G_l),u,l/(v)

Note that in the case of this subsection 8¢ — *§ = *T = 1yp and T¢ — *T = *R =
Qy ® 1p2. That is exactly what we expected, because according to (4.22) it should be
*Hyrn(*Zarg). It has the same form as the initial one (4.18) but with T-dual background
fields. We additionally learned that we also should exchange x# with V#, because all
background fields in upper D rows depend on x* and all background fields in lower D rows
depend on V.

So, as in the case of flat background *7 acts on ZM | but here *T acts on the arguments
of background fields Z,,, as well. It exchanges x* with V# as *Z,, = *’7'Zarg which is
just the second eq. (4.19) for P, —*P =1, P, — 1, or explicitly

ot 0010] |vn

x| gh 0001]| |V
vel (1000 |a#]| (4.25)
vl Jo1oo]| |a*|

So, we should transform both Z™ and Zarg With the matrices *7 = Qy ® 1p and *F =
Qs ® 1p2, in accordance with the (4.19).
4.5 The arguments of the dual background fields

Up to now the variable V# was undetermined. Now we will determine it for for arbitrary
T-dualization. Because, all arguments are multiplied by infinitesimal coefficient B,,,, we
can calculate them using the zero order of the T-duality transformations (2.22). So, the
solution for % we proclaim as V¢ and from (3.3) we obtain

8:|:Va = —2&@81H0$biai$i - fﬁégia:tyb ) (426)

which coincide with eq. (37) of ref. [8].
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Similarly, we proclaim solution for 2% as V* and from (3.4) we obtain
LVt = 2607 Moz ja0ex® — KO, Oxy; . (4.27)

This is in fact the same relation (4.26) with altered indices i, j <+ a, b.

So far we obtained the expressions for V® and V*. Now, we will determine theirs posi-
tions. The multiplication with matrices 7% partially implemented the change of arguments
according to the relation (4.5)

TOH(Zarg) T = (THT) (Zyers7e) (4.28)
(GHo (@) 2(GTB)%(x) 2(GT°B)%(x) (G (x)
—2(°BG1)H(V)  °GE(V) °GL(V)  —2(°BG™1H)(V)
—2(°BG)P(V)  °GE (V) °GL(V)  —2(°BGT1)J (V)
(GNP(x)  20G7°B)(x) 2(GTB)y(z)  (GTHY(x)

To obtain final result, after transformation with matrix S¢ we have

aH(aZarg) = (429)
(G (@ V) 2AGTB) (2, V) 2(GT I B)(a, V7) (G (2, V) (2, V)

- —Q(OBG_I)ib(l‘a,Vi) OGE( a Vz) oGg)(xa’Vi) Q(OB ) ( a Vz)

| 200BGT (Ve ) °Gan(V“7xi) *GR (Ve o) —2(°BG™Y)J(V*,2") |’
(G (Ve a) GBS (Vah) oG BV ) (G)I(Ve )

where V@ = V(z¢ y,) and V! = V(2% y;) are defined in (4.26) and (4.27) respectively.

4.6 The T-dual background fields in the weakly curved background

As well as in the case of the flat background we will require that the dual generalized metric
has the same form as the initial one (2.24) but with T-dual background fields

QQG%V(:CG7 Vl) _Q(GQB aoGil)uV(x% VZ) ) (4 30)

aH aZar = . .
MN( g) (2(a<>G1 aOB),u,V(Va; xz) (aQGil)‘ul/(ch xz)

From now on, in this subsection, we will omit the arguments of background fields, because
all fields in lower D rows depend on the same variables (V @, z%).
It is useful to consider background fields

v
ST = < °B+ G> =GP [(fG—lfB),,” + ;54 : (4.31)

and express them in terms of initial fields. From lower D rows of expressions (4.29)
and (4.30) we have

o OBG—l) b lOGE, _olé ;QGT
aoG—l aoB v _ ( ‘ a 2 aj = 2 _E ’ 4.39
( )# ( %(G—l)zb (G—lOB)Zj %7 _oIBT ( )

o ~—1 - QGf —2(OBG71)CL]. o OéE —2061
L6 )“”‘(%G“lé)% (G >:<—2°51T 3 ) (4.33)

and
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where we used (A.3), (A.10), (A.12) and (A.13) to obtain the second equalities. To calculate
the inverse of the last expression we will use the general expression for block wise inversion
matrices

AB) " B (A—BD7'C)"!  —A'B(D-CA'B)™! L3
C D -\ -D7'c(A-BD'C)! (D—-CA™'B)~! ’ (4:34)

So, we find that

o A—1\ab oy—lopg om—1ya.
(&)™ = <2(W(1<j;;f°)141)i” 8 G?oDﬁ11§ ) j) ; (4.35)
where we introduced
“Aw=("Go—12p787) |, cpi=(y-acsleags)” . @s0)
It can be shown that
Ay, = (G _4°BG1 °B>ab =°GE (4.37)

where the last expression is definition (A.14). Similarly as in the flat space case, OéaEb, is

just ab component of °G¥ | while the Oéﬁj has the same form as effective metric GED but

T
with all components (G, °B) defined in d dimensional subspace with indices a, b.
With the help of (4.37) we can put the first equation (4.36) in the form (OGE)ab =

(°GE) , — 4(°B171°BT),,. Multiplying it on the left with (°G’g~ )™ and on the right
with (QG’E—l)ab we obtain

~ _1\ab ~ _1\ab ~ ~ —1\ab
<<>GE 1) _ (oGE 1) 4 (OGE 10517_10ﬁ1T°GE 1) ’ (4.38)
which help us to verify that
(D7), = (Tl "‘4’7}/7106{0@]5710/61'771)“ : (4.39)
ij

is inverse of the second equation (4.36).
Using (4.32) and (4.35) we can express background field (4.31) as

— oégloﬁloD—l,y o QA_l(OBﬂ: %) %QA—loGg o 2<>C~TYEI<>BI<>D—1(_<>BT == %) .
+ %onl,y - 2,?7106%“01471(06 = %) ,—yfloB?oAfloGg - <>D71(<>5T = %)

After lengthy computation using (A.5), (A.12) and (A.13) we find

O — %Qég:b Hoé%:bonzl:bi 441
a - —kOTls oéba Tlass — 26°T s oéabOH . ’ ( : )
+ib Uz +ij Kol gia "0 " 1l1p

where °TI,; and °0% are defined in (A.15).
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Comparison of the upper D rows of expressions (4.28) and (4.30) yields the same result.
In component notation we can write

PN ~
YL = 509?;, oL = KOO Ty
o o onb o o o ©pabo
o Wi = =k Tpp®03 oMy = “Magy — 26Tl 07 Ty, - (4.42)

The equality of two redefined background fields with diamond means that both finite and
infinitesimal parts are equal. According to (2.19) it follows that the same relations are
valid for background fields without diamond

K~ N
JIY = 59?;1), % = KO T,
Il = —kILepf%, Iy = Tay; — 26104090 T, . (4.43)

The arguments of all background fields are [V%(2?,5,), 2], where V* is defined in (4.26).

Consequently, we obtained the T-dual background fields in the weakly curved back-
ground after dualization along directions z%(a = 0,1, -+ ,d — 1). They are in complete
agreement with eq. (42) of ref. [8]. So, the generalized metric Hpsn(Zarg) contains sufficient
information about background fields in each node of the chain (1.1).

The double space contains coordinates of two spaces totally dual relative to one an-
other. The starting theories are: the initial one described by the action S(z*) and its
T-dual along all coordinates with the action S(y,). Arbitrary T-dualization 7%, in the
double space along d coordinate with index a, transforms at the same time S(z*) to
SVa(z',y,), 2" and S(y,) to S[z®, Vi(z®,y;)]. The obtained theories are also totally dual
relative to one another.

4.7 T-duality group Gr (D), for the weakly curved background

Although, in the weakly curved background not only the double coordinate Z* but also the
argument of background field Zarg should be transformed, they are transformed with the
same operator 7. Because they live in the spaces with different dimensions, the operator
7 has different representations 7% and T

Successively T-dualization can be represent by operator multiplications Toaryez = 7-“,
(a = a1 Jaz). The sets of operators 7 form a commutative group G (D) with respect
to multiplication. Consequently, the set of all T-duality transformations form the group
Gt (D) with respect to the operation o.

This is a subgroup of the 2D permutational group and T-duality along 2d coordinates
% and y, can be represent as

1 2 -~ d d+1---DD+1---D+dD+d+1---2D (4.44)
D+1D+2---D+dd+1---D 1 -+ d D+d+1---2D )"’ ‘

or in the cyclic notation
(,D+1)(2,D+2)---(d,D+4d). (4.45)

So, T-duality group is the same for the flat and weakly curved background. It is a global
symmetry group of equations of motion (2.38).
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5 Dilaton

To include dilaton field ¢, we will add Fradkin-Tseytlin term to the action (2.1)
Sp = /d2£v—gR(2)¢, (5.1)

where R(?) is scalar curvature of the world sheet. It is one order higher in o/ then terms
in (2.1) with metric and B-field.

Let us consider the T-duality transformation of the dilaton field in the weakly curved
background. There are several topics we are going to discuss.

5.1 Path integral in the weakly curved background

It is well known that dilaton transformation has quantum origin. Here we will be restricted
to topology of the torus. For more general cases with arbitrary genus see [30, 31]. For a
constant background the Gaussian path integral produces the expression (det H0+w/)_1‘
In our case the background is coordinate dependent and the integration is not Gaussian.
The fact that we have infinitesimally small parameter will help us to show that the final
result is formally the same as in the flat case. Let us start with path integral

Z= /dvidvﬁdyﬂeisﬁxwi’aiy), (5.2)
where
Sﬁx(vi7a:ty) = SO + Sl )
1
So = /i/d2§ [U+H0+v_ + §(v+8_y - v_8+y)] , Si = li/d2§ vih(V)v—,  (5.3)

and 7 is infinitesimal. For simplicity, in this subsection we will omit space-time indices.

We will consider J+y as a sources for v+. We introduce differential operators

2§ ~
0y = F— V= [(deT0 dév_ 5.4
b= TR Juginvagi, (54)
such that
B4 et50(v20£Y) — o) (850(vE.02y) VeiSo(ve.0+y) — /i (v+,0+y) (5.5)

Using the fact that S is infinitesimal we can write

Z= / dy,, [1 + ik / d¢ @m(ff)@_] / vt dvt "0 (v 0Y) (5.6)

The integral over vy is Gaussian and we can find

Z = /dyu [1+m/d2§(@+h(f/)ﬁ_)} det(ll'IoJr)ei*SO(y)’ (5.7)
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2

where *So(y) = % fd2£ 01y B0p—_0_vy is zero order of the T-dual action. Because the de-
terminant is constant we should apply differentiation only on *Sy(y). After some direct
calculation we obtain

2
i / BPE(DLh(V)o_) et ™50 = [1“2 / d*€ 0,y 01 (V)0 _y+2k604" / d?¢ hW(V)} et "SoW),
(5.8)
where 01 (V) = —2k6y_h(V)6p—. Substitute it back into (5.7) and express the infinitesimal
term as an exponent we have

1 124 s x
Z= 2RO b (V) L itS() _
/dyN det(H0+)e 0 e ’ (5 9)

2

where *S(y) = % [ d?¢ 01y [0o— + 61— (V)]0—y is the full T-dual action.
In the first two terms we can recognize det(II;(V')). Separating the infinitesimal term
we have I1 (V) = Iy + h(V) and consequently

det I (V) = det ITp4 det(1 + 2k6p_h) . (5.10)
Using the fact that h is infinitesimal we have, up to the first order
det(1 + 2660p_h) = 1+ Tr(2k00_h) = T7rb0-h) — o=26067 [ hyur (5.11)

From last three equations we obtain

1 -
Z = 2 12
| (5:12)

Consequently, the functional integration over v+ in non-Gaussian case for weakly curved
background (where the action is of the third degree) produces formally the same result as
in the flat space (where the action is Gaussian).

5.2 Functional measure in the weakly curved background

Using the expressions for T-dual fields (4.43) we can find the relations between the deter-

1 det Gab
det(2M1qy) = =/ . 5.13
M) = Gom @)~V det G (5.13)

We put factor 2 for the convenience, because Ili,, = By £ %Gab. On the other hand,
from (A.1) and (4.33) we have

minants

det Gy det ,G

det GNV == det ’7” 5 det CLG;J,I/ == W .

(5.14)

From (5.13) and (5.14) follows

1 det G
det(2I1qp) = = . 5.15
M) = o)~ \ detaGo (5.15)

,19,




With the help of last relation we can show that the change of space-time measure in
the path integral of the ordinary (not doubled) approach is correct

Vdet G, da’ 'dz® — \/det Guv da: 2H = /det .G da’ 'dya (5.16)
+ab

when we performed T-dualization T along z% directions.
In the double space the path integral measure is invariant under T-dual transformation.
In fact after T-dualization 7% along both z% and y, we have

Vdet G, Vdet *GH da' dy;dady, — (5.17)
1
det(2 114 qp) det(2,119)

Vdet G, Vdet *Gr da' dy;dy,da”

and because according to (5.13) the last term is equal to 1 we can conclude that the measure
is invariant.

5.3 Dilaton in the double space

In double space the new dilaton should be introduced, invariant under T-duality transfor-
mations. As it is explained in refs. [2, 3, 28] the expression det(2I1t,;,) produces the well
known shift in the dilaton transformation

[ det G,
a®=¢—1In det(QHJrab) =¢—In FG‘Z’ . (5.18)

Note that according to (5.13) we have

2(06) = a6 — I det(2uTT 1) = 6 — In det(20T ) — In det ——— — g (5.19)
(2H+ab)

which means that ¢ + ,¢ is duality invariant. So, we can define dilaton

1 det G
(a ab
) ( O+ @) =0 — gy 70 yerd (5.20)

invariant under duality transformation along x® directions. It often occurs in the literature

as “invariant dilaton” (see for example refs. [19, 20]). The “doubled dilaton” ®() is good
solution for the set of theories [14, 19, 20] where for any d coordinates z® along which
we perform T-duality it corresponds the actions Sy, (d = 1,2,---, D). These actions are
invariant under corresponding T-dualities.

We have one action which describes all T-dual transformations and we would like to
have dilaton invariant under all possible T-duality transformations. So, we will offer new
expression for “doubled dilaton”

1 1
PP = 27DZG‘¢: gzb—ln detGWJr QD\/W’ (521)
acA acA

where index A means summation (multiplication) of all possible 2P T-dualities. It includes

initial dilaton ¢ all D T-dual dilatons along one of D dimensions, all D(D U T_qual dilatons
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along arbitrary two coordinates and so on, ending with T-dual dilaton along all dimensions.
Using (5.19) it is easy to show that above expression is duality invariant under all possible
T-dualizations. Because the last term is manifestly duality invariant, we can take the first
two terms as invariant dilaton

®=¢—1In\/det G, . (5.22)

With the help of (5.18) we can check that it is duality invariant and we will take this
expression as dilaton of the double space. In new notation the expression (5.18) takes the
simple form ,® = .

As before, with star we denote T-dualization along all coordinates. Using (2.24)

and (2.25) we can express generalized metric symmetrically in term of initial metric and
Kalb-Ramond fields and their totally T-dual background fields

(5.23)

HMN@:,V):( ("G (V) 2<°*G‘1>MP<V>°*BW<v>>'

2G) By () (G

Let us do a similar thing with dilaton field. Because we have *® = *¢ — In v/det *GH,
we can express (5.22) in symmetric form in term of dilaton from the initial theory ¢ and

dilaton from its totally T-dual theory *¢

o = %(fb +*®) = %(qb +*¢) — %111 V/det Gy, det *Giv . (5.24)

This is useful relation for the path integral measure, because we can reexpress it as

e 2 = ¢~ (9+79) | [det G,,,, det *GH¥ | (5.25)

so that e‘mdx”dy# is double space integration measure, as well as in the Double field
theory.

6 Example: Three torus

In this section we will take the example of 3-torus with H flux background, considering in
of the refs. [8, 10, 32-34]. Using the method described above, we will compute backgrounds
for all T-dual theories, both geometric and non-geometric.

6.1 Background of the initial theory

Let us first fix the initial theory. The coordinates of the D = 3 dimensional torus will

be denoted by z',z2,2%. In our particular example, nontrivial components of the back-

ground are

1
G/“, == (5uy, 312 == —§HCL‘3, (61)
or explicitly
100 0 —3H2%0
Gw=1010], Bu(z)=|3Hz> 0 0]. (6.2)
001 0 0 0
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Here, the background fields depend only on z® and so in the whole section we will have

n =1 and
000

P.—Ps=[000]. (6.3)
001

Note that the background fields considered in refs. [10, 32-34], which will be marked
by G and B, are related with our notation as

Bp,z/ = _2B,u1/7 g,u,l/ = G,w/ ) (M? v=12 3) . (64)

It is easy to check that

) s —Hz3 0
i (z) = Bu(x) £ §GW =5 Hz3 +1 0 |, (6.5)
0 0 +1
and so,
2
GEI/ = GMV = 5;11/7 Giu = _E H:I:;uz . (66)
Because by, = 0 it follows that 6" = 0.
For diamond background fields we have
0 —2Ha*0 L[ EL —3H2 0
°Bu(z)=| 2H2* 0 0], Ty (z) = 3 SHz® £1 0 |. (6.7
0 0 0 0 0 +1

6.2 General form of T-duality transformations for Three torus

In this example the T-duality chain for three dimensional space has the form

T! T? T3
H:t,uu(l'arg)a at T‘: Hl:l:,uzx(xlarg)v xlll TF\ H2:t,u1/(1‘2arg)> 33/5 T: HB:I:;W(-Z'?;arg)a $§> (6'8)
1 2 3
with coordinates
at = {1‘1,$2,$3}, xlit = {9173527333}7 xg = {y17y27x3}7 xg = {ylay27y3}' (69)

The general forms of the arguments are

= {zt 2?23}, a:’farg = {(Vi(y), 22, 23}, (6.10)

arg

xgarg = {Vl(y17y2>7 VQ(y17y2)7x3}7 Jfgarg = {Vl(yhyQa3/3)7‘/2(3/173/2:3/3)7 V3<y17y27y3)}7

where V%(y,) will be calculated later as a solutions of the zero order T-duality transforma-
tions. Because in this example the arguments depend only on the third coordinate (n = 1)
in the particular case, after projection with P. — P3, we have

xgrg = {xS}’ xllLarg = {xg}’ xgarg = {$3}7 xgarg = {V3(y1,y2,y3)} : (6'11)
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In general, there are (]1)) — (i’) = 3 dual theories along one coordinate, (12)) —
(3) = 3 dual theories along two coordinates and so on. It is useful to represent T-duality
transformations between these theories in the diagram

1S(y1, 22, 2%) —T 155 (y1, yo, 2°)

o JTNT N
2 2
S(xt, x? 2?) N 2S(xt, Yo, 23) 135 (Y1, 22, y3) L, 1235 (Y1, Y2, 93, V?)
N JUNT o
3S(xh, 22, y3) —T7 935(x!, y2, y3) (6.12)

It is possible to perform successive two and three T-dualizations as well as T-dualization in
the directions opposite to the direction of the arrows. For simplicity we did not show it on
the diagram. The background fields for all theories of the above diagram will be collected
in subsection 6.8. In the literature the theories S, 15,125 and 1235 are known as theories
with H, f,Q and R fluxes respectively.

The explicit form of the double coordinate, the arguments of background fields and
the generalized metric is

xl xgarg V3
"L’Q wgarg V3
xH a3 xh V3
M = = . zM | TSae | — , 6.13
<3> " O I I (049)
Y2 :cgrg 3
Y3 Thrg z?
1 0 0 0 3HV30
0 1 0-3HV?® 0 0
0 0 1 0 0 0
Hun(ZM) = 6.14
MN (Zaxg) 0 —3Hz30 1 0 0 (6.14)
%H z3 0 0 0 1 0
0 0 0 0 0 1
Because in this example we have n = 1, the ZM and Zé\fg have the same dimension.

Note that they transform with matrices 7% and T respectively, which also have the same
dimension, but they are not equal.

6.3 The expression for V3 as solutions of zero order T-duality transformation

In expressions for Z%, (6.13) and for H s (6.14) there is undetermined variable V? as the
arguments of background fields. It is solution of T-duality transformations at zero order.
In the flat space we have Hyny = 1 and

0y ZM = +Q 7M. (6.15)

Note that last relation does not depend on d. In general case, for different values of d, we
should solve zero order T-duality transformations independently.
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There are three independent relations (in this example they have the same form)
+0+y, =0+ 2k, (b=1,2,3). (6.16)
Because we should eliminate y; it is enough to solve relations with index a. Its solution
% = Yq, (a=1,---4d) (6.17)

where 7, is defined in (2.10), we will proclaim as V. In this example the arguments depend
only on the third coordinate and we have

xgrg = {$3}, xlllarg = {$3}7 xgarg = {I3}, xgarg = {V3 = g3} : (618)
Now, we can replace V3 with §3 in the arguments of background fields Zé‘f[g (6.13) and
in the generalized metric Hpsn (6.14) and obtain
73 1 0 0 0 2Hy0
73 0 1 0-3Hjy; 0 0O
Mo | U3 My 0 0 1 0 0 0
Zarg - $3 ) HMN(Zarg) - 0 _%ng 0 1 0 0 (619)
3 SHz> 0 0 0 10
3 0 0 0 0 0 1

6.4 7T': H flux — f flux (d=1)

Let us first consider the case d = 1, where the indices take the following values a,b € {1},
100

i,j € {2,3} and consequently P, — P1 = | 000 |. It corresponds to the T-dualization
000

along direction z?,

7 torus with H flux — torus with f flux (twisted torus), Sy [xl, z?, 1‘3] — Sy [yl, z2, 1:3] .

To perform such T-dualization we should exchange z! with y; with matrix

000100
010000
001000
1 N
= =1 1- P Q P, 6.20
(T )M 100000 2 ® ( 1)+ Qo ® P, ( )
000010
000001
and obtain instead of (4.28)
1 —3Hs30 0 0 0
—3Hj; 1 0 0 0 0
0 0 1 0 0 0
THT (Z = 6.21
(ZrinT1) 0 0 0 1 3Hgo (6.21)
0 0 03H2> 1 0
0 0 0 O 0 1
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Let us note that after multiplication with 7 in the particular case (dependence only
on the third coordinate) we have

333
U3
zM = N/ . 6.22
7’1'H 7’1 y3 ( )
x3

/

In this example we have only variables with index 3 and in case of T-dualization along !
the index ¢ takes the value 3. So, in order to obtain | Z,.s we should change only variables
with index i which according to the rule (4.16) appear in the rows a = 1 and a + D = 4.

It produces
3 ~

€z Y3
Y3 Y3
M / / $1,M
ZTl'H T = i — 23 = 1Zarg = 81Z7~1H T1 (6.23)
3 3
X x

/ /

where in this case S* = 7. So, instead of (4.29) we obtain the generalized metric

1 —3Hji0 0 0 0
-3Hgs; 1 0 0 0 0
VHMN (1 Zarg) = 8 8 (1) (1) 313963 8 (6.24)
0 0 02Hz* 1 0
0 0 0 0 0 1

The expression for 1 Z,; we can also obtain directly multiplying Z,., with T1. Since,
in our case P, P, — P P3 =0 from (4.14) we have 71 =1 and 1Zarg = Zarg.
According to (4.30) the generalized metric has a form (note that i = 3)

OG#V(VB — gg) _2(1<>B lonl),u (V3 — gg)
Hun (1 Zag) = | ' F v : 6.25
1 MN(l arg) (2(1°G1 IQB)“y(xg) (loG—l)“V(l,S) ( )
From lower D = 3 rows we have
1 3H#?0
°G w(a®)=| 3Ha® 1 0], (1°G™*1°B),” =0, (6.26)
0 0 1
and consequently,
1 —%Hﬂf?’ 0
1°GH(2?) = | —=3H2* 1 0], 1°B* = 0. (6.27)
0 0 1

— 25 —



The upper D = 3 rows produce the same result. So, the results without diamond

1 —Hz30
G () =G (%)= | =H2* 1 0|, BY=.B"=0, (6.28)
0 0 1

completely coincide with refs. [8, 10, 32-34].

6.5 T2 fflux —» Q flux (d=1)

Let us consider the next d = 1 case, where the indices take the following values a,b € {2},

000
i,j € {1,3} and consequently P, — P» = | 010 |. It corresponds to the T-dualization
000
along direction z2,
772 : torus with f flux — torus with Q flux , Sy [yl, z2, 1‘3] — S [yl, Y2, :L‘S] .

To perform such T-dualization we exchange x? with yo with the matrix

100000
000010
001000

(THu"™ = 000100 | TEU-P)+mep, (6.29)
010000

000001

and obtain

7—2 H 7-2(27_2 1’HTQ) — (630)

_ o O O O O

According to (4.16) we should again change only variables with index i at rows a = 2
and a+D =5

U3 U3
a3 U3
M / 32 7> M
Z7—21H T2 — 23 — 3 = 1ZZarg =S ZfrzlfH T2 (631)
~ 3
Y3 x
/
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(where again S? = 772) so that the generalized metric takes the final form

1 0 0 0 —3Hj0
0 1 02Hgs 0 0
0 0 1 0 0 0
Zore) = 6.32
12HN (12 Zarg) 0 3Hz*0 1 0 0 (6-32)
—3H2®* 0 0 0 1 0
0 0 0 0 0 1

Again we have 72 =1 and 12Zarg = 1Zarg- According to (4.30) the generalized metric has
a form

oGHY VS — 5 —92(15°B <>G—1 ", VS —
12HMN(12Zarg) = <2 2 £ ( y3) (12 12 ) ( y3)> . (633)

(12°G~112°B) " (a®) (12°G™ 1), (2%)

From lower D = 3 rows we have

100 0 2Ha2%0
(120G71)MV =1010], (120G71 1QOB)MV($3) = —%H:E?’ 0 01, (6.34)
001 0 0 0
and consequently,
100 0 2H2%0
2°G" =1010], 1°B"@*)=|-3H2*> 0 0]. (6.35)
001 0 0 0

The upper D = 3 rows produce the same result. So, the results without diamond

100 0 1Hz*0
Gy =12G" =010, BY@E®)=pB"")=|-3Hz®* 0 0], (6.36)
001 0 0 0

completely coincide with refs. [8, 10, 32-34].

6.6 712: H flux — Q flux (d=2)

Let us reproduce the result of the previous two subsections with one transformation. We
will consider the case d = 2, where the indices take the following values a,b € {1,2} and

100
i,j € {3} and consequently P, — P2 = | 010 |. It corresponds to the T-dualization
000
along direction z' and 22
72 : torus with H flux — torus with Q flux, Sy [xl, 22, x3] — S0 [yl, Y2, x3] .
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To perform such T-dualization we should exchange z! with y; and z? with yo with

the matrix

000100
000010
001000
100000
010000
000001

TR =772 = =1® (1 - P2) + Q2 ® Pra, (6.37)

and obtain

TYRHT2(Zrag) = (6.38)

_ o O O O O

According to (4.16) we should change only variables with index i = 3 at rows a = 1,2
and a+D =4,5

3 ~

z Y3
23 U3
Z%?H T2 = gj/g ” 35/3 = 12Zarg = 3122]\7412% T12 (6.39)
U3 23
/ /

(where S12 = T'2) so that the generalized metric 12H MmN (12Zarg) takes the same final
form as in (6.32). Again we have 712 = 1 and 12Zarg = Zarg. Consequently, the final
result (6.36) is the same as in previous subsection.

6.7 Non-geometric theory with R-flux in three ways 73: Q flux — R flux
(d=1), 723: f flux — R flux (d=2) and 7'23: H flux — R flux (d=3)

We are going to obtain the background fields for theory with R flux in three different ways.
000

First, in the case (d=1) for a,b € {3}, ¢,5 € {1,2} where P, - P3 = 000 |. Applying
001

the matrix
100000
010000
000001
(T =1 00100 =200 P)+Rep, (6.40)
000010

001000
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on the 19Harn(12Zarg), which has been obtained in (6.32), we find

1 0 0 0 —3Hij0
0 1 03Hg; 0 0
T2 10H T (Zrs y73) = 8 glgx?) (1) (1) 8 8 (6.41)
—3Hz3 0 0 0 1 0
0 0 0 0 0 1

Now, we should change the variables with index a (because now a = 3). According to (4.16)
they appear in the rows ¢ = 1,2 and i + D = 4,5 and we find

1 0 0 0 -—2Hz*0
0 1 03H2> 0 0
0 0 1 0 0 0
123HMN (123 Zarg) = 0 3Hj0 1 0 0 (6.42)
2
—3Hgs 0 0 0 1 0
0 0 0 0 0 1

In all previous cases (for a # 3) we had 7% = 1. In all cases of this subsection we
have Pazgprzg = Pa:273Pr:3 = Pa:17273P7~:3 = Pg and consequently 7‘3 = 702’3 = '7‘1’2’3 =
Qo ® 13 ® P3. It means that we should just exchange variables from upper D = 3 rows
with that from lower D = 3 rows, in particular 23 with ¢j3. To the same conclusion we can
come using (4.9) and the fact that S = 73.

The same result we can obtain applying T2 =T2T3on 1 Hum N(lZarg), which has been
obtained in (6.24), in the case (d=2) for a,b € {2,3} and i,j € {1}, as well as applying

000100
000010
000001 01
123y N 17273y N 3
(T2 = (T = | 0000 (130), (6.43)
010000
001000
on the starting generalized metric Hysn (6.14).
The obtaining generalized metric should has a form (4.30)
QG#V(l,B) —2(1230B 1230071)u (xS)
H Zorg) = e i v 6.44
123 MN(IQ?) g) <2(1230G1 123<>B)uy(v3 _ y3> (1230G71)#V<V3 _ y3) ( )

Note that in general, according to (4.30), all background fields in upper D rows depend on
2% and V? while in lower D rows depend on V® and 2. Up to now we had that index 4
took value 3, but now first time the index a takes value 3. So, the background fields in the
upper 3 rows depend on 23 and in the lower 3 rows on V2 = §j3, the opposite of the previous
cases. Consequently, the background fields for theory with R flux, which take the position
of lower 3 rows, will depend on V3 = gj3. This is something that we could expect, because
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we realized T-duality along 2> direction on which background fields depend. The result of
this subsection can not be obtained with standard Buscher approach, but the generalized
one of refs. [7, 8] must be applied.

With the same reason as in previous sections we have

100 0 iHj0
Gy =13G" =010 |, B (§3) = 123B"(53) = | —3Hys 0 0|, (6.45)
001 0 0 0

which completely coincide with ref. [8]. Unlike previous cases here the background is non-
geometric and it depends on 3.

6.8 Collection of all metrics and Kalb-Ramond fields for Three torus

In a similar way as described above we can find all metrics and Kalb-Ramond fields for
Three torus. Here we will collect the final results for all theories in diagram (6.12)

100 0 —3Hz®0
d=0: Guw=1010|, Bu(z)=| $Hz* 0 0], (6.46)
001 0 0 0
1 —Hz30
d=1: G"@)=|-H2z> 1 0], 1B =0,
0 0 1
1 Hz30
2GM(2°) = | Ha* 1 0 |, 2B =0,
0 0 1
100 0 —31Hjs0
sG=1010 |, sB"(gs)=| $Hys 0 0], (6.47)
001 0 0 0
100 0 $Hz*0
d=2: G =1010 ], 12B" (%) = | -iH2® 0 0],
001 0 0 0
1 Hijz0
23G" (y3) = | Hys 1 0|, 23B" =0,
0 0 1
1 —Hj0
13G*(g3)=| —Hgs 1 0|, 13B" =0, (6.48)
0 0 1
100 0 $Hy30
d=3: 123G,u1/ = 010 5 1233“”(3}3) = —%H:ljg 0 0 . (649)
001 0 0 0
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In the particular example, up to higher order of H? which we will neglected, we have
det .G, = 1 which produces ¢ = ¢. So, dilaton field is invariant under T-duality trans-
formations and doubled dilaton is equal to the initial dilaton, ® = ¢.

All theories obtained after dualization along 2® coordinate (the coordinate on which
background depends) are nongeometric. Here they are 35,135,235 and 1235. The other
theories 5,115,925 and 125 are geometric.

6.9 T-duality group Gr(3)

Let us illustrate the T-duality group in the case of three torus. The three matrices 7', 72
and 73, defined in the relations (6.20), (6.29) and (6.40), are generators of the group G (3).
This group is subgroup of the 6-permutational group. These matrices can be represent in
the following way

123456 123456 123456

1 2 3

: : : 6.50
T <423156) T <153426> T <126453>’ (6.50)
or in the cyclic notation

TH:(1,4) T?:(2,5) T?:(3,6). (6.51)

The whole group has 8 elements: 1,7, 72, 73, T2, 713, 723 and 7123 and all matrices can
be simply obtained by matrix multiplication of the generators, for example 7'2 = 71772,

The only independent “breve” matrices are T =72 = 1g, and T3 =0 ® 13. They
form a group isomorphic to the group of two elements 1 and 2. In fact we have T1 =
7:2 =712 = 1 and ’7:3 =B =72 =712 Q9 ® 13. They can be represent as

o 123456 o 123456
1 3
/o ] . 6.52

<123456> <456123) ( )

7 Conclusion

In the paper [1] we offered simple formulation for T-duality transformations. We introduced
the extended 2D dimensional space with the coordinates ZM = (z#, Yy), which beside initial
D dimensional space-time coordinates x* contains the corresponding T-dual coordinates
Y- We showed that in that double space the T-duality along some subset of coordinates
z* (a = 0,1,--- ,d — 1) and corresponding dual coordinates y, is equivalent to replacing
their places.

Here we generalize this result to the case of weakly curved background where in addition
to the extended coordinate we should also transform extended argument of the background
fields. We define particular permutation of the coordinates, realized by operator 7-“, which
in the weakly curved background has two roles. First, with matrices 7% it exchanges
the places of some subset of the coordinates z® and the corresponding dual coordinates
Yo along which we perform T-dualization. Second, in arguments of background fields
Zarg = [VF(y), "] it exchanges x* with its T-dual image V*(y), with matrices 7. Matrices
T and T are homeomorphic and they are representation of the operator T
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We require that the obtained double space coordinates satisfy the same form of T-
duality transformations as the initial one, or in other words that this permutation is a
global symmetry of the T-dual transformation. We show that this permutation produce
exactly the same T-dual background fields as in the generalized Buscher approach of ref. [8].

In the flat space-time, this statement has been proved by direct calculations in ref. [1].
In the weakly curved background, thanks to the arguments of background fields, we made
nontrivial generalization. But in that case we should solve the problem iteratively. We
start with T-duality transformations (4.17), with variables ZM and Z,,,. The zero order
does not depend on Z,., because it appears with infinitesimal coefficient. Elimination
of y; from T-duality equations produce solution x%(x%,,), eq. (3.3), while elimination of
Yo produce solution z*(z%,v;), eq. (3.4). The solution for 2% we proclaim the V%(z%,y,)
and solution for 2’ we proclaim the V*(z?,v;). Thanks to the plus minus sign in front of
T-duality relations (4.17) these solutions depend on both y, and its double g,. The zero
order background field arguments Zé?% consists of V# and z#, see (4.7). It is the arguments
of the first order transformations, because it appears with infinitesimal coefficient. So,
we obtain the first order transformations, which according to (2.38), produce equations
of motion.

In the standard Buscher formulation T-duality transforms the initial theory to the
equivalent one, T-dual theory. The double space formulation contains both initial and
T-dual theory and T-duality becomes the global symmetry transformation. With the help
of (4.21) it is, easy to see that equations of motion (2.38) are invariant under transformation
ZM — ZM = (TOMNZN| Zarg = Ly = T L.

We have shown that in the case of weakly curved background, although the path
integral is not Gaussian, the T-duality transformation for the dilaton formally has the
same form as in the case of the flat background, where the path integral is Gaussian. As
well as in the other approaches, the double dilaton ® is duality invariant. In our approach
it is invariant with respect to all T-duality transformations. We have expressed it in term
of dilaton from the initial theory ¢ and dilaton from its totally T-dual theory *¢. This is
analogously to the generalized metric, which is expressed symmetrically in terms of metric
and Kalb-Ramond fields of both initial and its totally T-dual theory.

Because both ZM and Zarg are transformed with the homeomorphic matrices 7 and
’7’“, the T-duality group with respect to the successive T-dualizations is the same as in the
case of flat background. It is a subgroup of the 2D permutation group, which permute
some d of the first D coordinates with corresponding d of the last D coordinates. In the
cyclic form it can be written as

(1,D+1)(2,D+2)---(d,D+d), de(0,D), (7.1)

where d = 0 formally corresponds to the neutral element (no permutations) and d = D
corresponds to the case when T-dualization is performed along all coordinates.

It is well known that, in the case when background fields depend on all coordinates,
all theories in the chain (1.1), except the initial one, are nongeometric. In the case of the
weakly curved background, the source of the nongeometry is nonlocality of the arguments,
which itself is a line integral. It depend on two variables, the Lagrangian multiplier y,, and
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its double ,. So, because our approach unify all nodes of the chain (1.1) it unify geometric
with non-geometric theories. It is also clearly explains that T-duality is unphysical, because
it is equivalent to the permutation of some coordinates.

Our approach is essentially different from the standard one of the double field theory,
where all background fields depend on the same variable ZM. Here, it formally depends
on two kind of double space coordinates Z™ and Zarg. The argument Z,,, appears with
infinitesimal coefficient and it is solution for Z™ in one order smaller approximation. So,
it essentially depend only on variable Z but we should solve the problem iteratively.

A Block-wise expressions for background fields

In order to simplify notation and to write expressions without indices (as matrix multipli-
cation) we will introduce notations for component fields.

A.1 Block-wise expressions for flat background fields

For the metric tensor and the Kalb-Ramond background fields we define

Gap Gai G GT
Go=| 79| = ], Al
o= (G =(5%) A1)

and

We also define

~ab ~aj = AT
—1\pv Y _ 7Y
(G™H = b =ij | — e (A.3)
e v
and the effective metric

~ ) ~ T
Guv = Guv — 4bup(G71)pabau = (gab ga]) = (g g, ) . (A.4)

9ivb Gij
Note that because G*” is inverse of G, we have

Y= -GGy = —3GGTY, AT = —GTIGTy = —3GTG,
v = (é - GTG?lG)il ) v = (é - GéilGT)il )

=3 -7, Gl=7-9"". (A.5)

4

We will also use the expression similar to the effective metric (A.4) and non-

commutativity parameters but with all contributions from ab subspace
. e e . 2 .
Jap = (G —4bG D)y, 030 = —=(57'DG1)P, (A.6)
K

Note that gy # gap because gqp is projection of g, on subspace ab. It is extremely useful
to introduce background field combinations

1 N 2 _ir ~—1\a na ~—1\a
Hotap = bap = iGab 0k = —;(9 Mo G = 05" + ;(9 byab (A.7)

— 33 —



which are inverse to each other 1
005 Horcr = ﬂ&‘} . (A.8)

The similar relations valid in 5 subspace.
With the help of (4.38) one can prove the relation

(G /D% = (57 B )Y, (A.9)
where DV is defined in (4.36).

A.2 Block-wise expressions for weakly curved background fields

For the effective metric tensor and the Kalb-Ramond background fields (2.18) we define

oE o E oy o T
- ()= (%) N

OGg OéiEj QGE OGE
and B -
°RB b °B . °RB _OBT
QB;W — <<>ij 03?;) = <°B °B ) . (A.11)
It is also useful to introduce new notation for expressions
B QB:Y_QBT'YOB’YT_OBT’V OB 061
(OBG I)MV: <>B~ <>B <>B T 5 ry = o on ) (A‘12)
5+ By v +°By B2 B
and
(Gfl OB),u B :}/QB—}—’)/TQB _,~y<>BT _|_,.YT<>B _ _OBT _0/8%“ (A 13)
v ’YOB—F:)/OB _,YOBT_'_;YOB - _05%“ _OBT : .

We will use the effective metric and non commutativity parameter but with all contri-
butions from ab subspace

~ ~ ~ ~ ~ ~ ~ ~ ~ ab
QGfb — (G _ 4OBG71<>B)ab’ <>0ab — _% [(QGE)floBGfl} ) (A.14)

Note that Qéﬁ) #+ QGaEb because Oéfb is projection of OGEV on subspace ab. It is also useful
to introduce background field combinations in weakly curved background

1
K

1 - 2 .~ S A .
OH:i:ab _ OBab 4 goGab oeib _ _E(oGgloHiG—l)ab — oaab ¥ (oGél)ab, (A15)

which are inverse to each other
1

0 Ty = 507 (A.16)

The similar relations valid in 5 subspace.
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