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ABSTRACT

In this article we show the equivalence of the Buscher analytical T-duality
approach and algebraic double space approach in one specific nontrivial case. The
type II superstring with the coordinate dependent RR field strength is considered
here. All other background fields are constant. Also we give arguments for the
specific choice of the background fields and explain motivation for it. In addition
the non(anti)commutativity relations are given. It is confirmed that such choice
of the background does not produce the nonzero Poisson bracket of the fermionic
coordinates.

1. Introduction

All five consistent superstring theories are connected by web of T- and
S-dualities [1, 2, 3, 4]. Consequently, this fact suggests existence of one
unique theory, in literature known as M-theory, and further, the deeper
insight into string duality transformations. In this article we will explore
some properties of T-duality.

T-duality is a phenomenon experienced just by extended objects, strings
[3,4,5,6,7,8]. Analytically T-duality is realized within Buscher procedure
[5, 9]. The first step in obtaining the T-dual theory is localization of the
global isometry (at least along one direction) introducing the corresponding
world-sheet covariant derivatives. In this way gauge fields v% come into the
story. But, initial and its T-dual theory must have the same number of the
degrees of freedom, so we need to eliminate all newly introduced degrees
of freedom using Lagrange multipliers 7,. On the equations of motion for
the gauge fields we obtain T-dual theory. One aggravating circumstance is
that Buscher procedure breaks down when we have coordinate dependent
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background fields. But it is possible, at least in the cases where background
infinitesimally depend on coordinates, to generalize Buscher procedure [10,
11, 12, 13] by introducing invariant coordinates defined as line integral of
covariant derivatives.

Buscher T-dualization procedure is considered in the scientific litera-
ture as definition of T-duality and it is given analytically. But there is an
algebraic form of representation of T-duality. This alternative representa-
tion is called double space formulation, where T-duality is represented as
permutation of coordinates in space spanned by the initial coordinates xz*
and T-dual ones (Lagrange multipliers) y,. Double space formulation was
appeared first in papers [14, 15, 16, 17, 18], while recently this formalism
has been related with O(D, D) transformations [19, 20, 21, 22, 23].

In articles [24, 25| it was shown that for type II superstring theory in
pure spinor formulation with constant background fields, Buscher procedure
and double space approach give the same results. Here we want to check
if the generalized T-dualization procedure works when it is allowed that
Ramond-Ramond (R-R) field strength to be linearly dependent on bosonic
coordinates.

The motivation why we work with such R-R background field is the
assumption (better to say conjecture) presented in the papers [26, 27] that
for this choice we will get that anti Poisson bracket of the fermionic coordi-
nates is proportional to the bosonic coordinates z*. In [28] that conjecture
was not proved. There is also a practical reason for such choice of R-R
field strength - model could be treated analytically using the generalized
T-duality procedure.

Here we will start deriving the action from the most general one. Inte-
grating out fermionic momenta R-R field strength is coupled with deriva-
tives of bosonic coordinates. Then we will briefly present the results ob-
tained by Buscher T-dualization procedure. Transcribing T-dual transfor-
mation laws (relates initial and T-dual coordinates) in terms of the double
coordinates, we obtain the T-dual generalized metric and T-dual general-
ized current. By equating components of the starting and dual generalized
metric and generalized current we show the form of the T-dual background
fields. Comparing these results with those obtained from Buscher proce-
dure we see that these two approaches are consistent in the case of the
coordinate dependent R-R field strength.

2. Type II superstring theory with coordinate dependent
R-R field - initial action and its T-dual

In this section we will introduce action for type II superstring in pure
spinor formulation [29, 30, 31, 32]. Our choice is the theory that has, ex-
cept Ramond-Ramond field, all other background fields constant. Ramond-
Ramond field is linear function of coordinates x*, where the dependence is
only infinitesimal. Furthermore, we will assume that RR field is antisym-
metric. Both assumptions are of practical nature in order to analytically
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obtain transformation laws between starting and T-dual theory (T-dual
transformation laws).

After that we will give a brief overview of getting the form of the T-
dual theory. This theory is both non-commutative and non-associative
(28, 33, 34].

At the end we will introduce appropriate notation in the transition
toward double space form of T-dual transformation laws.

2.1. Pure spinor formulation of type II superstring

The most general form of the type II superstring action in pure spinor
formulation is of the form

S = S0+ Vsa, (1)

where first term Sy is free superstring action
Sy = / d §( Ny Om @t O 2™ — 00— 0% +6+éaﬁa> +S\+ 55 (2)

The integration goes over world-sheet X, parametrized by coordinates £™,
where m = 0,1 (0 = 7, ¢! = o), T = %(Tio) and 0+ = 0, £ 9,.
The bosonic coordinates z#, u = 0,1,...,9 and fermionic ones 6% and 0,
with 16 independent real parameters each (a = 1,2, ..., 16), make a super-
space. Variables 7, and 7, are momenta canonically conjugated to the
fermionic coordinates. Terms Sy and S5 denote actions for pure spinors.
The second term in (1) is the integrated vertex operator for massless type
II supergravity and its form is

Vg = /2 (XYM Ay XN (3)

where Ay contains fields that, in general, depend on both bosonic and
fermionic coordinates. It is very (mathematically) complicated to work with
the action in the general form. Our choice are the following background

fields

0 0 0 0

o 0 k(%gll,y + Bp,y) \I’ﬁ 0
AMN = 0 _‘Ilg %(faﬁ 4 Caﬁxp) 0 . (4)

0 0 0 0

All background fields are constant except Ramon-Ramond field strength.
Here g, is symmetric tensor, By, is Kalb-Ramon antisymmetric tensor, Wy
and \I’O‘ are Majorana-Weyl gravitino fields and ( o8+ C"J“fj xf) = 2F b is
Ramond Ramond field. Ramond-Ramond field strength 1S linear functlon
of the bosonic coordinates and it consists of the constant antisymmetric
tensors f*# and Cgﬁ . Tensor Cgﬁ is supposed to be infinitesimal. This
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specific choice of the R-R field strength is for the technical reasons - in
order to obtain transformation laws that can be easily recast in double
space formulation. Since we are only interested in classical analysis, we will
not calculate dilaton shift under T-duality transformations. This choice of
fields is accompanied with following constraint following from the whole set
of the consistency conditions for background fields

756057 =0, 7560;15 =0. (5)

The vectors XM and XM contain partial derivatives of both the fer-
mionic and bosonic coordinates, fermionic momenta and pure spinors. In
calculation, in order to simplify it, we will keep just term linear in the
fermionic coordinates % and 6%. Consequently, vectors X™ and XM are
getting form

0.6° o_ 0>
Oyt S o_xt
M _ + M_
XM= | XV = o] (6)
3Ny oV

where the components containing pure spinors are

v 1 v\ NV 1— viya Y
N ziwa(r[ﬂ Dega?,  N* :iwa(ﬂ# DEPPE (7)

Since pure spinors are decoupled from the rest of the action, we will not
consider them in the further analysis.

Taking into account all these assumptions, the action (1) gets the fol-
lowing form

S = /-@/d2£ 0t 0_a”
)

1 _ _
- e PN TLS: -1 B B v
+ (0.0% + 0yt (F (@) NCRIER R

«

The fermionic momenta 7, and 7, are integrated out and we introduced
the following notation

1
H:tuu = B/u/ + EGMV) (9)

FoP(x) = o7 + CpPat, (10)
(F7 (@))ag = (FDag = (FDaar CP12? (f g5
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2.2. (Generalized) Buscher T-dualization procedure - analytical
approach

The details of the Buscher T-dualization procedure of the model presented
above is given in papers [28, 33, 34]. Here we will only a brief review of the
most important steps and results.

The standard Buscher procedure [5, 9, 11] is carried out only along
isometry directions and that is the first task - to detect the isometry direc-
tions. Since Ramond-Ramond field is antisymmetric one, the action (8) is
invariant to translations along bosonic coordinates. Localizing the noticed
symmetry is the next step in procedure. As it is usual, this is made by
introducing covariant derivatives instead ordinary ones. The next step is
new one in relation to the standard Buscher procedure. Because RR field
strength depends on the coordinates linearly, it is also required to introduce
invariant coordinates in the form of the line integral of covariant derivative.
The newly introduced gauge fields add new degrees of freedom. In order
to have T-dual theory which is physically equivalent to the initial one, the
number of degrees of freedom must be kept. The eliminating of the excess
of the degrees of freedom is achieved by introducing Lagrange multipliers.
We can also fix starting bosonic coordinates using symmetry which leaves
us with theory that is described by only gauge fields and Lagrange multi-
pliers. Finding equations for gauge field and inserting them into the gauge
fixed action we are left with T-dual theory. Implementing the described
procedure we obtain following T-dual action

K 1_-,.. S oub T
by — 3 /2 d¢ {59'1 01 yud—yy + 0L0°"F 3 (V?)0_0°
+ Oy OB (V007 4 0,00 F L (VO ey, | (1)

Let us notice that y, is a T-dual coordinate, left superscript b denotes
bosonic T-dualization and V' is defined as

AV©Or — (12)
1 . .
= 2 /P AEXEM [0y, — 0L0°(f Vs V|

1 — A\PP1 T, —
- §/Pd§ O [0y, + W, (f)asd-0%] .

The meaning of the tensors in the above expression: ©"” is inverse tensor
of

_ 1_ B
M = T+ 505 (F7 (@) 0]

" 1o _
= Hiuu_iqjg(f 1)aa103151xp(f 1)ﬁ15@1€ (13)
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defined as o
Oy, = ot (14)

where

_ y 1 o o B 3
O = OF + OIS (f Daan O MVIOP (£ 15,507,027, (15)
. v 1 N
O My, =0k,  OF =0 — 5@;“1\1:31( Fhap®l 08", (16)
_ 1 _
fob = fob 4 5\11;“@’1”\1/5, (17)

O Tty = 0, Ox = —4(GR' TG, (18)
Gguw = Gu — A(BG™'B)u, (19)
My =Ty, My =-T_,,, I,=-T_,,, (20)
e =-e", o =-0" o =-0" (21)
The relation between bF(;ﬁl(V(O)) and Fa_ﬂl(x)7 is of the form

1 o
PE(VO) = F g (V) - S (VO w et b, (V). (22)

The expressions for T-dual gravitino fields, *U#® and ®W"? are the
following

_ 1 _ 1
b _ 124 byvB BtV
PHY = 5@, \I/fj, PP = —illlu@, . (23)

One of the main results are T-dual transformation laws connecting starting
and T-dual coordinates

1

_ , 1 E—

Moo’ = =50 yu— 5\sz;Faﬁl(g;)a,eﬁ — Bl (), (24)
_ 1 1, _

4 0pa” = 50+ = §3+9O‘Fa51(95)‘1’5 - B, (), (25)

where B:[ and (3, are S-functions obtained varying gauge fixed action with
respect to gauge fields

(@)= (26)
S ) e O (T )5y0(0-6° + 00,
By () = (27)

1 no Vi — a1 31 — V2
= (040 + 0 T ) (F ) ao O (F ) 51 (07 + 22 T7).

Now we have all ingredients for double formalism and proceed further.
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3. Double space approach to T-dualization

T-dualization is a kind of transformation. It maps initial space spanned by
x# coordinates to the T-dual space spanned by 3, coordinates. But if we
unite T-dual coordinates y, and initial space coordinates z#, we get dou-
ble space. In double space T-dualization is a symmetry transformation
represented as permutation of . Here we present the results from [24, 25],
where same model was examined but with constant background fields.

3.1. T-dual transformation laws in double space representation

For practical reasons we have to introduce appropriate notation
Ue =0, V=0, 6%=60%, 6%=0°, (28)

o -
(F@),,=(F'@) . F'w), =FEw) . @)

(F;l(x))aﬂ = —(F'@) i’ (30)

(f_l)aoa Cﬁlﬁl (f_l)ﬁlﬁ = C—‘ruaﬁ» (f” )ﬁ51 Cﬂlal (f” )oaa = C—uaﬁ»
(31)
Crpap = =Cpagp- (32)

Using above notation we rewrite the T-dual transformation law, (24) and
(25), in the following way

aB

v 1/\1/
dpa’ = — 0%y, (33)

1 Qv «a — «a V1
§@$M [\P¢uFiiﬂ(V(0)) B (HJF + v I\I’JFul)Ciuaﬂ} 3¥9:6tv

Oryu = — 2Ly 052" — [\II F:I:aﬂ( T) — (93‘: qu/%ul)ci,uaﬁ} 8?‘917
(34)
where 65 functions are in the expanded form divided into two parts - the
first one contains partial derivative of bosonic coordinates and the other
one contains partial derivative of fermionic coordinates. The first part is

added to the tensors ﬁi,w and C:):”F”

ﬁi/w = ﬁiwj — (904 + ‘I/%yl)cﬂ:lwtﬂ\lliw (35)
6 — @ |5t + (ea + VO Oy ap¥l,, 024, (36)

I.,,0% = of. (37)
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These two tensors can be decomposed as it follows

. ~ 1A . A
Hip,u = B,uz/ =+ iGuuv @liy = _4(GE1H¥G 1);w’ (38)
G = G — 4B,,,GM" B,,,, (39)
O = —AGY By, G 2(GEH)™. (40)
Using these decompositions allow us to rewrite transformation laws as
+ Oi2t = (éil)m/aiyu + 2(@71)wjlguluaixy (41)
+ (G (W, Fr (@) — (02 + 20, ) Crap) 0265,
8iyu = éE,u,UaixV - 2§uu1 émyaiyy (42)

15 AV « — e V1o
5Cpa O [0S, P2ty (VO) = (02 + VO UL, ) Crpyap] 0202

Let us note that all tensors in equation (41) are functions of the initial
bosonic coordinates 2#. Further, all tensors in (42) are functions of V(©)
which has been defined as line integral (12).

As we said in the introductory part of this section, uniting initial and
T-dual space we get the double space spanned by the coordinates

74 = < " > (43)

Yu

In double space the T-dual transformation laws (41) and (42) can be written
in the very elegant form

:I:QMNaiZN I,}'V[MNaiZN+jiM7 (44)

where generalized metric is given as

y Gruw(V) ~2Byu, (G~ (V)

— ~ 3¢ K . 45
Farx (2<G1>WIBW<9:> (G () )

The double current is defined as

. 121G, ©4% (V)
J = 2T Yt Ji, 46
o= (2S5 ) ()
Jov = [UE,FEL (@) = (0% + 20, )Cryag] 0205,

The upper components all depend on variable V(©) | while lower components
all depend on .
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The matrix 0 1
Quy = < Iy (l)j >7 (47)

is invariant SO(D, D) metric where Ip denotes unity matrix in D dimen-
sions. Further, it satisfies the following relations

HIOH =0, (QH)?>=1, Q*=1, det(H)=1, (48)
which means that H € SO(D, D) [14, 19].

3.2. T-duality in double space

T-dualization in double space is represented as permutation of the initial
and T-dual coordinates. So, first we have to introduce the permutation

matrix
TMN:<I?) 163). (49)
T-dual double coordinate is of the form
bgM _ M 7N (50)

and its transformation law is of the same form as for the initial dual coor-
dinate Z4 (44). So, we have

iQMNainN = bﬁMNainN + bJ:tM. (51)

From this we derive how the T-dualized generalized metric and double
current are related with the initial ones

"Harn = TP HpoTN,  OJen = TN Jan. (52)

The first relation produces

b ALY bR bA—1
by G (V) —2B (PG m)
( 2 (bG 1);w1bB () (bG 1)“1,(33)

(G-1y () 2(G1)" B, (a) ) . (53)

- (—2BW1<@-1>“1”<V> G (V)

Let us note that variables V(©) and x also exchange places. Equating com-
ponents (2, 2) and (2, 1)

béuu(x) = (@El)w(\/), (54)

"B (x) = (G By (G™HM¥(V), (55)
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we derive the form of the T-dual field bﬁiw(aj)

~ ~ 1, ~ 1~
Ty, () = "By (z) + ibGW(I) - ZQW' (56)

This is the same result as one obtained in the Buscher procedure. In the
same way we obtain the form of the T-dual current

; 310G, PO (V)
T = ( 2 (bé_ll)u:tli(x) J1y =

(G ()
1G04V (V) ) Fer G0
where T-dual current has the same factor J1,, while vector components are
switched.

Comparing these results to ones obtained in the Buscher procedure per-
formed in [25], we notice that while generalized metric, double current and
double space transformation laws have same form, but with some modifica-
tions stemming from the fact that starting theory has coordinate dependent

RR field.

4. Concluding remarks

The goal of the investigation presented in this paper was to investigate the
double space method of T-dualization and compare the results with those
obtained using basic approach - using generalized Buscher T-dualization
procedure. The object of the analysis was type II superstring theory with
antisymmetric linearly coordinate dependent RR field strength. Buscher
approach was already carried out in the in the papers [28, 33, 34].

First we justified the choice of the model and specific background fields.
All constant background fields, except Ramond-Ramond field, is the choice
which is in accordance with consistency conditions. RR field strength was
chosen to have infinitesimal linear dependence on bosonic coordinates z*.
Furthermore, we put RR field strength under one more condition - it is
totally antisymmetric. All terms non-linear in fermionic coordinates have
been neglected and fermionic momenta, 7, and 7, are integrated out of
the action. These assumptions were necessary in order to obtain simple
transformation laws between starting and dual coordinates (for case where
RR field is not antisymmetric see [33]). After this we briefly presented,
T-dualization within the generalized T-dualization procedure.

Section 3 contains the presentation and application of double space T-
dualization mechanism. First we ”repack” T-dual transformation laws in
the more appropriate form. Combining space of the initial theory, spanned
by z#, and space of T-dual theory, spanned with y,,, we made double space,
which is spanned by coordinates ZM = (x#,y,). Rewriting T-dual transfor-
mation laws using double space, we introduced two new objects, generalized
metric H mnN and double current ji M- Their components are expressed in
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terms of the improved Kalb-Ramond field, improved metric tensor and im-
proved effective metric. ”Improved” means that they contain additional
terms bilinear in NS-R background ¥{j and ¥j;. Furthermore, these com-
ponents are not constant - upper row depends on coordinate x* and lower
row on its T-dual V#.

As we can see T-duality in the double space is given by simple per-
mutation of coordinates. From demand that double space coordinates ZM
and their T-dual °ZM™ = TM , ZN have the transformfition law of the same
form, we are able to find T-dual generalized metric *Hy;n and T-dual dou-
ble current bji M- Since the form of the T-dual generalized metric is the
same as the form of the starting one, comparing corresponding compo-
nents, we can derive expressions for T-dual background fields as functions
of starting fields. Doing same analysis for T-dual double current, we ob-
tain relations that connect its components to background fields of starting
theory.

Comparing results obtained for T-dual fields using double space coordi-
nate permutation with ones obtained with Buscher procedure, it is evident
that both methods produce the same results. Additionally, it should be
noted that comparing results from this paper with results from [25], where
all background fields were constant, we notice that double space transfor-
mation laws have the same form but individual components of generalized
metric and double current are now coordinate dependents.
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