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HayuyHomMm Behy UHcTUTYyTa 3a dun3nky y Beorpaay

MpeameT: Muwbere pykosognoua nabopatopuje o nzbopy faHujena Obpuha y
3BaH-€ UCTpaxunBad capagHuk

OaHnjen O6puh , poheH 27.11.1992. roamHe y beHKoBLUY, je ynucao
OOKTOpCKe akageMmcke ctyauje dusumukor dakynteta YHuBep3uTeTa y beorpaay y
wkosckoj 2018/2019. roamHu. Monoxuo je cee ncnmte Ha cMmepy KBaHTHa nosba,
yectmue W rpasuTauMja wm ycnewHo oabpaHMo npeanor TemMe [OKTOpCcKe
auncepTtaumje noa HacnoBoM T-gyanusaumja 6O30HCKE CTPyHE u Tur II
CyrnepcTpyHe y [IpUCcycTBy KOOPAMHATHO 3aBUCHUX [103aAMHCKUX [10/ba npea
Konernjymom OOKTOPCKUX CTyaumja. MeHTOp AOKTOpCKe aucepTtauuje je ap bojaH
Hukonuh, BUWKN Hay4YyHN capagHUK MHCTUTYTa 3a HU3KKY.

Oannjen O6puh je op 2018. roamHe 3anocneH y [Ipynu ca usnky
rpasutaumje, yectuua un noswa MHctutyTa 3a GU3KKy rae ce 6asu npobnemMmnma
Be3aHuM 3a T-gyanmsaumnjy (Teopuja ctpyHa). AaHujen O6puh je no caga o6jasmo
jenaH Hay4dHu pag kateropuje M21, kao v jeaaH Hay4dHu pag kateropuje M22. Kao
WTO Ce BMAM U3 MPUIIOXKEHOr MaTepujana, OH 3ajoBo/baBa cBe npeasuheHe
ycnoee y cknagy ca [lpaBUAIHWMKOM O MOCTYNKY, HA4YuMHY BpeAHOBawa U
KBAaHTUTAaTMBHOM WCKa3MBaky Hay4YHO-UCTPa>XXMUBAUYKUX pe3ynTaTta UCTpaxupBada
MuHucCTapcTBa NpocBeTe, Hayke M TexXHONOoWKor pa3soja Bnage Penybnuke
Cpbuje, 3a n3bop y 3Bartbe UCTpaxkmBay capafHuK, Te npegnaxeMm HayyHoM Behy
NHCcTUTyTa 3a pu3unKy aa nokpeHe nsbop annjena O6puha y noMeHyTo 3Bare. 3a
ynaHoBe KoMucuje npeanaxem cnegehe ncrpaxupave:

1. ap bojaH Hukonunh, BUWK Hay4YHU capagHuK, NHCTUTYT 3a HU3nKy
2. op Jbybuua Aasuaosuh, BUWM HaYYHU capagHUK, NHCTUTYT 3a HU3nKY

3. npod. aAp Boja PagoBaHoBuh, peaosHu npodecop dusmykor dpakynteTa

beorpag, 27.12.2021.
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Pykosogunau Npyne 3a ¢pu3unky rpasutauymje, 4yectmua v nosba

NHCTUTyTa 3a pU3KnKy
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Pregled naucne aktivnosti

Danijel Obrié¢ je od aprila 2019. godine zaposlen kao istrazivac prirpavnik na In-
stitutu za fiziku u Beogradu u grupi za Gravitaciju, ¢estice i polja. Bio je aktivan
na projektu "Fizicke implikacije modifikovanog prostor-vremena', ON171031, kojim
je rukovodila prof. dr Maja Buri¢. Pocev od januara 2022. godine ucestvuje na
projektu iz programa IDEJE "Quantum Gravity from Higher Gauge Theory" koji je
finansiran od strane fonda za nauku Republike Srbije. Do sad ima dva objavljena
rada u medunarodnim Casopisima SCI liste’. Rad [1] je objavljen nakon izbora u
zvanje istrazivac¢ pripravnik.

Sira nau¢na oblast kojom se bavi Danijel Obri¢ je teorijska fizika visokih energija, sa
uzim fokusom na teoriju struna i njenom povezivanju sa nekomutativnoséu i neasoci-
ajtivnoséu koordinata. Teorija struna je znacajna zato sto predstavlja okvir u kome
moze da se razmatra problem kvantne gravitacije. Da bi teorija bila matematicki
konzistentna, kao i da bi opisivala realne fizike fenomene, potrenbo je uvesti su-
persimetriju i prosiriti dimenziju prostor-vremena. Ove modifikacije uvode bogatu
strukturu u teoriju koja se manifestuje u obliku mreze dualnosti. Sa druge strane,
nekomutativnost koordinata je vazna jer uvodi prirodnu granicu na energije u kojim
teorija vazi. Zadatak Danijela Obric¢a je proucavanje jednog dela strunske mreze
dualnosti, naime T-dualnih transformacija, i njenog odnosa sa nekomustatinosti i
neasocijativnosti koordinata zatvorene strune. Standardna procedura za postizanje
T-dualnosti je BuSerova procedura, procedura je bazirana na lokalizaciji translacione
simetrija i radi za slucajeve kad struna propagira u prisustvu konstantnih pozadin-
skih polja. Prosirenjem procedure da obuhvati slucajeve kod kojih imamo i koor-
dinatno zavisna pozadinska polja dobijamo aparat kojim mozemo da proucavamo
T-dualne teorije gde imamo pojavu nekomutativnosti i neasocijativnosti.

U radovima [1] i [2]?, izvrSeno je razmatranje zatvorene bozonske strune u prisustvu
koordinatno zavisnog Kalb-Ramondovog polja, gde je pokazano da se u T-dualnoj
teoriji javljaju i nekomutativnost i neasocijativnsot koordinata. Dalji rad, planiran
je da bude baziran na proucavanju T-dualnosti tip [IB susperstrune u prisustvu ko-
ordinatno zavisno Ramond-Ramond polja. Primenom uopstene Buserove procedure
oc¢ekujemo da T-dualna teorija poseduje nekomutativne i neasocijativne osobine.
Buduéi da supersimetricne teorije poseduju i fermionske koordinate, takode je od
interesa razmatrati i kakva konfiguracija pozadinskih polja dovodi do fermionske
nekomutativnosti.

Ipogledati Spisak nauénih radova
2 Ibid.
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ABSTRACT: In this article we consider T-dualization of the 3D closed bosonic string in
the weakly curved background — constant metric and Kalb-Ramond field with one non-
zero component, By, = Hz, where field strength H is infinitesimal. We use standard
and generalized Buscher T-dualization procedure and make T-dualization starting from
coordinate z, via y and finally along = coordinate. All three theories are nonlocal, because
variable AV, defined as line integral, appears as an argument of background fields. After
the first T-dualization we obtain commutative and associative theory, while after we T-
dualize along y, we get, xk-Minkowski-like, noncommutative and associative theory. At the
end of this T-dualization chain we come to the theory which is both noncommutative and
nonassociative. The form of the final T-dual action does not depend on the order of T-
dualization while noncommutativity and nonassociativity relations could be obtained from
those in the z — y — z case by replacing H — —H.
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1 Introduction

Noncommutativity of coordinates has come into focus of physics about hundred years ago
when the problem with infinite value of physical quantities occurred. The solution was
proposed by Heisenberg in the form of noncommutative coordinates. But after developing
of renormalization procedure coordinate noncommutativity was forgotten as a tool for
cancelling of infinities.

Commuting of coordinates means that there is no minimal possible length in Nature
i.e. that we can measure the position of particle with infinite precision. The return of
noncommutativity into physics starts with the article of Hartland Snyder [1]. Usually we
treat space-time as continuum but Snyder showed that there is Lorentz invariant discrete
space-time. Consequently, this means that commutator of coordinates is nonzero, and
noncommutativity parameter dictates the scale at which noncommutativity exists.

In the paper [2] existence of noncommutative manifold was shown using propagators
in open bosonic string theory with constant metric and constant Kalb-Ramond field. This
result is proven in many articles [3-12] after that but using different mathematical meth-
ods. Obtained noncommutativity with constant noncommutativity parameter is known



in literature as canonical noncommutativity. Consequently, canonical noncommutativity
implies that theory is still associative one.

One of the first application of canonical noncommutativity was in Yang-Mills (YM)
theories [13-16]. Noncommutative YM theories are constructed and their renormalisability
properties are analyzed. It turned out that some processes forbidden in commutative YM
are allowed in noncommutative YM theories. Consequently, cross sections for those decays
and processes are calculated [17, 18]. Such predictions offer the possibility of indirect check
of idea of noncommutativity.

The next type of noncommuatativity which is considered in literature is Lie-algebraic
one, which means that commutator of two coordinates is proportional to the coordinate.
The k-Minkowski space-time is an example of this kind of noncommutativity and it is
considered in various contexts [19-24]. The s-Minkowski space is noncommutative but
it is easy to check that is associative one. But, in general, if the commutator of the
coordinates is proportional to the some linear combination of coordinates, then the space
is nonassociative because jacobiator and associator are nonzero. For example, such spaces
are closely related to the L, algebra [25].

The mathematical framework for T-dualization is standard Buscher procedure [26, 27].
It consists of the localization of the shift symmetry and adding a term with Lagrange
multiplier in order to make gauge fields unphysical degrees of freedom. Also there is an
improvement of standard Buscher procedure developed and applied in refs. [28-31], gener-
alized Buscher procedure. In the application of the generalized procedure of T-dualization
there is one additional step with respect to the standard one. We introduce invariant
coordinate in order to localize shift symmetry in the coordinate dependent backgrounds.

The first articles addressing the subject of coordinate dependent backgrounds appear
in the last ten years [32-43]. A 3-torus with constant metric and Kalb-Ramond field
with just one nonzero component, B,, = Hz, was considered within standard Buscher
procedure [33]. Authors made two successive T-dualzation along isometry directions x and
y, and, using nontrivial winding conditions, obtained noncommutativity with parameter
proportional to field strength H and winding number Nj.

Using generalized T-duality procedure [30, 44] we obtained coordinate dependent non-
commutativity and, consequently, nonassociativity. Also it is shown that final theory is
nonlocal. In ref. [30] the bosonic string is considered in the weakly curved background —
constant metric and linearly coordinate dependent Kalb-Ramond field with infinitesimal
field strength, while in [44] we consider the same model as in [33], but T-dualizing along
all three directions and imposing trivial winding conditions. Obtained nonlocality comes
from the coordinate dependent background, or more precisely, from invariant coordinates.
At the end of T-dualization procedure background fields depend on AV, defined as line
integral. Nonlocality has been become very important issue in the quantum mechanical
considerations [45].

In this article we will deal with closed bosonic string propagating in the constant
metric and linear dependent Kalb-Ramond field with B,, = Hz, the same background as
in [33, 44]. But our goal here is to examine the influence of order of T-dualizations. In
ref. [44] we T-dualize first along isometry directions, first along = and then along y, and at



the end, along direction z. The first T-dualization produces configuration known as twisted
torus which is commutative, and it is globally and locally well defined. After second T-
dualization we obtained nongeometric theory with @ flux which is still locally well defined
and it is commutative. The final T-dualization along z direction produces nonlocal theory
which is noncommutative and nonassociative one. This line of T-dualizations we will call
XYz one.

But what it will happen, if we change the order of T-dualizations, regrading (non)lo-
cality issue as well as (non)commutativity and (non)associativity? It is quite obvious that
nothing will be changed if we T-dualize along line yxz, because the first two directions,
which are T-dualized, are isometry ones. Some nontrivial issues could be expected if
we T-dualize first along z direction. In this article we will present T-dualization of the
model from [33, 44] along the T-dualization line zyx. After every step of T-dualization
we will rewrite the T-dual transformation law in canonical form using the expressions for
canonical momenta of the initial theory. Also we will check whether the obtained theory
is commutative or not and, consequently, we will see whether it is associative or not.

The fact which is quite sure is that all three theories which we will obtain from the
T-dualization line zyx are nonlocal. The explanation comes from the fact that background
field By, is z dependent and according to the generalized T-dualization procedure, after T-
dualization along z, we obtain quantity AV which is defined as line integral. Consequently,
the theory is nonlocal. But because y and x T-dualizations do not affect AV, all three
theories obtained in zyx T-dualization line are nonlocal. That is a difference with respect
to the zyz T-dualization line considered in [44].

The interesting thing is that transformation laws can be obtained from the corre-
sponding ones in [44] by replacing H — —H, but because in this article we T-dualize in
the opposite direction, that produces theories of the different commutative and associative
features with respect to [44]. After first T-dualization we get commutative and associative
theory which is the same as in xyz case from [44]. But the second T-dualization here
produces noncommutative and associative theory of x-Minkowski type. That is different
with respect to the zyz case, where second theory in the line is both commutative and
associative. At the end we obtain the same theory as in [44] which is nonassociative and
noncommutative. The noncommutativity and nonassociativity parameters have one addi-
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tional “—” sign comparing with the corresponding ones in [44]. In this article as well as
in [44], we impose trivial winding conditions which means z#(o + 27) = z#(0) + 27 NH,
where N* is a winding number.

At the end we comment some quantum aspects of the problem and add two appendices.
The first one contains conventions regarding light-cone coordinates, while the second one is
related to the mathematical details concerning derivation of two kinds of Poisson brackets

appearing in the article.

2 Bosonic string action and choice of background fields

In this section we will introduce the action for bosonic string propagating in 3D space with
constant metric and Kalb-Ramond field which single component is different from zero,



B,y = Hz. This model is well known in literature as torus with H-flux. Since we are
working with the same model as in [33, 44], for completeness we will repeat most of the
steps from introductory part in the [44].

The closed bosonic string which propagates in the presence of the space-time metric
G (z), Kalb-Ramond field By, (x), and dilaton field ®(x) is described by action [46-48]

gob
N

where world-sheet surface ¥ is parameterized by £¢ = (7,0) [(a = 0,1), 0 € (0,7)],

S = R/Edzf\/TQ{ [;go‘ﬁGW(x) + By (x)| Oqat0ga” + CI>($)R(2)} , (2.1)

while z# (u=0,1,2,...,D — 1) are space-time coordinates. Intrinsic world sheet metric is
denoted by g, and the corresponding scalar curvature with R®.

Conformal symmetry on the quantum level is not preserved for any choice of back-
ground fields. If we want to keep conformal symmetry on the quantum level, background
fields must obey the space-time field equations [49]

1

= R — 7 Bupo B + 2Dy, =0, (2.2)

= D,B" ., — 20,8, =0, (2.3)
D —26 1

® = ok 6 R — ﬂBupUB“pU — Dya* +4a* = c, (2.4)

where c is an arbitrary constant. From
DY, +0,8% =0, (2.5)

it follows that third beta function, 5%, is equal to an arbitrary constant. Here R,, and D,
are Ricci tensor and covariant derivative with respect to the space-time metric G,,. Field
strength for Kalb-Ramond field By, and dilaton gradient are defined as

Buvp = 0By, + 0,By, + 0,Buy,  ay = 0,P. (2.6)

One of the solutions of these equations which is important for us here is the solution
where some background fields are coordinate dependent. Let us choose Kalb-Ramond field
to be linearly coordinate dependent and dilaton field to be constant. The equation (2.2)
turns into

1
Ryuy = 7 Bups B, = 0. (2.7)

If we assume that field strength is infinitesimal, then we take G, to be constant in ap-
proximation linear in B,,,,. Consequently, the third equation (2.4) is of the form

D-26
—— =

2Tk

c. (2.8)

The constant c is arbitrary, and fixing its value at ¢ = —23§T £ we obtain D = 3, dimension

of the space in which we will work further.



The choice of background fields in the case we will consider is

R0 0 0 Hz0
Gw=| 0R 0|, Bu=|-Hz 0 0], (2.9)
0 0 R} 0 00

where R, (1 = 1,2,3) are radii of the compact dimensions. In terms of radii, the imposed
condition that H is infinitesimal, can be rewritten as

_H i -0 (2.10)
RiRsR3) '

Physically, infinitesimality of H means that we work with sufficiently large torus (diluted
flux approximation). If we rescale the coordinates

o — 2™ = Ry at 2.11
o

where indices on the right hand-side of equation are not summed, the form of the met-
ric simplifies
100
Gw=1010]. (2.12)
001

Taking all assumption into consideration, the action is of the form
S = Ii/ d*€0 2"y, 02" (2.13)
b
1
= n/ d%¢ [2 (O4x0_x + 04yO_y + 0420_2) + OyxHz0_y — OyyHz0_zx| |
by

where 01 = 0; £ 0, is world-sheet derivative with respect to the light-cone coordinates
gi = %(T * 0)7 H:I:;w = B;w + %G,w and

=y (2.14)
z

T-dualization of dilaton is done within quantum formalism and here it will not be presented.

3 Family of three R flux non-local theories

In this section we will perform T-dualization of closed bosonic string equipped by H-
flux torus background fields, one direction at time. T-dualization procedure will go along
zyx line. We will show that all three theories are nonlocal with R-flux. Also we will
find expressions connecting initial and T-dual variables, so called T-dual transformation
laws. Using transformation laws in canonical form, we will check after every step whether
obtained theory is (non)commutative and/or (non)associative.



3.1 T-dualization along z direction — shortcut to R-flux

Unlike the cases considered in [33, 44], where T-dualization drives along zyz line, let us
do that in opposite direction and perform generalized T-dualization [28] of action (2.13)
along z direction.

3.1.1 T-dualization procedure

It looks like that this direction is not isometry one. But we can show that it can be treated
like isometry direction. Let us consider the global transformation

St =AM, (3.1)

and vary the action with respect to this transformation

68 = gBWp)\p /E d*€0, x'o_a¥ = %BW,,A%@L* /E d*€[0 (21 052" ) — 2" (90 0p2")] . (3.2)

The second term vanishes as a consequence of contraction of antisymmetric (¢*?) and
symmetric (0,03) tensors, while the first one, surface term, survives, and it is, in general,
different from zero. But, the expression .5 is an topological invariant, so it vanishes if the
map from the world-sheet to D-dimensional space-time is topologically trivial. Essentially,
infinitesimal field strength H does not affect the vanishing of the surface term.

There is one more explanation of vanishing of this surface term. It is more technical
and adjusted to the approximation we used in this article which essence is the explanation
in paragraph above. Because we work in the approximation up to the linear terms in H, z*
satisfies equation of motion for constant G, and B,,,, 040_x* = 0, which solution is well
known in literature. If the winding number is equal to zero, it holds z# (27 + o) = z#(0),
and since the configuration in the initial 7; and final moment 7; is fixed, the surface term
vanishes.

So, in the weakly curved background case (H-flux torus background is such like that),
z direction is an isometry one. Localization of the shift symmetry of the action (2.13) along
z starts with introducing the covariant derivative

O+z —> Dyz =042z + v, (3.3)

where vy is a gauge field. In order to make gauge fields unphysical ones, we introduce term
with Lagrange multiplier

Soa = /E Peys(D4v- —_v,). (3.4)

These two steps are the part of the standard Buscher procedure. Because of coordinate
dependent background field B, generalized T-dualization procedure has an additional
step, introducing of an invariant coordinate

S /PdfaDaz _ /I;d€+D+z +/Pd§_D—Z = Z(f) — 2(50) + AV, (3.5)



where
_ a, + -
AV —/Pdf va—/P(df vy +dEvo). (3.6)

The form of the action is now

S = /{/ d*¢ [Hzm”(&ra:a_y — 0yyo_z) + %((’Lx({)_:c + 04+y0_y+ DyzD_xz)
b

+ % y3(Oyv_ — 8_v+)} . (3.7)

Fixing the gauge, z(£) = 2(&), we get gauged fixed action in the form

S iz = /{/ d*¢ [HAV((%m@y — 04y0_x) + %(&r:n@,x + 04y0_y +vyv_)
b

+ %yg(a_w_ _ 8_v+)] . (3.9)

The equation of motion for Lagrange multiplier ys3 obtained from above action (3.8)
produces
Oyv_ —0_vy =0= vy =012, (3.9)
which drives us back to the initial action (2.13). On the other side, if we found equations
of motion for gauge fields vy, we get

vy = +0ry3 — 267, (3.10)

where 8% functions are defined as
1
Bt = :FiH(x(?;y —yo+x). (3.11)

The f* functions stem from the variation of the term containing AV. The derivation of
beta functions S* is based on the relation 9 AV = vi. In the derivation of the beta
functions there is one nontrivial technical point and that is vanishing of the surface term
after one partial integration. That surface term is of the same form as in eq. (3.2), so
the same reasons for surface term vanishing hold here. Mathematical details regarding
derivation of 3% functions can be found in refs. [28-31, 44].

Inserting the relations (3.10) into the gauge fixed action, keeping linear terms in H,
we obtain the T-dual action

S =k / d*€04 , X", 104,,0_, X", (3.12)
by
where
N 1
XM= Yy ) zHer/ = zB;w + §ZG[LZ/? (3'13)
Y3
0 HAV 0 100
B = -HAV 0 0|, Guw=10101. (3.14)
0 0 0 001

Let us note that presence of AV, defined as line integral, represents the source of
nonlocality of the T-dual theory.



3.1.2 T-dual transformation law

Combining the equations of motion for Lagrange multiplier (3.9) and for gauge fields (3.10),
we obtain T-dual transformation laws

O0+z 2 +01ys F H(xé?iy - yaix) , (3'15)

~

where = is used here to mark T-dual relation. Momentum of the initial theory (2.13)
canonically conjugated to the coordinate z is of the form

oL
=57 =
where £ is a Lagrangian density defined as S = fz d*¢L. Calculating # using T-dual

K2, (3.16)

Tz

transformation law (3.15), we get the T-dual transformation law in canonical form

1
yh s + H(zy' —y2'), (3.17)

which is of the same form as in the zyz case.

In all further expressions we will keep the symbol AV, but we must have in mind
that we used equations of motion for Lagrange multipliers (3.9) at the end of T-dulization
procedure along z coordinate, so, having in mind (3.6) and (3.15), we get

AV = Az = /d§+8+y3 — /dg_a_yg =7;3. (3.18)

The variable AV is multiplied by infinitesimal field strength H, so, in the above expression
we used 01z = +01y3, as a consequence of diluted flux approximation.

3.1.3 (Non)commutativity and (non)associativity

The initial theory is geometric one and its variables satisfy the standard Poisson algebra
{z"(0),2"(0)} = {mu(o), m ()} =0, {a* m(0)} = ",6(0c —7), (3.19)

where 2# are the coordinates of the initial theory, while 7, are their canonically conju-
gated momenta. Using expression (3.17) and standard Poisson algebra (3.19), we obtain
that coordinates of the theory obtained after one T-dualization, ,X*, are commutative.
Consequently, Jacobiator is equal to zero, which means that theory is associative.

Summarizing this first step of T-dualization, obtained theory is commutative and as-
sociative nonlocal R-flux theory. Comparing with the results of the ref. [44] after first
T-dualization, qualitatively we obtain the same result, but with the essential difference
that here obtained theory is nonlocal R-flux theory unlike that in [44] which is geometrical
one, locally and globally well defined.

3.2 Step 2 — T-dualization along y direction

Our starting point is the action given in eq. (3.12). The background fields are independent
of y, so, we apply standard Buscher procedure. This means that, unlike the previous
case, we perform just first two steps in T-dualization procedure and skip the third one —
introducing of invariant coordinate. The T-dualization procedure is already presented, so,
we will skip explaining procedure steps further.



3.2.1 T-dualization procedure

The gauge fixed action is of the form

1
Stiz = m/ d*¢ [2 (O120_x +viv_ + 04y30_ys) + HAV (v_04x — vy0_x)
2

K
+ 2/ d*€yn(01v_ — D_vy). (3.20)
by
Varying with respect to the Lagrange multiplier yo we get

vt =01y, (3.21)
while the equations of motion for gauge fields are
vy = +0+ys F2HAVO1x. (3.22)

Inserting the expression for gauge fields (3.22) into gauge fixed action (3.20), we obtain the
T-dual action

WS =k /Z d*€ 04 Ly XF T4 0— XY, (3.23)
where
o 1
zyX# =1 92 > zyHJr;w = zyB/u/ + 5 zyG;w ) (3.24)
Y3
1 —2HAV 0
B =0, WG = —2HAV 1 0. (3.25)
0 0 1

Let us note that after two T-dualizations in the xyz case in [44] we also obtained that
T-dual Kalb-Ramond field is zero.

3.2.2 T-dual transformation law

Combining equations of motion (3.21) and (3.22) we get the corresponding transforma-
tion law
O+y &2 +01yo F2HAV 01 . (3.26)

Let us now prescribe the transformation law in canonical form. The momentum canonically
conjugated to the initial coordinate y is obtained by variation of the initial action (2.13)
with respect to the y and it is of the form

my = k(y + 2Hz1'"), (3.27)
while from transformation law (3.26) we have
U2 yh—2HAVZ . (3.28)

Combining last two equations and using the fact that, in the approximation linear in H,
AV and z are T-dual to each other, we get
1

L 3.29
~my (3.29)

I

Y

As we see the transformation law is the same as in the xyz case.



3.2.3 (Non)commutativity and (non)associativity

In this paragraph we will calculate Poisson brackets of the coordinates ., X* using trans-
formation laws in canonical form given by egs. (3.17) and (3.29).

With the help of the standard Poisson algebra (3.19) and instructions from appendix
B, it is easy to see that

{z(0),2()} = {12(0),y2(0)} = {y3(0),y3(0) } = {x(0),42(5)} = {z(0),y3(7)} = 0.
(3.30)
The only non-zero Poisson bracket is

{y2(0),y3(0)} = % [24/(0)d(0 — &) + 2(0)d (0 — )] , (3.31)

where ¢’ = 0,0(c — ). This result is obtained by straightforward calculation using T-
dual transformation laws, (3.17) and (3.29), and standard Poisson algebra (3.19). The
relation (3.31) is of the form (B.1), where A'(0) = y4(0), B'(5) = y4(5), U'(0) = £22/(0)
and V(o) = %w(a). With these substitutions in mind, we have that final expression is of
the form (B.8)

[12(0),35(0)} =~ [22(0) ~ 2(0)] 60 ~ ) . (332)

For ¢ — 0 + 27 and 6 — ¢ we have
. H
{y2(0 +2m), y3(0)} = ——[2(0) + 4mNz] , (3.33)
because 0(27) = 1 (B.6), while N, is winding number for = coordinate
x(o+27) —x(0) = 27N, . (3.34)

As we can see the noncommutativity relation (3.32) is of k-Minkowski type. It is straight-
forward to see that

{z(01), {y2(02), ys(03)}} + {y2(02), {ys(o3), x(01)}} + {y3(o3), {z(01),y2(02) } } = 0.
(3.35)
Because the Jacobiator is zero, we conclude that this R-flux theory is noncommutative
and associative one.

3.3 Step 3 — T-dualization along x direction

In this subsection we will finish T-dualization procedure not repeating the mathematical
details, but giving just the important equations and results.
The gauge fixed action is given by the following equation

1
Stiz = n/ d*¢ [2 (Vv + 04y20_ya + 04+y30_y3) — HAV (v40_ya + O4+y2 v_)
b

K

+ 5 /Ed2§y1(8+v_ —0_vy). (3.36)
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The equations of motion for Lagrange multiplier produces

vy =0t (3.37)
while the equations of motion for gauge fields vy give
Uy = i@iyl +2HAV aiyg . (3.38)
Inserting expressions for v4 into gauge fixed action we get the T-dual action
zy:vS = /f/ d2§a—|— zy:cXM zya:H-I—uV ZYyT XV7 (339)
b
where
Y1 1
X = s | vl = syaBu + 5 G (340)
Y3
0 —HAV O 100
waeBuw = | HAV 0 0|, 2yeGu=1010 | . (3.41)
0 0 0 001
Combining the equations of motion (3.37) and (3.38) we obtain the T-dual transfor-
mation law
O+x = +01y1 + 2HAV I1Lys . (3.42)
It directly follows that
Ty +2HAV . (3.43)

From the initial action (2.13) it is obvious that momentum canonically conjugated to x is
of the form

T = ki — 26Hzy' . (3.44)
The T-dual transformation law for y (3.26), in the approximation linear in H, produces
that ¢’ = g5. Taking into account the relation (3.43), we get the canonical form of the

T-dual transformation law 1
i T (3.45)

As we see the full set of T-dual transformation laws, (3.17), (3.29) and (3.45), are the same
as in the case where T-dualization was along xyz line [44] up to H — —H. The full T-
dualized theory is of the same form as in [44] with the expressions for noncommutativity

{v1(0),y3(0)} = g 2y(0) —y(a)]0(c — ), (3.46)

{y2(0), y3(0)} = —g 22(0) — 2(3)]0(c — 7), (3.47)
and nonassociativity

{y1(o1),y2(02), y3(03) } =
{y1(01), {y2(02), y3(03) }} + {2(02), {y3(03), y1(01)}} + {y3(03), {y1(01), y2(02) }} =
2 (o~ 02)0(0 — 05) + 602 — 01)0(01 — 03) + (o1 — 5)6(os —2)] ,  (3.48)

which can be obtained from the corresponding ones in zyz case [44] by replacing H — —H.

- 11 -



4 Quantum aspects of T-dualization in the weakly curved background

In proving isometry and computing the f* functions we assumed the trivial topology and
the surface term occurring there vanishes. Now we want to discuss some quantum as-
pects of the considered problems in nontrivial topologies. We will consider the action for
bosonic string in the weakly curved background — constant metric and Kalb-Ramond field
depending on all coordinates and with infinitesimal field strength. Torus with infinitesimal
H-flux is special case of this model.

On th classical level there are a few problems in the theory. In order to perform the
éLTL’U
is multivalued and the proof of equivalence of gauged and initial theories needs the part

generalized T-dualization procedure the invariant coordinate z  is introduced. But it
considering global characteristics. Moreover, in the quantum theory at higher genus, the
holonomies of the world-sheet gauge fields complicate the situation a little bit. Fortunately,
these problems can be resolved in Abelian case in the quantum theory [50-52].

First, we make Wick rotation 7 — —i¢7, which makes the term which contains metric
tensor G, gets multiplier ¢, while the terms which contain Kalb-Ramond field B, and
Lagrange multiplier y, stay unchanged. Then the partition function is of the form

00
223 [Dypuen oG vt PV (41)
g=0

We use differential forms and omit the space-time indices to simplify writing of equations.
The Hodge duality operator is denoted by star. The index g denotes the genus of manifold.

The first step in the calculation process is separation the one form dy into the exact
part dy. (ye is single valued) and the harmonic part y;, (dy, = 0 = diy;)

dy = dye + yp. (4.2)

For the closed forms the co-exact term dfy,, in the Hodge decomposition is missing.

The path integral (4.1) goes over all degrees of freedom including local degrees of
freedom as well as the sum over different topologies. Consequently, according to the (4.2),
we substitute Dy with the path integral over y. and the sum over all possible topologically
nontrivial states contained in y;, (marked by H,)

Dy —Dye » . (4.3)
Hy

The integration over y. induces vanishing of the field strength

Z= / Do §(dv) e 5 0 G vrin iy eBIVIO S o fow, (4.4)
HL/

The 1-form v can be expressed as sum of exact, co-exact and the harmonic parts

v=dz+ dve + vy, (4.5)

- 12 —



which means that
Dv — DxDd v dH,. (4.6)

The functional integration over harmonic part v, drives to the ordinary integration over
topologically nontrivial periods (marked by symbol H,). After integration over d'vee we get

7 /Ddev 6_% Js; v G *vtik [guB[V]v Ze% Js VYh (47)
Hy

The last term in the exponent is responsible for nontrivial holonomies. Eliminating
Vee part, the 1-form v becomes closed and the Riemann bilinear relation becomes usable

/Evyh:g[iiv}iyh_iiyhiv]' (4.8)

The symbols a;,b; (i = 1,2,...,¢g) represent the canonical homology basis for the world-
sheet. Because of the periodicity of the Lagrange multiplier y, its periods are just the
winding numbers around cycles a; and b;

N, :j{ Yn, Ny, :j{ Yn, - (4.9)
a; b;

7 K3

Ai :% v, Bz :%U, (410)
a; bz

g
/ vYp = Z(NbiAi — N, B;). (4.11)
z i—1

Denoting the periods with

we get

Now the partition function (4.7) gets the form

7 = /DSU dAdele—% fEUG*v—FZ’HfE vB[V]v Z 6% zg:1(Nb¢Ai_NaiBi). (412)
Na; Ny, €Z
The periodic delta function is defined as d(x) = % nez e’ which produces
7 = /D:L’ dA;dB;6 (gA’) ) (gBl) =5 JsvGrutin [y vB[V]v (4.13)

It is useful to examine the path dependence of the variable V#, which form is now
VH©) = 2(€) - at(60) + [ . (4.14)
P

Let us consider two paths, P, and P>, with the same initial £ and the final points .
Now we will subtract from the value of V# along P; the value along path P> and obtain
the integral over closed curve PPy L of the harmonic form

VI[P - VHP) = Jé - vl (4.15)
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Establishing the homology between the closed curve PP, 1 and curve > [niai + mibz-],
(ni,m; € Z) we get finally

VEP] = VHPy] + > (niAl +m;Bl). (4.16)

The variable V#() in classical theory is path dependent if holonomies are nontrivial.
Integrating eq. (4.13) over A; and B; implies that periods A; and B; are zero. Conse-
quently
v =dz. (4.17)

The variable V# becomes single valued, and the initial theory is restored
7 /Dme—’; Js dz G *da+ik [ deBlx]de _ /Dxe—nfz d?¢02T1 4 [x]0x ] (418)

Consequently, starting with partition function of the gauged fixed action of bosonic
string in the weakly curved background, within path integral formalism and in the presence
of nontrivial topologies, we came to the partition function of the initial theory. That means
that introducing coordinate dependent Kalb-Ramond field is consistent with path integral
quantization process.

5 Conclusion

In this article we studied the 3D closed bosonic string propagating in the geometry known
as torus with H-flux — constant metric and Kalb-Ramond field with just one nonzero
component, By, = —By, = Hz. The choice of background fields is consistent with the
consistency conditions if we work in the diluted flux approximation which assumes that
in all calculations we keep just the constant terms and those linear in the infinitesimal
field strength H. Our goal was to study the T-dualization line which goes in the oppo-
site direction from the standard one. First, we T-dualize z direction, then y and at the
end along x direction — so-called zyx T-dualization line. We analyzed in every step the
(non)commutativity and (non)associativity of the obtained theory and made comparisons
with the case of xyz T-dualization line considered in [33, 44].

The common fact for all three theories obtained in the process of T-dualization step by
step is that all three ones are nonlocal R-flux theories. The nonlocality comes as a result
of the first step in T-dualization procedure, T-dualization along z direction. Generalized
T-dualization procedure has one additional step with respect to the standard Buscher
procedure and that is introduction of invariant coordinate. In the process of T-dualization
invariant coordinate turns into variable AV which is defined as line integral. Consequently,
this means that obtained theory is nonlocal. Further T-dualizations does not affect AV
and, all three theories are nonlocal ones. As we know, in the case of zyz T-dualization
line [44], we obtained three different theories in geometrical sense — twisted torus, Q-flux
theory (which is local) and nonlocal R-flux theory.

The dualization along z direction produces nonlocal R-flux theory unlike the zyz
case [33, 44] where the theory obtained after first T-dualization is locally and globally
well defined. Because initial theory is geometrical one, its variables satisfy standard Pois-
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son algebra (3.19). Using (3.19) and T-dual transformation law written in the canonical
form (3.17), we showed that theory obtained after T-dualization along z coordinate (using
generalized T-dualization procedure) is commutative and, consequently, associative one
as in [44].

The second step in T-dualization is T-dualization along y direction. Using standard
Buscher procedure, we obtained the form of the T-dual theory and the corresponding T-
dual transformation law, which is rewritten in the canonical form (3.29) in terms of the
coordinates and momenta of the initial theory. Using standard Poisson algebra (3.19) and
T-dual transformation laws in canonical form, (3.17) and (3.29), we easily proved that
theory after two T-dualizations is noncommutative, but it is still associative one. In this
article we used trivial winding condition (3.34) and showed that T-dual coordinates y2 (o)
and y3(0) are commutative for equal arguments, ¢ = &, but they are noncommutative
if 0 — & = 27. The result is qualitatively similar to the result of [33], where after two
T-dualizations the obtained theory is noncommutative one. But, the difference is in the
winding condition which is nontrivial in [33], mixing different coordinates. The different
winding condition induces the noncommutativity for ¢ = & (for more details see [33]).
On the other hand in the analysis presented in [44] (zyz T-dualization line) the theory
obtained after two T-dualizations is commutative under trivial winding condition.

The final step in T-dualization procedure is T-dualization along x direction. The
theory after full T-dualization is the same as in xyz case [44] with the noncommutativity
and nonassociativity parameters which can be obtained from those in zyz case [44] adding

w_»

sign. This is a consequence of the fact that the full set of T-dual transformation
laws is the same as in [44] up to the replacing H — —H. This difference up to the “—”
sign stems from the initial actions. In this article we start from (2.13), while in [44] the
starting action for z T-dualization is @-flux action, formally the same as (2.13) up to the
replacing H — —H.

Finishing the discussion of the results obtained in this paper it is interesting to make
comparison with some similar efforts. We studied the abelian isometries using both stan-
dard and generalized T-duality procedure, while in the paper [53] nonabelian isometries
using standard Buscher procedure are considered. The authors of [53] showed that spaces
with isometry maps to the nonisometry spaces, while in this paper there is isometry in
every T- dualization step. One of their conclusions that T-dual transformations are more
than continuous isometry can be added to the concluding remarks of this paper. In the
ref. [43] generalized T-duality and nongeometric background are considered, but using low
energy effective action, unlike here, where we used sigma model action. The paper [54]
deals with T-dualizations along nonisometry directions like in [31], using extension of gauge
symmetry, while the authors of [31] use the generalized T-dualization procedure introduc-

2

ing invariant coordinates (in [54] they call them “covariant” coordinates). In this paper we
use this generalized T-dualization procedure but all directions considered here are isome-
try ones. It is useful to mention that in the paper [55] bosonic string in the presence of
the weakly curved backgrounds is considered using double space formalism as well as the
influence of the order of T-dualizations. The double space formalism gives the result which

is in accordance with the result of the current paper.
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Consequently, we conclude that in the case of the full T-dualization the form of the
T-dual theory do not depend on the order of T-dualization, while parameters of noncom-
mutativity and nonassociativity change sign.

A Light-cone coordinates

In the paper we often use light-cone coordinates defined as

1
¢ =S +0). (A.1)
The corresponding partial derivatives are
0t = 0 _ 0r £0 A
+ = agj — T :i: (o) ( 2)
Two dimensional Levi-Civita €*? is chosen in (7, ) basis as €77 = —1. Consequently,

in the light-cone basis the form of tensor is

erf = (_O ) : (A.3)

The flat world-sheet metric is of the form in (7, 0) and light-cone basis, respectively

10 . 30
= ol = , A4

Let us stress that in whole article we use standard notation for 7 and o derivatives —
A=0;A and A’ = 9, A, where A is an arbitrary variable.

N[ +—
O Nl

B Two types of Poisson brackets used in the paper

In this paper, we have seen that T-dual transformation laws connect derivatives of T-dual
coordinates with coordinates and momenta of initial theory. While initial theory satisfies
standard Poisson brackets, in order to find Poisson brackets for T-dual theory, we first need
to find Poisson brackets between o derivatives of T-dual coordinates. This type of Poisson
bracket will, in general case, be some function of initial coordinates, Dirac delta functions
and their derivatives with respect to ¢. Having this in mind, general case for our Poisson
brackets will have following form

{A'(0),B'(5)} =U'(0)d(c — ) + V(0)§' (0 — 7), (B.1)

where 0'(c—5) = 0,0(0c —a). For terms A’(c), U'(0) and B'(5), symbol ' stands for partial
derivative with respect to o and &, respectively. If we want to calculate the Poisson bracket

{A(0), B(9)},
first we have to calculate the following one

{AA(0,00),AB(7,00)}, (B.2)
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where

AA(o,00) = / " A A(2) = A(0) — A(oy), AB(5,50) = / " d2B'(z) = B(5) — B(5y).
7 " (B.3)

Substituting the expressions (B.3) into (B.2), we have
{AA(0,00), AB(5, 50)} = / " da / iy [U@)5 -y + V@) —y)] . (BA)

After integration over y we get
{AA(0,00),AB(c,00)} =
- / da{U'(2) [0(a — 50) — 6(x — 0)] + V() [5(z — 50) — 6z — 8]}, (B.5)

0

where 0(x) is defined as

- 1 1 0 ifz=0
0(z) =/ dnd(n) = —— [z +2) _ —sin(nz)| =1 1/2if 0 <z < 27, (B.6)
0 21 n .
n=1 1 ifx=2rx
where 6(x) = % nez e Finally, integrating over z, we obtain

+
/S —
Q
e
=
R)

|
Qi
N

|
>
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(e)

|
Qi
()

|
=
Ql
=
R)

|
Qi

|
=
S)
o

|
D
vy
-

From the last expression, using (B.3), we extract the searched Poisson bracket
{A(0),B(0)} = —[U(0) =U(a) + V(9)]0(c — 7). (B-8)

In order to calculate Jacobiator we have to find Poisson brackets of type {y(c),z(5)},
where y(o) is coordinate T-dual to initial one x (o). Having this in mind, we start with the
following Poisson bracket

ol o0hs(@) = { [

and using T-dual transformation law in canonical form

(o

dny/ (1), xw)} , (B.9)

0

TRy, (B.10)
we get
ol a(@} = { [ dur.alo)} (B.11)

where (o) is momentum canonically conjugated to the coordinate z(c). Initial theory is
geometric one which variables satisfy standard Poisson algebra, so, the final result is of
the form

(Ay(0,00), ()} = —2 [0(0 — ) — (o0 — )] —> {y(0),2(5)} = —%9(0 _5).
(B.12)

=
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Noncommutativity and Nonassociativity of Closed Bosonic

String on T-dual Toroidal Backgrounds

B. Nikoli¢* and D. Obrié

In this article we consider closed bosonic string in the presence of constant
metric and Kalb-Ramond field with one non-zero component, B, = Hz,
where field strength H is infinitesimal. Using Buscher T-duality procedure we
dualize along x and y directions and using generalized T-duality procedure
along z direction imposing trivial winding conditions. After first two
T-dualizations we obtain Q flux theory which is just locally well defined, while
after all three T-dualizations we obtain nonlocal R flux theory. Origin of
non-locality is variable AV defined as line integral, which appears as an
argument of the background fields. Rewriting T-dual transformation laws in
the canonical form and using standard Poisson algebra, we obtained that Q
flux theory is commutative one and the R flux theory is noncommutative and
nonassociative one. Consequently, there is a correlation between non-locality

In the last two articles of ™ the method
of solving of boundary conditions is
presented. The basic idea is that open
string boundary condition is treated as
canonical constraint. Investigating the
consistency of the canonical constraint
we obtained the o dependent form of
the boundary condition. Further, we
can proceed twofold: to introduce Dirac
brackets or solve the constraint. Solving
the constraint, we obtained the initial
coordinate as a linear combination of
the effective coordinate and momenta.
Consequently, initial coordinates are
noncommutative and the main contri-

and closed string noncommutativity and nonassociativity.

1. Introduction

Coordinate noncommoutativity means that there exists minimal
possible length, which imposes natural UV cutoff. Idea of coor-
dinate noncommutativity is very old. Heisenberg suggested coor-
dinate noncommutativity to solve the problem of the occurrence
of infinite quantities before renormalization procedure was de-
veloped and accepted. The first scientific paper considering this
subject appeared 19471 where construction of discrete Lorentz
invariant space-time is presented. Later in the period of 1980s A.
Connes developed noncommutative geometry as a generalization
of the standard commutative geometry.”

Noncommutativity became again interesting for particle physi-
cists when the paper’! appeared. In this article it is shown us-
ing propagators that open string endpoints in the presence of
the constant metric and Kalb-Ramond field become noncom-
mutative. D-brane on which the string endpoints are forced
to move becomes noncommutative manifold. After this article
many articles® appeared addressing the same subject but us-
ing different approaches - Fourier expansion, canonical methods,
solving of boundary conditions etc.
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bution to noncomutativity parameter
comes from Kalb-Ramond field as it was
expected.
Following the result of the article®! it
can be proven that gauge fields “live” at
the open string endpoints. Consequently, many interesting pa-
pers concerning non-commutative Yang-Mills theories and their
renormalisability appeared.l® In the papers!’! cross sections for
some decays, allowed in noncommutative Yang-Mills theories
and forbidden in commutative ones, are calculated, which offers
a possibility of the experimental check of the noncommutativity
idea and further, indirectly, idea of strings.

It is obvious that closed bosonic string in the presence of
constant background fields remains commutative. There are no
boundaries and, consequently, boundary conditions constraining
string dynamics. In the case of open string we obtained initial
coordinate in the form of linear combination of effective coordi-
nates and momenta using boundary condition. That is achieved
in the closed string case® using T-duality procedure and coordi-
nate dependent background.

T-duality as a fundamental feature of string theory,’"! unex-
perienced by point particle, makes that there is no physical dif-
ference between string theory compactified on a circle of radius
R and circle of radius 1/ R. Buscher T-dualization procedure!'”
represents a mathematical frame in which T-dualization is
realized. If the background fields do not depend on some co-
ordinates then those coordinates are isometry directions. Con-
sequently, that symmetry can be localized replacing ordinary
world-sheet derivatives .. by covariant ones Dyx" = d.x" + vff,
where v’ are gauge fields. In order to make T-dual theory has the
same number of degrees of freedom, the new term with Lagrange
multipliers is added to the action which forces the gauge fields to
be unphysical degrees of freedom. Because of the shift symme-
try, using gauge freedom we fix initial coordinates. Variation of
this gauge fixed action with respect to the Lagrange multipliers
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produces initial action and with respect to the gauge fields pro-
duces T-dual action.

Standard Buscher T-dualization was applied in closed string
case in the papers.B161% In Ref. [16] authors consider 3-torus
in the presence of constant metric and Kalb-Ramond field with
one nonzero component B,, = Hz, where field strength His in-
finitesimal. They systematically apply Buscher procedure and, af-
ter two T-dualizations along isometry directions, obtain theory
with Q flux which is noncommutative. In the calculations they
used nontrivial boundary conditions (winding conditions). The
result is that T-dual closed string coordinates are noncommuta-
tive for the same values of parameters o = & with noncommuta-
tivity parameter proportional to field strength H and N;, winding
number for z coordinate.

But, except this standard Buscher procedure, there is a gen-
eralized Buscher procedure dealing with background fields
depending on all coordinates. The generalized procedure was
applied to the case of bosonic string moving in the weakly
curved background®-?? and in the case where metric is quadratic
in coordinates and Kalb-Ramond field is linear function of
coordinates.”®l The generalized procedure enables us to make
T-dualization in mentioned cases along arbitrary subset of coor-
dinates.

Double space is one picturesque framework for representation
of T-duality. Double space is introduced two to three decades
ago.”™¥ 1t is spanned by double coordinates ZM = (x*, y,)
(t=0,1,2,..., D—1), where x* are the coordinates of the
initial theory and y, are T-dual coordinates. In this space
T-dualization is represented as O(d, d) transformation.?9-3
Permutation of the appropriate subsets of the initial and
T-dual coordinates is interpreted as partial T-dualization***]
expanding Duff’s idea.’¥ The newly invented intrinsic
noncommutativity®® is related to double space. Intrinsic
noncommoutativity exists in the constant background case
because it is considered within double space framework.

In this article we will deal with closed bosonic string propagat-
ing in the constant metric and linear dependent Kalb-Ramond
field with B,, = Hz, the same background as in [16]. This con-
figuration is known in literature as torus with H-flux. As in
the Ref. [16] we will use approximation of diluted flux, which
means that in all calculations we keep constant and linear terms
in infinitesimal field strength H. Transformation laws, relations
which connect initial and T-dual variables, we will write in canon-
ical form expressing initial momenta in terms of the T-dual co-
ordinates. Unlike Ref. [16], except T-dualization along two isom-
etry directions, we will make one step more and T-dualize along
z coordinate using generalized T-dualization procedure. During
dualization procedure we will use trivial boundary (winding) con-
ditions.

Transformation laws in canonical form enable us to express
sigma derivative of the T-dual coordinate as a linear combination
of the initial momenta and coordinates. Because initial theory is
geometrical locally and globally, its coordinates and canonically
conjugated momenta satisfy standard Poisson algebra. This fact
means that we can calculate the Poisson brackets of the T-dual
coordinates using technical instruction given in subsection 4.1.

After T-dualizations along isometry directions (along x and
y) we obtain the same background as in Ref. [16] but, obtained
Q flux theory, which is still locally well defined, is commuta-
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tive. This is a consequence of the imposed trivial winding condi-
tions. Having in mind the generalized T-duality procedure,?*1-23]
T-dualization along z coordinate produces R flux nonlocal theory
because it depends on the variable AV which is defined as line
integral. Calculating Poisson brackets of the T-dual coordinates
we obtain two nonzero Poisson brackets and show that there is a
correlation between non-locality and closed string noncommuta-
tivity.

The form of noncommutativity is such that it exists when ar-
guments of the coordinates are different, 0 # &. That is another
difference with respect to the result of Ref. [16] but there is no
contradiction because the origins of noncommutativity are differ-
ent. In this article non-locality is related with noncommutativity
of R flux theory under trivial winding conditions while in Ref. [16]
it is about noncommutativity of Q flux theory under nontrivial
winding conditions.

From the noncommutativity relations it follows that Jacobi
identity is broken i.e. nonassociativity occurs. Nonassociativity
parameter, R flux, is proportional to the field strength H. Us-
ing generalized T-duality??>?!?3l we obtain the concrete form of
nonassociativity from string dynamics. Similar as noncommu-
tativity, discovery of nonassociativity pushes the scientists to ex-
plore the effects of nonassociativity in the field of renormalis-
ability of ¢* theory® as well as formulation of nonassociative
gravity.*®)

At the end we add an appendix containing some conventions
used in the paper.

2. Bosonic String Action and Choice of Background
Fields

The action of the closed bosonic string in the presence of
the space-time metric G, (x), Kalb-Ramond antisymmetric field
B,,(%), and dilaton scalar field ®(x) is given by the following
expression!’!

Szk-LdzéJjg

1 Q, 8aﬂ L v
x {[Eg PG (%) + ﬁBM(x)} Buxdpx” + @ (x) R(2>} ,

2.1)

where ¥ is the world-sheet surface parameterized by §* = (z, o)
[(@ =0,1), o € (0, )], while the D-dimensional space-time is
spanned by the coordinates x* (1 =0,1,2,..., D —1). We de-
note intrinsic world sheet metric with g4, and the corresponding
scalar curvature with R@.

In order to keep conformal symmetry on the quantum level
background fields must obey space-time field equationst”

G _ 1 po
= R, — 7 B.ps B,*° +2D,a, =0, (2.2)
Bi, = D,B’u, — 24,8, =0, (2.3)
D—126 1
® =21k — R— —B,,, B*° — D,a" + 4a®> = ¢,
p 6 24 1 !
(2.4)
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where c is an arbitrary constant. The function 8% could be a con-
stant because of the relation
DVIBSA. + 8Mﬁ¢ = 0 (25)
Further, R,, and D, are Ricci tensor and covariant derivative with
respect to the space-time metric G,,,, while

Bup =08,By+8,Byy +8,Bu, a,=109,9, (2.6)
are field strength for Kalb-Ramond field B,,, and dilaton gradient,
respectively. Trivial solution of these equations is that all three
background fields are constant. This case was pretty exploited in
the analysis of the open string noncommutativity.

The less trivial case would be a case where some background
fields are coordinate dependent. If we choose Kalb-Ramond field
to be linearly coordinate dependent and dilaton field to be con-
stant then the first equation (2.2) becomes

1
R/w - = B;Lpa va{r =0.

2 (2.7)

The field strength B,,,, is constant and, if we assume that it is in-
finitesimal, then we can take G, to be constant in approximation
linear in B,,,. Consequently, all three space-time field equations
are satisfied. Especially, the third one is of the form

D-26 _
= -

2K

c, (2.8)

which enables us to work in arbitrary number of space-time di-
mensions.

In this article we will work in D = 3 dimensions with the fol-
lowing choice of background fields

R 0 0 0 Hz 0
Go=|0 R o], B,=|-Hz 0o o], (9
0 0 R 0 0 0

where R, (u = 1, 2, 3) are radii of the compact dimensions. This
choice of background fields is known in geometry as torus with
flux (field strength) H.'S! Our choice of infinitesimal H can be
understood in terms of the radii as that

H 2
—— ) =0
R R, R,

This approximation is known in literature as the approximation
of diluted flux. Physically, this means that we work with the torus
which is sufficiently large. Consequently, we can rescale the co-
ordinates

(2.10)

xll
X — —, (2.11)
R,
which simplifies the form of the metric
10 0
Gw=|0 10 (2.12)
0 01
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The final form of the closed bosonic string action is

S = K/ d’E9, x"T1,,,d_x"
z
21
=« | d°€ 7 (0;x0_x+ 0, yd_y + 3,.20_2)
z

+ 0y xHz0_y — B+sza_x:|, (2.13)

where 9, = 9, + 9, is world-sheet derivative with respect to the
light-cone coordinates §* = 1(t + ), M+, = By, +1G,, and

X
(2.14)

Let us note that we do not write dilaton term because its
T-dualization is performed separately within quantum formal-
ism and here will be skipped.

3. T-dualization of the Bosonic Closed String
Action

In this section we will perform T-dualization along three direc-
tions, one direction at time. Our goal is to find the relations con-
necting initial variables with T-dual ones called transformation
laws. Using transformation laws we will find noncommutativity
and nonassociativity relations.

3.1. T-dualization Along x Direction — from Torus with H Flux to
the Twisted Torus

Let us perform standard Buscher T-dualization™ of action (2.13)
along x direction. Note that x direction is an isometry direction
which means that action has a global shift symmetry, x — x + a.
In order to perform Buscher procedure, we have to localize this
symmetry introducing covariant world-sheet derivatives instead
of the ordinary ones

8ix —> Dix = Bix—{- V4, (31)

where v are gauge fields which transform as v, = —d.a. Be-
cause T-dual action must have the same number of degrees of
freedom as initial one, we have to make these fields v, be un-
physical degrees of freedom. This is accomplished by adding fol-
lowing term to the action

Sui = 5 / @2y, (0,0 — 0. v.), (3.2)
x

where y; is a Lagrange multiplier. After gauge fixing, x = const.,
the action gets the form

1
Sfix = K/dzé“ |:§ (vyv_ + 0,90y +0,20-2) + vy Hz0_y

1
— 0 yHzv_ + §Y1(3+U7 — 8,v+):| . (3.3)
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From the equations of motion for y; we obtain that field
strength for the gauge field v. is equal to zero

Fii =d,0_ —d vy =0, (3.4)
which gives us the solution for gauge field
vy = Bix. (35)

Inserting this solution for gauge field into gauge fixed action (3.3)
we obtain initial action given by Eq. (2.13). Equations of motion
for v, will lead to the T-dual action. Varying the gauge fixed action
(3.3) with respect to the gauge field v, we get

v_ = —0_y; —2Hz0_y, (3.6)
while on the equation of motion for v_ it holds
vy =04y +2Hz0yy. (3.7)

Inserting relations (3.6) and (3.7) into expression for gauge
fixed action (3.3), keeping terms linear in H, we obtain the
T-dual action

.S= K/ AP0, (X)L T4 00 (. X)" (3.8)
x

where subscript , denotes quantity obtained after T-dualization
along x direction and

Y1
Xi=1y (3.9)
z
Further we have the T-dual background fields
1
xn+uv = xBuv + ExG;Lva XBMV = 07
1 2Hz 0
Guw=|2Hz 1 o0 (3.10)
0 0 1

Obtained background fields (3.10) define that what is known
in literature as twisted torus geometry. String theory after one
T-dualization is geometrically well defined globally and locally or,
simply, theory is geometrical (lux H takes the role of connection).
Combining the solutions of equations of motion for La-
grange multiplier (3.5) and for gauge fields, (3.6) and (3.7), we
get the transformation laws connecting initial, x*, and T-dual,
X", coordinates
Bix = ﬂ:aiyl + ZHZBiY, (311)
where = denotes T-duality relation. The momentum r,, is canon-
ically conjugated to the initial coordinate x. Using the initial
action (2.13) we get

sS . ’
T, = — = k(¥ — 2Hzy'),

> (3.12)
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where A= 9, Aand A' = 3, A. From transformation law (3.11) it
is straightforward to obtain
Xyl +2Hzy, (3.13)
which, inserted in the expression for momentum 7, gives trans-
formation law in canonical form

Ty = kY]

(3.14)

3.2. From Twisted Torus to Non-geometrical Q Flux

In this subsection we will continue the T-dualization of
action (3.8) along y direction. After x and y T-dualization we ob-
tain the structure which has local geometrical interpretation but
global omissions. Such structure is known in literature as non-
geometry.

We repeat the procedure from the previous subsection and
form the gauge fixed action

1
Sfix = /c/ de [E (01 y10-y1 + vyv_ +0,20_2) + 0, y1 Hzu_
b

1
+ v, Hzy1 + 2 pa(iv- 8_v+)]. (3.15)
From the equation of motion for Lagrange multiplier y,
04v_ —0_vy =0 —> vy = 04y, (3.16)

gauge fixed action becomes initial one (3.8). Varying the gauge
fixed action (3.15) with respect to the gauge fields we get
vy = :I:Giyz — ZHZE)iyl (317)
Inserting these expressions for gauge fields into gauge fixed ac-

tion, keeping the terms linear in H, gauge fixed action is driven
into T-dual action

wS= K/d2$8+(xyX)“xyl'lﬂwa,(xYX)", (3.18)
where
2!
@X)" =1r|
z
. % —Hz 0
xyn+ul) = xy B;w + Expr,v = Hz % 0 (319)
1
0 0 3
Explicit expressions for background fields are
0 —Hz O 1 0 0
wBu=[Hz 0 0|=-B,, 4,Gu.=[0 10
0 0 0 0 01
(3.20)
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Let us note that background fields obtained after two
T-dualizations are similar to the geometric background of
torus with H flux, but they should be considered only locally.
Their global properties are non-trivial and because of that the
term “non-geometry” is introduced.

Combining the equations of motion for Lagrange multiplier y,
and for gauge fields v, we obtain T-dual transformation laws

Biy = :l:aiYZ — 2H28iyl (321)

The y component of the initial canonical momentum , is a vari-
ation of the initial action with respect to the y

8S

Ty = — =(j + 2Hzx). (3.22)
3y

Using T-dual transformation laws (3.21) we easily get

7=y, — 2Hzp, (3.23)

while from the transformation law (3.11), at zeroth order in H,
it holds ¥’ = y;. Inserting last two expression into , we obtain
transformation law in canonical form

Ty = ky;. (3.24)
After two T-dualizations along isometry directions, in the approx-
imation of the diluted flux (keeping just terms linear in H), ac-
cording to the canonical forms of the transformation laws (3.14)
and (3.24), we see that T-dual coordinates y; and y, are still com-
mutative. This is a consequence of the simple fact that variables

of the initial theory, which is geometrical one, satisfy standard
Poisson algebra

{x“(a), m(&)} =880 —3a), ¥ x"}= {nﬂ, nu} =0,

(3.25)
where
Ty
m,=|m (3.26)
T

3.3. From Qto R Flux — T-dualization Along z Coordinate

In this subsection we will finalize the process of T-dualization
dualizing along remaining z direction. For this purpose we will
use generalized T-dualization procedure.?*?!?% The result is a
theory which is not well defined even locally and is known in
literature as theory with R-flux.

We start with the action obtained after T-dualizations along x
and y directions (3.18). The Kalb-Ramond field (3.20) depends on
zand it seems that it is not possible to perform T-dualization. Let
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us assume that Kalb-Ramond field linearly depends on all coor-
dinates, By, = b, + 1 By, %" and check if some global transfor-
mation can be treated as isometry one. We start with global shift
transformation

Sxtt = A", (3.27)
and make a variation of action
— K P d2 L v
8S = §B,w,)k g £0,x"0_x
Zk papf 2 o v n v
= 5 Buph e | e 0pn) -5 @dpx ) (3.28)

The second term vanishes explicitly, while the first term is sur-
face one. Consequently, in the case of constant metric and lin-
early dependent Kalb-Ramond field, global shift transformation
is an isometry transformation. This means that we can make
T-dualization along z coordinate using generalized T-dualization
procedure.

The generalized T-dualization procedure is presented in detail
in Ref. [20]. In order to localize shift symmetry of the action (3.18)
along z direction we introduce covariant derivative
Biz — DiZ = Biz—|— U4, (329)
which is a part of the standard Buscher procedure. The novelty is
introduction of the invariant coordinate as line integral

2 — f d£ D,z
P
= / dé*DJrz—i—/ dé"D_z=z(§) — z(&) + AV,  (3.30)
p p
where
(3.31)

AV:[ dE“ v, =/(d§+v++d$’v,).
P P

Here & and & are the current and initial point of the world-sheet
line P. Atthe end, as in the standard Buscher procedure, in order
to make vy to be unphysical degrees of freedom we add to the
action term with Lagrange multiplier

K
Sadd = E/ d’& yy(d, v — dyv ). (3.32)
x
The final form of the action is
S= K/ d’e [— HZ™ (3, y18_y, — 3420 y1)
x
1
+ 5@0y19-y1+ 9. y29-y2 + D;2zD_2)
1
3 Balosv- - 8,v+)i| . (3.33)
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Because of existing shift symmetry we fix the gauge, z(£) = z(&),
and then the gauge fixed action takes the form

Sfix = K/ d’e [— HAV(3,y19_y, — 8, 7,0_11)
z
1
+E(8+Y1 0-y1 + 9:y20-y2 + viv-)

+ %maw, - a,m] . (3.34)

From the equation of motion for Lagrange multiplier y; we
obtain

dov_ —0v, =0=> vy =0:2, AV =Az (3.35)
which drives back the gauge fixed action to the initial action
(3.18). Varying the gauge fixed action (3.34) with respect to the
gauge fields v, we get the following equations of motion

vy = +d,y; — 287, (3.36)
where 8% functions are defined as

" 1
B = £ Hipidss = padeyi). (3.37)

The B* functions are obtained as a result of the variation of the
term containing AV

s, (—2/{ / d?&e“ Ha,y195y2A v)

= / d% (B*sv, + B 8v.), (3.38)

using partial integration and the fact that 9. V = v,. Inserting
the relations (3.36) into the gauge fixed action, keeping linear
terms in H, we obtain the T-dual action

y2S =K / A7E Dy rye X" sy T4y 0 1y X, (3.39)
b
where
Y1 1
xszM = Y2 1> xyzH-Hw = xyz B/u} + ExyzG/l.vv (340)
Y3
0 —HAjp; 0 00
xzBu = | HAP; 0 0], 4:Guw=]0 10
0 0 0 0 1
(3.41)
Here we introduced double coordinate y; defined as
aiY3 = :I:Bi%. (342)
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Let us note that AV stands beside field strength H, which impli-
cates that, according to the diluted flux approximation, we calcu-
late AV in the zeroth order in H

AV = /dg*am —/dé’&y;. (3.43)

Having this into account it is clear why we defined double co-
ordinate j; as in Eq. (3.42). Also it is useful to note that pres-
ence of AV, which is defined as line integral, represents the
source of non-locality of the T-dual theory. the result of the
three T-dualization is a theory with R flux as it is known in
the literature.

Combining the equations of motion for Lagrange multiplier
(3.35), v+ = 9.z, and equations of motion for gauge fields (3.36),
we obtain the T-dual transformation law
9.2 £,y — 287 (3.44)
Adding transformation laws for 9,z and 9_z we get the transfor-
mation law for z

2= y;+ H(yy, — y2n1) (3.45)
which enables us to write down the transformation law in the
canonical form

/o~ 1 ! /
¥y = e — Hxy' — yx). (3.46)

Here we used the expression for the canonical momentum of the
initial theory (2.13)

=5 =« (3.47)

Tz

4. Noncommutativity and Nonassociativity Using
T-duality

In the open string case noncommutativity comes from the
boundary conditions which makes that coordinates x* depend
both on the effective coordinates and on the effective momenta.!
Effective coordinates and momenta do not commute and, conse-
quently, coordinates x* do not commute. In the closed bosonic
string case the logic is the same but the execution is different.
Using T-duality we obtained transformation laws, (3.11), (3.21)
and (3.44), which relate T-dual coordinates with the initial coordi-
nates and their canonically conjugated momenta. In this section
we will use these relations to get noncommutativity and nonas-
sociativity relations.

4.1. Noncommutativity Relations

Let us start with the Poisson bracket of the o derivatives of two
arbitrary coordinates in the form

{A(o), B'(6)} = U(0)8(c — &)+ V(o) (0 — &), (4.1)
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where §'(c — &) = 9,8(0 — &). In order to find the form of the
Poisson bracket

{A(o), B()},
we have to find the form of the Poisson bracket
{AA(o, 00), AB(&, 69)},

where

A Ao, 09) = /” dxA(x) = Alo) — A(o),

AB(G,5) = [ dxB'(x) = B(6) — B(0). (4.2)
Now we have
{A A(o, 0y), AB(6, 59)}
=/ dx[ dy [U(x)8(x — y) + V(%) (x — y)] - (4.3)

After integration over y we get

{AA(o, 00), AB(G, Go)} = /a dx {U'(x) [0(x — &0) — O(x — &)]

90

+ V(%) [8(x — 60) — 8(x — 5)]}, (4.4)

where function 6 (x) is defined as

x 1 1
O(x) = and(n) = — 2 — si
o= [ anson =5 [x+ ;nsmmx)}
0 ifx=0
={1/2 if0<x<2m. (4.5)
1 if x=2m

Integrating over x using partial integration finally we obtain

{AA(0, 00), AB(5.650)} = U(o)[0(o — 6o) — 0o — &)]
—~U(o0)[0(00 — 50) — (o0 — 5)] — U(@0)[f(o — 60) — 0(00 — 60)]
+U(G)[0(0 — &) = O(oo — )]+ V(50)[6(0 — Go) — 0(00 — o]
—V(3)[B(o — &) — 6(o0 — &)]. (4.6)

From the last expression, using the right-hand sides of the ex-
pressions in Eq. (4.2), we extract the desired Poisson bracket
{A(0), B(6)} = —[U(o) — U(6) + V(0)]0 (0 — ). (4.7)

Let us rewrite the canonical forms of the transformation laws,
(3.14), (3.24) and (3.46), in the following way

(4.8)

Fortschr. Phys. 2018, 1800009

1800009 (7 of 9)

www.fp-journal.org

In order to find the Poisson brackets between T-dual coordinates
yu we will use the algebra of the coordinates and momenta of
the initial theory (3.25). It is obvious that only nontrivial Poisson
brackets will be {y, (o), y3(6)} and {y,(0), y3(5)}-

Let us first write the corresponding Poisson brackets of the
sigma derivatives of T-dual coordinates y, using (4.8)

2 1
ri(0). v3(0)) = —Hy'(0)8(0 = &) + — Hy(0)d'(0 = &), (49)

2 1
(5(0). ¥3(6)) = == H¥ (0)3(0 = 5) —  Hx(0)8'(0 — &),
(4.10)

while all other Poisson brackets are zero. We see that these Pois-
son brackets are of the form (4.1), so, we can apply the result (4.7).
Consequently, we get

[2y(c) — y(6)]0(c —6). (4.11)

.. H
{yi(o), y3(6)} = e

H B} _
= — [2x(0) — x(5)] 0(0 — &),

{ya(0). vs(@)} = (4.12)

where function 0 (x) is defined in (4.5). Let us note that these two
Poisson brackets are zero when o = ¢ and/or field strength H
is equal to zero. But if we take that 0 — 6 = 27 then we have
6(27) = 1 and it follows

_ H
{yi(o +27), y3(0)} = e [47 N, + y(0)],

(4.13)

H
{y2(o +2m). ys(0)} = —— [47 N, + x(0)] , (4.14)

where N, and N, are winding numbers defined as

x(0 +2m) — x(0) =27 N, y(o +2m) —y(0) =27 N,. (4.15)
From these relations we can see that if we choose such o for
which x(0) = 0 and y(o) = 0 then noncommutativity relations
are proportional to winding numbers. On the other side, for
winding numbers which are equal to zero there is still noncom-
mutativity between T-dual coordinates.

4.2. Nonassociativity
In order to calculate Jacobi identity of the T-dual coordinates

we first have to find Poisson brackets {y;(c), (&)} as well as
{y2(0), y(6)}. We start with

{Ay1(0, 00), %(0)} = {/ dny; (), x(ﬁ)}, (4.16)

and then use the T-dual transformation for x-direction in canon-
ical form

e = Ky, (4.17)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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From these two equations it follows

1 o

(Ayi(o. 00). %(6)) = {/ dnnx(n),x(é)}, (4.18)
a0

which, using the standard Poisson algebra, produces
o~ 1 - -
{Ayi(0, 00), x(5)} = - [6(c — &) — (o0 — 5)]
o~ 1 -
= {y1(0), x(6)} = —;0(0 — ). (4.19)

The relation {y,(o), (&)} can be obtained in the same way. Be-
cause the transformation law for y-direction is of the same form
as for x-direction, the Poisson bracket is of the same form

(1ao). Y(6)) = — 200 — &),

- (4.20)

Now we can calculate Jacobi identity using noncommutativity re-
lations (4.11) and (4.12) and above two Poisson brackets

{y1(01), 2(02), y3(03)} = {y1(01): {y2(02), y3(03)}}

H{y2(02), {y3(03), y1(01)}} + {y3(03), {y1(01) y2(02)}}

2H
-

~

[0(01 — 02)0 (0, — 03)

+ 0(02 — 01)0(01 — 03) + 0(01 — 03)0 (03 — 03) ] - (4.21)

Jacobi identity is nonzero which means that theory with R-flux is
nonassociative. For 0, = 03 = 0 and 01 = o + 27 we get

2H
e

{yi(o + 27), y2(0), y3(0)} = (4.22)

From the last two equations, general form of Jacobi identity and
Jacobi identity for special choice of o’s, we see that presence of
the coordinate dependent Kalb-Ramond field is a source of non-
commutativity and nonassociativity.

5. Conclusion

In this article we have considered the closed bosonic string
propagating in the three-dimensional constant metric and Kalb-
Ramond field with just one nonzero component B,, = Hz. This
choice of background is in accordance with consistency condi-
tions in the sense that all calculations were made in approxi-
mation linear in Kalb-Ramond field strength H. Geometrically,
this settings corresponds to the torus with H flux. Then we per-
formed standard Buscher T-dualization procedure along isom-
etry directions, first along x and then along y direction. At the
end we performed generalized T-dualization procedure along z
direction and obtained nonlocal theory with R flux. Using the re-
lations between initial and T-dual variables, called T-dual trans-
formation laws, in canonical form we find the noncommutativity
and nonassociativity relations between T-dual coordinates.

After T-dualization along x direction we obtained theory em-
bedded in geometry known in literature as twisted torus geom-
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etry. The relation between initial and T-dual variables is triv-
ial, m, = ky;, where m, is x component of the canonical mo-
mentum of the initial theory and y; is coordinate T-dual to x.
Consequently, flux H takes a role of connection, obtained the-
ory is globally and locally well defined and commutative, because
the coordinates and their canonically conjugated momenta sat-
isfy the standard Poisson algebra (3.25).

The second T-dualization, along y direction, produces nonge-
ometrical theory, in literature known as Q flux theory. The metric
is the same as initial one and Kalb-Ramond field have the same
form as initial up to minus sign. But, this theory has just local
geometrical interpretation. We obtained that, in approximation
linear in H, the transformation law in canonical form is again
trivial, r, = kyj}, where m, is y component od the canonical mo-
mentum of the initial theory and y, is coordinate T-dual to y.
As a consequence of the standard Poisson algebra (3.25), we con-
clude that Q flux theory is still commutative. This result seems to
be opposite from the result of the reference [16] where in detailed
calculation it is shown that Q flux theory is noncommutative. The
difference is in the so called boundary condition i.e. winding con-
dition. In the Ref. [16] they imposed nontrivial winding condition
which mixes the coordinates and their T-dual partners (condition
given in Eq. (C.18) of Ref. [16]) and the result is noncommutativ-
ity. In this article the trivial winding condition is imposed on x
and y coordinates. The consequence is that Q flux theory is com-
mutative. But as it is written in Ref. [16] on page 42, “a priori other
reasonings could as well be pursued”.

T-dualizing along coordinate z using the machinery of the gen-
eralized T-dualization procedure?*?:23l we obtain the nonlocal
theory (theory with R flux) and nontrivial transformation law
in canonical form. Non-locality stems from the fact that back-
ground fields are expressed in terms of the variable AV which
is defined as line integral. On the other side, dependence of the
Kalb-Ramond field on z coordinate produces the f*(x, y) func-
tions and nontrivial transformation law for 7. Consequently, co-
ordinate dependent background gives non-locality and, further,
nonzero Poisson brackets of the T-dual coordinates. We can claim
that there is a correlation between non-locality (R-flux theory)
and closed string noncommutativity and nonassociativity. In ad-
dition, nonzero Poisson bracket implies nonzero Jacobi identity
which is a signal of nonassociativity.

From the expressions (4.11), (4.12) and (4.21) it follows that
parameters of noncommutativity and nonassociativity are pro-
portional to the field strength H. That means that closed string
noncommuatativity and nonassociativity are consequence of the
fact that Kalb-Ramond field is coordinate dependent, B,, = Hz,
where H is an infinitesimal parameter according to the approxi-
mation of diluted flux. Using T-duality and trivial winding condi-
tions we obtained noncommutativity relations. The noncommu-
tativity relations are zero if o = & because in noncommuatativity
relations function 6 (o — &) is present, which is zero if its argu-
ment is zero. This is also at the first glance opposite to the result
of Ref. [16], but, having in mind that origin of noncommutativ-
ity is not same, this difference is not surprising. If we made a
round in sigma choosing 0 — ¢ + 27 and 6 — o, because of
0(2r) = 1, we obtained nonzero Poisson brackets. From the rela-
tions (4.13) and (4.14) we see that noncommutativity exists even
in the case when winding numbers are zero, noncommutativity
relations still stand unlike the result in [16]. Consequently, we can
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speak about some essential noncommutativity originating from
non-locality.

We showed that in ordinary space coordinate dependent back-
ground is a sufficient condition for closed string noncommutativ-
ity. Some papers*®! show that noncommutativity is possible even
in the constant background case. But that could be realized using
the double space formalism. At the zeroth order the explanation fol-
lows from the fact that transformation law in canonical form is of
the form 7, = «y,,, where y, is T-dual coordinate. Forming dou-
ble space spanned by ZM = (x*, y,), we obtained noncommua-
tive (double) space. In literature this kind of noncommutativity
is called intrinsic one.

Appendix: Light-Cone Coordinates

In the paper we often use light-cone coordinates defined as

£t = %(1’ +0). (A1)

The corresponding partial derivatives are

3
— =0, £ 0,

7 (A.2)

3iz

Two dimensional Levi-Civita % is chosen in (t, o) basis as
e™ = —1. Consequently, in the light-cone basis the form of ten-

sor is
1
2 .
0

(0
Elc = _1
2

The flat world-sheet metric is of the form in (r, o) and light-cone
basis, respectively

(10 (30
n= 0_1 3 Nic = 0% .
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