arXiv:1805.08977v3 [hep-th] 6 Sep 2018

O(D, D)-constraint on D-dimensional
effective actions

Mohammad R. Garous

Department of Physics, Faculty of Science, Ferdowsi University of Mashhad
P.O. Box 1436, Mashhad, Iran

Abstract

Double Field Theory is a manifestly T-duality invariant formulation of string theory in
which the effective theory at any order of ¢ is invariant under global O(D, D) transforma-
tions and ought to be invariant under gauge transformations which receive o/-corrections.
On the other hand, the effective theory in the usual D-dimensional formulation of string
theory is manifestly gauge invariant and ought to be invariant under T-duality transfor-
mations which receive o'-corrections. We speculate that the combination of these two
constraints may fix both the 2D-dimensional and the D-dimensional effective actions
without knowledge of the o/-corrections of the gauge and the T-duality transformations.

In this paper, using generalized fluxes, we construct arbitrary O(D, D)-invariant ac-
tions at orders o/ and ¢/, and then dimensionally reduce them to the D-dimensional
spacetime. On the other hand, at these orders, we construct arbitrary covariant D-
dimensional actions. Constraining the two D-dimensional actions to be equal up to non-
covariant field redefinitions, we find that both actions are fixed up to overall factors and
up to field redefinitions.
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1 Introduction

One of the most exciting discoveries in string theory is T-duality [I}2]. This duality may be used
to construct the effective field theory at low energy. One approach for constructing this effective
action is the Double Field Theory (DFT) approach [3 14l [5, [6) [7]. The DFT is a constraint
field theory which doubles the spacetime coordinates, i.e., adds to the usual D-dimensional
spacetime coordinates which correspond to the momentum excitations, another D-dimensional
coordinates which correspond to the winding excitations. However, a solution to the constraint
in its strong form [7] is that the 2D-dimensional dynamical fields to be independent of the
winding coordinates. The T-duality is manifested in this approach as the effective action is
O(D, D)-invariant by constructions. The effective action is also constrained to satisfy some
gauge transformations. The appropriate gauge transformations at the leading order of o/ are
the generalized diffeomorphisms and double-Lorentz transformations [8 [7], however, one of
them receive o/-corrections at the higher orders of o’ [9, [10]. The form of these corrections at
order o/ have been found in [9} [10], however, it is hard to find them at the higher orders. Using
the 2D-dimensional field redefinitions freedom, the effective action may appear in different
schemes. The DFT effective action at order « in one particular scheme has been constructed
in [10, [T1].

Another T-duality based approach for constructing the effective action at higher orders of
o/, is to use the constraint that the dimensional reduction of the effective action on a circle
must be invariant under the T-duality transformations [12]. In this approach, one begins with
the most general gauge invariant action in the D-dimensional spacetime. The dimensional
reduction of this action on the circle must be invariant under the T-duality transformations.
The gauge transformations in this approach are the standard coordinate transformations, the
B-field gauge transformations and the non-standard Lorentz transformation of the B-field which
is required for anomaly cancellations. The T-duality transformations at the leading order of o/
are the Buscher rules [I3], [I4], however, they receive o’-corrections at the higher orders of o’
[16, 17]. The form of these corrections at order o’ have been found in [15, 16 17]@, however,
it is hard to find them at higher orders of o’. Using the T-duality approach, the standard
gravity and dilaton couplings in the effective actions at orders o/, o’?, o/® have been reproduced
in [10] 20].

Since the higher derivative corrections to the gauge transformations in the DFT approach
and the o'-corrections to the Buscher rules in the T-duality approach are hard to find in
general, it is desirable to find constraints which do not receive o/-corrections. Merging the
above two approaches, one may finds such constraints as follows: Using the strong constraint,
one can reduce the 2D-dimensional effective action in the DF'T approach to the D-dimensional
effective action. This action should then be the same as the D-dimensional effective action
in the T-duality approach. The field variables in the two approaches, however, are not the
same. Non-covariant field redefinitions are required to relate the two field variables [21]. The
T-duality transformations in the DFT approach are the standard Buscher rules [7] whereas

2Tt has been observed in [I8] that the renormalization group flows is covariant under the T-duality transfor-
mations at order /.



the gauge transformations are not the standard gauge transformations. On the other hand,
the gauge transformations in the T-duality approach are the standard gauge transformations
whereas the T-duality transformations are not the standard Buscher rules. As a result, the two
D-dimensional actions must be the same up to non-covariant field redefinitions. Therefore, the
effective actions should satisfy the following constraints:

1-The 2D-dimensional action is constrained to be invariant under the O(D, D) transforma-
tions and under the generalized diffeomorphisms which do not receive o’-corrections. However,
it is not constrained to be invariant under the double-Lorentz transformations which receive
o/-corrections.

2-After reducing it to the D-dimensional spacetime and using non-covariant field redefini-
tions, the action is constrained to be the same as a D-dimensional action which is invariant
under the standard coordinate transformations, the B-field gauge transformations and the non-
standard Lorentz transformation of the B-field, however, it is not invariant under the T-duality
transformations which receive o/-corrections. We speculate that the above two constraints can
fix both the 2D-dimensional and D-dimensional effective actions. We confirm this idea in this
paper by explicit calculations at orders o and o.

The outline of the paper is as follows: In section 2, we pefrom the calculations at order
o, In particular, in subsection 2.1, we use generalized metric and dilaton as dynamical fields
which are invariant under the double-Lorentz transformations, to construct the most general
O(D, D)-invariant action at order o’®. Using the strong constraint, we then reduce it to the
D-dimensional action. Then, using the D-dimensional metric, B-field and dilaton, we construct
the most general covariant action at order o’®. Constraining the two actions to be identical, we
fix both effective actions. Up to an overall factor, they are exactly the known effective actions
in the literature. In section 2.2, we use the generalized frame and dilaton as the dynamical
fields. Using the generalized fluxes, which are invariant under the generalized diffeomorphisms,
we construct the most general O(D, D)-invariant action at order o’°, and then reduce it to the
D-dimensional action. Comparing it with the covariant D-dimensional action, we fix both the
effective actions. The 2D-dimensional effective action is the same as the action in the literature.

In section 3, we extend the calculations to the order . In particular, using the generalized
fluxes, we first construct the most general O(D, D)-invariant action at order o without fixing
its field redefinitions freedom, and then reduce it to the D-dimensional action. To convert the
non-covariant field variables in the resulting action to the covariant variables, we use the most
general non-covariant field redefinitions. We then compare it with the most general covariant
action at order o/ up to covariant field redefinitions. The constraint that the two D-dimensional
actions must be identical, fixes both actions. Up to an overall factor, the D-dimensional action
is exactly the same as the action in the literature. Since the field redefinitions freedom is
not fixed in the 2D-dimensional action, we have found the 2D-dimensional action with some
arbitrary parameters. In one particular scheme in which dilaton appears as an overall factor,
we write the effective action.



2 Effective action at order o'’

Using the strong constraint in the DFT formalism, the effective action of string theory at order
o’ can be written as O(D, D)-invariant and invariant under 2D-dimensional gauge transfor-
mations which are generalized diffeomorphisms and local double-Lorentz transformations. If
one uses the generalized metric and dilaton as dynamical fields which are invariant under the
double-Lorentz transformations, then the gauge transformations are the generalized diffeomor-
phisms [§]. On the other hand, if one uses the generalized frame and dilaton as the dynamical
fields, then the action can be written in terms of generalized fluxes which are invariant under
the generalized diffeomorphisms [7]. Hence, the nontrivial gauge transformations in this case
is the double-Lorentz transformations. Using these gauge transformations, the 2D-dimensional
effective actions have been found in [§ 22].

In this section we are going to find these actions by comparing the most general O(D, D)-
invariant action with the most general D-dimensional covariant action.

2.1 Generalized metric formulation

We begin with the case that the generalized metric H,, and dilaton d are the dynamical fields.
They are invariant under the double-Lorentz transformations as they carry no index in this
space, however, the generalized metric H,, is a matrix that transforms under the O(D, D)
transformations a

H — OHOT (1)

The D-dimensional coordinate x* conjugated to the momentum excitations and the D-dimensional
coordinate Z, conjugated to the winding excitations, transforms as vector, i.e.,

o= () 0(z) = (7)o (])

And the 2D-dimensional dilaton d is invariant under the O(D, D) transformations [8]. Us-
ing these O(D, D) tensors, one can write the most general O(D, D)-invariant action at two-
derivative level a

2
So = / dadie ™ (cyH*®0,d03d + csH P DsDod + cyH T HP 0,0, Hss

+eoHTH 0,05 Hap + csHOH  H 00 H gy OsHee + csHHPH =0 H oy OsHee
+en HOH 0, HopOsd + cs MO HPH = 05 H o D-Hpy + croH* H 04 H505d
+er MM M Oy H ey O Hoe + oM HH Y 0o My, O Hep) (3)

30ur index conversion is that the Greek letters (u, v, - - -) are the indices of the curved 2D-dimensional space,
the Latin letters (a,d, ¢, - - ) are the indices of the curved D-dimensional spacetime, the letters (A, B,C,---) are
the indices of flat 2D-dimensional tangent space, and the letters (i, j, k, - - -) are the flat D-dimensional tangent
space.

4We use the mathematica package xAct’ [23] for performing the calculations in this paper.



where H* is inverse of the generalized metric and V = [dZ . Since there is no double-
Lorentz index in the couplings (), this action is invariant under the local double-Lorentz
transformations as well.

There is also a O(D, D)-invariant metric

=7 o) 5 = (4 ) 0

which raises and lowers the 2D-indicies, i.e.,
MY =0 Hay 5 HY =00 Hag 5 0% =170y (5)

The symmetry of the effective action under B,, — — B, requires the couplings to have even
number of constant metric 7 [8]. The couplings involving odd number of 1 are antisymmetric
under By, — —Bg,. At two derivative level, one can convince oneself that any term which is
independent of the winding coordinates and contains two constant metrics, is identical to the
couplings in ([B]). For example, using the constant metric to raise and lower the indices, the
term 9, 30,17, /HP* can be written as 9, H*?0,H " Hpg,. The latter coupling can be written
as the couplings in (3]) using the identity

H Mg, = o (6)
At higher derivative level, however, there are couplings involving the metric  which can not
be written in terms of only generalized metric, e.g., O, H®30,HY\0, H*0, H"P.

The couplings in ([B]) with coefficients ¢4, ¢7, ¢190 become zero using the above identity. Using
this identity and total derivative terms, one can relate the coefficients of some of the above
terms. One may either use these relations to write (3]) in terms of independent couplings and
then compare them with the D-dimensional gauge invariant action, or one may fix them after
comparing the non-independent couplings with the D-dimensional gauge invariant action. In
the latter case that we are going to do in this paper, they appear as free parameters which can
be chosen arbitrarily.

The reduction of the generalized metric and its inverse in terms of the D-dimensional metric
and the B-field are [§]

Gab _Gachb ) : Hul/ — (Gab - BacGCdBdb BacGCb> (7)

%uu B (BacGCb Gab - BacGCdBdb _Gachb Gab

The reduction of the 2D-dimensional dilaton to the D-dimensional dilaton and metric is e=2¢ =

e 2®\/—G. Using the strong constraint that fields do not depend on the coordinate Z, one can
reduce (3] to the following D-dimensional action:
2 1
So = = [ dwe V=G (G 0,008 + oGP — 16 GUCM0.0,Ga
K
+2(c1 + ¢5)GUG* G 0, BpeOaBes + (c2 + ¢6) GGG 0y B0 Be s



1 1
—ian“dGbchfﬁbec&dGae + = (8c; + c3 + 8¢5) GGG 0,Ge04Gle

4
1
GGG 0yGe0aGey — 509G“dGbcf9aGcb8d® + en GG 0.G 04
1
+1—609G“6beG"’d8aGdcaerb + (=3 — ¢8) GGGV 0 Bae0; By
+e5 GGG 0G0y Ghe + GG 0e0uG (8)

Note that the coefficients ¢y, c7,c19p do not appear in above D-dimensional action, so they
appear in the final action as arbitrary parameters which can be set to zerdd. Tt is interesting to
note that even though the generalized metric contains no derivative on the B-field, the above
D-dimensional action contains only terms which have derivative on the B-field. It turns out
that the dimensional reduction of any O(D, D)-invariant coupling produces no B-field without
derivative on it. The above O(D, D) and double-Lorentz invariant action is not invariant under
the generalized diffeomorphism for arbitrary parameters. We do not impose this constraint for
finding the unknown coefficients in this paper.

We now construct the most general D-dimensional action at two-derivative level which is
invariant under the coordinate transformations and under the B-field gauge transformations,
1.€.,

S — —% [ dre V=G (a1R+a2Va<I)V“<I> - %H2) . (9)

where Hgpe = 0y Bye + OcBap + OpBeq and aq, as, az are three constants. Since the action (8) is
in terms of metric and B-field, we rewrite the above covariant action in terms of metric and

B-field, i.e.,
S¢ = —% / dze V=G (a:G"0,90,® — 0,G**G"'0.0,Clay + 1 G G0, 0uGs
—iagG“dGbchfaaBbcadBe i+ %agG“dGbchfabBacadBe ;
+ a1 GUGY G 9y 10yClae + zaleadabeacf 0,Gipe0sCe
—%alGadGbchfabGac&iGef - %alG“ebeGCd&lGdcaerb

—0,G G G 0,G a0y G ) (10)

The two D-dimensional Lagrangians (8) and (I0]) are not equal for any non-zero parameters.
However, to compare the two actions, one should take into account non-covariant total deriva-
tive terms as well. There are three total derivative terms, i.e.,

J = _% / dzd, (V=G fGP0® + GG DGy + HGUGPOGa]) (1)

5 One can check that the above couplings are invariant under the Buscher rules, i.e., if one compactifies the
theory on a circle and assumes fields are independent of that directions, then the above couplings would be
invariant under the Buscher rules.



where fi, fo, f3 are three arbitrary parameters. Now adding these total derivative terms to
(I0), the two actions can be equated, i.e., So = S;+ J, for the following constraints on the
parameters:

az = 4ay,az = ay,
c3 =2a; — c11 — 209,65 = —a1 /8 — ¢1,¢6 = a1/2 — ¢z, 08 = —Ca, Cy = 2c11 + 4e,
fi=ai/2+cin/4+c2/2, fo = —a1 + c2, f3 = 201 — c11 — 29 (12)

The equations in the last line gives the coefficients of the total derivative terms that are needed
to equate the two actions.
The equations in the first line constrain the D-dimensional action (@) to be

s¢ 24 /dze—ﬂlx/_c; <R +4V,0VD — 11—2H2) : (13)

K2

which is the standard effective action at order o’®, up to an overall factor. The overall factor
must be a; = 1 to be the effective action of string theory. The equations in the second line
constrain the O(D, D)-invariant action (3] to be

2 1 1
Sy = -4 / dadie " (2H0p0ud + ZH0aH gy OH — ~H¥ IgHo, OsH™)  (14)
K2V 8 2
where we have also used the identity O, H* = —HH H" 0y Hp. The terms with coefficients
o, C11 are total derivative terms, and terms with coefficient ¢4, i.e.,

Cl?‘[ﬁ/aH(SB&»Y&aH&B - CIHJQHEBHE’YﬁaHﬁ'\/aJHes (15)

become zero using the identity (@), so we have discarded them. The O(D, D)-invariant action
(I4) is the one has been found in [8]. Therefore, the requirement that the O(D, D)-invariant
action and the covariant D-dimensional action to be identical, fixes both actions, up to an
overall factor.

The action (I4]) has been found in [§] by requiring the O(D, D)-invariant couplings (3 to
be invariant under the generalized diffeomorphisms which are

™) = 0,(re )
57‘[,“, = C”@,,HW + 2((%(” — 8PC(M)Hu)p (16)

Unlike the terms in (@) which are invariant under the D-dimensional diffeomorphisms, none of
the terms in (3]) is invariant under the above 2 D-dimensional generalized diffeomorphisms. Only
the combination of terms in (I4)) is invariant under these transformations [§]. This combination
may be defined as the definition of 2D-dimensional scalar curvature [§]. It is hard to extend
the couplings (I4) to the higher order of o’ because the conventional 2D-dimensional Riemann
curvature does not transform covariantly under the generalized diffeomorphisms [4], 24, 25| 26],
217].



2.2 Generalized frame formulation

A convenient frame work for constructing the higher derivative couplings in DF'T is the gener-
alized frame construction of the DFT [3],[7]. The generalized frame E,* is defined to relate the
generalized metric H,, to the flat generalized metric Hap and the O(D, D)-metric 7, to flat
metric 743, i.€.,

Hao = ES HapE"”
N = EMAT]ABEVB (17)

In terms of the generalized dilaton d, the generalized frame E,* and its transverse E* 4, one can
construct flat space tensors which transform as scalar under the generalized diffeomorphisms.
They are

Fa = 20ad— E'PORE, A
Fape = 30aE"BE" oy (18)

where the flat space derivative is 94 = E*40,. These tensors transform as scalar under the
generalized diffeomorphisms [7], i.e.,

0Fs = ("0uFa
0Fapc = ("OuFapc (19)

The flat space derivatives of these tensors transform as scalar under the generalized diffeo-
mophisms as well [7]. However, these tensors do not transform covariantly under local double-
Lorentz transformations. It has been shown in [10, [I1] that these transformations receive o’
corrections as welld.

One may construct O(D, D)-invariant and the generalized diffeomophism invariant effective
actions by considering all contractions of these tensors with constant metric n? and HAZ, i.e.,
at two-derivative level they are

2
sl = = / drdie (03]-"A}"A + 10 Fa + a FAFPH 45 + 20 FPHAp + 1 Fapc FAPC

+eHAP FACP Foep + esHAPHOP Fac® Fopp + csHAPHOPHET FacuFopr)  (20)

The flat indices are raised by the flat metric n4?, i.e., F4 = nABFg. This action is invariant
under the generalized diffeomophisms for arbitrary parameters cq,-- -, cg, however, it is not
invariant under the local double-Lorentz transformations. Imposing the invariance under the
double-Lorentz transformations, one can fix these parameters [22, [I1]. However, we are not
going to fix the parameters in this way.

OIf one uses the generalized metric and dilaton as the dynamical fields which are invariant under the double-
Lorentz transformations, then the o’-corrections would appear in the generalized diffoemorphisms [9].



To fix the parameters ¢y, - - -, cg, instead, we constrain the reduction of this action to be
identical with the D-dimensional covariant action (@). The reduction of the metric n4Z, HAB
and the generalized frame E,* are [I1]:

4 _ (0 55) . AB_(mj 0), A_( e 0>
n _<5; 0 ) H - 0 nij aEu - _ebiBba 6ai (21)

where e, is the D-dimensional frame, i.e., eaiegm]— = G4. Using the constraint that fields in
the 2D-dimensional action (20) do not depend on the coordinate &, one can reduce it to the
following D-dimensional action:

2 . ‘
S{; = /d;ve_zq) vV —G(chadGbcnﬁedZ@a@cebj +4¢,G?0,D0,P + 2¢,G0,0,D

+6csGUGPji0ae’ Oped’ — 41 GG jie 0,®0 4" — 6esG G njiOpes’ Oced'
—|—401G“0denj,~eaj0b<l>8¢edi — chadGbcnﬁediﬁc@beaj + BCgG“dGbchfaaBbcﬁdBef
—6cs GGG 0y B0 By + 4csG GG njie 470, ByeOge,'

—4es GGG njie Oy BacOael' + (—ca + 4c) GGGy ymued el ve s’ Oge.’
—201GadGbchfT]]“"r][jeak€clab€fjadeei + 405GadGbchfnjiefjﬁcBabOdeei
—2¢G* G jier! Oea 0a® + (g — 2¢6) GG Gy e el Oued’ Oee s’

+c1G G Gmijentec Oned’ Oe st — caG G Gy mies" e Daeq Oue !
—|—02G“dGbchfnkmljebkecladeaiaeefj — 206GadGbchfT]kj’r/[i€akecladeeiaf€bj
—|—01G“dGbchfnkmljeakeclﬁdeeiﬁfebj) (22)

The terms with coefficients cs, ¢4, ¢7, which have no HA?, vanish when reducing the couplings
(20) to the D-dimensional spacetime. Hence, these terms are zero by the strong constraint.
Note that even though the generalized frame contains no derivative on the B-field, the above
D-dimensional action contains only terms which have derivative on the B-field. The above
D-dimensional action must be equal to (I0) plus some D-dimensional total derivative terms.
To compare the two actions, one has to rewrite the derivatives of metric in the action (I0) in
terms of derivatives of the frame e,’. The comparison then fixes both the effective actions (@)
and (20) up to an overall factor. The action () is fixed as in (I3]) and the action (20) is fixed

as

2
st = 5% [ dudie( — FAF M + 200 F o
1 1
+1/HABJT'.ACDFBC’D - —12%ABHCDHEFFACEfBDF + - ) (23)

where dots represent the terms which vanish after using the strong constraint. The above action
is the action has been found in [22]. In the next section we consider this approach to find both
D-dimensional and 2D-dimensional effective actions at order «'.



3 Effective action at order o/

The most general four-derivative action which is O(D, D)-invariant and is invariant under
generalized diffeomorphisms can be constructed by all possible contractions of the following
tensors with constant metric n*% and HAZ:

FaFpFeFp + FaFpFceFper + FaFsFopeFran + FaFpopFeraFuis
+FapcFperFouiFikr + FepeFraaOaFp + FpprdaOpFo + 0a0p0cFp
+040B0cFper + FaFperOsFc + Fa0ploFp + Fa0p0cFprr + FaFpdoFp
+04FBOcFp + FaFplcFper + 0aF0cFper + FapcOpOpFron + FaFpcpOeFran
+04FpcpOeFran + FapcFperOaFrurs (24)

It produces 275 terms, i.e.,
2
S i / dxdie 2 (clﬂABHCDfAfoch + o FAFAF P Fp + - ) (25)

where ci, - - -, co75 are parameters. The terms which have no tensor H4E, e.g., co-term, are zero
after using Bianchi identities [28] and the strong constraint. There are 34 such terms. There are
also 91 terms with other structures that become zero under these constraintdl. The remaining
150 terms are in five classes. One class includes terms that cancel each others after using the
strong constraint, one class includes terms that are total derivatives, one class includes terms
that become zero using appropriate identities, one class includes terms that are reproduced by
field redefinitions at order o’ of the fields in (23)), and the last class includes all other terms in
which we are interested. One may examine all terms in details to exclude all terms except the
terms in the last class, and then imposes the D-dimensional gauge symmetry. Alternatively,
one may impose the D-dimensional gauge symmetry on all 150 terms. In this case, the terms
in the first four classes appear in the final action with free parameters which can be chosen
arbitrarily.

Using the relation ([I8)), one can write the couplings (25) in terms of dilaton and the gener-
alized frame. Then using the dimensional reduction (2IJ), one can reduce the 2D-dimensional
action (23] to the D-dimensional action, e.g., the reduction of ¢;-term is

2 .
s{ = -5 / dze " /=G(16c,DP,DP* D, DO’ + 32¢, De™ D, DD DP e,
K

—32¢;De™ DO, D®, D€y, + 16¢1 De™ De DOy DD se e
—16¢1 De™ Dey? DOy D®%yie.; + 8¢ De™ De DOy DD e e,
—32¢; De™ DeY DO, D®yeyie.; + 8c1Dey” De™ DOy Ddeyie,;

"One may use the Bianchi identities found in [28] to demonstrate the vanishing of some of these 125 terms.
However, the more convenient way to impose the Bianchi identities and the strong constraint is to reduce the
couplings to the D dimensions using the reduction (2I)) and then use the strong constraint. The above 125
terms vanish when we write the D-dimensional couplings in terms of independent expressions.



+16¢1 De™ DeY DO, D®eyieqi — 16¢; De™ Dey De™ D®.eyieqiear,
—|—8clDe“biDecbjDedEkDéeeaiecjedk + 801DeGCjDe“biDedEkD(I)eebiecjedk

+16¢1 De™ Dey De D®geyiecjecr — 8¢1 De™ De De™™ D®gegieqjeen
—801DeaCjDe“biDedequ)debiecjeek + 401De“biDeijDede’“Deeﬂeaiecjedkeﬂ
—401De“biDeijDedekDefeleaiecjedkeﬂ + clDe“biDecbjDedEkDefeleaiecjedkeﬂ
—401DeacjDe“biDedEkDeeﬂebiecjedkeﬂ + 201Deache“biDedekDefelebiecjedkeﬂ

—I—ClDeaCjDeabiDedﬂD€dek€bi€cj€ekefl + .. ) (26)

where Deg,' = 0,e,' and D®, = 9,®. The above action is manifestly invariant under T-duality
as its parents (28) are invariant under the O(D, D) transformations, however, it is not invariant
under the usual D-dimensional gauge transformations for arbitrary parameters. We are going to
find these parameters by comparing them with a D-dimensional action at order o which is not
invariant under the T-duality, but is invariant under the conventional gauge transformations,
i.e., the standard coordinate transformations, the B-field gauge transformations and the non-
standard Lorentz transformation of the B-field which is required for anomaly cancellations.
The most general D-dimensional action which is invariant under the conventional gauge
transformations has four class of terms. One class contains terms that are zero by Bianchi
identities, one class contains terms that are total derivative terms, one class contains terms
that are reproduced by the field redefinitions at order o of the fields in (I3]), and the last class
contains all other terms in which we are interested. One may choose the couplings to be [29]

s¢ = ;_22 o / 0L pe—2® \/——G(bl Ropeg R 4 by Rpog H H
+bsH pgn HY " HO, H" . + by H ¢ H oy HI " HO oy + b5 (H?)? + b Hoea Hy "0 90" P
+by H?0,00"® + by (0a D0 ®) + dy H Qe ) (27)
where by, by, - - -, bg are eight parameters. The field redefinitions freedom allows us to choose the

eight arbitrary couplings in (27) in many different schemes. The above is one particular scheme.
The last term is zero for the bosonic string theory because the B-field gauge transformation is
the standard transformation, i.e., Bay — Bapy + 9o A This term is non-zero for the heterotic
string theory and its coefficient is d; = —a; /6 in this case. This term is a result of non-standard
gauge transformation of B-field which is

Bay = Bap + OjgXy + &/ 0 u A wyj’ (28)

where A;/ is the matrix of the Lorentz transformations and wy/ is spin connectionﬁ. The
Chern-Simons three-form €2 which is defined as

i k 7. o b c b
Qabc = w[aijabwc]j + _W[aijwbj Welk 5 waij - 8aeb]e i — Lap ecje i (29>

3

8 At order o, there is a scheme in which the appearance of the B-field in the effective action simplifies through
extending the spin connection to the spin connection with torsion [30]. Since we are working with the most
general covariant action (27), we do not assume such simplification.
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makes Hgp. + o'Qqpe to be invariant under the Lorentz transformations, i.e., Hype + &' Qape —
Hupe + &/Qupe. The action (27) is not invariant under T-duality for arbitrary parameters
bi,ba, - -+, bg. However, one expects for some specific values for these parameters, the cou-
plings become invariant under T-duality. We are going to find these parameters by comparing
them with the manifestly T-duality invariant action (26]). To compare the two actions, one has
to rewrite the couplings in (27) in terms of frame e,’ and B-field. If one compares the above
D-dimensional action with the reduced action (2], one would find zero value for all parameters.
So the actions are not the same. Let us check their Lagrangians. So we have to include some
total derivative terms.

To construct all D-dimensional total derivative terms in terms of frame e,’, B-field and
dilaton ®, we have to construct all contractions of the following tensors with metric G% to
produce the current I%:

040y0:Bge + 0,000.€4° + 0,0,0.P + 0,0, P0.4° + 0,0,P0.P + 0,0, PO, P

-0 Byua0. Bry + Ou BroDdo 1 + 0uBpoDaOe® + 00y Boaoes® + 0adhea Doy

+00O BedO0e® + 0,046, 0 ® + 0y BpeOa PP + 00, 0490 P + 9y BpeOa Be f Oy Bunn

+0, Bye0aBej0gen™ + 0y ByeOaee! Oyer™ + Ouer Oaec! 0yen" + 0y ByeOaBe 0y ®

+00 ByeOge! 0,0 + Oy 0gec’ 0, (30)

where 9,6,° = €%0,61", 0,0aer° = €%,0,04e," and 0,040¢€,° = €°,0,040¢€,". Then the following
expression produces all total derivative terms:

—2 / - a
J = —a /dxaa(e 20, /"G 19 (31)

One may extend the list of currents in (30) by including terms 9,e,'0.c4; and 0,05, Ogee; as
well, however, they do not produce independent total derivative terms in J. We have examined
the equality S{ = S{+ J and again found zero result for all parameters. This is an indication
of the observation made in [2I] that fields in the conventional D-dimensional action (27)) are
not the same as the fields defined in the reduction of the 2D-dimensional fields. In particular,
the fields B, e, in (2I]) are not the same as the dynamical B-field and frame used in (27). So
we have to use field redefinitions on the D-dimensional fields in (I3]), (27) and then compare
them with (26]).

The variation of action ([I3]), for a; = 1, under field redefinition G. — Gap + 0Gap, Bap —
B, + 6By, and @ — © 4+ 6 is

585 = o [dre P VG[(SR42VVD - 0VBYD LB (GG — 45%)
- 9 24
1 1
—(R+2V'V 0 = LH ) 0Gay + 5 (VH = 2V @H)By|  (32)

where we have also ignored some covariant total derivative terms. 0G, 0® and 0By, can be
constructed by all contractions of the following tensors with metric G:

8aabBcd + &ﬁbecd + &ﬁbfb + 8a<1>8b<1> + 8aBb08dBef
_I'aaBbcadeef + aaebcadeef + aaBbcad(I) + aaebcadq) (33)
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We then examine the following equality:
S| = S¢+ J+6S¢ (34)

It produces many algebraic equations for the parameters with non-zero result for them.
The most important part of the result is that they fix uniquely all eight parameters in the
D-dimensional action (27)) in terms of by, i.e.,

-2 1
Si — ﬁa/ / dd+lx6—2fl> /—G [bl (RabcdRabcd _ §RabcdHabeHCde
1 1
+ﬁHfthfathbCcha - ngathabechhcg) + dIHabCQabc} (35>

In the scheme (21), the effective action (BH) then has no derivative of dilaton. Up to the overall
factor by, the above couplings are the standard effective action of the bosonic and heterotic
string theories which has been found in [29] by the S-matrix calculations. This action now
is invariant under T-duality. Since we have used field redefinitions to relate the manifestly
T-duality invariant action (2€) to the manifestly gauge invariant action (27)), the T-duality
transformations rules in above action would be the Buscher rules plus their o’-corrections.
They have be found directly by using the T-duality approach [16] [17].

The parameters in the 2D-dimensional action (25]), however, are not fixed uniquely in terms
of by, dy. There remain many parameters in (25]) to be arbitrary. They reflect the four classes
of terms in (25) that we did not removed them from the list of independent couplings in
[25). Choosing different values for the arbitrary parameters correspond to different scheme
in which the 2D-dimensional action can be written. One particular choice for the parameters
should reproduce the 2D-dimensional couplings found in [11] which include derivatives of the
generalized dilaton and frame. However, as in the D-dimensional action (B3]), we choose a
scheme in which the 2D-dimensional dilaton appears only as an overall factor. Since the
derivative of the dilaton appears in the flux F4, we choose the arbitrary parameters to have no
terms in (25]) which has F4 or its derivatives. Using this constraint, there are still some residual
parameters in this scheme. We further constrain the scheme to have no terms with structure
040B0cFpEF, 040 FcpE, NOr OaFcpOpFrru. Then the effective action in this scheme for
the bosonic string theory becomes

—2b;

1
S{e = T o / d:cd:i’e_zd( — gHABHCDHEFHGHHIJHKLFACEfBDG-FFIK-FHJL

1 1
+1HABHCD?AEF-FBGHfCE[FfG]DH + ZHABHCDHEFHGH‘FACEfBDG-FFIJfHIJ

1
+HAB%CDFACE~FBFG~FDFHFEGH + §HABHCD~FACEFBEFFDGHFFGH
3
+éHABHCDHEFHGH-FACI-FBEJ-FDGJ-FFHI

1
—iHABHCDHEFHGHfACEFBGIfDHJJTFIJ (36)
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1
+ﬂHABHCDHEFHGHHIJHKL-FACEfBGI-FDHKfFJL
—2HYPHOP Fac® F' 0 Frppa + HAPHOP U WM FacsFoe' O Frpr + - )

where dots represent terms that are zero under the strong constraint. Our notation for anti-
symmetrization is Ly Pp) = (LaPp — LpPy4)/2, similarly for symmetrization. This action now
must be invariant under double-Lorentz transformations. Since we have used field redefinitions
to relate the manifestly T-duality invariant action (26) to the manifestly Lorentz invariant
action (27])), the double-Lorentz transformations in above action would be the standard Lorentz
transformations plus their o/-corrections. The above action is even under B — —B. It should
be the same as the even part of the action has been found in [II] up to the terms that are zero
under the strong constraint and up to 2D-dimensional field redefinitions.
The 2D-dimensional effective action of the heterotic string theory at order o' contains the
above action plus the following terms which are odd under B — —B:
Sfo _ _2d1 / drdi —2d EHABHCDHEF‘F Gf If H.F
1 = KJQVOé/SCfCe (8 AC Y BD Y EG Y FIH

1
o éHABHCDHEFHGIHHJ-FACE-FBGH-FDIK-FFJK

1 1
_EHAB%CD%EFfACGFBEIfDFHfGIH + ﬁ%AB%CDHEFFACEfBDGFFIHfGIH
1 1
—|—ZHABHCDHEFfACGFEGHﬁBFDFH — gHABHCDHEFfACE-FBGHa[DFG}FH
1 1
_ZHABHCDHEFHGIHHJFACE-FBGH8D-FFIJ . gHABHCDHEF-FACG-FEGHﬁF-FBDH
3
—éHABHCDHEFFACGfEGHaHfBDF +-- ) (37)

where dots represent terms that are zero under the strong constraint. While the action (36])
has even number of HAZ, the above action has odd number of HAZ. The above action should
be the same as the odd part of the action has been found in [I1] up to the terms that are zero
under the strong constraint and up to 2D-dimensional field redefinitions.

The algebraic equations fix also the non-covariant field redefinitions and total derivative
terms required to relate the two D-dimensional actions. The total derivative terms in the
bosonic theory have structures 00edde, 0dedede, 00BIBIe , 0BOBIJe, 0 BOBOede, 00PDede,
00P0P0e, 0PIedde, 0POPOede, 0POedede and 0PIedBOB. They indicate that the current
I? contain terms with structure ddede, dedede, 0PIede and dedBOB. The reason that there is
no current with structure 90®de, 0POP , JOBIB is that they produce terms in J with struc-
tures 90POOP, 00PI0e, 0OBIOOB which are not in the D-dimensional action (27). There are
too many total derivative terms to be able to write them explicitly here. The field redefinitions
for the bosonic theory however are

6GE = b (2Dea”'Debc,~ — 4De," Decay; + 2Dei D, + 8De, " D®oeyy — 8Def ) DD ey,
—4DD6(chi6a)i + 4DDeCC(bz~ea)i — 4D€cde6Cdi6m'6bj + 4D€CdiD6dcj6m'6bj
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+4De(bCiDeddjea)iecj — 4Dec(aiDeddjeb)iecj + 2De(bCiDecdjea)jedi — 6Decdeec(biea)jedi
—2De(aCiDedcjeb)j eqi + 6Dec(aiDedcjeb)jedi + 2Dea0iDebdjecjedi — 4De(a0iDedb)jecjedi
+2De%' De’yecjeq; — 4De (" De Y eyyieq; + 4De Def ' eyyieq; + 4De(" De? J eyyiey;
—4Dec(aiDedcjeb)iedj)
1

§P8 = ZG“béGﬁ,

535, = blHCd[a(wb]ijeciﬁ’dj + eb],'Dé’cdi) (38)

where DDeg.t = 9,0pe.’, Degy' = 0,63 and D®, = 9,P. The curved indices are raised with
metric G% and flat indices are lowered by 7;;. The above o/-corrections must be added to the
metric, dilaton and the B-field in the reductions of 2D-dilaton, i.e., e 2% = ¢72%\/—G and the
generalized metric (7)) in order to make them identical to the correspondmg covariant fields
in the D-dimensional action (27)). The resulting new 2D-dilaton d and generalized metric #,
then should transform covariantly as (I6). The above field redefinition for dilaton, however,
is such that éd = 6O — iG“béGab = 0. So the generalized dilaton remains invariant under the
field redefinitions at order . Using the o'-corrections to the generalized metric, one may find
the o/-corrections to the generalized diffeomorphisms for the fields that are transformed by the
Buscher rules under T-duality. Alternatively, one may add the above o'-corrections, with a
minus sign, to the D-dimensional covariant fields G, ®, B, in order to make them identical to
the corresponding 2D-dimensional fields e=2¢ = ¢=2®y/—G and (7)) which are transformed by
Buscher rules under T-duality[7]. In this way one may find the o/-corrections to the Buscher
rules for the D-dimensional covariant fields.

The total derivative terms in the heterotic theory have the same structures as in the
bosonic theory as well as the structures 00ed0B, 00ededB, 0ededOB , 0e0edPOB, 0e0PIIB,
00e0POB, 0PI0PIeOB and Jed0POB. They indicate that the current I? contain terms with
structure 00edB, dededB, and 0e0POB. The field redefinitions for the heterotic theory are

5G£{) = 5G +d1HC (a€b)i Decd
s = ZG“béGab
535{) = 535) + dy (De[abeecc,- + DDe[acc,-eb]i — 4De[ab]iD(I>cec,- + DDejgepjie”
+Decdeec[bieaMedi — 2De[aCiDedcjebMedi + Dec[aiDedcjeb]jedi
+2De[ba]iDeCdjecjedi — De[aCiDedb]jecjedi + 2De[ab]iDeCdjeciedj) (39)
Here also the field redefinition for the generalized dilaton dd is zero. While the field redefinition
terms in the bosonic theory do not change the symmetry under B — — B, the field redefinition
terms corresponding to the Chern-Simons term in the heterotic theory change the symmetry
of fields under B — —B. This is as expected because the field redefinitions should produce
odd terms under B — —B from the even terms in (B2]). It is interesting to note that in both
heterotic and bosonic theories the total derivative term are zero when the D-dimensional frame

e,' is constant. Moreover, the T-duality covariant fields and the gauge covariant fields are
identical when e,’ is constant, i.e., 6G = 6® = 6B = 0.

14



We have found the T-duality invariant 2D-dimensional actions (36]) and (87) by constrain-
ing them to be invariant under the generalized diffeomorphism and by constraining them to be
invariant under the D-dimensional gauge transformations after using appropriate field redefi-
nitions (38) and ([39) on the leading order action (I4]). These actions must be invariant under
the double-Lorentz transformations as well. However, the transformations are the standard
double-Lorentz transformations pulse their corresponding a/-corrections [10] [I1]. Since we have
used the 2D-dimensional field redefinitions freedom to write the o/-order actions (B8] and (37)
in a scheme in which the dilaton appears only as an overall factor, the field redefinitions (38))
and (39) and the corresponding «o'-corrections to the double-Lorentz transformations are then
fixed uniquely. If we have chosen a different scheme for the 2D-dimensional actions, then the
field redefinitions (B8)) and ([B9) would be different. The form of the corrections to the double-
Lorentz transformations might be different from those have been found in [10} [I1], because the
2D-dimensional actions in [10, [11] is written in a different scheme in which the derivative of
dilaton also appears in the actions. Unlike our approach that the 2D-dimensional action is fixed
first, in [10) [11] the authors first fix the o'-corrections to the double-Lorentz transformations
and then find the corresponding 2D-dimensional actions. It would be interesting to find the
a/-corrections to the double-Lorentz transformations corresponding to the actions (B8] and (37))
and then compare them with the transformations found in [10, [IT] under the appropriate field
redefinitions that change the actions (36) and (37) to the corresponding actions in [0, [1T].

Using the generalized frame and dilaton as the dynamical fields, we have found the 2D-
dimensional actions (B€) and (37). One may wish to use the generalized metric and dilaton
as the dynamical fields to find the 2D-dimensional action at order o/, i.e., extension of the
action (I4]) to the order o/. We have done this calculation. We have found that for the case
that B-field is zero there are non-zero D-dimensional and 2D-dimensional actions, however, in
the presence of the B-field one would find no effective action at order «'. In fact, when we
write the couplings (27)) in terms of B-field and metric, for instance, the second coupling in (27])
produces, among other things, the following terms:

—2G799,G 450 B*8, B*8,G.os + G799, B0 B*8,G 4y0.G.. s (40)

None of them is reproduced by any 2D-couplings, any non-covariant field redefinition or any
total derivative term at order o/. This confirms the observation that there is no manifestly
background independent and duality invariant formulation of the bosonic theory at order o in
terms of the generalized metric, however, there is such formulation in terms of generalized frame
[31]. So one expects the convenient frame-work for studying the higher derivative couplings in
the D-dimensional string theory and in DFT is the frame-like formulation of DFT.

The gravity and dilaton couplings in the effective actions of string theories at orders o’
and o are known in the literature. Using the T-duality approach, it has been shown in
[19, 20] that they are invariant under the T-duality transformations which are the Buscher
rules and their o/-corrections. However, the B-field couplings at these orders are not known in
the literature. It would be interesting to use the method in this paper to find these couplings
as well as their corresponding 2D-dimensional actions. The B-field couplings at order o/ for
Hohm-Siegel-Zwiebach double field theory [32] have been found in [33].
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