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ABSTRACT

We revisit the generalized connection of Double Field Theory. We implement a procedure that
allow us to re-write the Double Field Theory equations of motion in terms of geometric quantities
(like generalized torsion and non-metricity tensors) based on other connections rather than the
usual generalized Levi-Civita connection and the generalized Riemann curvature. We define a
generalized contorsion tensor and obtain, as a particular case, the Teleparallel equivalent of Double
Field Theory. To do this, we first need to revisit generic connections in standard geometry written
in terms of first-order derivatives of the vielbein in order to obtain equivalent theories to Einstein

Gravity (like for instance the Teleparallel gravity case). The results are then easily extrapolated to
DFT.
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1 Introduction

In this work we revisit some geometric aspects of the generalized connection of Double Field Theory
(DFT). DFT [1, 2] (see [3] for reviews) is a string-inspired field theory that describes the massless
sector of string theory in a T-duality covariant way. Interestingly enough, many geometric notions
similar to diffeomorphisms, covariant derivatives (connections) and curvature tensors arise in a
natural and generalized way, transcending the usual framework of differential geometry. Its geo-
metric structure, in fact, is closely related to that of generalized geometry and Courant algebroids

|4} 151 [, 7, 8, [].

However, in contrast to General Relativity (GR), the DFT version of the Levi-Civita connection
has not all of its components fully determined in terms of the physical fields, usually taken to be the
generalized metric and dilaton, but only some projections of the connection are. This also implies
that the DFT curvature tensor is not fully determined in terms of the physical fields [II [I0]. There
were other attempts to try to fully determine the DFT connection. For instance, in [I1I] a DFT-
connection was fully determined by demanding usual compatibility criteria plus an extra constraint
(the connection was required to live in the kernel of a particular six-index tensor). The result was
a semi-covariant derivative, i.e. only projected components of it transform well under generalized
coordinate transformations. In [I2], the Weitzenbock connection was considered rather than the
generalized Levi-Civita. The resulting theory, based on this connection, reproduces the DFT action
(up to a boundary term) and the dynamics is based on the (generalized) torsion. However, a
reformulation in terms of other geometric quantities (like the contorsion tensor) and its analogy with



teleparallel gravity (TG) was not analyzed. In the context of DFT on group manifolds [13} 14} [15]
a fully determined covariant derivative was found that has non-trivial curvature and non-trivial
torsion. But this covariant derivative is not covariant with respect to generalized diffeomorphisms.
Instead it is covariant with respect to normal 2D-diffeomorphimdl. More recently, in [I6] a fully
determined DFT connection is proposed by extending the geometry of DFT with a para-Hermitian
structure, resulting in a Born Geometry.

In this work we return to the issue of finding fully determined connections in DFT. We propose
a procedure that outlines why it is possible to consider fully determined connections (besides the
generalized Levi-Civita and Weitzenbock connections) in DFT and to understand their geometric
structures. These connections will reproduce theories equivalent to DFT and, in particular, we
obtain the teleparallel equivalent of DFT. We can interpret these new connections as deformed
versions of the Weitzenbdck connection. This procedure will also allow us, in a natural way, to
reinterpret and determine the undetermined parts of the generalized Levi-Civita connection. The
gauge and global symmetries will play a crucial role and to understand this procedure we first need
to briefly review the teleparallel equivalent of GR.

Teleparallel Gravity (TG or TEGR) is an alternative formulation to General Relativity (GR)[17, 18]
[19]. Tt is usually based on parallelizable manifolds equipped with the Weitzenbdck connection (the
connection of the parallelization) rather than the Levi-Civita connection. One of the key aspects of
the theory is that the Weitzenbck connection furnishes a null Riemann curvature tensor, and since
this connection is metric-compatible, the dynamics of the theory is based only on the torsion. The
Weitzenbdck connection is of the form W, ” = 0,e%,e,”, where p and a are curved and flat indices
respectively, and e,* is the vielbein. The vielbein is treated as the fundamental field of the theory
and the metric is interpreted as a byproduct coming from it. The name of TG comes from the
fact that there is a notion of absolute parallelism between vectors located at different space-time
points. Indeed, one way to see this is to notice that the vielbein field is covariantly constant with
respect to the Weitzenbock connection in a coordinate basis. This means that we can compare the
flat components of a vector field defined at different space-time points just like we would do in a
global basis of flat space-time. The incorporation of sources have also been studied (see [40]) in the
TG case. As a remark, TG has been found to have applications in cosmology by studying theories
called f(T)-Theories [20] 21 22 23] 24, 25] 26], where T stands for scalar combinations built out
of the torsion.

The key observation to our work is that in TG the local Lorentz symmetry group is generically
brokend. It is easy to see that space-time tensors built out of the Weitzenbock connection (for
instance the torsion 7},,”) will not always transform as scalars under local Lorentz transformations.
In fact, the Weitzenb6ck connection itself, in a coordinate basis, does not transform like a scalar
under local Lorentz transformations but under global ones (i.e. with constant Lorentz parameters).
Global transformations bring the immediate worry about extra degrees of freedom coming from
the vielbein, since in D = 4, six out of the 16 components of the vielbein are gauged away by
local Lorentz transformations. However, since the TG action turns out to be equal to the Einstein-
Hilbert action, up to a boundary term, the equations of motion of TG are equivalent to the Einstein
equations and thus the theory enjoys local Lorentz symmetry.

Motivated by this global-local mechanism of TG, and inspired by the necessity of DE'T to consider
connections (and curvatures) determined in terms of the physical fields of the theory, we will try
to obtain equivalent theories to DFT defined by fully determined connections. Although these
connections will transform under double Lorentz transformations with constant parameters, the

I1We thank Falk Hassler for pointing this out.
2 In f(T)-theories at most only a remnant subgroup of it survives [27, 28] 29].



resulting theories will possess double local Lorentz symmetry (that is, under parameters depending
on the coordinates). But before doing so, we first need to apply this procedure to GR. That is, our
starting point will be to first understand the most general connection written in terms of first-order
derivatives of the vielbeirf] in standard geometry:

W) W) w
F#UPZW#UP—al T yup—Fbl Tp#y—FbQ Tp,/‘u
wy w) w)
—Clgwj T gp — dléup T v o —dg&l,p T uwo o- (11)

w

Where (T)Wp = 2W|,,)” is the torsion of the Weitzenbdck connectior] and guv 1s the spacetime
metric. The connection (L)) is parametrized by six real parameters and it does not have any
symmetry requirement imposed on its indices so it will yield, generically, non-vanishing curvature,
torsion and non-metricity. In a coordinate basis, this connection transforms in a proper way under
general coordinate transformations and is a scalar under constant Lorentz transformations. This
means that for generic coefficients, the local Lorentz symmetry is broken. In DFT, we will repeat
the same analysis as in standard geometry and we will also consider the most general connection
written in terms of first-order derivatives acting on the generalized vielbein (see subsection ([B.9))).
This DFT-connection is a well-defined connection under generalized coordinate transformations
and a scalar under double Lorentz transformations with constant parameters. A key role will be
play by the generalized Weitzenbock connection and the introduction of generalized contorsion and
non-metricity tensors.

The paper is organized as follows. In section (2)) we will introduce the notation used in the paper and
show how to obtain different actions equivalent to the Einstein-Hilbert action for connections with
generic features. The idea will be to set to zero a generic scalar curvature and extract from it a tensor
quantity (based on generic torsion and non-metricity) that yields the same equations of motion given
by the usual Ricci scalar (based on the Levi-Civita). As far as we know, these connections have not
been explicitly classified in a systematic way by imposing the vanishing of a generic scalar curvature,
neither in GRA nor in DFT. In subsection 1) we will find constraints on the parameters of (L.I)).
The parameters that satisfy these constraints will give the desired connections that allow for actions
equivalent, up to a boundary term, to the Einstein-Hilbert action and we will analyze particular
values of these parameters. In subsection (Z3) we will obtain the equations of motion for these
theories based on the new connections. In section (B we proceed to implement the same analysis
as in the previous section and remark similarities and differences. We analyze the components of
the generalized connection without imposing any compatibility constraint. In subsection ([3.4) we
present the general decomposition of the generalized connection and define a generalized contorsion
tensor and a L-tensor (made up of the non-metricity DFT tensor). In subsection (B3) we compute
the decomposition of the generalized Riemann tensor which allows us to compute the equations of

3We will not consider terms that could involve the epsilon tensor €pvpo-
4We are using the following conventions on indices: (ab) = % (ab-l— ba) and [ab] = % (ab — ba). In section (2] we
(W) (4)

will denote quantities associated with the Weitzenbdck connection with a (4) as superscript, e.g. T p” = T P

5In [34] a generic contorsion tensor and non-metricity tensor built from a 6-parametric connection (similar to
(TI)) constructed from the coframe were considered. Although there are several similarities with our results, an
analysis of the parameters extracted from requiring the vanishing of a generic scalar curvature has not been done.
This is a general procedure that allows us to classify and write down explicit expressions for the parameters of the
possible connections, and also to derive equations of motion. This procedure is easily extrapolated to DFT. We also
want to stress that, we do not have extra degrees of freedom in the dynamical equations. In this sense, we differ with
respect to the Metric-Affine Gravity theories where they usually consider extra degrees of freedom [35]. See [36] also
for a treatment of TG in metric affine space-times.



motion, derived from the new connection, in subsection ([B.6]). In subsection [B1) we talk about
how the undetermined parts of the connection get naturally determined. In subsection (B8] we
introduce the Teleparallel Equivalent of Double Field Theory and in (39) we show what structures
arise for other connections that present generically non-vanishing curvature and torsion. In section
@) we summarize our work.

It is not often known that GR admits the possibility to be described by other connections rather
than the usual ones mentioned before and we will show that in DF'T this is also the case. The DFT
connections will turn out to be naturally described (and fully determined) in a vielbein formulation
by defining notions of contorsion and non-metricity. More importantly, these connections will obey
the same global-local mechanism of TG theories, and, in particular, we will see that the generalized
Levi-Civita connection will also naturally do it. We believe these results are a step forward to
better understand and clarify the mathematical structures of the DFT connections and also for
future applications in o/-corrections as mentioned in the Summary section.

2 Connections in General Relativity

In this section we will work in D = 4 spacetime dimensions, pu,v... are curved indices and a,b...
denote flat indices. Our fundamental field is the vielbein e,* and we define the metric as a byproduct
Juv = nabeauebu. Here 74, is the constant Minkowski metric. The vielbein satisfies ea“ebu = §,b
and e e,” = J,” where we raise and lower curved and flat indices with the metric g,, and 7qs
respectively. We define the flat derivative D, = e,*0,. It is useful to introduce the following
quantities:

Qabc == Daeb”ecp, Tabc = 2Q[ab]c. (2.1)

Here, 7,,¢ are the anholonomy coefficients. The Riemann curvature tensor is defined as fol-
lows:

Ruwp” = 0,T0,7 —0uT,,7 =T Tun® + 1, T, (2.2)

For generic affine connections, the Riemann tensor is only antisymmetric in the first two indices. In
a metric-affine spacetime the affine connection admits a general decomposition of the form:

7 = {;’U} + K + L0, (2.3)

where the Christoffel symbols, contorsion tensor and the L,,,” tensor are given respectively by:

g 1 TO
{M V} = 59 (@ng - 379W + 61197—”) s (24)
o 1 TO
K = —99 (Tyur" 9o = Tro”Gpp — Ty’ Gpr ) 5 (2.5)
1
Ly = _5970 (Vugur = Veguw + Vogru) - (2.6)

Here, the torsionis 7},,7 = 2L and the covariant derivative is defined as V,V,, = 9,V, —I',,,°V,.
The combination Q.., = Vg, is known as the non-metricity tensor. When we plug the above
decomposition in ([Z.2) we obtain:

" " 3 \ "
Ryuvp (I) =Ry ({})+ T C)\P

+2(§) C1," + 207,07 Copp? (2.7)
(n~vlp [wIAl ~vlp o :



)
where C,,7 = K, + L, and V , is referred to the Levi-Civita connection. The Ricci tensor

and Ricci scalar are defined as

R, =Rup”, R=g""R.". (2.8)

The decomposition (Z7) on the Ricci scalar yields:

) (€8]
R(P) = R({}) + \Y HCG'MU -V O'C;,LH(T
+ Cun7Coht — ConCp. (2.9)

The Levi-Civita connection is torsionless and metric-compatible, which means that 7" ,,” = 0 and
the metric can pass through the covariant derivative.

The relation between the components of the affine connection written in a holonomic basis and an
anholonomic one is of the form:

T’ =W’ + el el wn. (2.10)

For instance, if I',,,,” is the Levi-Civita connection then wuab is the usual spin connection ([212]).
For simplicity, we will refer to w,," as a gauge connection. By inserting (II]) in (ZI0) and using
W = —ea#ebyeCanbc the gauge connection gets the following form:

Wap” = a17pa © — b17° b — b2 pa + C17apTa
+ d10a T 4+ dady, T 4 4. (2.11)
It is important to stress that the above gauge connection (with all flat indices) transforms as a
scalar under diffeomorphisms. However, for generic coeflicients, it does not transform like a gauge
connection under local gauge transformations, but only global (constant) ones. In fact, if we force
this connection to transform under local Lorentz transformations we see that the only possibility is

with a1 = by = be = —1/2, ¢; = d; = do = 0. This is precisely the coefficients for the Levi-Civita
spin connection:

ah . 1 c c 1.
W ab —2Tab +27- ab+2T ba - (212)

In planar indices, the Riemman tensor ([2.2)) takes the form:
Rabcd :Dawbc d waac d Wac 6U}be d
+ Wpe 6wae d_ Tab 6wec d- (213)
Similarly as before, the Ricci tensor and the Ricci scalar are of the form Ry, = Ry and R = nabRab
respectively.

The idea is to use the connection (2.I1]) (or equivalently (II])) and find conditions on the coefficients
(a1, b1, ba, c1, dy, d2) such that the Ricei scalar for this connection vanishes. In this way, we obtain
an equality between the usual Einstein-Hilbert action and an action with C-terms (up to a boundary
term). Indeed, consider the Einstein-Hilbert action with the scalar curvature ([2.9)):

[ dstv=anm) = [ astv=a(ra)

+ CuaTCot = CpCu™). (2.14)



We have dropped out the covariant derivative terms since they form a total derivative. By setting
R(T") =0 in 2I4) we simply obtain:

/ dz' VgR({}) =

= —/d:c‘&/_—g (CLn7Cot — Con7C ) . (2.15)

We stress again that the above equality should be understood up to a boundary term. In the
second line of (ZIH), the tensor C),” depends on the general connection I' (II). This means
that connections that furnish a null Ricci scalar can be used to yield an action equivalent to
the Einstein-Hilbert action by using its torsion and/or non-metricity. This is indeed the case for
the usual TG, where the right hand side of (2.15)) reproduces exactly the teleparallel action with
C” (W) = K.,” (W) (see section Z5.]).

The reader might be worried about the fact that we are considering global Lorentz transformations.
But all of the connections we will obtain reproduce theories which possess local gauge transforma-
tions as established by the action (ZI5)), reducing in this way the number of degrees of freedom of the
vielbein. This is the same mechanism as in teleparallel gravityﬁ where the affine connection is cho-
sen to be the Weitzenbdck connection W,,,” which is invariant only under Lorentz transformations
with constant parameters but the resulting theory turns out to have local Lorentz symmetry.

For simplicity we will mostly work with flat indices. The usual Einstein-Hilbert action with Levi-
Civita connection after a partial integration is of the form:

[ stV = [ datv=g (- e
1 1
+ §Tabc7_acb + ZTab cTab 0)7 (216)
where we have used (ZI3) and (2I2). Equation (ZI3) then gets the form:

1 1
/dw4\/—_g( - . 7o bt . e c)

_ / d' =g (Ca et — Ca®C,). (2.17)

2.1 Equations for coefficients

As mentioned before, we would like to find conditions on the coefficients of the general connection
(2110 such that the Ricci scalar of this connection vanishes. We plug (ZI1]) in the Riemann tensor

6 At least for the usual teleparallel gravity which is equivalent to Einstein gravity (TEGR). As mentioned in the
introduction, the Lorentz transformations in f(T")-gravities are more subtle.



(2I3) and contract indices to obtain the scalar curvature. The result is the following:
R(w) =D, ", (a1 +2by+ 3¢ + 34y +b1)
+ 7 Tape (a1bl —biby — aiby — bz)
+ TabcTacb( —aiar +aiby —aiby — biby
+bibs — baby — a1 — by

+Tbcc7'aba(—a1b1 —b1b2+2b161 —4b1d1
— albg — b2b2 — 2b201 — 2b2d1
— 40,101 + 36161 —12 Cldl
+2a1d1—|—3d1d1—|—01—|—d1); (218)

All of the terms are independent of each other so in order to obtain a null scalar curvature we must
set each parentheses to zero. This defines a set of four quadratic equations for five variables (aq,
b1, ba, c1, d1). Note that the coefficient ds has dropped out from (ZI8]) but does not drop out from
the Riemann tensor nor the Ricci tensor. The reason is the following. It is known that a Riemann
tensor with a generic connection is invariant under:

L’ = Tp? +60,°0,0, (2.19)

where ¢ is a scalar. However, the Ricci scalar built from this generic Riemann tensor is invariant
under a relaxed version of the above equation:

L’ = T’ + Aud”. (2.20)

This is due to a contraction between the metric and 9, A,). We can see that the term with coefficient
dy in () has exactly the same form as in (Z20). We will come back to this point later.

We might have set to zero the curvature tensor or the Ricci tensor in order to obtain equations for
the coeflicients. Nevertheless, we analyze the vanishing of the scalar curvature because the solutions
for this one includes the cases for a null curvature tensor and Ricci tensor. Therefore, teleparallel
gravity must show up as a particular solution to our set of four quadratic equations derived from

EID).

Our set of four equations have an infinite amount of solutions yielding both torsion and non-metricity
(and, in general, a non-vanishing curvature). To simplify the analysis we consider particular cases
in the following subsections.

2.2 Metric-Compatible case

In this subsection we restrict to the case of metric-compatible connections, i.e.:
Danab - wabenec - wacenbe =0 = Wa(be) = 0. (221)

The above condition implies
a1 = bl, Cc1 = dl, d2 = O, (222)



The set of four equations derived from (ZI8) together with conditions ([2:22)) yield only four solutions
which will be referred to as cases 1 to 4. These are respectively:

a1 =—1, by=—1, ¢; =2/3, (2.23)
a1 = —2/3, by=—4/3, ¢ =2/3, (2.24)
a1 =—-1/3, by=1/3, ¢; =0, (2.25)
a1 =0, by=0, ¢; =0, (2.26)

Replacing cases 1 to 4 in the general connection ([LT]) we obtain the following connections, respec-
tively:

€)) W) W) W)
Lo’ =W+ T " —T"u—T7",,
2 W2 W
_ggHVT‘Tp —g(SHPTV o (227)
(2) , p 2 (W) , 2(W)p 4(W)p
Iy’ =W +§Tvu _gT ;w_gT Vi
2 W2 W
- gg,ul/ T crp - ga,up T v o- (228)
(3) , , 1 (W) , 1(W)p 1(W)p
F;,w :WHV +§Tuu _gT ;,W+§T VL
(2.29)
4
F,uup = W,uvp- (230)

Equivalently, we use (ZIT]) with the above coefficients. As expected, one of the solutions (eq. (Z30))
is the Weitzebdck connection.

The above connections (2.27)-([230) are metric compatible (the non-metricity tensor vanishes) and
present non-vanishing torsion. Thus only the contorsion tensor K¢ will contribute to [2I7). The
contorsion tensor for the metric-compatible case is equal to:

(G

Kabc = Cabc = wabc — W ab - (2.31)

It is straightforward to check that (ZI7) is satisfied for the four cases when plugging (231 in

@I7). That is:

@ @, 0 G,
Kab eKec 59 — Kab aKec 5% =
1 b

= ——T"Taep — — 7_abcTabc + Tba aTh cs (232)

4
with i =1,---,4 labeling cases 1 to 4. We want to remark that the above connections not only yield
non-vanishing torsion but also non-vanishing curvature tensor and Ricci tensor. The only exception

€]
being case 4, i.e. the Weitzenbock case T',,,” = W,,” (only has non-vanishing torsion).



2.3 Non-metricity case
We begin studying the simplest case of torsionless non-metric connection. The condition is:
TH,,U =0= Tabc = wabc — wbac, (2.33)

which implies that the coefficients must satisfy:

1+ 2a; =0,
by — by =0, (2.34)
dy —dy = 0.

However, equations ([234) together with the set of four quadratic equations derived from (2I8])
yield no solution. There have been other attempts for constructing equivalent theories to EG based
purely on non-metricity. For instance in [37] a vanishing I',,,,” was considered, allowing the theory to
be described only in terms of the non-metricity tensor ., = dugv,. This is equivalent as choosing
Waep© = e, ep” e’ , WP We believe that if we had allowed an extra arbitrary constant factor in front
of W,,,” in ([II) then our procedure would have also yielded this gauge connection as a particular
result. However, the transformation properties of this connection under diffeomorphisms would
have been compromised.

As said before there are infinite solutions to our set of four equations presenting, in a generic way,
non-metricity and torsion. Just to analyze a particular case we study the condition for a Weyl’s
spacd:

Vug,jp = —2Aug,,p = Wq(be) = Aanbc' (2.35)

Where A, is a one-form field (Weyl’s vector field). Since we want a connection only in terms of
derivatives of the vielbein the only possibility is A, = a7,%; for some real constant «.. This implies
the conditions

alzbl, C1 :dl, Oézdg. (236)

These conditions on the coefficients are the same as the previous case (Z22)) except that we have
a non-trivial condition on dsz. Since do does not show up in (2I8)), the solutions to the quadratic
equations plus ([Z30) are the same as the previous case but with an extra term, i.e.:

(1) (4) W)
T’ =T —aT %6, (2.37)

with ¢ = 1,--- ,4. Although these connections are different from (2.27)-(Z30) due to the last term

in (Z31), we must notice that this extra term is just of the form (220)) which leaves the Ricci scalar
(W)
invariant. More explicitly: A4,6,” = —a T ,756,”.

2.4 Gauge redundancy and deformed Weitzenb6ck connections

One might worry about the fact that the different connections we are obtaining are, in some sense,
gauge artifacts of the Weitzenbock connection. We want to stress, again, that only when taking
Lorentz transformations with constant parameters, the connection I',,” and tensors built out of it

"In a Weyl vector has also been considered. However, we are not considering this vector to be an independent
degree of freedom since it is built from the vielbein.



are well defined, in the sense that they transform as a scalar under Lorentz transformations. And
only when considering actions or equations of motion the local Lorentz symmetry is restored. This
is completely analogous to the usual teleparallel gravity case. Thus, if we consider global Lorentz
transformations it is clearly not possible to gauge-transform the different connections into the
Weitzenbock connection. Moreover, if we allowed for local Lorentz transformations it is not possible
neither. Take for instance the curvature tensor (2.I3) with the general connection (ZIT)):

d d d d d
Rabc (w) :Da (achb - blT be — b2T cb + C1MbcTe €
+ d15b ch ¢ et d25c dTb ¢ e)
d d d
- Db (acha - blT ac b2T ca

+ C1MacTe de + dl(sa ch ¢ et d260 dTa © e)
4o (2.38)

where the dots represent quadratic terms. From the above derivative terms we see that the only
possibility for the curvature tensor to vanish is that all of the coefficients must be set equal to zero,
implying that the Weitzenbock connection is the only connection written in terms of derivatives
of the vielbein that makes the curvature tensor to vanish. Therefore, if the connections we have
obtained so far were gauge-transformed (under local Lorentz transformations) of the Weitzenbock
connection, it would imply a vanishing curvature tensor for these connections. As we have stated
in the previous examples, this is not the case. More generally, different set of coefficients live in
different Lorentz gauge orbits.

On the other hand, we have mentioned about transformations that leave the curvature tensor or
scalar curvature invariant, ([2I9) and (220) respectively. From a geometric point of view, the
connections are meant to be defined up to a “gauge transformation” of the form ZI9]) as long
as the new connection enjoys the same index symmetry properties as the old one. For instance,
the Levi-Civita connection is symmetric in its two lower indices and if we apply the transformation
[2I9) the symmetry in the two indices will be broken resulting in a new connection with torsion and
non-metricity. The connections obtained in this work do not have a particular definite symmetry
on their indices, and thus, transformations of the form (2I9) might be considered. However, none
of our connections are related in this sense, since there is no combination of vielbein that produces
a non-trivial scalar as in the last term of (ZI9). The only transformation relevant for us is (Z20)).
In this case there are connections that are related as we have explicitly shown in (Z37). Despite
(@) i (@)
of this, the geometric properties defined by [ are different from (1"): Clearly, r yields non-trivial

3
non-metricity while I" does not. Also, the form of the curvature tensor for these connections are
different since the dy term does not decouple from the curvature tensor (see (Z38).

Having clarified the gauge redundancy issue, the interpretation we are giving to the new connections
is that they are deformed versions of the Weitzenbock connection [35]. Given two connections T'y
and I'y we can always relate them by a tensor. Take I'y = W + wy and I's = W + ws as in the
decomposition ([ZI0). Since w is a tensor under diffeomorphisms, we obtain I'y = 'y + (w1 — wa).
Thus, I'; and I's are related by a tensor and we say I'; is a deformed version of I';. In this work,
what we did is to find those w parametrized by ([2I1]) such that I'; = W + w is a deformation of
I'; = W and reproduce the same action (or equations of motion) for the vielbein.

10



2.5 Equations of Motion

In this subsection we will obtain the equations of motion for the vielbein in terms of quantities
associated to the connections we have obtained in the previous subsections.

4
As a warm-up, we first obtain the equations of motion in the teleparallel case (i.e. (w)abc =0) as it
is usually done in the literature. However, we will apply a more general procedure in (Z5.2]) that
will include the Weitzenbock case as a particular case.

2.5.1 Weitzenbo6ck case

We are interested in the right hand side of (2IH) using planar indices and the Weitzenbock con-

4
nection (w)abc = 0. For metric-compatible connections the non-metricity tensor vanishes, therefore
the only contribution to the action comes from the contorsion tensor, i.e. Cyp¢ = K¢, Expanding
in terms of the torsion we get:

@ @ W @
KabCKca _chcKaa -

IO O 1@ @ @@
:—ZTabCT“C—§TabCT“C + T’ T,.. (2.39)
(4)
Where we recall that T ,,¢ = —74° Since the Riemann tensor associated to the Weitzenbdock

connection vanishes, we expect to find equations of motion in terms of only 7,;¢. The right hand
side of ([ZI) thus gives:

14 @ 14 & (GO
/d$46( _ Z TabcTabc _ 5 TabcTaCb 4 TabbTacc) —
, 1@ @
:/dx e(—§T‘”Tabc). (2.40)
Here e = \/—g¢ and in the last line we have introduced the tensor fabc known as the superpotential
in TG:

Tabc = cha + nachdd - nbcTadd

1
= 3 (Tabc + 2T[a|c|b] + nachdd - chTadd)- (2.41)

The superpotential satisfies fabc = 2f[ab]c. Due to this property the variation of the lagrangian is
easier to perform:

1@ 1 @
56( - §eT“bcTabc) =§eeduéed“ T T e

4 boe @
—eT ™, T 4o, (2.42)
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where

(4) (4) (4)

~

—eT 6§, T gpe =eT ¢ (25€a#6duﬂdbc + Tabded“éew

+ 2Da56b“ecu> . (2.43)

Since the last term of (Z43)) is antisymmetrized on indices (a,b) we can use:

9D Ay — $92 €8)) .
[a43b] = 2©[aAb] +2w [ab] A, (244)

§8))
where ©,4, = D, Ay — (%)abcAc. When substituting (Z44]) in ([2:43]) we see that the second term

in the right-hand side of (2.44]) cancels the 7 term in the first line of (243)) since 2(3)[@]0 = T
and deq, e = —eq,0eP. We proceed to use the product rule:

@
eT“bCQQaéeb”ew =
w9 b @ 4
= 2e©a(T“ C&eb“ew) —2e®.T ey eqy

4)

— Qef‘lbcéeb“(—eraec _

w aceeeu)- (245)

The first term on the right-hand side of (Z43)) yields a total derivative and the last line of (245l

«
comes from expanding D,e.,. Putting all together we then have:

(4)
1 2 @
56( - —eT“bcTabc) -
2
SUCY 4
= 5eedﬂéed“ T T wbe + 2edeql ean (T aberd,

@ @
HhH X Y
D, Tead 4 Tb‘w(g)bcd), (2.46)

up to a total derivative. The Q term of (243 combines with the © term of [2.43) to form the 7
term in the second line of (Z46]). The equations of motion are simply:

(@ @ w @ 1w @
2©cTCab+ 2Tacd(Tbc - K* b)_inabTCdeTce:O-
(2.47)
) ) (4P
Here we have used T ,1,¢ = —74¢ and K 3¢ = — W o°.

2.5.2 Generic case
In the previous subsection we obtained the equations of motion by varying the right hand side of

(ZTI3). This is our goal here too. The variational procedure, however, of the preceding subsection
depends heavily on the form of the torsion with respect to the vielbein and if we perform that

12



procedure for the new connections it is not easy to see how to rearrange terms in meaningful
geometric quantities. In the Weitzenbock case, the equations of motion are fully described in terms
of the torsion since there is no curvature. In the case of the new connections, all of them have
non-zero curvature and we expect the Ricci tensor to appear in the equations of motion. Therefore,
we will follow here a different route to derive the equations of motion for our generic connections,
and in particular, it will yield the equations of motion for the Weitzenbdck case (2.47]).

We start with the following action,
S = / eR(T)dz*, (2.48)

where R(T') = g"R,,,,”(I'). We are assuming that I' is written in terms of first-order derivatives
of the vielbein. We now vary the action with respect to the vielbein,

58 = / SeR(T)dx"
+/edg“”RupUP(F)—F/eg“”dR#pl,p(F). (2.49)
The first term of ([249) is as usual,
- /eea#R(F)éea“. (2.50)
The second term of ([2:49) gives:
2/6R(Mp‘y)p(F)e‘“’56a”. (2.51)

The third term of ([Z49]) can be decomposed as follows. We use the decomposition for ' as given
by ([23)) implying a decomposition for the Riemann tensor (Z7). Thus, we obtain:

/69“”5( wpv P +2 V C +20[#|)\‘ C] k) . (2.52)

The variation of the first term of (2252)) is obtained by varying (Z2]) with respect to I" with T being
the Levi-Civita connetion. The result is:

S S2RS 6
/eg \Y% [M5 r olv = 0. (253)

Which yields zero, since it is a total derivative. The second and third term of (252) can be rewritten

as follows:
)
/eg“ 5(2 \Y [MCP],/’) =

:6(/69”” (2V nC /669”” Co”)

€89)
- /659#1’ (2 \Y [uCp]up)v (254)
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and
/69“"5(20[uwp0m3) =
- 5(/69#" (2C0n"Co ™)) = /569#'/ (2C0u " Cop™)
—/eég‘“’ 2CLN"Cop ). (2.55)

Putting all together

)
08 = /e(gw,( —RIT)+2V [ng]Up + 2c[g>\|pcp]a>\) +

, ) W ,
+ 2R(up) (1) =2V (uClpp)” + 2V pCpuy

= 200" Copy + 2CpApC<;w>A> eq” 0 +

+6(2 [ eCrnPCa* . 2.56
[ Al ~p]

Since we are dealing with I'’s such that the Ricci scalar vanishes then the action (248]) vanishes.
This implies that 65 = 0 off-shell. Therefore, the right hand side of (Z56) must vanish identically.
On the other hand, the last term of (Z50]) is equal to the variation of the right hand side of (215
and we need to impose this variation to vanish in order to obtain the equations of motion. So, the
resulting (equivalent) equations of motion are:

)
2R ()" () + Gy (2 VG + 2C[U|A\”Cp1“)
) , ) , , \
=2V WOy’ + 2V pCluy” = 2Cu " Cop)
+2C\ Cluy™ = 0, (2.57)
where we have used R(I') = 0. Equivalently, in flat indices the equations of motion are:
c ah de c de
2R q)e|p)“(w) +77ab(2©[d0c] +2Cq4/°Cy )

HH c HH c c .
— 2@((10‘0“7) + QQCO(GZ,) — 20(a|e Oc|b)
+2CceCC(ab)e = 0. (2.58)

Equations ([257) and (Z58) are the equations of motion for the general case (1) and (ZITI)
respectively. In the case of metric-compatible connections only the contorsion tensor contributes to
C,?. In this case, and after some manipulations, equation ([Z58) gets the form:

c g Tie o3l cd cd
2R(a\c\b) (w) + 29T + 2T aca (Tb - K b)

1 ke D g3
- 577achdeTc € + gcTabc + 2©[aTb]cc
+ T1 ' Tcaja) — Tar“Tea” = 0, (2.59)
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where T,,,¢ was defined in (ZZT)). It is easy to see that (Z5J) reduces to (Z47) for the Weitzenbdck

(4) )

case, %)abc =0, Rape (W) =0, T 0p¢ = —7a°, with the help of the following identity:

W o ay o o
DeTab” + 20Ty — Tp“Tled|a) + Tab“Tea” = 0, (2.60)

As a final remark, we have verified that when plugging the connections (Z27)- (2:30)) inside equations
ZX29) reproduce the same equations of motion for the vielbein as in teleparallel gravity or Einstein
gravity.

3 Connections in Double Field Theory

In this section we will try to apply the same procedure of the previous section ([2) to Double Field
Theory and remark the similarities and differences. We briefly review the DFT ingredients we are
going to use. Most of the details can be found in the literature mentioned in the Introduction.

String theory has several dualities relating different theories defined on different backgrounds or
regimes of validity. In particular, T-duality is a duality relating string theory compactified on
different toroidal backgrounds. The T-duality symmetry is represented by the O(n,n) group, where
n represents the number of internal compactified dimensions. Double Field Theory is a proposal
to incorporate the T-duality group as a manifest symmetry of a field theory. It achieves this by
doubling the usual space-time coordinates, incorporating new coordinates & dual to the winding of
the string. The fields of DFT are represented by a generalized metric Hy n(X) and generalized
dilaton d(X), where XM = (%, ) are the DFT space-time coordinates, M = 1,...,2D (where D
is the target space-time dimension containing both external and internal coordinates). Indices are
raised and lowered with the invariant O(D, D) metric,

miv= (1 o). (.1

The generalized metric satisfies HyNHyp = nyup and Hyny = Hya. DFT is a constrained
theory, it usually satisfies the strong constraint 9,0 (...) = 0, where the dots represents arbitrary
products of fields and gauge parameters. However, there are instances where it is known the strong
constraint can be relaxed, for example in generalized Scherk-Schwarz compactifications (see, for
instance, [3] and references therein). For simplicity, we will assume the strong constraint in this
work. It is convenient to introduce projectors P and P:

1 _ 1
PMM+pMN:5MN, PMPPPNZO. (33)

These projectors allow us to separate components of tensors in orthogonal subspaces and we will use
the notation Vi = Py NVy and Vi = PyNVy. It is possible to introduce a generalized vielbein
EsM as in GR:

Hyn = SapE*vEP N, nun =napE*vEP N, (3.4)
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where .
Sip = (SO sob) , a,b=1,...D, su =diag(—,+,...,+), (3.5)

and nap is numerically equivalent to (3I). The generalized vielbein satisfies E AMEgy = nas,
EavEAN = nyn. Here, we have introduced planar indices A, B,C, D, E,F = 1,...,2D which
are raised and lowered with ngp. The curved indices ranges from K, L, M, N,...=1,...,2D. The
theory is invariant under generalized coordinate transformations acting on curved indices:

SeE Ny = LeE

=&POpE v + (OmE" — 0P E P, (3.6)
and a local double Lorentz transformation O(1, D—1)x O(1, D—1) acting on the planar ones:
SAEAM = AAPERM. (3.7)

Here ¢M = ¢M(X) is an infinitesimal parameter of coordinate transformations and A4 ? = A 4P (X)
satisfies Aup = —Apa, SaVAup = SpB Aap (following the conventions of [39]). The dilaton
transforms under generalized coordinate transformations as d¢d = £¥9pd — %BP§P . Of course, the
theory is also invariant under global O(D, D) transformations acting on curved indices.

It is possible in DFT to introduce concepts like connections and curvatures by introducing a co-
variant derivative under generalized coordinate transformations:

VuVn =0V — TuntVe. (3.8)

The DFT connection transforms in the following way under generalized coordinate transforma-
tions:

6T un® = LeTun® + 0none” — oo én. (3.9)
The concepts of covariant derivative and generalized coordinate transformation seems to parallel the
one in standard geometry reviewed in section (2)). In particular, we saw that a generic connection
in a metric-affine space-time can be decomposed in terms of the appropriate geometric quantities
as in (Z3). This decomposition has allowed us to study and find, in a systematic way, different
connections and equations of motion based on different geometric quantities. In the following
subsections we would like to find a similar decomposition for a generic generalized DFT connection
that helps us to unravel the different geometric quantities allowed by the theory. That is, we would
like to find a decomposition of the form:

Tun® = {MPN} + Kun®" + Lun®, (3.10)

where { MP N} would play the role of generalized Levi-Civita connection and the rest would be the

generalization of the contorsion and L-tensor. Let us introduce two quantities that transform as
tensors under generalized coordinate transformations which can be interpreted as the generalization
of the torsion tensor in general relativity:

Tap? =Tarp? = Ten® + 1% nrpTrar” (3.11)

TI\(/[21)3Q =Tup? + 0" nrplur"
= 9"V unpr. (3.12)

The tensor 7 in II) has been named the generalized torsion tensor in DFT. The tensor 7(?)
in (BI2) is the representation of the covariant derivative of 7,y which a priori we are not setting
to zero. Now we have all the tools to find a decomposition as in (BI0).
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3.1 Tensors ) and Q

Since there are two kinds of metrics in DFT we need to study the covariant derivative of both of
them. Nevertheless, instead of working with them, we will work with projectors ([3.2)):

VuPyp =0uPnp —Tyune —Tupn, (3.13)

VuPyp =0uPxp —Tynp —Dupn- (3.14)
For simplicity, it will be convenient to introduce the following quantities:
Qunp =VuPyp, Qunp=VuPnp. (3.15)

They play the role of the non-metricity tensor in Riemannian geometry. From equation BI3) we
can hit with P on the IV index to obtain:

Cywp = PN OpPyip — Qrnp- (3.16)
And similarly with (3I4):

Tynp = PnN 0vPyip — Quinp. (3.17)
Equations 3.16) and BI7) fully determine I'y;xp, T'yzyp and Ty np Ty p, respectively.

Note also that the following components are equal to zero:

Qupg = Pp” Pa? VarPrig =0, (3.18)

Qupg = PpT P9V Ppigr = 0. (3.19)

This can be seen by using the orthogonality of the projectors and the Leibniz rule.

3.2 Components from 7

We would like to point out something that has not been stated in the literature so far. If we take
TA(41 ])VP = 0 then:
I p =—(Tur® —Tru®), = Toupr=Tgup. (3.20)
Thus, with the above imposition I' turns out to be antisymmetric in its last two indices and
then:
T]\(42])VP =—Vunnp =2 ywp) =0. (3.21)

So, imposing 7! = 0 already implies the constraint V7 = 0. This shows that both 7() and 7
are related.

Returning to the undetermined components, from the definition of 7(!) we can obtain new deter-
mined components for the connection by projecting the indices:

1

Tpiig = —Tipo + Tirra + o, (3.22)
1

Laipg = Tz\(zzo(; +piig —Toup (3.23)



The above components for the connection are fully determined in terms of the physical fields and

T,

From the tensor 72 we obtain no new information since we note that can be written in several
ways using previous tensors:

2
TI\(/H)?Q =2l (pg)
_ (1)
=2T oy (3.24)
=—Qupro — QmPgQ

This shows that 72 is not independent from 7™ or the Q’s tensors. And, of course, also shows,
that this particular combination of 7() is related to the @’s. Moreover, not all of the components
of T are independent. By using the definition of 7(!) and 322) and [B23)), we can see which
components of 7(1) are related . The relations are as follows:

TA(z{IJ)VP - _TJ\Eflzl)/fp —Qpym — QEMN (3.25)
T4(411)\715 == ]\Eflll)/[ﬁ ~ Qpyy — Qpun (3.26)

TJ\(Zl])VP = —TJ\%N - Quinp — Qurpy (3.27)

We choose the components T]\(Zl va and T]\(Zl ZV p as independent ones and built the others from
them.

3.3 Components from Ve~ %

We define the covariant derivative acting on e~ as

Ve 24 = Opre™2? — TonYe™24. (3.28)

From this equation we can determine the trace components of the connection, since Tou® =
I‘QMQ + FQMQ. So by projecting the free index we obtain:

FQMQ = _FQMQ + e2dpy M (_lee—zd i 8M/e’2d) (3.29)

FQMQ = _FQI\?[Q + 82dpMMl (_leede + 8M/672d) (3_30)

The trace components are then fully determined. These are the only equations from where we may
try to obtain information about I'yyyp and I'y; 5 p, the equations from previous sections do not
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yield any non-trivial information about them. Following [I0] we propose the following ansatz for
FMNP and PMNP:

2

Lynp = —5—5Puwv Pr "Top®+Tuxe + Zune +
2¢%¢ P’ 2d 2d
+ T Piv Pr) (= Vpe 4+ 0pe?). (3.31)
2 - - p . =
Tunp=—y—pPunPr)” Top ™ +Tunp +Zunp +
2¢*¢ p_P 2d 2d
+ 1_DPM[NPP] (—Vpe ?+0ope ). (3.32)

Note that the trace parts of the connection on the right hand sides are determined components

given by the trace of (BI0) and [BIT). The ansatz [B.3I) and B32) satisfy [B329) and B30)

provided we introduce the quantities T' and X that satisfy:

Tou® =0, Tou?=0, (3.33)
Sou? =0, Bou?=0. (3.34)
And also:
0=Tgoumr — Tmor + Trou, (3.35)
Tovir = Sour — Suer + Srou, (3.36)

And similarly for T' ;55 and ¥;75p5. The above requirements come from @II) and @24). The
quantity I was introduced in [10] and it is an undetermined component in terms of the physical
fields (Py v, Pun,d). Tt is responsible for fixing the transformation properties of Ty yp or Tz p
under generalized coordinate transformations. Here, we need to introduce a new quantity, 3, which
is a tensor under generalized coordinate transformations. Depending on the choice for the tensor
T® (which might carry physical degrees of freedom), the tensor ¥ may be fully expressed in terms
of it. This means, to express ¥ as a linear combination of 7() (we will see how to do this for

particular cases in subsections ([B.8)) and (3.9))).

3.4 The full connection

By gathering together (310), 317), (322), (23), B3I) and B32)) we are now able to write the

full connection. The final expression is:

Fvunp = {MPN} + Kunp + Lunp, (3.37)
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with
2 ’ = ! ! — _
{MPN} = — —1_DPM[NPP]P (PJWN Pp/RaM/PN/R—62d8P/6 2d)

2 = — ’ ’ U _
_ EPM[NPP]P (PM N' Bo By Py — ¢240pe 2d)

+PMMIPNN18M’pN/P+PMMlPNN,8M/PN/p
+PNN/PMM/8N/PM/P+PPPIPNN/6P/PN/M
+ Py Py Opp Prop + Pur™ Py Oar Py

+ PNN,pMMIaN/PM/p — PPPIPMM,ap/PM/N

+Tunp+Tiyp (3.38)

KMNP:_T]\%1A)415+T]\(Z[IZVP+EMNP+EMNP (3.39)
262d 7 _ 2€2d — = ’ _

LMNP:_ 1_DPM[NPP]PVP’6 2d—ﬁPM[NPp]PvP/6 2d
2 o, Q . PP O @

+ EPM[NPP] Qop* + T DPM[NPP] QQPP (3.40)
unp — Qunp —Qnup — Cpvm
wne — Qunpg — Qnirp + Qpun

We have obtained the generalized Levi-Civita connection which after some manipulations

{af v}
is equal to the connection obtained in [I0]. The generalized Levi-Civita connection has vanishing
torsion, it is 1-H-compatible, i.e. VP = VP = 0 and has vanishing Ve™2? = 0. We have also
defined the generalized contorsion tensor (839), and the L-tensor (340) made up of the non-

metricity tensors @, Q and Ve~2¢. For simplicity, we define

Cunp =Kunp + Lune. (3.41)

Note that it is the tensor Cpsnp the one that accounts for equation ([BII]) rather than only using
the generalized contorsion tensor Ky p, that is

TJ\(41])VP =Cunp —Cnup +Crun. (3.42)

In a metric-affine geometry only the contorsion tensor is needed to yield the torsion, i.e. 1),” =
2 )" = 2K ).

3.5 Generalized Riemann tensor
The results shown here are a little bit more general compared to the ones stated before in the
literature since we do not assume any extra index property on the Riemann tensor (a priori) given

by imposition of constrains in the connection. The generalized Riemann tensor in curved index is
given by:

Runkr = Runkr + Reovn + TounT 9k, (3.43)
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with
Runkr = 1oL (20T v ® + 20 r 9oy ™). (3.44)

By definition, the generalized Riemann tensor satisfies Ryynrxr, = Rrxrymn. The generalized Rie-
mann tensor can be written in planar indices by rotating with the generalized vielbein and the
below quantity:

Qapc = EaAMoyEgNEon (3.45)

Note that Qapc = —Qacp. Of course, we can use the generalized vielbein E AM to convert curved
indices to planar ones. We will often use Qpnp = EAVEP NEC pQape. We define the “generalized
fluxes":

Fape = 3Qapc) (3.46)

Fa=0Pp4+2DaAd, (3.47)

where Dy = EoM0y,. It is important to stress that the generalized fluxes (with planar indices)
transform as scalars under generalized coordinate transformations when imposing the strong con-
straint. The relation between the connection and the gauge connection is:

Cunt = Wunt + EANEgTwia®. (3.48)

where Wyt = —Qun? is the generalized Weitzenbock connection and we will refer to wapc as
the DFT gauge connection. This gauge connection transforms as a scalar (with all planar indices)
under general coordinate transformations. In principle, one can require that wy;pc transforms
as a gauge connection under local double Lorentz transformation. However, as stated in the In-
troduction, we are only concerned with its transformation properties under generalized coordinate
transformations since the local double Lorentz group will be generically broken, i.e., only global
double Lorentz transformations (that is with constant parameters) will survive at the connection
level. The generalized curvature tensor in planar indices then gets the form:

Rascp = Rapep + Repas +w” apwecp, (3.49)
where

Rapep = 2Djawpiep — FapPweep — 2wiaic/"weep - (3.50)

Under a variation of the connection the Riemann tensor changes tff:

un =Tun™ +6Tun™, (3.51)
(T) 1)
= Runvkr =210Q V 0T v ® + TH un 9T gk L

(1) 1)
+2nnoV [K5FL]MQ +TW k2T onn.

(3.52)

We now know that we can decompose a general connection in terms of the generalized Levi-Civita
connection, the generalized contorsion and the L-tensor:

Tyn® = {MPN} + Cun’, (3.53)

8Since a priori we are not assuming V) = 0 we will work with a connection defined with its third index up I'p;n %

just like in Riemannian geometry. However, we will raise and lower its indices with 1 when this poses no problem.
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When plugging the above decomposition in the Riemann tensor we obtain the general form:

§e) up
Runkr(l) =Runkxr({}) + 20 V mCnx® + T un?Coxr

) W)
+2nvg V kCrmn® + T kL%Comnn (3.54)

+2C1LOnx @ + 201k 1N Crin®
+ CounC@kr.

Where we have used Ry nvrxr = Rrxrmn. When the connection is equal to the generalized Levi-
Civita, it is possible from the generalized Riemann curvature to define a generalized Ricci tensor
RMNKN and a Ricci scalar R = PMEPNLR, ~ir. The equations of motion of DFT are just the
vanishing of the generalized Ricci tensor and the vanishing of the generalized Ricci scalar, which
gives the equations of motion for the generalized metric Hj; v and the dilaton d, respectively. These
equations can be found by varying the DFT action:

S = / dXe ?"R({})

= / dXe—2d(4HMNaMaNd — O ONHMN £ 40, HMNond — AHMN 93 dOnd

1 1
— §HMN8MHKL8KHNL + gHMNaMHKLaNHKL). (3.55)

A couple of Bianchi identities can be deduced from the generalized Riemann tensor [I0, [39]. All of
them can be expressed in terms of generalized contorsion, L-tensor and non-vanishing curvature for
generic connections using (3:54]). For instance, a B.I for full antisymmetrization on the generalized
Riemann tensor can be translated as:

€8))
0=Rumnrr)({}) =Rmunrr)(l') —dngr V MCNK]Q
- 4C[M\Q\LONK]Q - OQ[MNCQKL]- (3.56)

5
Where T is a generic generalized connection and we have used that 7(!) = 0. In the flux formulation,

the above B.I is important since it can be related to a B.I for the fluxes

4
Riasep)({}) = gD[A]:BCD] — Fiap" Fopye = 0.

Before closing this subsection we would like to make a comment on extracting information about
components of the generalized connection using a possible Palatini formulation. It is known that in
GR, one can use the Palatini formalism to obtain equations of motion for the connection and for the
metric separately, and when one solves for the connection and plugs the solution into the equation
of motion of the metric, the Einstein’s equation of motion is recovered. It is not our intention to
apply a Palatini formalism to DFT but just to vary the DFT action with respect to the connection
and see what information we get from there. We consider the action
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S = / dX e 21 PMEPNLR Nk (T). (3.57)

Then we vary with respect to I' using (B.51)- (B52). We then have

6_2dPMKPNL5RMNKL = 6_2dP[M|KIPN]L(4VM5FNKL) ( )
3.58
+ 2 2ApMEPNLTIN Q6T e

We then plug the above calculation in [B.57) and after an integration by parts and recalling the
definition of Ve~2? we obtain:

S = / dX { — 4V (e*”P[M'K'PN]L) + 2e*2dPMKPQLTA%N} I (3.59)
We thus obtain an equation relating the non-metricity and the generalized torsion:

0=~V (e 2 PIMIKIPN, ) o 9e=20 pME pQ T ()N (3.60)

This is something to expect. Just to compare, if we performed the same calculation in GR we would
obtain:

0="Tr\"4+Vrg"Gre — g€9V[Tg|69|5§]
- geTVgg‘"ch\L — 2T[T‘pp5§] . (361)
In both cases, the torsion and non-metricity get related. In GR, when the connection is metric
compatible the solution to 61) is given by 7},,” = 0. In the DFT case, if P = £(n— H) in (B60)
and the connection is 7-H-compatible then only some components of the generalized torsion are
required to be equal to zero but not all of them, a priori. We have analyzed several components

of (360) and they seem to give no new information compared to the analysis of the previous
subsection.

3.6 Equations of Motion

We start from the general action

S = / dX e 2pMEPNLR \ nicr (D). (3.62)

To find the equations of motion we vary with respect to the vielbein E4™ and the dilaton. With
respect to the vielbein:

6pS = / dXe 2155R(T) (3.63)

=2 / dXe 25 PMEPNIR yinier (T) + / dXe 2 PMEPNLs R yin i (1), (3.64)
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andg

200 PMEYVPNLR Nk (D) = —4Aac B4y EC y PON PEMR o p Rt (3.65)

where

Aap = 0E M Epy = —Apa. (3.66)

The other term of the action

/672dPMKPNL5ERMNKL (F) —

:/672dPMKPNL 5ERMNKL({})

) 0 {3) 0
+0p (277LQ V mMCnk™ +208vq V (kCrim )

Where we have defined for simplicity:

Clinkr = 2Cm1@LiCnk @ + 20 k1N Crim® + CounC9k L (3.68)

Now, the first term on the right hand side of [B:67)) can be shown to be a total derivative just like
in GR (see [39 10] for more details) so we focus on the other two terms. They can be cast in the
following form, respectively:

€3 )
/6_2dPMKPNL5E (277LQ V mCnix® + 2nvg V [KCL]MQ) =
{3 )
= —2/6_2d(5EPMK)PNL (277LQ Vv [MON]KQ +2nNg V [KOL]MQ> (3.69)

and

/eizdPMKPNL(SEO?WNKL — 6E/672dPMKPNLO]2\4NKL

-2 / e 2 (5pPMEYPNLC2 o) (3.70)

In several steps we have made use of
C8))
T yunp =0, (3.71)

9The reader is referred to for this result. The important point is that it only makes use of Ryynxr = RKLMN -
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o) (€89

V MPng = V uPng =0, (3.72)
Ce)
V pe 2 =0. (3.73)

These equations also allowed us to discard a total derivative in (3.69).

Putting all together we have

0gS = —4/672dAAcEAMECNPQNpRM (RQPRP(F)

W W)
~2V (Clpin” +2V pCion” ~ Cipr")

+5E( / e_QdPMKPNLC?WNKL) (3.74)

The argument to find the equations of motion follows exactly as in subsection ([2.5]). We know that
0pS = 0 off-shell since R(T") = 0 so the right hand side of (874) vanishes identically. On the other
hand, and due to R(T") = 0 again, we know that up to a boundary term:

/ dXe MR({}) = - / dXe 2MdpMEPNLC2 o). (3.75)

When varying with respect to E4™ we find the equation of motion and we see that the right hand
side of (B.75) matches the last term of (3.74). Therefore, equation of motion for E4™ from (B.74)
is:

_ () o)
0= PONPMIR (R pp” (1) =2V (@Clpim " +2 V rCiam” — Copa”)- (3.76)

This is the equation of motion for the generalized vielbein in terms of the geometric quantities
furnished by a generic generalized connection that renders null the generalized scalar curvature.
We will see below the particular case of the generalized Weitzenbdck connection. Note also the
similarity between (370) and equation (ZX7) in the the GR case. The second term on the first line
of (257 is actually absent in ([B.76]) because the role of the determinant of the metric in GR is now
played by e=2? in DFT and it is an independent degree of freedom.

The procedure to find the dilaton equations of motion proceeds very closely as before, so we just
quote the result:

@ @

3.7 Determination of undetermined parts of the Connection

Before giving examples of connections that furnish equal theories to the standard DFT we would
like to make an observation about the undetermined parts of the generalized Levi-Civita connec-
tion ([B38). Let us concentrate on particular projected components that contain undetermined
parts:
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M/ N/ P/ P/
I' ynp =Pu™ Pn— Pp {M/ N,}

2 / — ’ ’ - _
= —_—PM[NPP]P (PM N PP/RaM/PN/R — eQdﬁp/e 2d)

+fM],VF' (3'78)

This is the only projected part of the full connection (together with I' ;5 ) that possesses unde-
termined partd™, i.e. I'. We recall that we have obtained this expression by demanding that

VuPyp=VuPnp = T]\(41])VP = Vye 2 =0. (3.79)

We know that a general connection can be rewritten in terms of the Weitzenbock connection and a
gauge connection wys 4P through (48], and when doing so, we can translate the conditions ([B.79)
as conditions on the gauge connection:

wape +wacs =0, S wape + Sp% wacp =0, (3.80)

3wiapc) = Fapo, wPpa=Fa. (3.81)

Let us now try to solve these equations assuming a connection written in terms of first order
derivatives of the generalized vielbein and dilaton such that wapc is a scalar. This forces to write
wapc in terms of linear combinations of fluxes. The unique solution to the above equations is given
by:

€8] 1
W ABC = m(ﬁA[ch] + SaicS” 51 Fp)

1 ’ ’
+ 3 (]:ABC +Sp% Sc® Fapior

1 ’ ’ 1 ’ 7
- §SAA Sp? Fapo — §SAA Sc© ]:A/BC/) (3.82)

This spin connection does not transform well under local double Lorentz transformations but under
constant ones. It is straightforward to check that this connection yields the usual generalized Ricci
scalar in terms of the fluxes, that is

«hH 1 1
R( w ) = SAB(QDA]:B - ]:A]:B) + ]:ABC]'—DEF (ZSADHBE’I]CF - ESADSBESCF>

1
—2DAFA+ FAFA — ngBC]:ABc- (3.83)

The last line of (383) actually vanishes since we are imposing the strong constraint. The resulting

action giving by ’R((g)) coincides with (58) up to a boundary term. Now, we would like to point
out that a seeming paradox comes about. Since wapc defined by ([B:82)) is a generalized scalar we
can construct a fully determined connection by using ([B-48]). Let us call this connection I':

10For the generalized Levi-Civita case we can just set the undetermined part X to zero, since the generalized torsion
vanishes in this case.
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vine = Wunp + ({UE)MNPa (3.84)

where (g)MNp = EAMEBNECP(i{g)ABC. Let us see the implication of comparing ([B.78) to (3.84)

with all indices projected:

) /
I yvpe =Dywp. (3.85)

When comparing both sides of [B:85]) we see that the first line of ([B:82) gets canceled by several
terms of the first line in (B78) and the difference requires:

. 2 1
Pynp = _mPM[NPP]RQQQR —Qunp + g Funp (3.86)

It is straight-forward to check that T' satisfies the desired requisites Tpy™ = 0 NI
Tnarp + Dpyun = 0 established in equations (B33, B35 The undetermined part T' ;55 gets also
fully determined with a similar form:

~ 2 _ g 1
Ciinp = =75 PuinPr” Q% 6p = Uinp + 3 Funp: (3.87)

The undetermined component T' of the generalized Levi-Civita connection is now determined in
terms of physical fields (i.e. E4™ and d). The reason why it was no possible to fully determine
the connection before is that demanding the connection to be only written in terms of Py;n or
Pyrn is too restrictive. Indeed, the right-hand side of ([B:86) (or (3:87)) cannot be fully written in
terms of Pyn (or Pyn) and derivatives acting on them only. One way to see this is by noting
that the first term of ([B:80) should come from a combination of terms of the form Py paRPRQPQ M,
Py paRPRQPQ ~ and Py N(?RPRQPQ p (other combinations give zero). However, it is not possible
with combinations of these terms to obtain exactly (B3.86]).

We would like at this point to make a small summary of the above situation and a comparison
with general relativity. We know that the GR’s Levi-Civita connection is fully expressed in terms
of first-order derivatives acting on the metric. The spin connection (ZI2)), on the other hand, is
written in terms of first-order derivatives acting on the vielbein, and through (ZI0), all the terms
rearrange in such a way that only the metric appears. This can be done because the Weitzenbck
connection cannot be written in terms of first-order derivatives acting on the metric. Besides, the
GR’s spin connection transforms like a SO(1,3)-connection under local Lorentz transformations.
We also know that the equations of motion of GR can be written either in terms of the metric g,
or the vielbein e,* and when written in terms of the latter, a local Lorentz invariance is manifest.
Therefore, the equations of motion of GR written in both languages contain exactly the same
information.

In DFT, the situation is very similar but, still, there are some differences. As we have seen above,
the generalized Levi-Civita connection cannot be fully written in terms of Py;x (or Pyp) and that
causes an undetermined part of the connection to be added when this choice is made. But if we
make the choice to write the connection in terms of first-order derivatives acting on the generalized
vielbein E4M rather than Py (or Pyp), then, the undetermined parts get determined (B.80)-
B&17). From the curved DFT space-time point of view, the connection (B84 is well-defined (i.e.
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transforms as a connection under generalized coordinate transformations), it is fully determined and
is unique. From the double Lorentz point of view only transformations with constant parameters
are consistent. Note that in TG a similar situation occurs with the Weitzenb6ck connection, where
it is well-defined under diffeomorphisms but ill-behaved under local Lorentz transformations.

Despite the fact that the generalized Levi-Civita connection ([B:84]) can be fully written in terms of
physical fields only if one chooses the generalized vielbein and dilaton as the fundamental fields,
the DFT equations of motion can be fully written either in terms of (Pysn, Py, d) or (Ea™ d).
In the later case the local double Lorentz group is restored and the dynamical degrees of freedom
are exactly the same in both cased]. In this sense, we note that this global-local mechanism
is the same type of situation we have mentioned in the Introduction and analyzed throughout
this article: theories that have a well-defined curved connection with respect to diffeomorphisms
and with respect to constant Lorentz transformations, and yet, giving rise to equations of motion
with a local gauge symmetry (i.e. parameters now depending on the coordinates). Therefore,
the generalized Levi-Civita might also be interpreted as a deformed version of the generalized
Weitzenbock connection.

One more comment before finishing this subsection. In DFT (and also in TG) the gauge connection
wapc is not really a connection in the classical sense. However, from the geometric space-time
viewpoint this poses no problem since diffeomorphisms are not affected by this construction. In the
TG case, the Weitzenbdck connection can be interpreted as the parallelization of the connection
(given by the basis of vielbeins). In the DFT case a proper geometric interpretation is lacking (see
however some comments in the next section).

3.8 Teleparallel Double Field Theory

With the machinery developed above it is now straightforward to consider particular cases for
connections that renders different geometric theories compared to the usual DFT (which uses the
generalized Levi-Civita connection). Of course, these geometric theories will describe the same
dynamics for the generalized vielbein and generalized dilaton as the usual DFT. An important
particular connection is the Weitzenbdck connection, which will be obtained as a particular solution
in the next section. This connection is equal to

(W)
I un® =Wun®, Wun® =-Qun”. (3.88)

This connection is n- H-compatible, or equivalently

) w)
V mPyp=0, V yPyp=0. (3.89)

It can be interpreted as the analog of being metric-compatible in GR. The Weitzenb&ck connection
also renders the curvature tensor null, i.e. Rasnvpg(W) = 0. These properties would indicate that
there is a distant parallelism in the DFT-space-time, or in other words, parallel transport of vectors
would not depend on the path. Indeed, it can be checked:

w)
V uELN =0. (3.90)

H'This is because the components r MNP and r m N p are projected out from the generalized Ricci scalar, playing
no role in the EoMs.
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It is easy to see that the WeitzenbGck connection furnishes non-trivial generalized torsion and
non-trivial Ve=2¢

W)

TOynp = —Funrp (3.91)
&) 2d
V e 2 = —Fpe™ (3.92)

Therefore, there is a non-trivial generalized contorsion tensor K;np and also a non-trivial trac
of Lynp due to Ve™24 £ 0. The fact that it is not enough with assuming only a non-trivial
contorsion tensor contribution is a new feature compared to the usual Weitzenbock connection
of standard geometry. The connection (B88) is fully determined in terms of the physical fields
(EA®,d):

(W) ) 7 ) (W)
K ynp=-TWgy MP +7W mNpt+ X unP+ X P (3.93)
(W) 2€2d L (W) _ 262d B _ , (W)
L ynp=— mPM[NPP]P V ope 2 — 1= DPM[NPP] V pre (3.94)
w) 1) w) 1)
¥ unp = T MNP, X NNP = gT( Viinp (3.95)

Equation ([3:95) shows that, indeed, the generalized contorsion tensor ([B.93)) is fully described in
terms of the generalized torsion tensor ([B.91)). Thus, the theory and the geometry will be described
(W)

through 7 y/np and V are 24 rather than the generalized curvature of DFT. More explicitly,
with the machinery developed in the last section, it is straightforward to write the equations of
motion in terms of geometric quantities (like the generalized contorsion tensor which contains the
generalized torsion and the tensor Lj;xp which contains Ve~2?) given by the generalized Weitzen-
bock connection. From (B76) and (B77) the equations of motion for the Teleparallel equivalent of
DFT are:

_ & ) ) w) w)
0:PQ[NPM]R(—2V(Q C|p‘R —I—QVPC(QR)* —C QPR™ ) (3.96)
({}) ) W) W)
0= PMKPNL( ” ol MKL 2V (5 C pay + C? MNKL), (3.97)
where
(W) (W) (W)
C unp= K ynp+ L unp
(W) (W) (W) (W)
:—T 1)’ p+T MNP+ T( MNP"‘ T(l MNP
2 2d P’ 2d 2€2d = — P/(W) 2d
- 1— PM[NPP] V p/e_ - 1— DPM[NPP] \Y p/e_ . (398)

120ne may wonder if it is possible to find a connection such that R(T') = 0 and that also satisfies VP = VP =
Ve~2¢ = ( but with non-trivial generalized torsion. We found the answer to be no.
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We would like to stress that when writing ([B:96]) in flat indices and re-expressing it explicitly in
terms of 7(M) and Vyre=2%, and after some algebra, the equation of motion gets a very similar form
compared to the equation of motion of TG ([Z47). That is, equation ([3:96) gets the fornl:

(W) (W) R . W)
0= —28PHU DBV pe ) — (€2 V pe 2! — Dp)TPIAE 4 TOPIATM p Bl (3.100)
(W) (W)
Where V p = Ep™ V »;. We have introduced the notation
(W)

where

SABCDEF _ %SAD BE‘nCF + %nADSBE CF + lnADnBESCF o %SADSBESCF. (3102)

(W)

Here, Tapc = '7'[,4 Bc) because T is fully antisymmetric in its indices. We remark again that
the generalized torsion transforms only under constant double Lorentz transformations but (100
(which is the same as the DFT action in the vielbein formalism) possesses a local double Lorentz
symmetry. The tensor 6-index tensor S satisfies SABCDEFSDEFA/B/C/ = 51‘2/533/58/. This is
reminiscent of the superpotential introduced in the TG theory. Indeed, compare the similarity
between the last line of (241 and BI0I). The above equation coincides with the usual DFT
equation of motion for the vielbein in the flux formulation as expected (see [39]).

3.9 Examples of other connections in DFT

In this subsection we will find connections that furnish non-trivial structures such as non-vanishing
curvature and torsion and explicitly write them. They will transform under global (constant) double
Lorentz transformations but the equations of motion derived from them restore the local double
Lorentz transformations (much like in the teleparallel case). These connections will turn out to
be characterized by different geometric structures compared to the generalized Levi-Civita and
Weitzenbock connection.

We start by repeating a similar analysis as in subsection (2] and see if we can find other con-
nections determined in terms of the physical fields. The most general form of the connection I'
that we are considering and consistent with its transformation properties under general coordinate
transformations is:

Tun® = Wun? + EAyEP NEc®was®, (3.103)
131t may be useful to use the following identity
W) W) W) )
DETW cap +2D(a(e?? V g1e ) + (24 V ce2H)TWC 45 = 0. (3.99)
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where the spin connection is given by:

wap® = a1Fap® + d1Sa? S S Farpic
+ b1SaY FargC + 09557 FapC +b38°C Faper
+ 1SaY SEE FarpC + c2Sa™ S Farper + ¢3S SC Fapien
+ dynapFC + ds6 A€ Fp + di65° Fa
+e1napSYY For+ €264 S Frr + e365° Sa™ Far
+ f1SaFC + f2S4°Fp + f355° Fa
+9154S°C For + g2SaC ST Fpr + 9355 Sa™ Far. (3.104)

At this point, the spin connection wg® does not transform well under local double Lorentz trans-
formations but under constant ones.

It is difficult to analyze generic cases for possible connections in DFT due to the amount of terms
either in the connection [BI04]) or in the generalized Ricci scalar. Therefore, we will restric to the
particular case of connections satisfying

wapc +wace =0, (3.105)

Sc wapcr + SpP wacp = 0. (3.106)

And, also, for simplicity, we add no dependence on Fy4 to the connection. This is because in the
generalized Ricci scalar there could be no coupling between F 4 and F4pc due to the possible index
contractions between them and n4” and SAZ. So we can, if we wish to, analyze terms with F4
and Fapc in a separate way. The ansatz to the above requirements is then:

wap€ = a1Fap® + 0154t ST S Fapicn
+ 0154 Farg® + 02555 Fap© +025°C Faper
+ 1S SEP Farp© + 1S4 S Farper + a1 555 S Fapicr
(3.107)

When plugging this ansatz into the generalized scalar curvature R(w) = PABPCPR 4opp(w) we
can extract the equations for the coefficients. We then have:

R(w) =A FapcF*PC + BSABSPSEY FyopFppr +
C SABSCD]:ACE]:BDE +D SAB]:ACD]:BCD- (3108)

Where

A :8b1b1 + 8b1b2 + 8b2b2 + 86101 + 8a161 — 4&1
— 16a1by — 16b1cq1 — 8a1by — 8bacy + 4bo (3109)

31



B :166L1b1 + 8b161 + 8Q1b2 + 16b261 - 4b1 - 160,161
- 16b1b2 - 4b1b1 - 4b2b2 - 46101 — 40,10,1 + 401

C =40a1c1 + 16a1a; + 16b1by + 40b1bg + 16boby + 16¢1¢1 — 8¢y
- 4a1 - 4Oa1b1 - 32&1()2 - 32b101 - 40b261 + 8b1 + 4b2

D :32a1b1 + 40&1()2 + 40b101 + 32b261 - 4b1 - 8b2
- 200,10,1 - 320,101 - 20b1b1 - 32b1b2 - 20b2b2
— 20c1c1 + 8ay + 4¢1 + 8aray

(3.110)

(3.111)

(3.112)

By requiring that each term should vanish in order to get a vanishing generalized Ricci scalar we

obtain the following solutions for the coefficients:

—_

2
a1 =0, by = —g, c1 = —(—1+3b1),

— W

1
a1 =0, by = —5, c1 = —(—1+2b1),

[\]

1 1
a1 =0, by = —6, c1 = 6(1 +6b1),

a1:0, b2:0, Clzbl.

(3.113)
(3.114)

(3.115)
(3.116)

Now that we have found the coefficients for the allowed connections, we compute several geometric

quantities from them. The generalized torsion for them is given respectively by:

16
T]\(41])\]p = (_7+ 12bl)]'—MNP + (? - 16b1)(]:MNP “F}—MNP +]:MNP)

8
+ (—g + 20b1) (Funp + Fune + Fune) — 2401 Funp,

T = (=74 1260) Farne + (6 — 16b) (Frnp + Farne + Funp)
+ (—4+ 20b1)(]:MNP +Funp + ]:MNP) — 2401 Funp,

2
T]\(41])\/P = (_7+ 12bl)]'—MNP + (—g - 16b1)(fMNP +]:MNP +]:MNP)

4
+ (5 +2000) (Fuwe + Farwe + Faune) = 24b1 Fane

7-1\(41])\/13 = (=14 12b1)Funp — 16by (Frunp + Fune + Funp)
+ 20b1(]:MNP +Funp + ]:M],VF) — 2401 Funp -
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(3.118)
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It is easy to show that Ve 2% = —e=24F); for the four connections (BIL3)-(BI16) found above.
The solution (BI16) contains the Weitzenbdck connection by taking by = 0 and indeed the gener-
alized torsion reduces to ([B91]). Let us point out a couple of things. First of all, the generalized
torsions have a very similar structures between each other, and, in particular, it can be noted that
they all have common factors parametrized by b; which are given by (BI20). This is because the
three connections given by (BI13)-(BI135) have a linear common dependence given by the connec-
tion (BI16). We have computed the generalized curvature tensor for these connections and it is
different from zero for all of them (its components are too long to be displayed), in this sense they
are all different from the Weitzenbdck connection which furnishes a null curvature tensor. The
generalized Ricci tensor is not that long, and, for completeness, we display it in planar indices.
Thus, the first term of (B.76]) for the four connections takes respectively the following form:

— 8 16 ’ ! ! ’
PCBPADPR (o pE(w) = gSFCSE[BfA]FDfECD 3 SpP Sp B S B FAFE Loy
8 :
+ SV FAPEFopp — 4D FAR o + 4D FAPP S0

— 4D FE'FD'GA 1 6B L Scipy + 4D Feu P E' §A L 8By (3.121)

PC[BPA]DRCEDE(M) _ _4SFC’SD’E’SF’[B]_—A]FD/]_—F/C/E/ _ 4SF[A]_-B]B’C’]_—FB/C/
— 4Spp DFFB'C'D gA LGB , L ADF FpB'C'gA L, 9B,
—4DCFAP 4+ 4D FAPP S0 (3.122)

_ 8 1~ ’ 4_ 1 RNl
PCIBPAPR o (w) = -35” C'SFIBFAl LD Frop + 397 C'SPESEIB FAl b by Frcip

4 ’ ’ !
— gSE AFBID'C Frben (3.123)

PCBPADR o ppE (w) = 0. (3.124)

We see that the parameter by has dropped out from I2I)-(B124). Although we have not displayed
the generalized curvature tensor, however, this parameter does not drop out from it for any of
the above connections. This means that these connections (and in particular solution (BI16) with
by # 0) are different from the Weitzenbdck connection from a geometric point of viewH. Interesting
enough, however, connection (FI16) renders PCN PMIER o ppP(T) equal to zero [B124). We have
seen a similar effect before commented in subsection (ZI]). There we stated that there are gauge
transformations for the curvature tensor and scalar curvature. We do not know if the generalized
curvature tensor possesses any kind of gauge transformation as in equation (ZI9). If we compare
the Riemannian curvature tensor in planar indices given by ([2I3) with the one in DFT given
by (349) (both for generic connections) we see that there are two important differences: The
first one is that the usual Riemann curvature is antisymmetric in two of its indices, while the

14One may ask if the Bianchi identities 0 = DiaFBcp)— %]:[ABE]:CD]E and 0 = D€ Foap +2D(aF B —~FCFcan
can be used to render the generalized curvature tensor and (or) the generalized Ricci tensor null. But a careful
inspection shows that this is not the case.
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DFT Riemann tensor is symmetric under the exchange of its pairs of indices, i.e., Rynkr =
Rirmn (only when n-compatibility is enforced the share the same index properties). The second
difference is that the generalized curvature tensor in planar indices makes use of the Weitzenbock
connection explicitly through the appearance of Fapc = —3Wapc). Perhaps some sort of gauge
transformation would necessarily include the use of F4p¢ explicitly. The free parameter by may be
an indication that either a gauge transformation at the generalized curvature tensor level exists or it
is something particular of the generalized Ricci tensor and/or generalized scalar. In either case, the
generalized Riemann curvature for the connections given by BI13)-(BII0) are different from the
curvatures given by the Weitzenbock connection. Thus, these connections are not gauge-artifacts
of the generalized Weitzenbock connection.

From a geometric point of view, the first three connections given by the solutions BI13))-(BI1H)
yield equations of motion (for the generalized vielbein and dilaton) given by B70)-(B.71) and are
represented geometrically by a non-vanishing generalized Ricci tensor, generalized contorsion tensor
and L-tensor (through Ve=2?¢ # (). The connection (BI16) yields only non-vanishing contorsion
tensor and L-tensor. As a remark, the generalized torsion of all of these connections turns out to be

an antisymmetric tensor due to the condition wapc = —wacp. This implies that the expressions
for components of the ¥ tensor are Xy np = %TA?]{,P and Xy np = %TA%%P. This means that not

only the connections are fully determined but also provides a well-defined contorsion tensor (3:39]).
We want to stress again that these connections, which we have dubbed them deformed versions of
the Weitzenbdck connection, are well-behaved under general coordinate transformations (i.e they
are a generalized scalar), and transform under constant double Lorentz transformations. When
plugging these connections in the equations of motion [B76]) and ([B1) we recover the local double
Lorentz transformations.

4 Summary

We have expanded on geometric notions, such as contorsion tensor and non-metricity tensors in
DFT. This has also allowed us to obtain other connections in DFT, besides the generalized Levi-
Civita and Weitzenbdck connections, capable of describing the same dynamics of usual DFT in
terms of other geometric quantities. The interpretation we are giving is that the new connections
are deformed versions of the Weitzenbock connection. We have first analyzed conditions on a
generic connection (1) in standard geometry in order to reproduce equivalent formulations to
Einstein Gravity. We have done this by extracting information from the vanishing of the scalar
curvature based on a general connection written in terms of first-order derivatives of the vielbein.
By doing this, we have found in section ([Z2)) that there are only four metric-compatible connections
that satisfy the conditions, one of them being the Weitzenbock connection. In this sense we are
obtaining Teleparallel Gravity as a particular case. For a generic case that includes both torsion
and non-metricity, there seems to be an infinite amount of solutions. In section (23] we analyzed

w

a particular case of a Weyl space with Weyl’s vector being proportional to (T)#"g (the vector
part of the Weitzenbock torsion). The connections (Z37) have torsion and non-metricity and are
related to the metric-compatible ones ([2.27)-(230) through the transformation (220). Our generic
connections (except for the Weitzenbock one) present non-vanishing curvature, torsion and non-
metricity. The dynamics of the theories, defined by these connections, is represented by a mixture
of those quantities. This can be seen in the equations of motion (Z57) (or (Z58))) where the Ricci
tensor, torsion and non-metricity enters in a non-trivial way.
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With respect to the DFT part, we have followed the same procedure used in the GR case. We have
found that it is possible to consider a decomposition of a generic DFT connection (equation (331))
in terms of a generalized Levi-Civita, generalized contorsion tensor and a L-tensor. Although
this connection contains seeming undetermined parts T' and %, we have seen that they can be
determined. Indeed, in B77) we saw that it is possible to determine the undetermined part I' of the
generalized Levi-Civita connection by requiring to be written as first-order derivatives acting on
the generalized vielbein rather than P or P. And we have seen examples of how to determine the
Y-tensor in the Teleparallel equivalent case (subsection B8) and in other examples of connections
in subsection ([3)). We have found in subsection B:) connections described by generic geometric
quantities such as generalized torsion, Ve~2? and curvature, capable of describing the same DFT
dynamics through the general equations of motion [B.76) and (B77). These equations allow one
to formulate the DFT dynamics in terms of other geometric quantities rather than the vanishing
of the generalized Ricci tensor and generalized Ricci scalar as in the standard approach to DFT
using the generalized Levi-Civita connection. This means, in a sense, that it is not clear what is the
fundamental connection to use in DFT. An observation is that we do not know if the generalized
curvature tensor possesses any kind of gauge transformation like in standard geometry (equation
ZI9)). If we take a look at the solutions give in [BII3)-(BI16) we saw that a free parameter by
has remained. Recall that the usual scalar curvature of Riemannian geometry has an invariance
given by ([220) which descends from a generalization of [Z19) (see also the discussion in subsection
24)). The free parameter by might be an indication that some sort of gauge transformation for the
generalized curvature tensor could exist. However, due to the differences in the geometric quantities
characterizing our deformed versions of the Weitzenbock connection, we concluded that these are
not gauge-artifacts of the generalized Weitzenbock connection. We content ourselves with showing,
as we did above, that non-trivial solutions, other than the generalized Levi-Civita connection and
the generalized Weitzenbock connection, exist and yield an equivalent theory (in terms of dynamical
degrees of freedom) to DFT and yet described by different geometric quantities. It is important to
stress again, that this equivalence with the DF'T dynamics is due to the same global-local mechanism
of the TG case either in GR or DFT.

As a future work, there are a couple of things to explore. It might be useful to understand if
the teleparallel equivalent of DFT can be interpreted as a gauge theory, in a similar fashion as in
the teleparallel equivalent of GR. There, TEGR can be understood as arising from gauging the
translation group R* where the gauge potential is related to the vielbein (see for instance [I9] for
reviews). In DFT, we might try to follow a similar procedure keeping in mind the periodicity of the
doubled-torus bundle and the section condition, so in this case a compact subspace of R?P would
be gauged. Another line of research would be to explore applications to o/-corrections. As said in
the Introduction, higher-order derivatives terms in the DFT action are important to understand
how T-duality constraints or gives information about possible higher-order curvature completion to
an effective action coming from string theory. This work has shown that it is possible to rewrite
DFT in terms of other geometric quantities not based only on generalized curvatures as in standard
DFT. For instance, any of the connections found in subsection(@3]), including the Weitzenbock
connection, are described, generically, by a curvature tensor, generalized contorsion and L-tensor
through Ve=2?. In particular, the Weitzenbock case, gives the teleparallel equivalent of DFT and
it is only described by a generalized contorsion tensor and non-vanishing Ve~2?. It might well be
possible to describe higher-order derivative terms in the teleparallel equivalent coming from these
quantities, which is another motivation for this work: «’-corrections in DFT [30 BTl 32 [33]. In
general it would be useful to have all of the components of the generalized Riemann curvature to
be well-defined in order to write down higher-order derivative corrections to the effective action.
As said before, when writing in terms of generalized metric or dilaton, the generalized Riemann
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curvature cannot be fully determined in terms of them. This suggests o’ corrections to generalized
diffeomorphisms should be taken into account to have and o corrections to the effective action.
Even if there were a physical generalized Riemann curvature built from the generalized metric and
dilaton it could not be of use in constructing a Riemann squared [30]. In a different approach [31],
the frame-formalism of DFT is used to address the o’-corrections. This formalism turns out to be
slightly more flexible since it encompasses previous o/-DFT proposals based on generalized metric
formalism. It also maintains the usual form of generalized diffeomorphisms (no o/-corrections) but
the local double Lorentz transformations receive corrections plus an anomalous transformation of
the generalized metric under them. These non-standard transformations determine the structure
of the four-derivative corrections. Given the fact that the connections described in this paper
are fully determined in terms of and built out from the generalized frame of DFT, it might have
some relevance to the understanding of the o’-corrections in DFT. For instance, the f(T')-theories
mentioned in the Introduction are higher-order derivative corrections to the usual TG (or Einstein-
Hilbert action). The connections to be described here contain, for instance, non-trivial generalized
torsion T, so any f(7)-theory to be considered will naturally contain higher-order corrections and
may be a supplement for the standard approach of o’-corrections in terms of Riemann powers.

In any case, important attention to the local double Lorentz transformations must be paid, since, a
priori, it is not clear what combinations of higher-order terms coming from these geometric quan-
tities will keep partially or not at all the local double Lorentz transformations. In our approach,
when considering the connections as written in terms of first-order derivatives of the (generalized)
vielbein they are fully determined in terms of the physical field and, also, they generally break
the local (double) Lorentz transformations. Only the global group (i.e. with constant parameters)
survives. However, as said before, our actions and equations of motion derived form these connec-
tions restore the local (double) Lorentz group and this might also apply to a f(C)-theory where C
includes torsion, non-metricity, etc.

These f(T)-theories are out of the scope of this work, but, as a first step, it is useful to know that
they may be constructed using the connections described in this paper.
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