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1 Introduction

The low energy limits of D-dimensional string theories compactified on T are invariant
with respect to the global O(d, d; R) group [1]. There are two distinct types of elements in
this group. On the one hand, the geometric subgroup GL(d) x RMTﬂ) descends from the
diffeomorphisms and two-form shifts of the higher dimensional theory. On the other hand,
the complement of this subgroup is not associated to a symmetry of the higher dimensional
theory, and so it constitutes a symmetry enhancement produced by the toroidal truncation.

The compactification from the higher to the lower dimensional action is achieved
through Kaluza-Klein (KK) reduction. When only the massless modes are kept, KK re-
ductions involve two steps. First, the isometries of the background are imposed on the

fields, which simply amounts to removing their dependence on the toroidal coordinates.



The second step is a rearrangement of degrees of freedom, namely field redefinitions. The
fields of the parent action, which constitute the multiplets of the higher dimensional diffeo-
morphisms, are decomposed into multiplets of the lower dimensional diffeomorphisms and
gauge symmetries. While it is in the first step that the symmetry is enhanced to O(d, d; R),
the second step is intended to make this symmetry (and others) manifest.

Recently, it was shown in [2] that the non-geometric elements of O(d,d; R), which are
parameterized by a rigid bi-vector 3, act covariantly on the multiplets of the higher dimen-
sional diffeomorphisms. In other words, the § transformations preserve the structure of
the higher-dimensional fields, which permits to avoid the second step of the KK procedure.
This in turn allows to act with § transformations on the higher dimensional action, and to
assess/verify its invariance under the assumption of isometries. Even if one is actually sim-
ply dealing with the O(d, d; R) invariance of the lower dimensional theory, effectively this
looks like a symmetry of the higher-dimensional action, and so we dubbed it 8 symmetry of

supergravity. For all practical purposes, this can be conceived as a symmetry of the higher
d(d—1)

dimensional theory, whose effect in lower dimensions serves to enhance GL(d) x R to
the full O(d,d; R) group. Interestingly, since this symmetry mixes the NSNS fields, it fixes
their relative couplings and might then become a powerful tool to compute string theory

interactions.

The [-invariance of the string effective actions to first order in o’ was proved in [2]. We
presented the § transformation rules, their first order corrections, the closure of the symme-
try algebra and the invariance of the Lagrangian, in the so called generalized Bergshoeff-de
Roo scheme [3]. In this paper, we further explore several features of the § symmetry of
string supergravities.

In section 2 we derive § symmetry from Double Field Theory (DFT) [4, 5]. We use the
background independent frame-like formulation of DFT [6, 7], restricted by the so-called
strong constraint. The formalism is manifestly invariant under the global O(D, D; R)
duality group, which contains the 5 elements already embedded into GL(D), ready to act
on the D-dimensional fields that parameterize the duality multiplets. Of course, they are
precisely the elements that determine the S symmetry of supergravity. Here we derive the
B transformation rules to first order in o’ in the DFT scheme of supergravity, following the
standard procedure of solving the strong constraint by annihilating the dual derivatives,
and gauge-fixing the double-Lorentz symmetry. In other words, since it is implied by DFT,
B symmetry is a necessary condition for the uplift of supergravity to DFT, at least to
this formulation. As such, it can serve as a tool to understand potential obstructions to
manifest duality covariant uplifts of supergravity interactions.

Before moving from the DFT scheme of supergravity to other more conventional
schemes, we discuss various scheme-independent results in section 3. [ transformations
to lowest order are unique, and preserve the Lagrangian exactly. The two-parameter first
order corrections derived from DFT also leave the Lagrangian invariant and define a symme-
try algebra that closes off-shell. We also display a useful four-parameter trivial deformation
of the first order transformations that leave the action invariant (i.e. the variation of the
Lagrangian leads to a total derivative). While the symmetries that leave the Lagrangian in-



variant close off-shell, we show that the transformations that preserve the action but not the
Lagrangian also close, but on-shell. These, and other scheme independent ambiguities in the
structure of the first order corrections to 8 symmetry are discussed in detail in this section.

While section 4 is devoted to recover all the results of [2], by performing the field
redefinitions that connect the DFT scheme with the generalized Bergshoeff-de Roo scheme,
in section 5 we show how [ symmetry works in the Metsaev-Tseytlin scheme. In all
sections the results are presented for a bi-parametric theory, such that the bosonic and
heterotic strings are obtained for specific choices of the parameters. In particular, we show
that # symmetry in the Metsaev-Tseytlin scheme of the bosonic string admits a purely
metric formulation, as expected. Instead, the S-invariance of the Chern-Simons form in
the heterotic string is necessarily frame-like. We discuss both cases separately, providing
the transformation rules that leave the Lagrangian invariant, as well as the deformations
that preserve the action, and the brackets of the symmetry algebra.

We end with some conclusions in section 6. Notation, definitions and side computations
are contained in three appendices.

2 [ transformations from Double Field Theory

In this section we derive the 3 transformations of supergravity to first order in o' from
their action in the strong constrained and background independent frame formulation of
Double Field Theory (DFT) [6, 7]. The procedure requires solving the strong constraint in
the supergravity section, and applying a gauge fixing of the double Lorentz symmetry, after
which it systematically provides the § transformation rules of the supergravity fields in the
DFT scheme. Other supergravity schemes can then be reached from this one through field
redefinitions.

The field content of DFT involves a pair of generalized frames Ej/% and Ej/® and a
generalized dilaton d. The symmetries that we will deal with in this paper are O(D, D),
with invariant metric 737, and two independent Lorentz symmetries with invariant metrics
Nab and 17, each one acting on its respective frame. All indices are raised and lowered with
their corresponding 7 invariant metric. The generalized frames are constrained to satisfy
the identities

ErvaEMy = 0w, EuaEM;=0, EngEM;=1. (2.1)

The fields are formally defined on a doubled space and so are acted on by derivatives 0y,
which are strong constrained, meaning that the O(D, D) invariant contraction of derivatives
vanishes.

Infinitesimally, O(D, D) acts through a constant antisymmetric matrix sy, and each
Lorentz group through independent local antisymmetric parameters Ay and A_p. While
the generalized dilaton is invariant, the two generalized frames transform as



The last terms in these expressions account for the generalized Green-Schwarz transforma-
tion [3, 8-11], consisting on all-order higher-derivative deformations of the double Lorentz
transformations. In particular, the first order deformation is given by

Al = gF@DQA@ + gDEAaF@, (2.3)
where we have defined
Dg=EMz0y, Do=EM,0um, (2.4)
and
Fape = DaEypEY g + 2D EY g Ena (2.5a)
F = DaBEvgEY g + 2DgEM g B (2.5b)

The parameters a and b interpolate between generalized Green-Schwarz transformations
with respect to the two different Lorentz factors. They were originally found in [12],
and give rise to a two-parameter family of theories which contains the bosonic string
(a,b) = (—d’, —a’), the heterotic string (a,b) = —(¢/, 0) and more general deformations like
those in [13]. Interestingly, to first order in o/ DFT is defined through a Lagrangian that
is invariant under all these symmetries [3], and transforms as a scalar with respect to gen-
eralized diffeomorphisms. This property will be inherited by the supergravity Lagrangian
that descends from it, and also by all others connected by field redefinitions.

Making contact with supergravity degrees of freedom requires performing a GL(D)
decomposition of O(D, D), with respect to which the indices split as M = (¥, ;). Selecting
the supergravity section as a solution of the strong constraint, simply amounts to setting
Om = (0, 0u). The decomposition of the invariant metrics is given by

0 o4
nun =\ ., v Mab = —Yabs oy = 9ap > (2.6)
6, 0

where g4 and g— are Minkowski metrics. The most general GL(D) covariant parameteri-
zation of the generalized fields is

1 eleg™ a1 elzg™ —2d ~ 2%
Evt=—7|; Z , Eyt=— | T o) e =V—ge?,
V2 ((bw/ - guu)eyggg V2 (Quu + b/u/)eyigca

where we have introduced a two-form BW, a dilaton ¢ and a pair of vielbeins e,* and éua
that generate the same metric g,

guu = éugg@éub = éua%éub7 (27)

which raises and lowers the GL(D) indices. Finally, the element in the algebra of O(D, D)
splits into constant components

B, —a”,

hMN _ (auu ﬁ,u,:) 7 (28)



where a*, generates rigid GL(D) rotations, B, produces rigid shifts of the two-form and
B is a bi-vector that mixes the gravitational and two-form sector. In this paper we
will consider a#, = B, = 0 because their action in supergravity is trivial, and focus
only on [ transformations. Notice that in DFT the derivatives belong to the fundamental
representation of O(D, D), and so transform linearly under O(D, D). In particular, the g
elements break the choice of section

00N - - - = hy Ny - = (6"0,,0)..., (2.9)
which must be restored by imposing the constraint
o, -+ =0. (2.10)

To establish a connection with supergravity, we must break the double Lorentz sym-
metry to a single Lorentz transformation and gauge fix the two vielbeins to a single one

SIS

=¢€,"02. (2.11)

ol

4 -a
e’ = €,%6

To this end we have introduced Kronecker deltas to force the two Lorentz groups to carry
the same set of indices a, b, ¢, . . ., which will be the standard Lorentz indices in supergravity.
The gauge fixing applied to the flat derivatives yields

1 1
ﬁ(;gDa’ DE: ﬁég

and to the generalized fluxes (see appendix A for definitions.)

D, = — Dy, Dg=é".0,, (2.12)

1 1

FE@ = 55%‘%52 <wabc - 2Habc> , (2.13)
1 1

Fope = 5526265 (wabc + 2Habc) : (2.14)

Because we have gauge fixed the double Lorentz symmetry to its diagonal subgroup,
the two Lorentz parameters are no longer independent. We must then explore how they
are related, and what is the most convenient way to express them in terms of the Lorentz
parameter in supergravity. To achieve this, we write the two Lorentz invariant metrics in
terms of a single one ~

Jab = 02090 = 05009 (2.15)

and also express all the Lorentz parameters (including the generalized Green-Schwarz de-
formation A) in terms of the same set of indices

Ao = 620%80, Ay = 00000, AL =62Al) (2.16)

In this way, we end up with two different transformations for the gauge fixed vielbein, each
one coming from the transformation of each component of the generalized frame

OB bty = (B bea — oo — Ny — AL (2.17a)
SEM —  dey = & (B bea + fra + Doa — AL) | (217b)



where

a 1 b . —cd 1

These transformations must obviously coincide, which imposes the required relation be-
tween the double Lorentz parameters

Aab = _Kab - QA&Z] - 2/8ab . (2.19)

Up to redefinitions of the standard Lorentz parameter of supergravity Agp, this equation
is parametrically solved as

Aab = —Aab — Bab — AE;I))] ) Xab = Nab — Bab — ASI))] . (2.20)

Combining these expressions with (2.18) and keeping only terms up to first order in o/, we
find that Lorentz and S transformations of the gauge fixed fields in the DFT scheme of
supergravity read

5éua = _éub (Bacl_)cb + Aab - AE}I%)) s (2.21&)
56 = (B“VEW + AgUa) : (2.21D)
2
b = By — By b — 28,°2,° A (2.21¢)
where
a+b 1 b—a (1 .
Ag)) = <D(QA0dwb)cd - 2D(aBCde)cd> + 4 (QD(aACde)cd - D(aﬁ dwb)cd)

a+b
4

—a
4

1 c ¢ b ¢ 1 ¢
(2D[aA de]cd - D[aﬁ dwb}cd> + (D[aA dwb]cd + §D[a/8 de}cd) .

(2.22)

In summary, we have derived the first order deformations of Lorentz and 3 transforma-

tions in the DFT scheme of supergravity, namely the scheme in which the fields are given
by a gauge fixing of the duality covariant components of the generalized fields in DFT.

It is instructive to cast the result in the form given in [2], which allows to find purely
flattened expressions for the transformation rules. Defining'

-1 _ _
deay = €l'q o€, ¢ = iééaa , Obgy = €"q€"p0byy (2.23)
the leading order transformation rules are

5(O)éab = —l_)acﬁcb + Awp , (2.24&)
5(0)Bab = _/Bab - BacﬁCdBdb ) (224b)

Tt is important to note that, contrary to the conventions in the rest of the paper, here dbas is the flat
version of db,, and not the variation of bgs.



and the first order o/-corrections are

a-+b —a

sV = ; DAy + b . DA Hyyeq (2.25a)

R — I bD[aACde}Cd 0 3 DA g, (2.25b)
and

521)5(11; -2 bD(aﬁCde)cd - aD(aﬁcdwb)cd ; (2.26a)

5 = 0 D5 wtgeq — DB H (2.26b)

These transformations can be cast in other schemes, performing field redefinitions
{e, ¢, b} — {e, ¢, b} of the form

e’ = eub(dl? + F%), e’ = éub((sg —F%), (2.27a)
_ 1 _
QS = ¢ + §Faa7 bp,y — buy - Guy, (227b)

where both F,, and G, start at first order in o’. Therefore, for the purpose of obtaining
the first order deformations of the transformation rules, these functions can be expressed in
terms of either the new (unbarred) or the previous (barred) set of fields in the DFT scheme.
Since we are only interested in connecting with schemes that preserve the generalized
measure \/nge_% = /—ge 2%, the redefinition of the dilaton is determined by that of the
vielbein.

The functions F,;, and G, define the scheme, and the Lorentz and 3 transformations
in different schemes are given, up to redefinitions of the parameters, by

Seas = = (ba = Ga®)Bep + Nap + Aly)) = AFha, (2.282)

8bab = —Bab — bacB%ar — 2 — 4B Fipje) + 28beoGyq + ae"40G . (2.28D)

S5 = %6%“, (2.28¢)
where all the fields belong to the new (unbarred) scheme, and

AFuy = 0Fqy — AoFop — Ay Fue, (2.29)

denotes the non-covariant transformation of the field redefinition.
In forthcoming sections we will specify the functions Fy;, and G, that connect the
DFT scheme with those of Bergshoeff-de Roo (BdR) and Metsaev-Tseytlin (MT).

3 Scheme independent statements

Although the first order corrections to the § transformations depend on the scheme, there
are important issues that are independent of field redefinitions. In this section we discuss
some of these scheme independent questions: § symmetry at leading order, redundancies
in the § transformation rules at O(a/), the relation between closure of the symmetry
algebra and the invariance of the action/Lagrangian, and the effect of field and parameter
redefinitions in the closure.



3.1 [ symmetry at leading order

The two-derivative DFT Lagrangian descends to the universal two derivative NS-NS La-
grangian
1
L = R —4(V¢)? +40¢p — EH2 : (3.1)

which must then be invariant under the transformations (2.24),
Socas = —bacls, Gsbas = B — bachbar, 036 = S, (32)
whenever the constraint (2.10) holds, namely
B0, - =0. (3.3)
Using that 8" is constant? and antisymmetric, the following useful identities are obtained
Vo = 20a"8 . BPwae =0, wiay B85 =0, (3:4)

where the last one is particularly useful for the study of the symmetry algebra. It is
instructive to compute the § transformations of many of the tensors and connections that
appear in supergravity

55 (vV=ge*) =0, (3.5a)
S5Weab = Bl Hyjea — %BcdHabda (3.5b)
0pHape = =3V (B » (3.5¢)

6(Dadp) = %ﬁCdHacdv (3.5d)

05(Va V) = %V(a (5Cde)cd) — B°(aHp)ea V', (3.5e)
3R = =V, (5beeCd) — vk (5d]6Heab) ;

+ (VB = VIB,® = veBle) By (3.5)

5B =~V (8 Hipea) ~ Vo (6 Hipea) — 5V (0B i (3.58)

05 R = =2V (8" Hap ) - %v%‘wﬂabc . (3.5h)

These identities can now be used to fix the couplings of a generic combination of gauge
invariant terms, by requiring 8 symmetry. Indeed,

0 =05 [V=0f(9) (R+c0¢ +d(Vo)* + e H?)|
= V=9/(®) [(c = OV (8" Hase ) — (12¢ + 1) V"B Hope + 2(c + d)V* 65" Hoe|

VI8 (21(6) + £1(9)) [RtcTp+ (Vo) +e 7] | (3.6)

2Here, S is constant because we are dealing with tori. We thank E. O Colgéin for pointing out that a
non-constant 8 could be connected to Yang-Baxter deformations.



determines ¢ = —d = 4, e = —1—12 and f(¢) = 2%, in perfect agreement with supergrav-
ity (3.1).

Note that § transformations realize the non-geometric sector of O(d,d) as a hidden
symmetry in the standard supergravity scheme. Instead, they become both geometric and
manifest in the so-called S-supergravity scheme [14-16], where the non-geometric sector is
realized by the B-shifts, which should then fix the corresponding couplings.

Finally, we notice that 8 and Lorentz transformation rules close off-shell to lowest
order as follows

[01, 2] = =012, A12ap = 2 B11a"Bap)e + 2 Mja“Nae - (3.7)

3.2 A four-parameter redundancy of first order transformations

When the variation of the dilaton leaves the measure /—ge2? invariant, i.e. ¢ = %(5%“,
the variation of L(® can be decomposed as

5L = €9 Gy, + B by, + D, [2 Dyoe’ — %H WP 5bye| - (3.8)

Here we defined the operator
DX = 2V, (e*wX) = VX — 2V,0X , (3.9)

acting on a generic tensor X. Although it is not formally a derivative as it does not obey
the Leibniz rule, it leads to a total derivative when inserted into the action, and so can be
discarded in such context. Additionally, we introduced the tensors that define the equations
of motion of the frame &, and the two-form B,

1
= =2 (R + 29,V — {Howa ™) | (3.10)

1
By = 5DeHu’ - (3.11)

A useful observation is that, if the total derivative term in (3.8) is ignored, namely if
one focuses on invariance of the action instead of the Lagrangian, §L(©) (3.8) vanishes up
to total derivatives for variations of the form

Seas = Titanyean€™ + Tianyiea B (3.12)
Obab = ~Ta(anl€" + Tarjeay B - (3.13)

The T tensors can depend on anything as long as their symmetries are respected. In
particular, if they are linear in the parameters of the transformation, and contain no
derivatives, they account for first order deformations that leave the action invariant.

For B transformations, there are only four possible deformations of this type to first
order in o, namely

T = kB “an)? (3.14a)
T2 = B, g + xgapB? (3.14b)
T35 = pBia gy, (3.14¢)



which in turn define the following four-parameter (7, x, &, p) family of first order transfor-

mations
05 eas = VBuaBy)® + XGabBedB + KB Epye (3.15a)
5él)bab = _V/BC[aSb}c - Xﬂabgcc + pﬁc[chb} : (315b)

This result is scheme independent, as it simply amounts to a first order invariance of the
lowest order action. Then, in any scheme, adding these first order deformations to the
transformations, respects the invariance of the action to first order, for whatever values of
(7, X, K, p). Let us emphasize that, when the transformations are deformed by these terms,
the invariance of the Lagrangian is only achieved up to total derivatives.

Besides these, there are still extra symmetries of the two-derivative action, of the form

0 eat = fian (B, 03) + V (ahiy (B, 3) (3.16a)
85 buy = Viaty (B, 1) + Hapch (8, 1) , (3.16b)

where f,h and t are arbitrary functions, that can be interpreted as due to 8 and v; field
dependent reparameterizations of Lorentz, diffeomorphisms and gauge parameters. It is
worth noticing that, while f and ¢ describe an exact symmetry of the Lagrangian, A is in
general only a symmetry of the action. Exceptions can occur, for instance when hy ~ B X°
for arbitrary functions X, because diffeomorphisms with parameter ¢# = * X, leave the
Lagrangian exactly invariant. In fact in the conventional KK reduction, the parameter
&* = p* X, has only internal components and so represents a gauge transformation, which
leaves the Lagrangian invariant. We will go back to the role of reparameterizations in
subsection 3.4.

In conclusion, any first order deformation of the £ transformation rules that leave the
four-derivative action invariant, is determined up to the four parameters 7, , x, p and three
functions f, h,t.

We would like to emphasize that the deformations (3.15) cannot be eliminated (either
completely or partially) by field and/or parameter redefinitions. This readily follows from
the observation that the vanishing of the total derivative in (3.8) is a necessary condition
for the existence of field and/or parameter redefinitions that cancel (3.15).

Indeed, suppose we start with a generic transformation depending on all the parameters
a,b,v, x, p, £, and some choice of the last four could be absorbed by a field and /or parameter
redefinition. In the scheme defined by that particular choice, the symmetry transformations
would reduce to (2.28) for some unknown F and G. Since (2.28) are related to (2.26) by
field redefinitions and (2.26) preserve the Lagrangian exactly, we conclude that there is no
such choice if the original Lagrangian was not exactly invariant. In fact, the invariance of
the Lagrangian cannot be modified by field and/or parameter redefinitions.

Moreover, it is relatively straightforward to verify that no non-trivial choice of param-
eters can cancel the total derivative. Actually, the problem can be simplified as v, x (k, p)
lead to odd (even) powers of the field strength H, so they must cancel separately.

~10 -



3.3 Invariance of the action implies closure of the symmetry algebra

So far we have found the symmetries that leave the first order Lagrangian (in the DFT
scheme) invariant. Now we point out that invariance of the Lagrangian with respect to
a complete set of symmetries implies that the algebra of transformations closes off-shell.
Later, we will show that the deformations discussed in the previous section, i.e. trans-
formations that depend on the equations of motion and leave the action (instead of the
Lagrangian) invariant, still respect closure, but only on-shell. Again, the contents of this
section are scheme independent. Similar results along these lines can be found in [17].
The algebra of transformations that leave a Lagrangian invariant is expected to close
on general grounds. To see this, consider a generic Lagrangian depending on fields 1
and their derivatives up to an arbitrary order, namely L(v;, 0,1, 0,0,%;, . ..). We assume
that terms with derivatives of different orders are independent. If L is invariant under a
complete set of local and global transformations, infinitesimally parameterized by (4, then

oL ., oL oL oL
0=0.L= Za(anw“““— 90V 50,00 OV T D@, OO

(3.17)

where the dots stand for contributions depending on higher-order derivatives. The above
sum vanishes if and only if the variation is performed with respect to a symmetry trans-
formation.

Now we consider the commutator of two variations

0= 5(175C2 Z 8 anw ([6417542]wi) (3'18)
L 23 m

The last term here cancels due to the symmetry under the exchange (n,i) <> (m,j) and the
antisymmetry with respect to 1 <» 2. Comparing the first term with (3.17), we conclude
that [d¢,, d¢,|L vanishes if and only if [d¢,,d¢,]|s amounts to a symmetry transformation,
namely

[5C175C2]¢i = _5C12¢i) (3.19)

for some parameter (bracket) (2. Since we only assumed that the Lagrangian is invariant,
we conclude that invariance of the Lagrangian implies that the symmetry algebra closes
off-shell.

Now we deform the transformations that leave the Lagrangian invariant as discussed in
the previous subsection, i.e. we consider the deformations (3.15) with parameters (v, x, &, p)
that are first order in /. Then, the L.h.s. of (3.19) becomes, to first order,

[6(1 + 5(’YXH/7) 5 + 5(’77X’$p)]w [64175<Q]w1 + 26 )6 ’YX,K) p)wl + 25(77)(7 7/))6 0)77/)2 . (320)

Here, the first term in the r.h.s. gives the bracket d¢,,1; discussed above. The last term
vanishes on-shell because the (7, x, k, p) variations depend on the lowest order equations of

- 11 -



motion. The second term is more subtle, because it involves variations of the equations of
motion. Under the standard symmetries they transform covariantly, but we have to make
sure that the same is true for the lowest order [ transformations. Indeed, we find that 3
transformations mix the equations of motion of the vielbein and two-form as follows

520)gab = _45c(a8b)c ) 5éO)Bab = /Bc[agb]C ) (321)

which then implies that the second term in the r.h.s. of (3.20) also vanishes on-shell. In
summary, the deformed transformations that leave the action invariant, close on-shell

[Bcy + 80 5y + 5PNy = — (B + 8T Ny (3.22)

where the dots represent terms proportional to the equations of motion, and we have the
freedom to add the last term in (3.22) as it also vanishes on-shell.
3.4 Effect of field and parameter redefinitions on the symmetry algebra

In section 2 we examined the effect of field redefinitions on the transformation rules, when
moving from one scheme to another. Here we further explore the role of field and parameter
redefinitions on the bracket.

Even though field redefinitions preserve the closure of the symmetry algebra, the precise
form of the bracket could be altered. Indeed, consider fields ; satisfying

[0¢1,0c,] i = —O¢ya(0) Vi » (3.23)

where we have made explicit that the bracket (12(¢) could eventually be field dependent.
Let us consider the field redefinition

Wi = s =i+ Ay = b+ > a0y 0"y, . (3.24)

Here 0™ denotes derivatives of order n = 0, 1,2, ... and ellipsis stand for extra field depen-
dence. So, it parameterizes a generic field redefinition with no restriction on the number
of fields and derivatives thereof. The bracket transforms the new field as

[0cis 0] Ui = [6¢1, 8c,) i+ Y @i 0™ ([0, 6¢,] sy ) 0™ -
+ D a M, 072 ([0, 0] ¥y) o
= —(5@2(@1#; , (3.25)

where in the first equality we used a symmetry argument similar to the one followed
in (3.18), implying that terms where d¢, and J¢, act on different fields cancel each other
after antisymmetrization of indices (1 <> 2).

Plugging the derivative expansion of the old bracket at O(a/)

Ca(w) = ¢ () + ¢ () (3.26)
into (3.24), we get the new bracket

oy
1

[0¢1:0¢,]¢'s = =0y, ¥i Cla(¥') = Cra(¥') — AN (3.27)
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where we have considered that dg) eventually depends on the fields v;, but not on deriva-
tives thereof. It is worth noticing here that in general the bracket gets no corrections after

a field redefinition, because the leading order bracket (g)

is in general field independent.
Although this is the case for diffeomorphisms, Lorentz and gauge transformations, for
transformations it is not (see appendix B).

Redefinitions of the symmetry parameters are more subtle. Sometimes it is convenient
to redefine them so that the transformation rules look more suitable. For instance, an

)

antisymmetric piece in 5;1 eqp can be canceled with an appropriate choice of the function
in (3.16). To see the impact on the bracket, take two equivalent transformations
[ab] p q

differing in a reparameterization
SC = 0¢ +0ac, (3.28)

where 6 is a symmetry transformation with a known bracket and A = ¢(¢, ;) is a sub-
leading shift depending on the old parameters ¢ as well as the fields v; of the invariant
theory. In our case ¢ will represent the collective parameter ,, = (§#, Ay, A%, "), contain-
ing diffeomorphism, gauge, Lorentz and § parameters. The new bracket can be expressed
in terms of the old one as

[SQ ) S@] wz = [5(1, 5@] ¢7, + 2(54[15A<2] ¢1 + 25A§[1 6(2] ¢1 . (329)

The first term gives the old bracket, which is assumed to be known,

[6C17 6C2] ¢'L = _5C12¢i = _8C12*A€12wi7 (330)
where Aljs = £((12,%;) is written in terms of the same set of functions ¢ introduced
above, and

C12 = g(C1, G2, ¥i) (3.31)

defines the old bracket for certain known functions g.
The second and third factors in (3.29) can be written as

25([1 5AC2] Vi + 25AC[15€2] Vi = [5@75&(2} Yi— (1 2). (3.32)

We can split [0¢,,0a¢,] ¥i into a variation with A fixed and d¢,,¥i with (o = 8¢, (AG).
The former can be cast in terms of the old bracket as

[5C17 6AC2] )i AC = _5A912¢i7 (3.33)

where Agio = g((1, Az, ¥;), while § 5121111- is non trivial when A( is field dependent. Taking

into account that dag,, = dag,, and 6512 = 5512 up to O(a’?), the bracket after reparame-

g12
terization turns out to be

Cgew) = Cgld) — Al + 2Ag719) — 25[12]- (3.34)
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4 Bergshoeff-de Roo scheme

The gravitational sector in the DFT scheme is rather unconventional because the metric is
not Lorentz invariant. There is however a Lorentz non-covariant redefinition of the vielbein
that connects it to a scheme with a Lorentz invariant metric. Actually, inserting in (2.27)
the function

a+b
Fab = S (wacdwad +

iHacdeCd> + bTaw(aCde)cdv (4.1)
one obtains the so-called generalized Bergshoeff-de Roo (BdR) scheme [3] with this sole
redefinition. Since G, = 0, the two-form is not redefined with respect to the DF'T scheme,
and so it maintains a non-trivial Lorentz transformation for any value of a and b (2.25b).
This might look surprising, as for the bosonic string (which is obtained with a = b), the
two-form is normally Lorentz invariant. We will later clarify how this is resolved by moving
to the Metsaev-Tseytlin scheme.

The bi-parametric (a, b) BdR action [3] generalizes that of [18] as follows
SBdrR = /d x\/—ge 2(]5( —|—aL( )+bL(()1)) , (4.2)

where the lowest order Lagrangian L(®) is defined in (3.1), and the first order one can be
written in a flat index notation

L((ll) HabCQg c) Rgbc) R( )abcd (43&)
Lg(,l) 4Hach((zbc) . 7Rc(zbc) R( )abcd . (43b)

(£)

obe = Wabe £ %Habc, these expressions contain the

()

Chern-Simons three-forms Q((Ifc) and Riemann tensors R,

Defining the torsionful connections w

) _ y@epp®d 4 Hey (H)d 2 Be @) f, (Hd
Qe = Wy “Dowy,  + wp,g “wp, wbc]f—kgw[gd Wy Wy (4.4)
Rg:g:c)d = 2D[aw1()]321 + 2w[ab]ew$d) + 2w[(;;)ewé]ie; . (4.5)

Plugging (4.1) into (2.28) and using the identities (3.4)—(3.5), we find

a+b e c c b—a e c 1 c
5(1)eab = 3 ﬁ(a (wb)cdHe Tt Hb)cdwe d) + 4 IB(a (wb)cdwe 4+ ZHb)cdHe d> )
(4.6a)
(1) _ ec d _ pec d - 1
0" bap = (CL + b) |:B Wela Whlcd B Wige Whlcd 2/6[ wb]dewc ﬁ[a Hb]deH ]

b—

a | sec ec L, . e c e
|:6 we[ade]cd -p w[gedng]cd - 55[(1 wb]deHcd - 56[(1 Hb]dewcd :| .
(4.6b)
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These expressions are in perfect agreement with our previous results in equations (3.12)
of [2], where they were obtained from the requirement of invariance of the action. Actually,
since (M L) is of the form (3.8), namely a sum of terms linear in the equations of motion
plus total derivatives, we took 6( LX) precisely to that form, which allowed us to read the
first order transformations (4.6). We then verified that the total derivatives in 6" L(®) are
exactly canceled by those in 6O L) implying 6@ LM + §WLO) = 0 concluding that the
transformations (4.6) in fact leave the Lagrangian invariant.

We have seen in the previous section that a complete set of symmetries that leave
the Lagrangian invariant must necessarily close off-shell. In [2] we confirmed this general
statement, in particular for the transformations (3.2) and (4.6), which close in combination
with the local symmetries of the theory, with the following o'-corrected brackets?

A12qp = 2 Bl[acﬁQ ble +2 Al[acAQ blc +2 éﬁauAZ}ab

— 4 FfaBnaBs — 4 FB1ofaPaya — [a:b Heeq + b_?a ’wecd] Bfia Dy AS]
- [(a +b)w g+ b= aHefd} (w[aCd + de[a) BlsjeB2er » (4.7a)
Mo = 4€h0 Aoy — "o (8,8 Byt — AT 0By
— (b= a) (AOuAgjat + B OuBojar ) - (4.7b)
&y = 2610085 + B M (4.7¢)

where {# stands for the vector parameter of diffeomorphisms and A, for the one-form gauge
parameter of b,,. The presence of diffecomorphisms in the closure of the algebra might
appear in contradiction with the results in section 3.3, where we found that a complete set
of symmetries that leave a Lagrangian invariant must close among each other. Indeed, the
Lagrangian is not invariant but transforms as a scalar with respect to the Lie derivative.
However, this apparent contradiction is easily resolved by noting that only the subset of
trivial diffeomorphisms &* = ¥ X,,, i.e. those that leave the Lagrangian invariant, are
required to close the algebra.

We end this section by noting that the § transformations (4.6) admit first order defor-
mations, as discussed in subsection 3.2. For any non vanishing value of the set of parameters
(v, x, p, k), the Lagrangian would not to be invariant, but it would transform up to a total
derivative, which then implies that the action is invariant. Activating these deformations
would then require using the equations of motion to close the symmetry algebra, as dis-
cussed in subsection 3.3.

3Here the bracket for Aig, differs from the one in [2] by a trivial transformation proportional to

a,u (A‘[l1bﬁ2]ab) .
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5 Metsaev-Tseytlin scheme

The functions F,; and G, that connect the DFT with the Metsaev-Tseytlin scheme
(MT) are

a+b 3 b—a
Fab = 3 (U}acd’wad + 4HacdeCd> + Tw(aCde)cd ’ (51&)
a+b
le = — (D/’HP#V + H[quwu]cd> R (51b)

where D,, is the curved version of (3.9). These redefinitions take the bi-parametric action
in the DFT scheme to the following form [3]

Sur = / dPay/=ge 2 (LO + 19 + L + D, vH) | (5.2)

where L) is the universal two-derivative Lagrangian (3.1), and the first order corrections
induced from DFT contain the standard MT first order terms [19] (see appendix A for

definitions)
—-b
=2 T H (5.3)
b 1 1 1
LY = 20 R R _ S HWP R, 4 —HY — CHE HW| | (5.4)
8 2 24 8
and includes in addition a total derivative D, V# with
a+b -
VH = g H"PDHyyp (5.5)

Of course, since this is what descends directly from DFT, we expect the Lagrangian to be
B invariant only with the inclusion of this term.

The terms proportional to a+b, which are common to the bosonic and heterotic strings,
contain even powers of H,,, and are then invariant with respect to an exchange of sign
of the two-form, b,, — —b,,. In addition, they are purely metric, in the sense that the
vielbein enters into these terms only through the metric. Notice also that in this case, the
two-form is Lorentz invariant, as expected for the bosonic string in this scheme.

On the other hand, the term proportional to a — b involves the Chern-Simons form
contained in the heterotic string, which is linear in H,,,, and hence is odd with respect
to the exchange of sign of the two-form. This is a frame-like contribution, as it cannot be

(1)

written purely in terms of the metric. Lorentz invariance of LY’ requires the non-standard

Green-Schwarz Lorentz transformation of the two-form [3]

a—>

Sabuy = ———— 0 A ew,4° - (5.6)

B transformations in the MT scheme follow from inserting (5.1) into (2.28)
1
5él)eab = T(ab) T f[ab] ) 5él)bab = Oab + v[atb} ) 5él)¢ = iTaa ) (57)
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with

a+t+b c 1 ¢ b—a cde 1 cde
Tah = — 5 (Vdﬁc(aHb) d + §Bc(aDde) d) - 4 /Bc(a (wb)dew o + ZHb)deH ¢ ) )
(5.8a)
a+b cde cde c
Jab = — Tﬁc[a (wb]deH 9 — Hygew™™ + 2D Hyy > ; (5.8b)

1 1 1
Oab = (CL + b) [_Q/BCd <Rabcd + 2HaceHbde) + BC[a (Rb]c + 2vb}vc¢ + 4Hb]deHCde)]

+ b7a [5cdee[a (wb]ce - wcb]e) + %54@ (wb]deHCde + Hb]dedee):| . (5.8¢)

la = (a + b) ﬁbcwabc . (5'8d)
Written in this form, equations (5.7) highlight the observation made in subsection 3.4,
about redefinitions of the symmetry parameters. In this case, we see that the f piece of
the S transformations can be absorbed into redefinitions of the Lorentz parameter and ¢,
into (the flat version of) the one-form that parameterizes the gauge transformations of the
Kalb-Ramond field. We will assume this redefinition of the parameters from now on. In
particular, this means that we will have to take care of the redefined brackets discussed in
subsection 3.4 when verifying closure of the symmetry algebra.

Since the terms in LS:) are purely metric, we expect the corresponding (8 transforma-
tions to be purely metric as well. Indeed, performing the parameter redefinitions mentioned
in the previous paragraph (i.e. ignoring J[ap) and ta), we obtain the following S transfor-
mations for the metric and the two-form

1
5él)gm/ = (a + b) (VUB(MAHV))\J + 25(;,LADJHV))\U>

a—b 1
+ 9 B)\(,u (wu)cdeCd + 4Hu)paH)\pU> )
1 L oo 1 T 1 oT
6é )buu = (CL + b) |:_2Bp (Rw/pcr + QHupTHZ/U ) + Bp[,u, <Ru}p + 2v1/]quS + ZHII]O'THp ):|
a—b de c c 1 cde cde
- 2 |:BcdH [ (wy] e ~ W V}e) + §/Bc[u (wl/}deH + Hl/]dew )] : (59)

As expected, the terms proportional to a4+ b can be cast in purely metric expressions, with
spacetime greek indices. Instead, those proportional to a — b, involve spin connections that
necessarily require the vielbein, as they cannot be expressed only in terms of the metric.

By construction, since we derived them from DFT, these [ transformations leave the
Lagrangian invariant. Hence, they close off-shell, as we proved in subsection 3.3. On the
other hand, as discussed in 3.2, if one is interested in invariance of the action, instead of
focusing on invariance of the Lagrangian, then these transformations can be supplemented
with the four-parameter family of deformations (3.15), that leave the action invariant and
determine that the symmetry algebra closes on-shell.

After reparameterization, the brackets in this scheme can be computed from the cor-
responding ones in the BAR scheme, following the discussion in subsection 3.4. Details of
the computation can be found in appendix B. The brackets £/, and 85 are not modified,
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while those for gauge and Lorentz transformations turn into

N2 = 46, 0 — (b a) (MDD, Agjan + B0, B

R (a A% Bajar — A% OBy
A = A((zb) — 4 K,y aB8 — 4 KCd/B&aﬁmb]d - 4A[1Cfb] T weeaBle la Do) AZed
— {2(a +b) (wefdde[a + iHedeCd[a> + bg HY (W[a )] /3 /Bcf ;
(5.10)
where
Koy == I b <Rab +2V,Vpo + iHacdeCd> + Z)_Taw(aCde)cd - (5.11)

Despite having computed the brackets systematically from the one obtained in [2], we have
verified explicitly that they lead exactly to off-shell closure of the symmetry algebra.

5.1 Invariance of the Metsaev-Tseytlin Lagrangian

Here we present an explicit derivation of the invariance of the bi-parametric MT La-
grangian (5.2)—(5.5) with respect to the transformations (5.7)—(5.8d). We will first focus
on the terms proportional to a + b (5.4), and then we deal with those proportional to
a—>b(5.3).

5.1.1 Invariance of the even parity sector
The deformations of the g8 transformations that preserve the even sector of the MT action
were systematically derived from DFT, namely

a+b

1
5él)eab = - 9 <vdﬁc(aHb)Cd + 26c(aDde)Cd> + Vﬁc(agb)c + XgabﬁchCd (512&)

1 1 1
by = (a-+8) | =58 (Rt + oo Hiod”) + Bt (Roft + 2V 970 + § Hiyao ™ )|
- ’Y/BC[agb]c - Xﬁabgcc . (512b)

We consider here only the deformations proportional to the parameters v and y, as they
preserve the expected parity of the transformations. Since this sector is common to the
bosonic and heterotic strings, the transformations can be cast in a purely metric formula-
tion. Indeed, as expected, we find

5,531)9;111 == (a + b) <Vaﬁ>\(u v)Ao + BA(uD HV)AU) + 27/3;;(/4 v) P+ QXQ;Wﬁpcr )

(5.13a)

1 1 - 1 - 1 or
6% )bW =(a+0) {—2&’ (RWPU + QH,MHW >+ Bl (R,,]P +2V, V¢ + ZHV}UTH” )]
=8P 1€ — XBuwEp” - (5.13Db)
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By construction, for v = x = 0 these transformations must leave the even parity Lagrangian
invariant. Here we want to show this explicitly, and for this we must verify that the
following equation holds

81O 1 6Ly + D) = 0. (5.14)

To this end, we first replace (3.8) in the first term and the fact that [5,(30) , Do]W? =0
for any W, to re-write (5.14) as

0L = —£ 6\ ey, — B 6 ba, —D, |2 Dyo e — %H“b%g)bbc +05've| . (5.15)

(A) (B)

Next, we explicitly compute the lowest order variation of LS:) (5.4) in the Lh.s.. For this
it is useful to introduce the following identities

5 (Rusoa ) = = 490084 He) + (VB — 2905, Hoca | B0, (5.16)

50 <—;HeabH€CdR“bcd) = H, o peed {va (87 Hyea) + (vaﬁcf -5V @w) Hbdf}
+ {V%b + 2vaﬁb€} H,.qR% (5.17)
55 (_;Hae FHES Hacdecd> = % [Vaﬁcd + 2Vc,8da] Hy ' H HY (5.18)
5/2’0) (QtlH“bcHadeHbefHCfd> - %vaﬂbCHadeHbefHCfd ) (5.19)

which readily lead to the following result

a+b abc e 1 e
5%0)[/&1) = TR bed [Va (5b Hecd) - ive/@abH cd]

_atb

3
S HfabeCd |:va (BbeHecd) + 2v[eﬁab]Hecd:| : (520)

Following the steps detailed in appendix C, this can be rewritten as
0) y (1
69 LY = (a+0) [(4) +(B)] (5.21)
with

1
(A")= —5abeﬁ“eHebf—Bab (R“befﬁef — pH?, + ZBebede“6d> —2p4,B%Ey,
(5.22)

1 1
(B/) _ _Da |:Bbe (HcdeRabcd _ 5I_cha (Rbecd o 2Hcefodb> ) (Rbc 4 2vbvc¢) Heca):| ,

which is closer in structure to (5.15). It is now easy to recover the conditions for invariance
of the Lagrangian and the action by comparing (5.21) with (5.15).
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e For the action to be invariant, it is enough to verify
(A) = (a+b)(4)) . (5.23)

By definition, when inserting (5.12) into (A), the terms depending on v and x simply
drop out. The rest of the terms can be rapidly shown to verify this identity. As a
consequence, the action is invariant for whatever choice of the parameters v and x.

o For the Lagrangian to be invariant, on top of (5.23), also
(B) = (a+b)(B'), (5.24)

must hold. This is the imposition that the total derivatives that emerge from the
variation of the lowest order Lagrangian are exactly canceled by those arising in the
variation of the first order Lagrangian. In this case, when (5.12) are inserted in
(B), the identity (5.24) can be shown to hold for the specific choice v = x = 0 (see
appendix C).

In summary, we have shown that the transformations (5.12) leave the even parity
sector of the MT action invariant for any choice of the parameters v and x. Instead, the
Lagrangian was shown to be invariant for the specific choice v = x = 0, which is the case
that descends directly from DFT.

5.1.2 Invariance of the odd parity sector

We now repeat the analysis for the terms proportional to a — b, namely L(_l). We have
seen that, up to parameter redefinitions, the first order transformations that leave the odd
parity piece of the action invariant, and respect the parity of the fields accordingly, are

a—2>b 1
(Sél)eab = 74 ﬁc(a (wg)c + EHZ?) c) + Kﬁ(acgb)c, (525&)
a—b e c c 1 c c c
5él)bab = 9 |:/80de la (wb} e W b]e) + iﬁc[a ((wH)b] + (Hw)b} ):| + pﬂc[aB bl -

(5.25b)

To verify explicitly the invariance of the Lagrangian, we must check that the following
equation holds
1 0) (1
6L 469 LM = 0. (5.26)
Replacing (3.8) in the first term leads to

1
0P LY = —gb 5 eqy, — B 60 bey, —D, |2 Dyo e — 5ffabca[g“z)bc . (5.27)

(©) (D)

(1)

The explicit variation of L'’ in the L.h.s. is shown in appendix C to take the form

SO LY = (a—b) [(C") + (D) . (5.28)
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with
1

1 1 1
(') = —igabﬂca (wzbc + 4H2bc> - iBab [5cdeea (wpe — We) + §Bca(Hw + UJH)bC:| ,

1 1 1
(D,) = §Db lHabc (Haefw[dc]eﬁfd - Zﬁcd(Hw + 'LUH)ad> + Bcawabd (4H2Cd — w26d> ] s

which leaves us very close to our purpose. It is now easy to recover the conditions for
invariance of the Lagrangian and the action by comparing (5.28) with (5.27).

e For the action to be invariant, it is enough to verify
(C) = (a—0b)(C). (5.29)

By definition, when inserting (5.25) into (C'), the terms depending on x and p simply
drop out. The rest of the terms can be rapidly shown to verify this identity. As a
consequence, the action is invariant for whatever choice of the parameters x and p.

o For the Lagrangian to be invariant, on top of (5.29), also
(D) = (a—b)(D"), (5.30)

must hold. This is the imposition that the total derivatives that emerge from the
variation of the lowest order Lagrangian are exactly canceled by those arising in the
variation of the first order Lagrangian. In this case, when (5.25) are inserted in
(D), the identity (5.30) can be shown to hold for the specific choice Kk = p = 0 (see
appendix C).

In summary, we have shown that the transformations (5.25) leave the odd parity sector
of the MT action invariant for any choice of the parameters x and p, while the Lagrangian
is left invariant for the specific choice kK = p = 0, which is the case that descends directly
from DFT.

6 Conclusions

In this paper we derived the S symmetry transformation rules of the supergravity fields
to first order in o from the frame-like formulation of DFT. The fact that DFT implies 3
symmetry, in turn means that this symmetry is a necessary condition for DFT uplifts of
supergravity interactions. It is not sufficient because § symmetry in supergravity requires
isometries, whereas in DFT it is realized through the introduction of dual derivatives. The
road from supergravity to DFT would require relaxing the assumption of isometries, namely
the condition 5*¥0, - -- = 0, and extending supergravity with interactions containing dual
derivatives, to compensate the failure. This observation might become important when
assessing the possibility of finding a DFT formulation for the quartic Riemann terms in
maximal supergravity, which currently faces an obstruction, at least in the standard frame-
like formulation [20]. Actually, the duality structure of the O(a’®) interactions of type II
strings [21] is not well understood yet. Recent progress in this direction was achieved
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in [22], where these couplings were fixed at fifth order in fields using O(d, d) symmetry. It
would then be interesting to study the S symmetry of these higher-derivative terms.

Having derived the g transformations systematically from DFT, we then moved to more
conventional supergravity schemes. We first showed that the field redefinitions that connect
DFT with the generalized Bergshoeff-de Roo scheme of supergravity, allowed us to recover
and confirm all the results in [2]. Additionally, we performed further redefinitions to reach
the Metsaev-Tseytlin scheme. For completion, we showed through explicit computations
in this scheme that the MT Lagrangian is exactly § invariant for the bosonic and heterotic
strings to order o/, and that the transformations close off-shell, as expected.
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Note added 1. Our results confirm those of our previous paper [2] and are in direct
contradiction with supposed obstructions pointed out in [23]-v5 and [24]-v2. Contrary to
what is stated in [24]-v2, we confirm here, through explicit computations in subsection 5.1,
that the O(a’) bulk Lagrangian of the heterotic string is exactly invariant under appropriate
deformations of the § transformations. We also disagree with statements in [23]-v5, where
it is asserted that there is a unique § transformation at O(«’) that leaves the bulk bosonic
action invariant and that it does not form a closed symmetry algebra. The transformation
found in equation (31) of [23]-v5, corresponds to the particular choicea = b= —a/, vy = —%/
and x = 0 in our equations (5.13a)—(5.13b). Actually, 8 transformations at O(a’) turn out
not to be unique, but there is a two-parameter family of deformations in the bosonic string
that lead to on-shell closure of the symmetry algebra.

Note added 2. After our manuscript appeared in arXiv:2307.02537 [hep-th], the author
of [24] found an error in his calculations, and corrected the results, producing the revised
outcome [25].

A Notation and definitions

We use p,v,p,... and a,b,c,... indices for space-time and tangent space coordinates,
respectively. The infinitesimal Lorentz transformation of the vielbein is

Snen® = e, (A1)
The spin connection
i 1
Weap = €V'e (a,u,emzeyb - F,pwepaeub) ) with qu = 59'00 (a,ugm/ + 81/9;10 - 809/1,1/) )
(A.2)
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transforms as
5chab = DcAap + wdabAdc + 2wcd[bAda} ) (A?’)

and hence, it turns flat derivatives D, into covariant flat derivatives V, as
VT, = DT, + wadedc — wadCde, D, = 6“,18“ . (A4)
The Christoffel connection I'f),, turns spacetime partial into covariant derivatives as
VuT,” = 0,T,7 —T),Tn" + T, T, (A.5)
The Riemann tensor
A A
RYype = 0pI'0, — GUF’,fp + F’;/\FW — F’;)\pr , (A.6)
with flat space indices is defined as
Roved = 2D[awb}cd + 2w[ab]ewecd + 2w[gcewb]ed . (A7)

While the symmetry Roped = Rjqpj[cq) 18 manifest, other symmetries of the Riemann tensor
are hidden and determine the Bianchi identities

Rabed = Redab » R[abc]d =0, v[aRbc}de = 0. (A.8)
The Ricci tensor and scalar curvature are given by the traces
Rap = Rcacba R=R," > R[ab] =0. (Ag)

In terms of the torsionful spin connection

wl) = Wape & %Habca (A.10)
the Riemann tensor defined in (4.5) satisfies the Bianchi identities
RO = R, R, = :E%VdHabc + %H[abeHc]de . (A.11)
The curvature of the 2-form
Hape = 3 e qe”pe’c Oy (A.12)
obeys the Bianchi identity
ViaHpedq = 0 - (A.13)
We define contractions of powers of the 3-form and spin connection as follows:
H? = Hy H™* H? = HueqHy ™, H* = H®H,°Hy, ' H. %,  (A.14)
way = Wacaws™ ,  (WH)ap = WaedHp™,  (Hw)ap = Hacawp™ . (A.15)

The Chern-Simons form
2
Q,uz/p = w[uabauwp}ba + gwuabwubcwpcay (A'lﬁ)

was defined in terms of the torsionful connection in flat index notation in (4.4).
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B Bracket in MT scheme after reparameterization

As discussed in subsection 3.4, field redefinitions modify the brackets only through field
dependent contributions in the zero order bracket. Starting from the symmetry algebra in
the BdR scheme (4.7c) we observe that the only field dependent parameter is in

Agg)ab 2 ZBl[aCIBQ ble = 2 €pa b gpaﬁﬁp ﬁgf’ . (B.1)

Hence, equation (3.27) implies that the only modification in the bracket, after the field
redefinition that exchanges from the BdR to the MT scheme, is

old) a-+b . .
/12ab = ASQalz - 4 ( cla bld 52] d + H2 dﬁ[l Bb]d) . (B'Q)

Although it is not necessary a priori, in (5.7) we performed an extra parameter redefinition,

in order to put the § transformations in a minimal form, where
AC == E(Ca 7/1) — (A§“7 A)‘av AAalh ABHV) = (07 _tav _fab7 0) ) (B3)
with t, and fi, defined in (5.8b) and (5.8d). Agi2 is instead

(Agi2)" =0,

a+b 1
(Agi2)t = — 5 Wiy = —§ﬁi“/ Hwyap =0,

(Agi2) = 2§{ 9ty »
(Ag12)ab = =204, farje — E10u faab -

Finally, we notice that Bff =0, g‘fz = 0, while

2112
_2A£zb] = 5519\17/\17& (fQGb) - 5527/\27/\27/52 (flab)
[1v a+b cde
= 2&5Y0, faap — ﬁc[an deH

1
—(a+0) ﬁudeﬁQ]c[a ( wyytw c + web]fwcfd - §Hb]fedec )

1
+(a+b) BBy ( Ryjq +2VyVap — Hb]d 2}:1 )

1
+(a+b) B Ban” ( Reg 42V .Vyo — chd 3 w?, ) , (B.8)

and

_25‘1[/12] = 651 A1,A1,61 (tQV) - 552 A2,A2,62 (tll/>
= 4840ty +2(a+b) [ BE0uA e + O (6B wane) + HyueBHBSa] - (B.9)

The first term in (B.9) cancels with (Agi2), and the remaining terms inside the bracket
can be put in the form

[ 1= 5 (A0 — D5l Aubc)wﬂ( B A + &0 B8 wabe + buo B B4 ) (B.10)

where the last factor is pure gauge and so can be ignored. Plugging these expressions
with (3.29) one readily finds (5.10).
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C Leading order variation of L") in MT scheme

In this appendix we present some details of the computations summarized in section 5.1.
The route followed here is not unique, due to Bianchi identities and other less familiar
relations, whose origin can be traced back to the constraints imposed after contractions
with 3. Following the structure of subsection 5.1, we first deal with the even parity sector
in C.1, and then with the odd sector in C.2.

C.1 Variation of LS)

Here we present some details of the computations leading from equation (5.20), namely

a+ b aoc e 1 €
5}-30)LE|—1) = ?R bed |:Va (51) Hecd) - §veﬁabH Cdil
_a+b

3
HfabeCd |:va (5be ecd) + Qv[eﬁab]Hecd] ) (Cl)

to (5.21).
A chain of integration by parts in the first term of the r.h.s. of (C.1), followed by the
Bianchi identity V[,Rp)q = 0 and a further integration by parts, leads to

Rabadva (/Bbe ecd) = —2Ru vcﬁae Hebc - 25eaRechHabC + 2va¢Radeﬁbe ecd
+Da (R 3y Heea + 2RoeB H*) (C-2)

where, using RapeqV% = 2V [,V V¢ and integrating by parts, the third term in the r.h.s.
can be rewritten as

2va¢Radeﬁbe ecd — _4vavb¢ (vcﬁaeHebC + DcHebcﬂae) + Dc <4vavb¢ﬁaeHebc) . (C3)
The second term in the r.h.s. of (C.1) can be expressed alternatively as
RadeveBabHecd — _Rade/BabDeHeCd + D, (Rade/BabHecd> , (04)

and the remaining terms as

1 3
ZHfabeCd |:va (/BbeHecd) + 2v[eﬂab]Hecd:| -

1 1 1 (C.5)
= §HfabeCd (vaﬁbe eed + §BbevaHecd + 4v6/8abﬂecd) .
Finally, the last two terms in (C.5) can be recast in the form
1
HfabeCd </8bevaHecd + 2v66abH€cd> = _HabCHbfd (2Befv[eHd]ca - Haedvcﬁef) (C.6)
= ~DoH" B Hyf Hoca + De (B H™ Hyf" Hoea )

where in the first equality we have used the relation

1
GH IV B H g = —H" Hyy (B9 V eHaca — HueaVeB ) (C.7)
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while in the second line we have used the Bianchi identity V{, Hy.q) = 0 before integrating by
parts. The relation (C.7) is not a Bianchi identity, but a consequence of the § constraints,
and it readily follows after explicit evaluation of the covariant derivatives.

Using (C.2)—(C.7), we obtain the expression displayed in (5.21).

Let us pursue the computation further, to see how (5.14) is satisfied by (5.12) for
v = x = 0. Combining the above results with (3.8) we obtain

s L® 1+ 60 LY =D x7, (C.8)
with

b
X — _a + {v ) (3Vc,8deaCd CIBadecd + BcdvdHabc) _ 5beHCd[eRa]de (Cg)

_QBbCRdeacd + §vdﬁcavade _ vcﬁdbvaaCd

1 1
+§/BcbeVdHaCd o 46bCHadecefHdef:|

which can be cast in the form
X =—6Oya 4 pyzab, (C.10)

where

Va_a+bHacdDbed Zab_ CL+b
= cd s =

8

BeaVEH (C.11)
To put (C.9) into the form (C.10) we used
5éO)vchab = —4R By + (5deHabc + 5e[aHb]cd> He% (C.12)
in addition to Riemann Bianchi identities. Noting that
DDy Z% = VoV Z%—2 (Vo Vit — 2V 0 V) Z“b—Q(VaqﬁVbZ“b + quﬁvazab) , (C.13)
vanishes for an antisymmetric object Z%, we get
DX = =D, (55"V") = 55 (DaV") . (C.14)

Finally, plugging this back into (C.8) we reproduce (5.14). This completes the discussion
on the invariance of L(+1

C.2 Variation of L(_l)
(1)

Now we focus on the variation of L'"/. We start by analyzing the terms that are independent

of the 3-form, namely

1
— Q65 Hape = —fvaﬁbcw o (BT + 20t gt ) — Vbﬁcaw Rl (C.15)
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where we have used
abc 1 [a bclef 1 ad , be . cf
Q =—gw efR - guwtew jwy. (C.16)
The first term in the r.h.s. can be rewritten as
1 1
—gvaﬂbcwaef (Rbcef + 2wad’w0d6) = —Eﬁbcwaef (VbRcaef - QVawadwcde)
1
= Zﬁcawabdwdef (Rbcef + 2wb69wcfg) , (C.17)
where in the first equality we noted that
Rbeel 4 20t jwede = o Dlbydel 4 oplbeldy, of (C.18)
vanishes after contraction with Sp., which allows to move the covariant derivative to the
factors inside the parenthesis. Upon implementing Riemann Bianchi identities, the second

equality in (C.17) follows after applying the relations

BV qwpae = B (Rabde + wbafwfde) , (C.19)
BV R = 28w, e R0q!! . (C.20)

The second term in the r.h.s. of (C.15) can be cast as
1 a beef 1 a bee f 1 a beef
_zvb/@caw efR = zﬂcavbw efR - zvb (5caw ef) R . (021)
Using (C.19), the first term in the r.h.s. of this expression can be rewritten as
1 1
Zﬁcavbwaebecef = Eﬁcawabdwdebecef y (022)
whereas the second one is
1 1
— Vo (Beaw®e) RS = =Dy [Bea (w0 o B*Y — 20 4R+ 2V°V9)) | . (C.23)

Here we have followed similar steps to those performed in (C.2) and (C.3), supplemented
with the relation

Db (Bcawabd) (Rcd + 2vcvd¢) _
= [Be (R4 + 29V u0) + Bacw b quse| (R +29°96) =0, (C.24)

which vanishes by symmetry arguments. Actually, using the relation
Dy [25cawabdvcvd¢} =Dy |:VC <5aewacdw8db)} s (025)

it can be shown that (C.23) vanishes.
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Regarding terms quadratic in the 3-form, we get

1

1
abcé(O)Qabc _ éHabcHeaf,Bdf (Rdebc _ 2wbegwcdg)

1
+§HabchdeBaf wbegwcdg

_éHabcwade [Vb (ﬁcfode) + Vy (/BefobC>}

1
+§HabcHecfwade [Vbﬁdf — Vb — Vfﬁbd] , (C.26)

where we applied
Bal H™ H % Ryep. = 0. (C.27)

Using (C.19) and integrating by parts, the first line in (C.26) can be taken to the form

1
gHabcHeadef (Rdebc - waefwcdf> =

= Dy (= G Hoeg o™ ) = SDVH B,
- évaGdCHfdcﬁef Wepa + %H“bcﬂea BT wpaWeeq - (C.28)
The first term in the third line of (C.26) is
*%Habcwade Vi (ﬁcfode) = *éDfoabﬁcawbdeHCde + éﬁcfHabchdewadgwbeg
Dy (éH@bcwadeﬁcf Hfde> : (C.29)

and the second one is
1

1 1
_ gH“bcwadevzi (,Befobc) = gHabcweadvd (ﬁefobC) 4

Habcw[ea]dvd (ﬁefobc> .

(C.30)
Performing similar steps to those followed in (C.2)—(C.3), the first factor in (C.30) can be
cast as

1 1 1
gHabcweadvd (Befobc) = Dy (8/BefweadH2af) + gﬁacHﬂ)C (Rab + v@vb¢)

1 1
—gﬁef H ppceq "V g H® — §H2a 1B wea%wge® . (C.31)

Operating with the covariant derivative, followed by Bianchi identities of the 3-form and
integration by parts, the last component in (C.30) can be worked out, leading to

1

1 1
4 Habcw[ea]dvd (ﬁefobc> =Dy <_2Habcw[ae]dﬁ€chdf) + §Dfoabecdw[ae]cﬁde

1
_ZHabcw[ea]d <BgfwfdeHgbc + QBefwfbdegc) (0‘32)

1
_ fabe odf (w[ea]dwgb[eﬁf]g + ZBef (waegwbgd o weagwgbd)> )
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We notice that the last line in (C.26) is simply

1 1
gHabcHecfwade [vbﬁdf — Vdﬁbf - Vfﬁbd} — _ZﬂngabCHecfwadewgdb . (0'33)

Finally, plugging all these equations into (C.15) and (C.26), and after a proper rescaling
with a—b, we obtain (5.28). Note that we have included for convenience a vanishing quartic
factor

1
—ﬁ,BCGH,?CHZ“b =0. (C.34)

We conclude this appendix by noticing that the total derivative from 5él)L(0) in (3.8)
with the choice kK = p = 0 in (5.25) exactly cancels the total derivative in (5.28). This
follows straightforwardly after using the relations

Dy (BDH?) =0, Dy (B Vaw?™) =0, (C.35)
which are particular cases of the more general identity valid for any W%
D, (BWe) =0. (C.36)
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