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ABSTRACT: We discuss the generalization of the Kerr-Schild (KS) formalism for general
relativity and double field theory (DFT) to the heterotic DFT and supergravity. We first
introduce a heterotic KS ansatz by introducing a pair of null O(d, d+G) generalized tangent
vectors. The pair of null vectors are represented by a pair of d-dimensional vector fields,
and one of the vector fields is not a null vector. This implies that the null property of
the usual KS formalism, which plays a crucial role in linearizing the field equations, can
be partially relaxed in a consistent way. We show that the equations of motion under the
heterotic KS ansatz in a flat background can be reduced to linear equations. Using the
heterotic KS equations, we establish the single and zeroth copy for heterotic supergravity
and derive the Maxwell and Maxwell-scalar equations. This agrees with the KLT relation
for heterotic string theory.
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1 Introduction

One of the most intriguing features of quantum gravity is its relation to gauge theory.
Although there is substantial evidence for this duality, it is most apparent from the scat-
tering amplitude point of view. It is well known that gravity scattering amplitudes can be
reformulated as the square of the scattering amplitudes of Yang-Mills theory. This struc-
ture is originated from the KLT relation [1] in string theory and generalized to the double
copy relation [2—4] at the field theory level. Yet, apart from at perturbative level on a flat
background, such a correspondence is not fully understood.

Recently, the double copy relation has been extended to the full equations of motion
through the Kerr-Schild (KS) formalism [5], which is a powerful tool for solving the Einstein
equation by reducing it to linear equations [6-9]. The important consequence is that a class
of solutions to the vacuum Einstein equation can be represented by the square of solutions
to Maxwell theory. Thus, the KS double copy relation is valid not only at perturbative level,
but also in the non-perturbative regime. It is applied to black holes first, and extended
to a broad class of examples [10-26]. However, the KS double copy for pure Einstein
gravity cannot describe another massless NS-NS field, such as a Kalb-Ramond field or
dilaton, using the single null congruence from the conventional KS formalism. This issue
was resolved in the context of double field theory [27].



Double field theory (DFT) [28-33] is a low energy effective field theory of strings with
manifest O(d, d) T-duality [34-37]. One of the crucial features of DFT is the doubled local
O(1,d — 1) structure groups. It inherits from the left-right sector decomposition of the
closed string, and each O(1,d — 1) group corresponds to the local Lorentz group of the
target spacetime seen by the left and right sectors respectively. Since the double copy and
KLT relations are also closely related to the left-right decomposition of the closed string,
DFT provides a useful tool for describing such a hidden structure [38, 39].

The KS ansatz for pure DFT, which consists of the massless NS-NS sector only, is
constructed in terms of a pair of null O(d,d) vectors [27]. The corresponding equations of
motion can be reduced to linear equations by restricting the DFT dilaton appropriately.
Based on this formalism, the classical double copy is extended to the entire massless NS-
NS sector, and two independent Maxwell equations are derived from the KS equations.
However, pure DFT itself cannot be a consistent low energy effective field theory of the
string because of anomaly issues. Additional Yang-Mills gauge fields or Ramond-Ramond
fields must be coupled to pure DFT to make a consistent theory.

In the present paper, we extend the KS formalism for pure DFT to the heterotic
DFT [40, 41] (see also [42] for the non-Riemannian origin). Heterotic DFT incorporates
Yang-Mills gauge theory into pure DFT in a duality covariant manner, and it is described
in terms of the O(d,d + G) gauged DFT, where G represents the dimension of the Yang-
Mills gauge group.! The heterotic KS ansatz for the generalized metric is the same form as
in the pure DFT case and written in terms of a pair of O(d,d+ G) null vectors. However,
its d-dimensional supergravity representations are quite different. One of the remarkable
properties of the heterotic KS ansatz is that the null condition can be partially relaxed in
the d-dimensional language while preserving the linearity of the field equations. We obtain
the on-shell constraint for the O(d, d+G) null vectors and DFT dilaton, which corresponds
to the geodesic condition in the usual KS formalism in GR. Using the null and on-shell
constraints together, the field equations under the heterotic KS ansatz can be reduced to
linear equations as well.

Based on the heterotic KS formalism, we investigate the classical double copy for
heterotic supergravity. Since the heterotic string is a closed string, its mode expansion
is decomposed into left and the right moving sectors, which are completely decoupled.
According to the KLT relation, the left and right moving sectors are identified with the
10-dimensional supersymmetric open string and the 26-dimensional bosonic open string
respectively, and the mismatched 16 dimensions must be compactified on an even, self-dual
lattice [43-45]. Under the field theory limit, o/ — 0, the left-right sector decomposition
implies that heterotic supergravity can be described by 10-dimensional supersymmetric
Yang-Mills theory and bosonic Yang-Mills theory with 16 adjoint scalar fields [1, 12, 46—
56]. As in [27], by assuming that there is an isometry in the KS ansatz, we establish
the single copy, which maps the KS ansatz to the gauge fields, and derive Maxwell and
Maxwell-scalar equations. Similarly, we establish the zeroth copy by deriving a free scalar

'Here, we use the term heterotic supergravity in a broad sense and consider d-dimensional gauged
supergravities described by O(d, d+G) gauged DFT rather than the ten-dimensional heterotic supergravity.
Thus we do not restrict G to the heterotic gauge group, Es X Eg or SO(32).



field equation, and we identify the scalar field with the abelian bi-adjoint scalar field.
Consequently, solutions of the equations of motion of heterotic supergravity under the KS
ansatz can be represented in terms of solutions of the Maxwell and Maxwell-scalar theories.

This paper is organized as follows. In section 2, we review heterotic DFT and introduce
the generalized Kerr-Schild ansatz. We show that the null condition can be relaxed in the
d-dimensional point of view and express the corresponding metric, Kalb-Ramond field
and gauge field ansatz explicitly. In section 3, we derive the on-shell constraint for the
O(d,d + G) null vectors and DFT dilaton. Then we construct the equations of motion
under the heterotic KS ansatz in a flat background. We show that the form of the equations
of motion is identical to pure DFT. In section 4, the classical double copy for the entire
massless NS-NS sector is discussed by extending the conventional one in GR. We end in
section 5 by considering some examples of the heterotic KS formalism.

2 Generalized Kerr-Schild ansatz for heterotic DFT

In this section we introduce a generalized Kerr-Schild ansatz for heterotic DFT. First
we give a brief review of heterotic DFT. Next, we consider properties of the null vectors
in the generalized tangent space. Using the null vectors, we introduce the KS ansatz for
the heterotic generalized metric and show that it is of the same form as the KS ansatz
in pure DFT. We represent the ansatz in terms of heterotic supergravity fields which are
expressed by a pair of d-dimensional vectors: null and non-null vectors. Finally, we discuss
the Buscher rule for the generalized KS ansatz and show that T-duality maps a generalized
KS ansatz to another one.

2.1 Review of heterotic DFT

We begin by reviewing heterotic DFT in terms of the O(d,d + G) gauged DFT [40, 41]
and its double-vielbein formalism [57, 58]. Here G denotes the dimension of the Yang-Mills
gauge group. Heterotic DF'T provides an elegant framework combining the string NS-NS
sector and gauge fields into a single O(d, d + G) multiplet.

Note that, unlike the O(d,d) case, the O(d,d 4+ G) is not a split real form, thus an
ambiguity arises in the parametrization of the O(d,d + G) metric Jy, 5 [59]. There are
two different choices depending on whether the O(G) subgroup belongs to the positive or
negative eigenvalues of 7. In this paper we take the negative sign convention

0 &4, 0 B 06" 0
Tas=|6" 0 0 |, J"W={s, 0 0o |, (2.1)
0 0 —%Hag 0 0 —a'k*

where M , N ,P--- are O(d,d+ G) vector indices which are decomposed into d-dimensional
vector indices, p, v, p- -+, and O(G) indices, a, 3,7 - - -. Here kqp is the Cartan-Killing form
for the gauge group G.

Heterotic DF'T consists of two dynamical fields: the generalized metric H and the DFT
dilaton d, which are O(d, d+G) tensor and scalar fields respectively. The generalized metric



H ;5 is a symmetric O(d, d + G) element satisfying the so-called O(d,d + G) constraint
56
Tix = HupT " Hog - (2.2)

Solving the O(d,d + G) constraint (2.2) by assuming that the upper left corner is non-
degenerate, we get a parametrization of the generalized metric

g —g ¢! g4
Hyw = —cg7l gtecgTid +/AkTIAY A —cgTlA ) (2.3)
Mgt A Al Ay L

where ¢, = By, — 20/ Aok (A g,

We now consider the generalized frame for the heterotic DFT. The choice of
parametrization of J in (2.1) leads the following local structure group of the generalized
frame bundle?

0(1,d—1); x O(1,d— 1+ G)r. (2.4)

This structure is manifestly encoded in the generalized frame fields or double-vielbein, V™
and VMm. Here m,n,p,--- are O(1,d— 1), vector indices and m, 7, p, - - - are O(1,d—1+
G) R vector indices. Each Lorentz group corresponds to the left and right moving sector of
the heterotic string respectively and plays an important role in the double copy.

The heterotic double-vielbein satisfies the following defining properties

Vir™ = PV Vg™ (V) g = Pas (V)Y TV 0 = 0
Vir™ = Pyg VY™ Vi Miaa (V) s = —Pax s (V)" TV = —aa (25)
2.5
Here 7, and 7,5 are the O(1,d — 1) and O(1,d — 1 + G) metrics,
T = [ mn O
NMmn = diag(—1,1,--- 1), Mg = 0 7ol (2.6)
Kab
where 757 = diag(—1,1,--- ,1) and R is the Cartan-Killing form for a given gauge group

G. As we will see it is related to Kqg in the O(d,d + G) metric. It is obvious that V™
and VMm are orthogonal to each other, because they have opposite chiralities

(Vt)mMVMﬁ =0. (2.7)

2If we choose the positive sign convention on J as

0 d6*, O
J=16" 0 0 ,
0 0 %Hag

then the corresponding local structure group is given by O(1,d —1) x O(1+ G,d — 1) and the kinetic term
of the gauge field has the wrong sign.



Again, solving the defining properties in (2.5), we can represent the double-vielbein in
terms of the heterotic supergravity fields

1 -
V" = s e —cwe™ |
(ADape™
L 0 (2.8)
Vg™ = \2 —&u™ = ™ V20! Ak (¢1)5"
(A ™ [ E (@
where _
Guv = nmneumevn = ﬁmﬁé#méVn J
1
Cur = By — ' Aqri®P (A5, . (2.9)

2
kap = (¢'), Fap®’s
Note that ¢,% is an element of the O(G) subgroup of the O(1,d — 1 + G) local structure
group. We can always choose a gauge fixing that identifies ¢,% as the identity, ¢,* =
5" [60]. Hereafter, we identify a,b,--- the O(G) indices with o, 3,---, and there is no
distinction between x,4 and kz;. Then we use the simplified parametrization of the double-
vielbein as
eHm erm 0
1 . 1 . .
V"= —= ™ Cel™ Vet — = | —8,™ — ™ V2a/Auak® | (2.10)

€u VI
V2L At e VI (e 200

We now consider the heterotic DFT action and equations of motion. As in pure DFT,
the field equations are given by geometric quantities such as the generalized Ricci scalar
and tensor. The explicit form of the heterotic DFT action in terms of the generalized
metric and DFT dilaton is

Shet = /deXeM (EO n £f> , (2.11)

where Ly is the pure DFT Lagrangian, and £y, which arises from the non-abelian gauging,
is the additional part containing the structure constant fy; o5,

LprT = 47‘[MN6M8NCZ — 8M8NHMN — 4’HMN6MJ8NCZ + 46MHMN6NCi

1, 55 2 1, 55 2
+ ngMNaM%KLaNH Qi E’HMNBMHKL@K’H Iy

Lo Wy NP KG L, wr, N Kiq PO (2.12)
Lr=—5Fu" Y H 0 oy — 5 Fp™ Fio" oM THT
Lo oy Nk LNk
— IRk e T = G e
where f, xp is the totally antisymmetric structure constant parametrized as
i [y for (M,N,K) = (a,5,7)
o rp = . (2.13)
0 otherwise



It is important to note that we have to impose the section condition for the consistency
of the theory

0,0MF =0, 0,FoMG=0, (2.14)

where F and G are arbitrary functions with respect to the extended coordinate X Mo
(Zy, 2", ya). The above condition is equivalent to imposing the following parametrization
up to a O(d,d + G) rotation

0
ay=1a.|=10.]" (2.15)
0

Using the parametrization of the generalized metric (2.3) and the section condi-
tion (2.15), the heterotic DFT action is reduced to the heterotic supergravity action

1 1
Shet = / du/ge > [R +4(8¢)? — EH””PHW,) - [F‘“’FW]} (2.16)

where F),, is the field strength of the gauge field A,* and H,,, is the three-form field
strength of the Kalb-Ramond field with the Chern-Simons three-form

F,uu == auAu - auAu + go [Aua Au] )

1 (2.17)
Hywp =3 (8[#314)} - Tr {A[u (0 Ay + 390 [Av, Ay] )D :
The field equations of heterotic DFT are given by the vanishing of the generalized

curvature tensors: the generalized Ricci tensor, Sy, 5, and the generalized Ricci scalar, S.

N>
As for the action, we can separate them into the pure DFT part and the additional part

which arises due to the gauging
SZSo—l—Sf:O (2.18)

and

s I
Sirw = P Pry” (Kogp + Byzi) =0, (2.19)

where Sp and K ; are the same as in pure DFT [27] and Sy and K ; are the additional
contributions containing the structure constant f,; 5. Note that S is the same as the
Lagrangian and K5 and K FNIN are given by

1 s 1 - 1. s
Kpp = g0xM"N 0 My — 5 Oy — 203d) (M0 H 1) — 50 MY Oy Hiy

1 SN N ~
+2040;d+ 5(81\;[ — 28Md) (/HMNa(kai)N + ’H(KNaw‘/Hi)M) ,
1 o R 1 o R 1, w. =&
Ky = 5fin” M 0p My = Sl 1 0 Hpyy = 7 hicx™ foar
1 o R E s 1, b, OuR
+ 5 0p (e H  H 1) Fiyx® — P’ Fin @MY Hpg -

2
(2.20)



2.2 Generalized Kerr-Schild ansatz

We start by recalling the null condition for the O(d,d) vectors in pure DFT. The inner
product is defined by the O(d,d) metric Jysn, where M, N,--- are O(d,d) vector indices.
Since O(d, d) is the maximal splitting case, one can introduce a d-dimensional null subspace,
which is the so-called maximal totally isotropic subspace [30, 61]. The dimension of the
maximal null subspace is called the Witt index or equivalently min(dy,d_), where d
and d_ are the number of the positive and negative eigenvalues of the metric. Thus the
Witt index of the O(d, d) generalized tangent space is d and one can introduce d mutually
orthogonal null vectors L%,

LMajMNLNbZOa aaba"':1a2a"'>d' (221)

In general, we can divide any generalized tangent vector according to the background
chiralities with respect to the background projection operators?

Ly® = Kpy®*+ KMa R (2.22)

where K, and f(]% are chiral and anti-chiral parts, which satisfy Pyyn K N — K and
PounKN = K.

We can explicitly solve the chirality conditions on K® and K® and parametrize them
in terms of the d-dimensional vectors [ and [,

PSR R L[ a2
MR\l + Bugeis ) M e\ e+ Bugre ) '
where § and B are the background metric and Kalb-Ramond field respectively. If we
substitute (2.23) into the null condition of L$, (2.21), we have

(LY TN Ly = (19%,50,° — ()30 = 0. (2.24)

This implies that the norms of ! and [ must be the same, 1% - =% . [b.

In the generalized KS ansatz (A.1), the O(d, d) constraint (A.3) requires definite back-
ground chiralities for the null vectors. We have to project out L% into K and K by acting
on the projection operators and impose the null condition on K® and K@ separately. Then

one may guess the form of the generalized KS ansatz in terms of K and K as

d
Hyun = Homun + K Z 2<pabKEle(5)V) , (2.25)
a,b=1
where k is a formal expansion parameter that does not have any physical meaning. Ap-
parently the above ansatz seems to be consistent with all the constraints. However, there
is a serious problem.
Let us substitute the parametrizations in (2.23) into the null condition of K and K¢.
The null conditions reduce to

Koy KMo — o 1b =, and  KeyKMl=[*."=0, (2.26)

3See A for a review on the generalized KS ansatz for the usual DFT.



and [}, is a set of mutually orthogonal null vectors ([Z as well). However, the Witt index
for a vector space with Lorentzian metric signature is just one. This means that there is
no mutually orthogonal null vector for a given null vector. In other words, if we impose
both the null and the chirality conditions on the O(d, d) vectors at the same time, then it
is impossible to find a set of mutually orthogonal null vectors with more than two elements
in Lorentzian signature. Therefore, the generalized KS ansatz is simply reduced to

Hun = Houn + 20Ky Ky . (2.27)

We now extend the previous results to the O(d,d + G) case. First, it is natural to
assume that the generalized metric is given by the following form:

HMN:HOMN"FKAMN? (2.28)

where H is a background generalized metric and Ay, ¢ is a symmetric finite perturbation.
From the O(d,d+ G) constraint (2.2), we obtain two requirements for A ;¢

A= P()Apo + PQAPO ,

2.29
A2 (. (2.29)

where Py, 5 and P MN are a pair of background projection operators for a given back-
ground generalized metric H ;5
1 _ 1
Pois = 5 (T + Howiw) s Powrs = 5 (T = Howr) - (2:30)
As before, we want to represent A in terms of O(d,d + G) null vectors. Basically, the
properties of the null vectors are identical to the O(d,d) case. Since the Witt index is
still d even in the O(d,d + G) case, there exists up to d mutually orthogonal null vectors.
However, the requirements in (2.29) imply that A consists of null vectors Kg‘zl and K i’
having definite background chiralities

Pt Ky =Ky, By Kyt =Ky (2.31)

Then A is denoted in terms of K and K
ZK“ KY, (2.32)

Note that the background projection operators are parametrized in terms of the het-
erotic supergravity fields

[0 1-g'e FA
Py = 5| 1- gt g+ cg 1@t 4 o AkLA A- E§—~1A :
Atg_l At — Atg—lct Atg_lA (2 33)
. _gfl 1 _i_gflét _gflj ’
Py = 3 1 +~&g—1 —g— 5~§—1ct~— o ARTITAY A+ 59—1A BE
_Atg—l _At+At§—15t _%R_Atg—lA



where §, B and A are the background metric, Kalb-Ramond field and gauge field respec-
tively. We can solve the chirality conditions (2.31) explicitly by using (2.33), and we have
the following parametrizations:
[Ha Zpa
Koo = 1 — Eul® Ky = | =l = Gl + V20 Aar®Pi8 | (2.34)

M WG - ) M - _
e T G,

where 4% and [#® are d-dimensional vectors and ;¢ is a scalar in the adjoint representation
of G.

The second constraint in (2.29) implies K ;* and K 1" satisfy the orthogonality con-
ditions among themselves,

M Nb _ M o Nb _
KTy K" =0, KTy K7 =0. (2.35)
Substituting the above parametrization into the null condition of K® and K¢, we have
MN - b b
Ky T " Ky =1,"1" =0,

_ o a (2.36)
KMaJMNKNb — l“agﬂplyb — lualub +jaajab -0 .,

where [/t = (I*, jo) and gpp is a (d + G)-dimensional metric

A 9uv 0
. | 2.37
9 < 0 Kua/g’) ( )

Since the Witt index for each d and (d + G)-dimensional vector space is one for Lorentzian
signature, there is no mutually orthogonal null vector for a given [ and [. Note that I* is
a null vector in d-dimensional spacetime, but l_ﬂ is not a null vector in the d-dimensional
spacetime but a null vector in the (d + G)-dimensional extended vector space. This shows
that the null condition for the heterotic KS formalism can be partially relaxed, which is
completely different from the pure DFT case.

Collecting all the ingredients we have obtained so far, we spell out the heterotic KS
ansatz as follows:

My = Horw + R0 (K Ky + Ky Ky ) - (2.38)

This ansatz satisfies the O(d,d + G) constraint (2.2) automatically due to the null and
chirality properties of K and K without further assumption. If we ignore the gauge sector
by setting G = 0, it reproduces the generalized KS ansatz for pure DFT.

Let us represent the generalized KS ansatz in terms of the heterotic supergravity fields.
Comparing with the parametrization of H (2.3), we can read off

g = g + mpl(“l_”) ,

~ R - 1 K 2 _
l/: V—i—l lV - B llllljﬂ
I = Gu 1+/42go(l_l)(u)+4(1+,gp(l.l))( My
_ P _ - (2.39)
By = B, — T+5200) <l[ulV] - 7A[ualu19a) ;
1 K@

Aa:Aa =1 .aa
e i + Ta’]_«l»%(ll) pd



where [ -] = Z“QMV[”. As one can see, the above ansatz for the d-dimensional heterotic
supergravity fields is highly nonlinear in x, however, the ansatz for the generalized met-
ric (2.38) is completely linear. This shows that the duality manifest approach provides a
powerful tool for describing such a hidden linear structure. If we turn off the heterotic
gauge field, j, = flw =0, then l_u becomes a null vector and we reproduce the KS ansatz
for pure DFT as we expected. And we will show in the next section that the corresponding
field equations can be reduced to linear form.

An interesting point in our metric ansatz is its relation to the so-called extended Kerr-
Schild ansatz [62, 63]

v = Guv + G1kuky + P2 (k“k,// + k;kl,) , (2.40)
where ¢ and ¢o are scalar fields, and k and [ satisfy
ktgu k" =0, kg k"™ =0, K*gu k" #0. (2.41)

This ansatz is introduced by [62] to describe CCLP black holes [64] and generalized by [63]
(see also [65] for more detailed properties). In our case, I and [ correspond to k and k'
respectively, however [ and [ do not have to be orthogonal to each other. If we assume that
I and [ are orthogonal then ¢ and ¢, correspond to ¢ and igpzl_ - [ respectively.

2.3 Buscher rule

The Buscher rule is a powerful solution generating technique in supergravities. For a given
solution, we can get a new solution without solving the equations of motion when there
exists an abelian isometry. It is well known that the Buscher rule is a T-duality, and it can
be derived by applying an O(d,d + G) transformation to the generalized metric H ;g in
heterotic supergravity [60], A )

Hyw = On HpoO% (2.42)

where O MN is an O(d,d + G) element which is given by

o, —m80, M. 0
OMN — 5uz61/z 5MV _ 5uz5zu 0 . (243)
0 0 0a”

Here, z is the isometry direction. Since the generalized KS ansatz (2.38) is written in terms
of O(d,d+ G) vectors, the form of the ansatz should be preserved

/ / ! T ! 1!
iy = Howrw T e (K Ky + KK ) (2.44)

where
o = Owr' HopgO%% s Ky =0y"Kgy,  Ky=03"Kg. (2.45)

Using (2.45) one can read off Buscher’s rule for the background fields and ! and I. In
general, the transformation rule is nonlinear in o/, but we expand and keep only linear

~10 -



order terms. The explicit computation shows that the background fields transform as

~/ 1 /AZAI;

S ~ZZ ggz 7
B.; ! A A
g,/zz_ = _a|: (A At (2Bzz gzi ) :|7
2z 2 gzz gzz
- - gzzgz Bzsz o Ot AZAZ ~ ~ Bz . .
g;j_ 1) ! ]_5[ (AZA$+ ~ (Bzz_gzz)> ~ J+(Z<_>]) ]7
gZZ - B gZZ zZz
- Gai A A Az-Af
B;i_g —2< g gzi_ F s
BB o[ Al (2.46)
B’Zj:B’L]—’_ 2 Z]gzz < ZZ_2|: Z~2 Z(Bzzgzj_szgzz)
1 o o
# L (A2 By (A A) ) |.
gZZ
A o A, At -
A/ _ Aza & Az ZAzoc
G 20 G2, ’
N . 3 -~ "1 /- -, A, AL - .
A;a :Aia Z’i—‘V_gZ’LAza—g |:~< ,LAZ— z z (BZl+§ZZ)):|Aza,
gZZ gZZ zZZ
and [ and [ transform as
~zi*-ézi ! 1 It It Az'At ad
lézli—wzz—o‘[~(Az-A§+ = Z(Bzi—gzi))]zm
gZZ 2 gZZ gZZ
P g 20 gk 7
~ (2.47)
77 7 21 Bzz 2a/ - 1 A At 7
A ) VS O‘BZZ-(Az-j)+O‘[~ (A 2= (38— gzz>>]lz
. L V2o, - ' (A,-At)
l/z: _ ~05 (AZ])+3£¥Q7
gZZ gZZ 2 gZZ

where /Nlu DA, = Aﬂﬁaﬁfit,, and fl# cj = Aua/{aﬁ ja. This shows that T-duality preserves
the form of the generalized KS ansatz and maps a generalized KS spacetime to another one.

3 Field equations

In the previous section, we introduced the heterotic KS ansatz using a pair of null O(d,d+
G) vectors. Considering a flat background, we now apply the ansatz to the equations of
motion of heterotic DFT and obtain the heterotic KS equation. Analogous to the pure
DFT case, we first derive the on-shell constraints for the null vectors and the DFT dilaton
by contracting the null vectors with the generalized Ricci tensor. We show that the KS
equations are the same as the ones for pure DFT, because all the terms containing the
structure constant do not contribute in the flat background. The resulting heterotic KS
equations are quadratic, however, we can reduce them to linear equations by restricting
the DFT dilaton. Finally, we consider a coordinate transformation which makes the DFT
dilaton trivial.

- 11 -



3.1 KS ansatz in a flat background

We consider a flat background, g, = 7, B = 0, fly = 0 and dy = constant, where 7,
is a d-dimensional flat metric, 1, = diag(—1,1,---,1). The corresponding background
projection operators are parametrized as

nHV 6”1/ 0 ) 1 _nl“’ 6”1/ 0
POMN = 5 6NV N 0 ’ POMN = 5 6MV —Nuv 0 . (31)
0 00 0 0 lras

The corresponding background double-vielbein is given by

(e L
Vi ==& V"= |-&" 0], (3.2)

0 0 0"

where €, and €, are vielbeins for the same flat background metric 7,,,, which satisfy
éné' = n and éne' = n. We can identify them as the identity, e,™ = §,™ and €,™ = §,™.
Then the null vectors are parametrized as

iz I»

1 . 1 -
Ky=—4|1.], Ky=—F4| "l (3.3)

V2 M2 .
0 \ 2 Ja

Since the only non-vanishing component of the structure constant in (2.13) is fag,, it
is obvious that K, and P, ;5 are orthogonal to fy;xp

N
Poxt™ fipo =0,
KM fyp = 0K Fyp = 0.

In fact these constraints are too strong and all the terms containing f,, 5 » in the heterotic

(3.4)

DFT Lagrangian vanish, £y = 0. If we turn-off Ly, the remaining Lagrangian is the same
as in pure DFT and the non-abelian gauge theory reduces to the abelian gauge theory.
We now derive the on-shell constraints, which play an important role in linearizing the
field equations, on the null vectors and the DFT dilaton. The constraints correspond to the
geodesic condition on the null vector in the conventional KS formalism in GR and can be
obtained by contracting the pair of null vectors with the field equations of the generalized
metric. The explicit computation shows
. 1 s - 1 o pfn = o =
N =N _ K L N K gL N
K"K SMN = §QDK K 8RK aﬁKM + §§0K K 8KKMaﬁK (3 5)
kel _ '
+ 2K K 8K8£f_0.

Note that this is the same form as the pure DFT result [27], because £ vanishes exactly
due to the orthogonality between Ky and fy¢p (3.4).
Following [27], we impose stronger conditions that each term vanishes separately

KRRLo KMo K =0,  KNKLo K0, KM =0, (3.6)
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and o
KEKM0:0; f=0. (3.7)

Though the above on-shell constraints involve two derivatives, we can reduce them to
a simple form with one derivative. For a concise explanation, we define a pair of vectors
such that A A
vy =KMo K, v, =KMo K (3.8)
p NP p MNP :

From (3.6), vy, and v, are null vectors, ’UMUM = 0 and TJMT)M = 0. Since the projection
operators are constant, these have a definite chirality,

Vyr :POMNUN, Uyr :POMNEN' (39)

Further, one can show that v,; and v,; are orthogonal to K, and K 1y due to the null con-
dition

v KM =0, o ,KM=0. (3.10)

As we have shown in section 2.2, there are no mutually orthogonal null vectors having
the same chirality in Lorentzian signature spacetime. Thus, vy, and v, must be pro-
portional to K, and K 1y respectively, and the on-shell constraints (3.6) reduce to the
following first order differential constraints

KMaMKP = a(:z:)Kﬁ, KMaMKP = 5(.1:)]:(15 (3.11)

for some functions a(x) and f(x). In general, we can always set o = § = 0 by taking
appropriate rescaling for K,; and K ur

K — h(z)K, K —g(2)K, (3.12)

where h and g are some functions obeying the section condition. This is analogous to the
affine parametrization for the geodesic equation, and our on-shell constraint reduces to

Mo Kp=0, KMo, K,=0. (3.13)
We now consider the on-shell constraint on f. Using (3.13), we can rewrite (3.7) as
KMo, (Ko, f) =0, (3.14)
or A )
KMo (KNogf) =0. (3.15)
There are many solutions to the constraints, but we restrict ourselves to the simplest one

EMo,f=0 or KMo, f=0. (3.16)

Note that in the flat background case the DFT connection satisfies the following identities
as in pure DFT

M P i M P M P M P
KYTpnpK =0,  KYTyppK" =0, TV K" =TV K" =0.  (3.17)
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This implies that the partial derivatives in the on-shell constraint can be replaced by the
covariant derivative

My | My | I o NI
KMoy Ky=K"VKg=0, EKMouKg=K"YV Kg=0. (3.18)

If we substitute the parametrizations of K ; and K iy in (3.3), we get the d-dimensional
representations of the on-shell constraints

Ho,l" =0,  1M90" =0,  1"0uja =0, (3.19)

and
Ho.f =0, [“8uf =0. (3.20)

From the identities of the on-shell constraints in (3.18), the above equations can be rewrit-
ten as [57]
Vi, =0, v, =0, (3.21)

where fo =V, £ %Hu and Hy,,, = 30, B, +3 2316:1 A[CL&,Ag‘] and the v, is the covariant
derivative for the total metric. Interestingly, these can be interpreted as the parallel trans-
port equations along ! and [ with the torsionful connections, and [ and [ generate parallel
transport to each other.

3.2 Field equations

We now apply the KS ansatz (2.38) and the on-shell constraints (3.13) and (3.16) in a flat
background to the equations of motion of heterotic DF'T. Before doing so, we discuss two
special properties of the field equations under the generalized KS ansatz.

First, the generalized Ricci tensor (2.19) can be decomposed into three different parts
according to the background chiralities. By contracting the background projection opera-
tors with the generalized Ricci tensor, we have

Mp N p Mp N Np N
Poi " Pop " Sun =0, Pog ' Pop Sy =0, Fyg ' Ppp Sy =0.  (3:22)

The first two equations in (3.22) are chiral and anti-chiral parts respectively, and the last
equation is a mixed chiral part. These three equations are not independent of each other,
but the chiral and anti-chiral equations can be written using the mixed chirality equation
- N 1 . L .
Mp N _ M P
Por™ Por” S = —5 Kk K (Poi POMQSPQ> ;
R R 1 A X A (3.23)
5 Mp Nog . _ 1w oM Pp Qqg. .
Foi Poi " Syix = 2KKK (POL Foxr SPQ) :
Thus, it is enough to solve the mixed chirality equation. We denote the independent
equations of motion as

R=2S9,

b g
Rirs = Poxt’ Fox®Sp

(3.24)

Q .
Second, as we discussed in section 3.1, the Lagrangian of the heterotic DF'T L vanishes
under the heterotic KS ansatz in a flat background due to the orthogonality between K ;
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and fyop (3.4). Thus the resulting action is the same form as the pure DFT action.
Interestingly, it describes heterotic supergravity with abelian gauge group, even though we
started from the non-abelian theory. Thus, S; in (2.18) and Ky in (2.20), which contain
Jxrxps do not contribute. The explicit form of the field equations is

R = —2k0k0; (pKXKL) + 4rHE L0k, f — 452 HE 0k fO, f =0, (3.25)
and

K N r N5 a1 = a2, NN
Rf(ﬁ = 581\28]\7 <g0K KﬁPOK — gOKKK POﬁ — §(pKKK£’H0 > (3 26)
+ QKPOKMPMN&M@NJ” + HQHSZNé?MfﬁN (@Kkkﬁ) =0,

and we refer them as heterotic Kerr-Schild equations.

In fact, it is not convenient to solve them in the above form because of redundancies in
the generalized tangent vectors. We now recast them in terms of the d-dimensional fields
by substituting the parametrization of the null vectors and the section condition

R k| 8,0, (pl"I) — 400f ] +AK20,fOMf =0, (3.27)
Ry | D) = 00, (lyl) = 090, (9lul,) + 40,0, f |

— 2670, £0° (plul,) =0, (3.28)

Roa : m: O(lyja) — 00, (0lpje) } — 2620, £0° (plyja) = 0. (3.29)

Note that these equations are quadratic in x, and all the quadratic order terms contain f.
In other words, if we turn off f, the field equations reduce to linear in x exactly. Using this
property, we can reduce the heterotic KS equations to linear equations as explained in [27].
One caveat is that the solutions of the reduced linear equations are not an approximation,
but exact solutions of the full equations of motion. Here we briefly describe one of these
methods.

Note that unlike the generalized metric, there is no restriction on the DFT dilaton in
the heterotic KS ansatz. In general one may expect f to be expanded to arbitrary order
in

f= i FR (3.30)
n=0

If we substitute the expansion of f into the field equation, we get
o0 oo
R=Y"RMs",  Ryg=> R ", (3.31)
n=0 n=0

where the linear order equations are

RW = 8,9, (p1*1") —40f® =0,
RY = O(pluly) — 020, (¢loly) — 878, (oluly) + 40,0, f 0 =0, (3.32)

RE}CZ = D(Qpluja) —0°0, (@lpja) =0,
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and higher order equations are (n > 1)

R™ = —40f™ 14 Z a“f(P)auf(q) =0,

pt+aq
=n—1

Rgn) = 48,0, 1™ — 20, VoP (pl,l,) =0,

174

R = =260, Do (pluja) = 0.

Q

(3.33)

Interestingly, we can determine [,, [,, jo, and ¢ completely by using the linear order
equations only. The remaining higher order equations just define recursion relations for
the higher order f(, for n > 1. Fortunately, we do not have to solve the cumbersome
recursion relations.

If we combine the first equation and the trace of the second equation of (3.32), we
obtain a simple relation, D(g@l A —Af (0)) = 0. Then we can solve for f(© as

7O = (el T+ H(z), (3:34)

where H(z) is a harmonic function, which satisfies JH = 0. To determine the harmonic
function H(zx), we need to impose an appropriate boundary condition on f ). By substi-
tuting £(©) in (3.34) into R/(}l,), we have

O(pluly) — 020, (loly) — 070, (pluly) + 0,0, (@l - 1) + 0,0, H = 0. (3.35)

Once we determine 1, [, and ¢ by solving (3.35), f can be obtained by solving the dilaton
equation (3.27) instead of the recursion relations in (3.33). Furthermore, (3.27) can be
rewritten as a linear equation by the following field redefinition: ¢’ = e *fp and F = ="/,
Then we have a linear equation

8,0, (¢'1"1") + 40F = 0. (3.36)

Here we used the on-shell constraints (3.19) and (3.20).

It is important to note that the solutions of (3.35) are not a perturbative but an exact
solution. We expanded f order by order in s, but we have not expanded [, I, j and ¢.
These can be solved by the linear equations (3.35) and (3.36). Therefore, the solutions
of (3.35) are exact solutions of the equations of motion of heterotic supergravity.

3.3 Comments on the DFT dilaton

So far we have only considered a flat background with Cartesian coordinates. In this
case, the background metric is constant, and the corresponding connection is trivial. We
now want to represent the field equations in a coordinate independent form by using the
covariant derivative in Riemannian geometry. In [27], the generalized KS equations are con-
structed in a general on-shell background (here we ignored the background Kalb-Ramond
field and the DFT dilaton)

R = k| TouTou (GI'F') = 4750, | +4K209 f0,f =0,
ol
4

K}2 ~ -
- ?8pfvp (gOl'ull,) .

Ry = [ T0p 78 (Dluls) — V590, (0lols) — V5500 (9lul,) + 450,0, f (3.37)
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where V,, is a covariant derivative for a flat background in an arbitrary coordinate system.
In this case the results are independent on the ordering of the covariant derivatives, because
they commute between themselves, [Vo, Vo,] = 0.

Note that the DFT dilaton is not a scalar field, but a density that transforms under a
coordinate transform x# — z'V(x) as

' 8%’
—2d —2d 2d
e e ‘e (3.38)

We can find a new coordinate z'# that makes the new DFT dilaton d’ vanish by requiring
that the Jacobian is e2¢.
ox’
o
Thus, for a given d, we can make the DFT dilaton vanish using the coordinate transfor-
mation which is obtained from (3.39).

= e, (3.39)

As discussed, all the higher order terms in & in the field equations include f. Using this
fact, if we perform a coordinate transformation satisfying (3.39), the equations of motion
become linear,

Pl
I
<
A
hS)
o~
=
N\
N' =
||

R ) vgv u(loh) = 7690, () | (3.40)
R

where Vg, is a covariant derivative for a flat space with the particular coordinate
where f' = 0.

In fact, this linearization procedure using a coordinate transformation is not practical
for solving the equations of motion, because we cannot specify the coordinate transforma-
tion without an explicit form of f. However, it is useful to analyze the single or zeroth
copy as we will see in the next section.

4 Classical double copy

One of the distinctive features of the closed string is the left-right sector decomposition.
The closed string mode expansion is decomposed into left and right movers, which are
completely decoupled, and each sector corresponds to an open string according to the KLT
relation [1]. This structure can be clearly seen in the tree level string scattering amplitudes.
The closed string tree level amplitude can be reorganized in terms of a product of two open
string tree amplitudes. Recently, this relation was generalized to the field theory level,
which is the so-called double copy structure [2-4].

In heterotic string theory, the right-mover corresponds to the ten-dimensional super-
symmetric open string, and the left-mover corresponds to the 26-dimensional bosonic open
string. The mismatched 16 dimensions must be compactified on a toroidal background.
Under the field theory limit, o/ — oo, each open string theory reduces to Yang-Mills the-
ory. This indicates that the ten-dimensional heterotic supergravity can be described by
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the 10-dimensional N = 1 super Yang-Mills theory and the Kaluza-Klein reduction of the
26-dimensional bosonic Yang-Mills theory to 10 dimensions

1
Liogs = tr [—4FWF“” ]
4.1
1 0 1~ aPp v « B8 ( )
Lright = tr _ZFWF —§DMX DFX* + [ X% X" Xq, Xg]

where F),,, and wa are the Yang-Mills field strengths with respect to the A, and /_1“
respectively, and Du is the covariant derivative with respect to A. Also, X, are 16 scalar
fields in the adjoint representation.

We now describe the classical double copy including the entire bosonic sector of het-
erotic supergravity, g,., By, AZ and ¢, through the generalized Kerr-Schild formalism. As-
sume that the full heterotic KS geometry admits at least one Killing vector £&# which satisfies

Le{¢,9,B,A} =0. (4.2)

We can locally choose a coordinate system x,, = (x;,y) such that the Killing vector becomes
a constant, £&# = dx#' /0y = 6}, where y is the isometry direction. By definition of the Lie
derivative, all the fields are independent of the y coordinate for the constant Killing vector.

Let us recall some properties of the Killing vector field. From the torsion free condition
of the connection, a Killing vector satisfies the following identities

Viby = V&) = 01,8 - (4.3)

Thus, if we choose a coordinate system where the Killing vector is a constant, it is also
covariantly constant, v,§, = 0. Consider the Lie derivative of an arbitrary rank-n tensor
Fy s, along the constant Killing vector £#

n
— P P
LeFyipoopin = & OpF s piaepn + E :amf Flgeopi 1 ppagaopn
i=1

(4.4)

n
— P E : S, p _
=¢ VopFuipopn + VOuzf F/ﬁl"‘ﬂiflpﬂﬂrl'“ﬂn =0,
i=1

where we have used the torsion free condition for the background connection. Since we are
assuming that the Killing vector is covariantly constant, (4.4) is reduced to

&Yoo F iy = 0. (4.5)
Finally, we also normalize [, and Zu to satisfy
E-l=¢-1=1. (4.6)

Combining all the results, we can obtain the so-called zeroth and single copies.
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Single copy. Let us contract the constant Killing vector with one of the free indices of
the field equation of the generalized metric (3.37). Since R, is not a symmetric tensor,
we get three independent equations as follows:

& Ry = 5| V0 V0, (0l) = 90 V0u (1) | (47)
and
guﬁm/ = Z[ vO'OvOp (SOZ_V) - ﬁgﬁOV (SOl_p) } ) 4 )
8
" Rya = Z%Nﬁ(wa)

If we identify the U(1) gauge fields with the vectors and scalars in the generalized KS ansatz
Au = ‘Plua Au = Sozuv Xoa = QJa- (4'9)

If we substitute these identifications into (4.8), we get linearized Yang-Mills equations or

Maxwell equations

r

4
. K - _

é‘NR#V = ZVOMF;LV = O; (410)

Ry = Vol Fly =0,

KR

{“ﬁ“a = Zﬁopaan = 07
where F' and F are the field strengths for two independent Maxwell theories
F.=0,A,—0,4,, Fu,=0,A,—0,4,. (4.11)

Obviously, these can be interpreted as the field equations for the abelianized Yang-Mills
theories in (4.1), which is the same as Maxwell theory. Since the covariant derivative is for
the flat bakcground, we can always go back to the Cartesian coordinate by the inverse of
the coordinate transformation defined in (3.39).

Zeroth copy. If we contract all the free indices of R, in (3.40) with the Killing vector,
we get a scalar equation

VS K ~
Ry = ng’c‘)pso =0. (4.12)

Following [5, 27], we identify ¢ as the abelianized bi-adjoint scalar field ®,4 [66, 67], which
is the so-called zeroth copy. It is the abelian version of the bi-adjoint scalar field theory.

In this section we have derived Maxwell and Maxwell-scalar field equations from the
heterotic KS equations. This shows that the generalized KS type solution can be written
in terms of solutions of the Maxwell and Maxwell-scalar theories. Remarkably, these gauge
theories are exactly those expected from the heterotic string theory point of view. This is
non-trivial evidence for the KS double copy program.
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5 Examples

5.1 Charged black string

The simplest example is the fundamental charged heterotic string solution [68]. The explicit
geometry is given by

1 _ ¢?H(r) 12
ds? = ——— (= dt* + (2P ")) + ————— (dt + daP!
1+NH(r)( ( ") 4N(1+NH)2( )
p-2
+ Z dxtdz®,
i=1
B _ NH(r) (5.1)
(P=Dt = 1Y NH(r)’
AW L gH(r)
b=t ="t oo/ 1+ NH(r)’
1
o= —iln(l + NH(r)) .
where H (r) is the Green function
! for D >4
T )
H(r)= (D — 4)wp—grP=4 (5.2)

——logr for D=4
2

The determinant of the metric is

1

detg=—
YT T AT NE)?

(5.3)
and the DFT dilaton is trivial, e72¢ = 1. Since e72? = 1 and f vanishes, the equations of
motion are completely linear.

Using the relations in (2.39), we can easily read off the corresponding [, ,,, jo and ¢

| =dt 4 dzP 1,
_ 4N —¢* . 4qN
l——dt+4N2+q2dm , M= N F 27 (5.4)
_ (4N?*+¢*)H
N AN ‘

These reproduce the heterotic supergravity fields (5.1). Note that if we set ¢ = 0, the
heterotic KS ansatz reduces to the uncharged black string geometry [27].

We now consider the single and zeroth copy for the charged black string geometry.
After taking U(1) gauge transformations, the gauge fields and scalar field are identified as

2 2
A:—(4N a )Hdt,
41\%\2r HH (5:5)
A= —Wdt, X, =qH.
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These gauge fields are the higher dimensional generalization of the Coulomb potential with
2 2

the electric charges i%.

According to the zeroth copy relation, ¢ is identified with the linearized bi-adjoint

scalar field which is proportional to the harmonic function H

(4N2 + ¢*)H

b —
AN

(5.6)

5.2 Charged dilaton black hole

In heterotic supergravity there exists a static, spherically symmetric charged BH solution
in 4-dimensional spacetime [69, 70]. It is a generalization of the charged BH solution in
Einstein-Maxwell theory to the Einstein-Maxwell-dilaton theory. In the string frame the
geometry is given by
ds? = —22pdt? + X\ 2dr? + r29%dQ
5.7
2 =, Ftr:?%. (57)

where
N=1-"F yp=1- (5.8)
T T

Here, 4+ and r_ are free parameters related to the physical mass and charge by

M=t o= Tg‘ (5.9)

In order to have the standard sphere part of the metric, r?dQ2?, we shift the radial
coordinate r to p = r — r_, and we have

ds® = —\2pdt? + X" 2pdp® + p?dQ2. (5.10)
Again we shift the time coordinate ¢ as
dt — dT 4 (1 — X\"?)dp, (5.11)

then the metric reduces to

ds* = dsg + (1 — \?)(dT + dp) (dT + (1 - m)dp) (5.12)

where p? = X2 +Y? + Z2, and ds3 is a flat metric

dsg = —dT? 4 dp? + p*dQ,

5.13
= —d7T? +dX?+dY? +dZz2. (5.13)

In the Cartesian coordinate the determinant of the metric is det g = —?, then the DFT
dilaton is trivial as the previous example. We can recast (5.11) in the form of the heterotic
KS ansatz

- 1 Kp 2 _
d? =ds2— — 2 7w (—"2 ) (7D, 5.14
T T TRy e T\ T (- Dl (5.14)
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where

l=dT +dp

- T r_ X¢ - . 2. /ryr_

[=dr+Y = Saxt =V Es (5.15)
S r+tr-p ry +r-

. T+ r_
p

One can show that I, [ and j satisfy the on-shell constraints (3.19) and the normalization
condition (4.6).
We now consider the single/zeroth copy for the charged BH case. The single copy is

M2 2

P (5.16)

i M@ x 2v2Q

= ——Z7 1=

Mp p
and the zeroth copy is
= 1

Mp (5.17)

Interestingly, the single and zeroth copies are each represented by Coulomb potentials with
different charges. This is not a strange result because the black hole solution is a static
and spherically symmetric solution.

6 Conclusion

In this paper, we extended the KS formalism for pure DFT to the heterotic DFT case. We
introduced the heterotic KS ansatz in terms of the pair of O(d,d + G) null vectors which
may be represented in terms of a pair of d-dimensional vectors. Unlike the pure DFT
case, we can partially relax the null condition, and one of the d-dimensional vectors is not
null. Consequently, the heterotic KS ansatz for the d-dimensional heterotic supergravity
fields is highly nonlinear, even though the heterotic KS ansatz for the generalized metric is
completely linear. However, we showed that the heterotic KS equations in a flat background
can be reduced to linear equations.

Using the heterotic KS formalism, we obtained single and zeroth copy relations for
heterotic supergravity. Since the DFT dilaton transforms as a density under the coordinate
transform, we may set it to unity. In that coordinate system, the equations of motion reduce
to linear form regardless of the value of the dilaton. By contracting a Killing vector with
one of the free indices of the equations of motion in the specific coordinate, we obtained
equations of motion for Maxwell and Maxwell-Scalar theories, which are expected from
the heterotic string theory point of view. Furthermore, if we contract all the indices with
the Killing vector, we get a scalar equation which corresponds to the linearized bi-adjoint
scalar field theory.

We considered two examples, the heterotic charged black string solution and the
charged black hole solution. We showed that these solutions fit well with the heterotic KS
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ansatz and identified the Maxwell fields and scalar fields according to the single and zeroth
copy relations. We can go further and analyze the known exact solutions for the heterotic
supergravities and their compactifications in the framework of the heterotic KS formalism
and the classical double copy by solving the linear equations. To this end, it would be
useful to construct the Killing spinor equations from the supersymmetric DFT [72-77].

One interesting feature of heterotic DFT is that o’-corrections can be included by
a simple modification of the gauge group [57, 60, 71]. If we regard the spin-connection
as a gauge field for the local Lorentz group, then we can naturally include the o lead-
ing order correction by adding the local Lorentz group into the gauge group. It would
be interesting future work to construct solutions of the field equations with the higher
derivative correction.

Another straightforward future direction is the extension to the Kaluza-Klein and
Scherk-Schwarz reduction of heterotic DFT and supergravity. In this case we might spec-
ulate that the null condition is completely relaxed in the lower dimensional point of view,
but the linear structure of the equations of motion is preserved. Thus one can analyze the
known solutions in the toroidal compactifications of heterotic supergravity and find new
solutions by solving the linear equations as well.
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A KS formalism for the pure DFT

The Kerr-Schild formalism in GR was generalized to pure DFT [27]. The main difference
is that the generalized KS ansatz possesses two independent null vectors. For a given
background generalized metric Hoasn, the generalized KS ansatz takes the form

HMN:H()MN-FHQD(KMKN—FKNKM) , (A.1)

where K and Kj; are chiral and anti-chiral null vectors with respect to the background
chirality
PouVKn = K, PouVEn = K, (A.2)

where Py = %(j +Hp) and Py = %(j —Hy). Note that Py and Py are projection operators
by means of the O(d, d) constraint for Hy. Since K and K belong to different chiral vector
spaces, they should be orthogonal to each other K, KM = 0.

One can show that the generalized KS ansatz (A.l) satisfies the O(d,d) constraint
automatically without further conditions on K and K

HT H=JT. (A.3)
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We can parametrize the null vectors in terms of the d-dimensional null vectors, {# and
[, by solving the above chirality conditions (A.2)

Ky=— | " Ky= 4 " (Ad)
MERN\G+BW ) M T B\ (it Bl ) '

where § and B are the background metric and Kalb-Ramond field respectively. Further-
more, the null condition for K and K implies that [ and [ are null vectors with respect to
the background metric
Fgul’ =0,  Hg,lY =0, (A.5)
however, [ and [ don’t have to be orthogonal to each other.
Substituting the parametrization of K and K into the KS ansatz (A.1), we get the

ansatz for the supergravity fields

(g7 = (@)™ + rel 1,

Juv = guu - *l(ul)) )
L+ 5kp(-1) (A.6)
By, = Buv + e Z[HZ_V} ’

1+ 2rp(l-1)

where [ - = lﬂgwl?

The equations of motion for pure DFT are given by the generalized Ricci scalar and
tensor. We can get a further on-shell constraint by contracting the null vectors with the
generalized Ricci tensor KM KNRyn = 0,

KMoyKy =0, EKMoyKy=0, KFo,f=0, KFoxf=0. (A7)

Substituting the parametrization of K™ and KM, they yield the following d-dimensional
expressions:

19, =0, 19,1, =0, 10, f =19, f = 0. (A.8)

If we substitute the KS ansatz into the field equations and use the null and on-shell con-
straint, we get

R = —2k0 0L (0K E K1) + 4xHE OO f — 4r*HE Ok fOLF =0, (A.9)
and

1 _ _ o
Rict = k| = sH3™N 0ar0 (¢ K K1) + OnsOn (oK Ky Poc™ — oK KV Py ™)

B B (A.10)
+ 4P0KMP0LN8M8Nf } + HQHSJNaMfaN ((pKKKL) =0.
Similarly, using the parametrization of the K and K, we get
R: n[ 0,0, (0l"T) — 40f } AR, fOMf =0, (A.11)

Ry | D(luly) = 00, (lyl) = 070, (9lud,) + 40,0, | = 2620, 107 (luL,) = 0.
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