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extension to supersymmetric double field theory and show that the corresponding Killing
spinors can depend arbitrarily on the non-Riemannian directions, leading to “supersuper-
symmetries” that square to supertranslations.
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1 Introduction

The geometric interpretation of symmetries plays a key role in modern theoretical physics.
Perhaps the most prominent example of this is given by Lorentz symmetry, which was
obscured in the original form of Maxwell’s equations but is now at the heart of the uni-
fication of space and time in special and general relativity. In special relativity, Lorentz
symmetry corresponds to the coordinate transformations that are isometries of the (fixed)
Minkowski metric. In general relativity, the metric is dynamical and arbitrary coordinate
transformations are allowed, but Lorentz transformations are distinguished as the (local)
symmetries that are seen by a freely-falling observer.

However, the notion of general coordinate transformations and a dynamical metric with
curvature is not tied to Lorentz symmetry. Indeed, starting with the work of Cartan [1, 2]
it has been understood that the Galilean symmetries of non-relativistic physics can be
realised as local symmetries of a covariant notion of geometry, known as Newton-Cartan
geometry. (See [3-5] for the recent generalisation to torsional Newton-Cartan geometry.)
Likewise, the opposite ultra-relativistic limit (where the speed of light is taken to infinity)
is associated to what is known as Carroll geometry [6-8]. Such non-Riemannian notions
of geometry are of interest both as approximations of underlying relativistic theories and
as interesting theories in their own right.



In the context of string theory, an important example of a non-relativistic limit is given
by the Gomis-Ooguri string [9, 10], which can be obtained from a relativistic string in flat
space using a limit that distinguishes two target space directions, with a compensating
divergent B-field added to cancel the rest mass divergence of the string. The resulting
action is

Seo = % / B0 0,0_204a” + BO_y + BOLT. (1.1)

This action is UV-finite and has a non-relativistic spectrum [9]. It describes the motion
of a string in (D — 2) flat target space directions 2% with a Euclidean metric d4, together
with two directions y and y that (at first sight) do not obviously couple to a target space
structure. Instead, they couple to the two fields 8 and 3, which can be viewed as Lagrange
multipliers constraining the embedding coordinates y and y to be chiral and anti-chiral
respectively on the worldsheet. This part of the action is exactly that of a 8 system (or
rather a chiral and anti-chiral pair of S+ systems) [11, 12].

While the conventional string action in flat background is invariant under the finite-
dimensional Poincaré isometries of the target spacetime, the non-relativistic action (1.1) is
invariant not only under a form of target space Galilean symmetries, but in fact under an
infinite-dimensional set of transformations [13-15]

¢ (y)

¢ (y)
oy -2
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oz =(%(y), dy=C((y), B8=— p 0+Tq (1.2)

and similarly for the y directions. Here, (“(y) and ((y) are arbitrary functions. Hence
the transformations of the coordinates are examples of the ‘supertranslational’ symmetries
familiar from the BMS asymptotic symmetry algebra of null infinity in asymptotically flat
spacetimes [16-18].

In this paper, we will interpret the symmetries (1.2) as target space isometries, with
the target space geometry provided by an enlarged geometry borrowed from the O(D, D)-
invariant double field theory (DFT) [19-25] description of string theory and supergravity.
This involves a ‘doubled’ geometry usually motivated by a desire to geometrise the O(D, D)
T-duality symmetry of strings.’

In its usual Riemannian parametrisation, DF'T combines the D-dimensional non-
degenerate background metric g, and the B-field B, into a 2D-dimensional generalised
metric Hap. However, the latter can also be defined abstractly as follows. We first in-
troduce the O(D, D)-invariant metric J4p, which with its inverse is used to lower and
raise the O(D, D) fundamental indices A, B = 1,...,2D, and which takes an off-diagonal

block form,
01
= . 1.3
aw=(13) B

With this, the O(D, D) tensor Hap is defined by the relations

Hap =HBa, HAHBP Tecp = TaB .- (1.4)

The O(D, D) symmetry also implies the doubling of the target space local Lorentz symmetry, O(1, D —
1) - O(1,D — 1)L x O(1,D — 1)g, with one factor seen by left-movers and the other by right-movers,
see (2.47). Note that we will often have in mind a spacetime dimension D of 26 or 10.



Starting from the above, it is well known how a Riemannian metric g,, and the B-field
B, can be recovered [26, 27] — see (2.6). However, DFT works perfectly well given only
the abstract definition of the generalised metric above, and thus is capable of going beyond
the Riemannian paradigm. This was initially noted empirically by acting with O(D, D)
rotations on known solutions as in [28, 29]. By solving the conditions (1.4) in full generality,
a unified description of non-Riemannian parametrisations was then classified in [30]. This
was further studied in for instance [31-33].

As realised in [29], where the Gomis-Ooguri action (1.1) was obtained from a non-
Riemannian generalised metric via a doubled string worldsheet action, these parametrisa-
tions are relevant for the description of non-relativistic strings. Entirely independently of
this link, the latter field has seen much recent activity. Building on earlier works [34, 35]
(see also [36]), the flat space theory (1.1) has been generalised to arbitrary stringy Newton-
Cartan (SNC) backgrounds [14, 37], which distinguish two spacetime directions correspond-
ing to the y and § above. The action (1.1) can be also obtained from a null reduction? of a
relativistic string, and for general backgrounds this results in a non-relativistic string cou-
pling to torsional Newton-Cartan (TNC) backgrounds, which distinguishes a single time
direction, plus an additional winding direction [39, 40]. The string beta functions have
been computed for both the SNC [14, 41, 42] and TNC [43] non-relativistic strings. Fur-
thermore, their actions have been identified on a classical level [44], suggesting a duality
between SNC and TNC non-relativistic string theories.

The DFT perspective on these models has been further developed in [32, 45-47] and

has recently been comprehensively exploited in [48] to study the background field equa-
tions. This makes the relationship between TNC and SNC more apparent, extending the
identification of these non-relativistic string theories to the quantum level.?
In this work, we present a geometric derivation of the reparametrisation symmetry (1.2) and
generalise it, together with the flat space string action (1.1), to arbitrary non-Riemannian
backgrounds. We first review the ‘doubled geometry’ framework of O(D, D) generalised
geometry or double field theory with its non-Riemannian parametrisations in section 2.1.
The target spacetime local symmetries in DFT are O(D, D) compatible generalised dif-
feomorphisms and lead to doubled Killing equations, which we present in detail for non-
Riemannian geometries in section 2.2.

We will then show in section 2.3 that the infinite-dimensional symmetry (1.2) is in
fact the isometry of a generalised metric. For this, we shall derive all isometries of a
generic constant generalised metric by solving the relevant Killing equations. The solution
is presented in equation (2.33). Besides, we discuss the separate Killing equation for the
generalised dilaton in section 2.4.

We further consider the supersymmetric counterpart of these symmetries, relying on
the supersymmetric extensions of the O(D, D) formalism [21, 49-51], in particular the max-

2 An alternative higher-dimensional geometric interpretation of 3 systems was recently studied in [38].
Here null reductions play an important role, suggesting there should be a direct link between this work and
the non-relativistic/non-Riemannian point of view.

3The necessity of and the relation between the various torsion constraints that were employed in the
direct computations of the TNC [43] and SNC [14, 41, 42] string beta functions still remain to be fully
understood. We will come back to these questions and the relation to our work in section 4.



imally supersymmetric case of [51], by solving the appropriate generalised Killing spinor
equations in section 2.5. As the most general solution for the constant flat non-Riemannian
background, we derive supertranslational supersymmetries, or ‘supersupersymmetries’ for
short, see equation (2.56). Further — as can be expected from the usual results of su-
persymmetry, applied to the DFT case [52, 53] — we verify that the commutator of su-
persupersymmetries generates precisely the supertranslational Killing vector obtained in
previous subsections.

We then review the realisation of these non-Riemannian geometries as the target space-
time background for a string, and show how the infinite-dimensional isometry algebra leads
to an infinite set of Noether symmetries on the worldsheet. This is the focus of section 3.
We conclude with various comments in section 4.

In appendix A we describe our derivation of the most general Killing vector solution for
the flat non-Riemannian background. In appendix B we carry out the same analysis for an
example of a curved non-Riemannian background, namely that considered already in [28].

2 Non-Riemannian geometries and their isometries

In this section, after reviewing the appropriate notion of Lie derivatives in double field
theory (DFT) as well as the Riemannian and non-Riemannian parametrisations of the
DFT metric Hap and dilaton d, we solve the Killing equations for a generic flat non-
Riemannian background. This gives rise to an infinite-dimensional set of isometries, which
are algebraically similar to the supertranslations that arise in the BMS algebra of asymp-
totic symmetries of flat spacetime. We continue to introduce and solve the corresponding
Killing spinor equations on the same flat non-Riemannian background, which leads to a
supersymmetric analog of the supertranslations, or ‘supersupersymmetries’.

2.1 Riemannian and non-Riemannian geometries

The local symmetries compatible with the existence of the O(D, D)-invariant metric (1.3)
are generalised diffeomorphisms. They are generated by generalised vectors A4 via the
generalised Lie derivative £, which acts on a generalised tensor density T4,..4,, with

n?

weight w, as

n
ﬁATAl-nAn = AB(?BTAIA..A” + w@BABTAl...An + Z 28[AjAB]TA1...Aj71BA].H..AAR . (2.1)
j=1
This definition ensures that £, 745 = 0, and thus the fundamental O(D, D) structure is
preserved. We mention again that indices are raised and lowered using the metric Jap
and its inverse. The principal O(D, D) tensors that we will encounter are the generalised
metric, H ap, which is weightless, and the generalised dilaton, d, for which the exponential
e~24 has weight one and provides the integral measure in DFT.

In (2.1), we have partial derivatives 04 with respect to a set of 2D-dimensional coor-
dinates z*. However, the actual coordinate dependence is constrained by the section con-
dition:

TJABo,050 =0,  JP0,0050" =0, (2.2)



where O, 0’ stands for any field or gauge parameter. This ensures that at most half
the coordinates are “physical”, and guarantees that the generalised Lie derivatives form a
closed algebra,

Lan L) = £iay ol (2.3)

with the following anti-symmetric bracket

1/4 A 1 1
(A, Ag)d = 5(£A1A§ — Ly, A7) = APOpAg — AT opAL + GAT0 A — SATO g
(2.4)
Note that the generalised Lie derivative on vector fields itself is not anti-symmetric,
La A = ABogAd — ABopAL + ABOAA B, (2.5)

but the bracket (2.4) that arises from its action on other tensor fields is so.

The connection between this doubled formalism and the usual spacetime picture based
on GL(D) diffeomorphisms comes about as follows. In view of the form of the O(D, D)-
invariant metric (1.3), we can decompose the doubled coordinates as x4 = (Z,,x"), where
W, v, ... denote D-dimensional coordinate indices. Writing out the section condition in this
decomposition, 94904 = 8M5“ + 5H8u = 0, the conventional solution is to take the field
to only depend on the z#, i.e. 9* = 0 acting on anything. Writing the generalised vector
A = (A, &), the generalised Lie derivative then describes the usual Lie derivative, with
respect to the vectorial part, A* = &*, plus gauge transformations of a two-form potential
B-field, corresponding to the one-form part, A, = A,.

Alongside this split of coordinates, we have to choose how we parametrise the gener-
alised metric Hap in terms of fields carrying D-dimensional indices, such that the defining
conditions (1.4) are satisfied. Usually, one is led to a D-dimensional (pseudo-)Riemannian
parametrisation which we briefly review below. However, this parametrisation is not the
most general one: the geometric data of DFT, i.e. H4p and d, can in fact also be described
through non-Riemannian variables. We shall illustrate this for the parametrisation corre-

sponding to ‘stringy’ Newton-Cartan geometry and then discuss the most general cases.

Riemannian geometry. The following parametrisation of the generalised metric corre-
sponds to a standard string theory background, in terms of a Riemannian (or Lorentzian)
metric g, and a two-form B,,, [26, 27]:

v _ g B
Hap= .7 v e . (2.6)
B,p9"”" 9uv — Bupg”° Boy

In addition to Hap, the NS-NS sector is described by the generalised dilaton d, which is
related to the usual dilaton ¢ by

e 2 =72 /|g]. (2.7)

As mentioned previously, and as is clear here, e~2¢ has unit weight, implying its transforma-
tion under generalised diffeomorphisms to read Lpd = —%eQdﬁ A (e_zd) = A49,d — %8AAA.
These two fields provide the starting point for discussing O(D, D) generalised geometry or
doubled formulations of string theory and supergravity [19-25].



Non-relativistic geometry (stringy Newton-Cartan). An illustrative example of a
non-Riemannian geometry comes from the ‘stringy’ non-relativistic limit of a Riemannian
geometry leading to stringy Newton-Cartan (SNC) geometry [14, 35, 37, 44]. This geome-
try can be constructed using an expansion of the Riemannian variables in the parametrisa-
tion (2.6) in powers of 1/c2. In this expansion, a time-like and a space-like direction aligned
with the string worldsheet are distinguished, and a divergent term in the B-field flux is
used to compensate the divergence in the Riemannian metric as ¢ — oo. As a result, in the
limit, one ends up with a finite string action and a well-defined notion of SNC geometry.

In double field theory, the SNC limit can be carried out directly in terms of the
Riemannian parametrisation (2.6) of the generalised metric. Exactly this limit was analysed
in section 3.3 of [30]; here we make an explicit connection to the usual SNC variables. We
use M, N to label the “longitudinal” directions along the worldsheet, so that n;;y denotes
the two-dimensional flat metric (with which we will raise and lower longitudinal indices
below) and epn is the two-dimensional alternating symbol. With that, we perform the
following expansion of the metric, inverse metric and B-field:

9w = Enunt M, N+Hj,,+77MNTu My Y vt MmN +0(c7?), (2.8)

g = H+H 472 (v“ M —H“‘pmp P77MP> (v” N—H""m, QnNQ> MY ety 4 0(¢70),

B/J,l/ = _026MN (7-;1, M“‘C_Qmp, M) (TUN+C_2ml/ N) +B/,LZI+O(C_2) .

Here, we have parametrised the expansion using the longitudinal vielbein T#M and the
degenerate “transverse” metric H jl,, along with their projective inverses v#y; and HH,
which satisfy

Moty =6y, B MHES =0, oty HY,, =0, HYH, 4ok yn M =60, (2.9)

M is the stringy Newton-Cartan one-form, and B,W are the subleading

In addition, m,,
components of the B-field. Note that we need to expand the Riemannian metric as well as
its inverse, since they both appear in the generalised metric (2.6). However, the sublead-
ing components in the expansion of g"” can be fixed using the expansion of the identity
9upg” = 6,”. In particular, from this expansion we can extract the longitudinal part of

the quantity Y#¥,
vy M N = _om (MylN) 4 M preey, N (2.10)

We now consider the non-relativistic ¢ — oo limit of the Riemannian parametrisation (2.6)
of the generalised metric using the expansion (2.8). All components are finite in this limit,
and after using (2.10) we can write them as

Y a = HAw —HL“"BW + eprnvorMor, N (2.11)
AB — GMNUVMTMN + BupHLpu ij _ BupHLpUBO'V + 26MN’l)pMT(H NBV)p . .

Using the relations (2.9), we now see that the upper left block H* = H» is non-
invertible. As such, we can no longer identify this block with the inverse Riemannian



spacetime metric, as in the Riemannian parametrisation (2.6). Instead, equation (2.11)
parametrises the generalised metric H4p in terms of a stringy Newton-Cartan geometry,
which is defined by the inverse transverse metric H+* and its longitudinal zero vectors
TMM . The latter can be used to define an additional degenerate metric 7, = TMM N NMN
on the longitudinal directions. Note that the one-form muM drops out of the generalised
metric completely, in agreement with the analysis of [30, 44]. The SNC parametrisation
can be gauge fixed to recover the TNC parametrisation [44] (the direct embedding of TNC
into DFT was formulated in [46, 47]).

We can then also consider the generalised dilaton, e~2¢, which starting from (2.7) in
the Riemannian case is finite in the limit assuming an appropriate expansion of the usual
dilaton ¢ = ¢ + Inc [14], leading to

e 2 — 672(5\/ det’HL det’'H' = —emmuDeylml’D TMTNTPTQGMNEPQHJ‘ .. H* .
’ (D—Q)! H1 T p2 YTV 33 UDVD
(2.12)
The generalised metric (2.11) and dilaton (2.12) can then be inserted into the action and
equations of motion of DFT? as well as the doubled string actions. The equations of motion
of DFT can also be obtained [55, 56] as the beta functionals for the doubled sigma models
we consider below (which reproduce those of non-relativistic strings). In particular, this
means that they should be independent of the parametrisation of the generalised metric.
The subtlety that arises, as analysed for general non-Riemannian backgrounds in [32],
is that if one wishes to maintain the non-relativistic parametrisation of the generalised
metric (2.11), one must forbid certain variations (those which would make the block H*”
again invertible). For SNC, this restriction would lead to one fewer equation of motion than
expected from DFT. A detailed analysis and the comparison to the non-relativistic beta-
functional equations [14, 41-43] has now been carried out in detail by Gallegos, Giirsoy,
Verma and Zinnato [48].

General non-Riemannian geometries. The general classification of non-Riemannian
geometries in DFT, carried out in [30], allows H*" to have arbitrary rank. Let H*” = HM,
where H* is a symmetric (possibly) degenerate matrix, further introduce K, likewise
symmetric and (possibly) degenerate, and let a basis for the kernels of H and K be given by
{XZ,XE} and {Yj“,}?’} respectively, such that with i,5 =1,2,...,n and 7,7=1,2,...,7
we have

H"X, =0, H"X,=0, KuY/=0, Ku,Y/ =0. (2.13)

These obey the following completeness relation,

H" K, +YF'XL+Y/'X, = 6", (2.14)

4In the absence of other fields, the equations of motion of Hap and d are the vanishing of the generalised
Ricci tensor and generalised Ricci scalar [21]. Unlike in general relativity, these are two independent
equations, however they can be combined by defining a generalised Einstein tensor which obeys a generalised
Bianchi identity and unifies the field equations into a single familiar form, Gap = 87GTap [54].



implying

LyJ — SJ VHEYT S vo __
WX=G W6 ARG,
}/i’uX;JL =0, }/iMX;ZL =0, Kpunj vo = Npo,
and allow us to write the generalised metric as
o - e HBL VXV
B, ,H"" + XLY;” — XLY{’ K., — B,,H" By, + 2XENBV)P}/7;p - QXZHBZ,)F,Yf ’
(2.16)

such that the O(D, D) compatibility condition (1.4) is indeed satisfied. Here, as usual, the
B-field is skew-symmetric. The O(D, D) invariant trace is 748H 45 = 2(n —n). The gen-
O(D,D)
t+n,s+n)xO(s+n,t+n)’
where the signature (—,+,0) of both H*” and K, is commonly (t,s,n + 7).° This coset

has dimension D? — (n — 7)?, which matches the number of degrees of freedom in the

eralised metric (2.16) parametrises an underlying coset [46] given by o

infinitesimal fluctuations (i.e. moduli) around the above (n,n) background [32].

The usual Riemannian case is included as n = n = 0. Stringy non-relativistic geometry
has n = n = 1. Comparing (2.16) with (2.11), one can immediately identify K,, = Hd—w
HW = HLmw, B, = BW and TMM , V" r with the zero vectors. For instance, using light-
cone coordinates M = (+,—) we can write 7,M = (X,, X,), vty = (YH, YH) with eyn
and sy defined by e, = —1, ny_ =1, ny+ = n—_ = 0. Other examples studied in [30]
include a version of Carroll geometry with n = D — 1, n = 0. However, note that the
(BRST) quantum consistency of the doubled string appears to impose n = n [33].

The generalised dilaton, generalising (2.12), can be written as

e 2 =72, /| det'K]| (2.17)
where
. . _ _ 1D . . _ _ vi...Vp
€i1..3€71...7, € €j1..9n €170 € i in Y7 Cin
det'K = z ~ L =~ D, Gr A, G/, Gr D, Gl
12 = p1 Hon > png Hin -t
(n!nh)2(D —n —n)! no e ntn (2.18)
J1 Jn X J1 X J7
X X X XD XD Keniminss - Koo -

At this point, we would like to emphasise that, from the point of view of the Rieman-
nian parametrisation, such non-Riemannian geometries are singular. However, in the
DFT formulation, we can describe them without any problems using the appropriate non-
Riemannian parametrisation of the generalised metric.

Local Lorentz symmetries: GL(n) X GL(n) and Milne-shift. The choice of non-
Riemannian parametrisation of the generalised metric (2.16) is not completely rigid. Two
parts of the underlying local Lorentz symmetries, O(t +n,s +n) x O(s + n,t +n), can be
seen directly as transformations of the D-dimensional variables appearing in the parametri-
sation of the generalised metric (2.16). These are GL(n) x GL(n) rotations and Milne-shift
transformations. Specifically, the GL(n) x GL(n) symmetry acts on the unbarred i, j, - - -

5This sets the signature of the twofold spin groups in DFT to be quite general, not necessarily
Minkowskian, cf. (2.46).



and barred 7,7, --- indices. On the other hand, the Milne-shift symmetry generalises the
‘Galilean boost’ in the Newtonian gravity literature [15, 57] and acts with local parameters,
Vi and Vu% as [30]

Y/ = YF+HMV,,, YH = Y+ HYV,,, (2.19)
Ky = Ky —=2X{(, K, ) H? Vi = 2X(, K, . HP Vo (X, Vit X Vit ) H (X Vorit X Vi)

By = By —2X [, Vji+ 2X] Vs 2X0 X0 (VP Vet VY Vit Vo HY Vi)

v)p

while leaving H*, XL and XZ invariant. The generalised dilaton is also invariant: note
then that the determinant, det’ K, appearing in (2.17) is invariant under Milne-shift trans-
formations, but not under GL(n)x GL(n) transformations, hence (as the generalised dilaton
d does not transform) the scalar ¢ transforms under the latter. From the perspective of
double field theory, it is better to think of d as more fundamental than ¢. Note that (2.19)
is a finite transformation, and the infinitesimal variation, which we henceforth denote by
Sy, amounts to the terms linear in the local parameters. The exponentiation, e trun-
cates at most at the quadratic order as above. These shift symmetries will play a minor
role below.

Constant flat non-Riemannian geometry. The simplest (1,1) non-relativistic geom-
etry [29] we can consider is that obtained as in [9, 10] by taking the SNC ¢? — oo limit in
flat D-dimensional spacetime. An (n,n) extended version of this geometry is given by the
following generalised metric:

n”* 0 0 0 0 O
00 0 0345 0
00 0 0 0 -85
— 2.20
Hap 00 0 9aO 0 |’ (2.20)
06 0 0 0 0
0 0 -0 0 0

where 744 is the flat (Minkowski) metric of signature (¢, s) and we have chosen our coordi-
nates to align with the zero vector directions, thus

" = (22,2, a=1,....,.D—-n—n, i=1,...,n, 1=1,...,7. (2.21)

The ‘natural’ choice for the parameterising fields reads, up to GL(n) x GL(n) and Milne-
shifts,

n® 00 Nap 0 0

H"=1000|, Kuw=|000]|, Bu,=0, (2.22)
000 000

X) =4, X) =46, Yl =64, v =gl (2.23)



The above generalised metric (2.20) is the natural candidate for “flat”® non-Riemannian
space. We will next show how this geometry admits an infinite-dimensional family of
isometries.

2.2 Generalised metric Killing equation

The Killing equation for the generalised metric follows from requiring that its generalised
Lie derivative with respect to some particular generalised vector A vanishes:

LaHap = A0cHap + 20aAc)HE B + 20pAc)HAC = 0. (2.24)

For AM = ()\,,£") and the section condition solution 0" = 0, the equation (2.24) consists
of three parts:

LAHM = L™, LaH = LMy + 20,0 1

R (2.25)
[’A%HV = [,57‘[/“, + 28[#)%7‘(’71, + 28[,,)\,,}?@’) ,

where L¢ denotes the usual D-dimensional Lie derivative. Setting these all equal to zero for
the generic (n,n) parametrisation (2.16), one finds the Killing equations can be written as

0= LH",

0= (LeBup + 20, ) H” + Le( XY — XV,

0= LeKuw + (LeBup + 20\ (XLYF = XpVF) + (LeBup + 20,0, (XY = X[ Y) .
(2.26)

As the generalised metric is constrained by the relations (2.13), (2.14) and (2.15) obeyed
by the fields appearing in the parametrisation, not all of the equations in (2.26) are in-
dependent. By taking projections with {KMpHP",XﬁY;-”,XZE”}, we can obtain the fol-
lowing minimal set of Killing equations which are equivalent to (2.26) (and collectively
GL(n) x GL(n), Milne-shift invariant):

HMLeX, =0=H"LX,,  Y/'LeX, =0=Y/LX], (2.27)
HMHY LeKpe =0, H"H" (LeBuo +20,M,) =0, Y'Y (LeBu, +20),M,)) =0,
(2.28)
YPHM (LeBoo + 20,As) + H* K po LY =0, (2.29)
Y H" (LeBpo + 20),M ) — H* Kpo LY = 0. (2.30)

In the Riemannian case (n,n) = (0,0), where K, = g, is an invertible metric, these imply
the usual conditions that L¢g,,, = 0 and L¢ B, +20,A,) = 0. In the non-Riemannian case,
such expressions would not be Milne-shift invariant and thus should not be satisfied identi-
cally. Instead, certain of their contractions with H*, Y, }75“ are constrained as specified

®The doubled formulation does not admit a well-defined notion of a Riemann tensor [58-60]: the only
unambiguous curvature tensors are those appearing in the equations of motion, which vanish if we restrict
to the simplest matter-free bosonic DFT. We call the geometry (2.20) flat since it is constant, hence all cur-
vatures vanish, and it reduces to the (formally doubled description of) Minkowski spacetime for n = n = 0.
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above. (This can be thought of as projecting into different combinations of Riemannian
and non-Riemannian chiral or anti-chiral directions. Note the projections in the Y} Y/
and Y} Y7 directions of the B-field equation are completely unconstrained.) Similarly, the
projection of the variation LngL must vanish except in the Yj“ directions, and so on.

If we define ' = {# X and §' = M X, we can write (2.27) as

HM 9,6 = HWEP(0,X) — 0,X)),  H™O, = HWEP(9,X) — 0,X]),

o . ‘ - ce 2.31
Y'0u8" = Y€ (0, X, — 0, X)), Y/'0,8" = YI'¢" (0, X, — 0, X)) 230

The exterior derivatives of the one-forms XZ and XZ appearing on the right hand sides
here can be interpreted as intrinsic “torsions” or parts of connections of the undoubled
non-Riemannian geometry [32]. When they are vanishing, one could interpret the above
equations as stating that & and & depend only on the directions specified by Y} and
Y}, respectively. This will clearly be the situation in the flat non-Riemannian geometry
specified by the generalised metric (2.20). It would be interesting to understand the con-
sequences of these conditions for general curved backgrounds as well as their relation to
the torsion conditions that are connected to SNC [14, 37, 41] and TNC [43] string theory,
see also [48]. For now, we restrict to the flat solution (2.20) and turn to the full solution

to the Killing equations in this particular case.

2.3 Most general solution for flat non-Riemannian geometry: supertransla-
tions

We present the solution to the Killing equations for the constant generalised metric (2.20).
For this, it is natural to parametrise (§#,\,) as

¢ = (S“, ¢, 5’) ;A= (Ab, A XJ—) : (2.32)

k

and we solve for these variables that are a priori functions of ¢, z ,:Z"—“. The most general

solution is derived in appendix A, and takes the form:

€0 = what + ¢ (zF) + (A (@) Ao = Bap(a®, %, T) + Co(d¥) — Gul(@)
¢ =('(b), A = Bip(a®, 2%, TF) + pi(z"), (2.33)
&= (7(92]2) , i = Orp(a©, B :E’}) + ﬁ{(.’i’E> ,

where, as the arguments indicate:

(i) @(x¢ 2, z¥) is an arbitrary function of 2¢ x

k k.
)

, T

(i) ¢o(xF), ¢(x*), and p;(2¥) are arbitrary functions of z* but independent of 2¢ and z¥,
so we refer to ¢*(x*) and p;(z¥) as ‘chiral’ reparametrisations, and in analogy with
BMS we refer to (?(x¥) as ‘supertranslations’;

(iii) ¢o(zF), C'(z%), and py(zF) are arbitrary functions of z*, hence we refer to ('(zF),

pi(z¥) as ‘anti-chiral’ reparametrisations and (%(z*) as supertranslations;

(iv) Wap = NacwCy = —wyp, is a skew-symmetric constant parameter of so(t, s); and
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(v) finally, the scalar parameter, ¢, amounts to the kernel of the generalised Lie deriva-
tive: contributing to A, as an exact form 0,¢, it vanishes trivially in the generalised
Lie derivative.

For consistency, when (n,n) = (0,0) we recover the usual Poincaré symmetry. In the
cases of (D,0) or (0, D), corresponding to the two fully O(D, D)-symmetric vacua in DFT
characterised by Hap = +J 4B, the generalised metric Killing equations are trivially solved.
Furthermore, when n =1 or n = 1, p; or p; can be absorbed into ¢, and there are no (anti-
)chiral reparametrisations in the dual (tilde) directions. Thus, we put p; = 0 for n = 1 and
pr =0 for n=1.

Commutation relation. We write the C-bracket (2.4) as
AT = [A17A2]é\34 ; (2.34)
and note, with 9* = 0,

55 = ﬂ’auﬁg - £2U uﬁlibv

, , 1, 1 , 1., 1 , (2.35)
)‘3# = 51 81,)\2“ — fg 8,/)\1# + 552 8ﬂ)‘11’ + 5)‘21/8#51 — 551 8ﬂ)‘21’ — 5)\11,8qu .

The commutator relations between the most general Killing vectors (2.33) give:

¢§ = (10,68 — wihE — GOt +w§n . (5 = (0:¢8 — win — GOiCT + wSi(?
5 = 0;¢ — 051, ¢4 = (1055 — (305C1

a _ a Cc a C 236
Wzp = WocWip — W1 cWaph ( )

and
j 1 i1 a
psi = (10521 — 50150iG — 5C10ip2j — (1 0iC2a — (1+2),
R L
P3r = Cfajpzi - §p1j&C§ - QC{&P%‘F (1020 — (1 ¢ 2),
1 - 1 . 1 . 1—_
03 = Juwiia® (9up2 = G+ Ga) + 5 (61 + (T ) Dutpa + 5 G002 + (T2 — (102 2).
(2.37)
The corresponding Lie algebra is spelled out below in (3.35).

Non-invariance of parametrisation and local Lorentz. Although the generalised
metric itself — which we stress we wish to view as the fundamental geometric quantity —
is preserved by the Killing vectors, the adopted parametrisation is only invariant under the
ordinary Lie derivative with respect to £* up to existing gauge transformations, i.e. the
one-form gauge symmetry of the B-field, GL(n) x GL(n) rotations acting on the ¢ and 7
indices, and the Milne-shift local symmetry (2.19).

We illustrate this explicitly for the constant generalised metric (2.20). Given the
parametrisation of the spacetime fields as in (2.22) and (2.23), one finds directly from (2.33)
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that while LcHH = 0, we have

ﬁgKMl/ == 61VIK/JJ/ 5 ‘CgB,LLV + 28[M)\V] == 6MB,LLI/ 5
LX) =a';X], LY = —diY] +0uY),, (2.38)
ﬁng = ZLZ‘XZ , ﬁg)_/%u = —&jzyuj + 5MYZ,
where
aj=09;¢",  @;=0,, (2.39)

give infinitesimal GL(n) x GL(n) rotations, and d,; denotes an infinitesimal Milne-shift
with
Vai = _aiCa7 Vai = _&Cay ‘/ij = 8in ) ‘/ij = _aiﬁj' (240)

Observe that this accounts for the persistent appearance of the one-form parameter, A,
even though there is no B-field apparently present.

2.4 Dilatonic Killing equation

The minimal version of (bosonic) DFT contains in addition to the generalised metric the

—2d

generalised dilaton, d, defined such that e is a scalar density of weight one under gen-

eralised diffeomorphisms. The generalised Killing equation for the generalised dilaton is
thus, with 9" = 0,
A 1 oga (- 1 _ 1
Lpd = —562d£/\ (e 2d) = —§€2dau (5“6 2d) = §“8Hd B 5‘911»5“ =0. (2-41)
This implies for constant d that the Killing vector is divergenceless
€t = 0a8" + 0+ 0E = 0 + (T = 0. (242)

Since ¢*(z*) and gri(f’;) are distinct functions of unbarred z* and barred z*, for some
constant ¢ we should have

0:¢' =c, 0" = —c, (2.43)
and thus, they decompose as

e 0 ),
(2.44)

— I —  C_s 1 T T oA 7
Cz(xk:) — C(?) _ %xl + (ﬁ — 2)!gLJk:1 k:n_zaj_cl_ﬂm’_cn_2 (xk) 7

Ci(a¥) = Gh+ o' +

exhibiting a constant shift, scaling symmetry and a volume-preserving diffeomorphism.
Note that when n = 1 or n = 1 the final terms are absent. We may also note that in the
commutators (2.36) we get

aGi=0, GG =0, (2.45)

hence the scaling constant ¢ in (2.43) becomes trivial after commutations. Although in
general we have to take these extra conditions into account, in certain situations — such
as at the classical level on the string worldsheet, which we study below — the dilaton does
not appear and we will be able to make use of the full set of the isometries of (2.33).
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2.5 DFT Killing spinor equation and supersupersymmetry

In this subsection, we discuss the supersymmetry transformations preserving the con-
stant non-Riemannian background (2.20). The starting point is to consider the coset
parametrised by the generalised metric, which featured the doubled Lorentz group, O(t +
n,s +n) x O(s + n,t + n),” where t,s,n,n are fixed numbers, and for which we define
spinors of each factor in the usual manner. The minimal spinor depends on the values of ¢
and s. The value of (t—s) mod 8 determines what reality conditions can be imposed, while
for t 4+ s even, we can have Weyl spinors of the (t + s + 2n)- and (¢ + s + 2n)-dimensional
spin groups.

We will apply results from the known formulations of type II supersymmetric double
field theory, in particular [51] which, having the Minkowskian spin group Spin(1,9) x
Spin(9, 1), of course covers the Riemannian type II backgrounds of (¢,s,n,n) = (1,D —
1,0,0) with D = 10, and is also immediately applicable to (t,s,n,n) = (0,D — 2,1,1)
and thus to non-relativistic strings. Furthermore, by relaxing the Majorana condition
therein and adopting not the Dirac but charge conjugation of spinors, the constructed
supersymmetric double field theory is readily generalised to an arbitrary signature of the
spin group with n = n. The invariant metrics of the doubled Lorentz group are then

Tab 0 0
Npg = 0 —5” 0 , nab:dlag(____++_|__|_)7
70 0 —I—(Sl'j t s (2_46)
Map 0 0
= | 0 40y 0 | g =ding(E 4 b~ - o),
0 0 —(55]— t S

Note that the flat indices p and p have ranges p =1,2,...,t+s+2nandp=1,2,...,t+s+
2n. Furthermore, we have introduced new indices a,a = 1, ..., s+t to run over the common
(s+t)-dimensional part (Riemannian), and decompose p = (a,i,n+j) and p = (a,7, 7+ 7).

The bosonic degrees of freedom can then be recast in terms of a pair of DFT-vielbeins
Vap and VAﬁ, which square to the orthogonal projectors whose existence is implied by the
defining property of the generalised metric (1.4). Namely:

1 _ o
Pap = 5(Jap +Hap) = VapVeer™ . Pap = 5(Jap — Hap) = VapVpan™ . (2:47)

Note this means that Hap = VApVBqnpq—VAﬁVBqﬁﬁq and Jap = VapVpen?? —i—VAﬁVBqﬁﬁq are
simultaneously diagonalised by (V4P, V4P) with the expected signatures, (1, —1) and (n,7)
respectively. From identities of arbitrary variations like 6Vy, = VAqVB[qM/B ot P48V,
and 0Vap = VAQVBM5VB 5 + Pa® §Vpp [52], the generalised metric Killing equation (2.24)
implies that the generalised Lie derivatives of the vielbeins vanish only up to certain in-

"Note the signature convention implicit here, which sets the ‘total’ temporal and spatial dimensions, as
for O(D, D), to be the same as D =t + s +n 4 7. It treats the doubled vielbeins Va, and Vap in a ‘fair’
manner and removes minus signs in many formulas, especially in the full order (i.e. quartic) supersymmetric
completion [51].
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finitesimal local Lorentz rotations:

o A 1 ~

LAVap + (VepLaVP )Vt = +§VBpEA’HAB =0, (2.48)
2.48

P _ 1-p A

LaVag + (VaplaVP ) Val = —§VBp£AHAB =0.

An explicit parametrisation of these vielbeins is [30]:

1% ! " 1% ! i (2.49)
Ap = —= : L R T | :
. V2 Kup + Buh”p : V2 kup + Buh”p
where in order to reproduce the generic (n,n) generalised metric (2.16) we let
= (;Luﬁn )75“7 )75“) ’
k= (kX0 X0) R = (R X XL)

W= (W, YA YY) R

i1l

(2.50)

Here we have H* = h*,hVyn™ = —ht, ﬁ” 7% and KN,, =k “kybnab = —k al_ﬁ,l—’ﬁ =5 With
Nabs T given in (2.46). Note also k,*ht, 5“;, and k h”- = 6%, while k,%h", —i—Xz Y +
XZY” = k: apY, —l—XZY” +X1Y” =0,".

The fermions in type II supersymmetric double field theory consist of pairs of gravitinos
and dilatinos, {@Z)p,q/)p ,p% P }, which are all Weyl spinors with appropriate chiralities.®
As the indices indicate, they are spinors for only one of the doubled spin group and singlets
for the other. Furthermore, the gravitinos carry an ‘opposite’ vector index. In a constant
background (with vanishing fermions) the supersymmetry transformations of the fermions

are [51]:
55¢g = VAI;OAEO‘, 0-p% = —('yp)O‘BVA 6,465 251)
Sethy = VA,048" | 0ep'® = —(3P)% 5V 4504”7 '

The two sets of gamma matrices, Y¥ = (v%, %, y"*7), 37 = (3%,74*,7" 1) realise the Clifford
algebras of Spin(t + n,s + n) and Spin(s + n,t + n) respectively, so {7y?,79} = 2nP? and
{77, 77} = 27P7 with the flat metrics given in (2.46). With the choice of the section, 9" = 0,
we get VApaA = %h“pau and VA,;aA = %B“Zﬁu.

Now, specifically for the constant flat (n,n) generalised metric (2.20) with the coordi-

nates, # = (z%,2%,z") (2.21) and B, = 0, we can take
om0, Ma=0p, Y=o Y= (2.52)
k#aztsz, k X;:%, XL:(SL,

and identify the flat indices @ = @ via a compensating O(t, s) Lorentz rotation.” Setting
the variations (2.51) to zero we find from the variations of the gravitini the conditions that

Oge = O =0, 0,8’ =0’ =0. (2.53)

8Since Spin(t+n, s+n) and Spin(s+n, t+n) are independent, the comparison between the corresponding
chiralities is meaningless. It is the paired vielbeins, Va,, Vap, that distinguish type ITA and IIB [51] (see
footnote 9).

9Depending on the determinant of this transformation, or the sign of det(kuaﬁ“a) = +1, we may
distinguish two distinct classes of backgrounds, as the compensating Lorentz rotation is generically Pin
rather than Spin. This generalises the usual distinction of type IIA and IIB of the Riemannian case to the
non-Riemannian case.
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Then, from the variation of the dilatini we have the requirement

Vi e =0, Y o =0, (2.54)
where we set 7. =" + """ and 7% = 7" + 5" which satisfy
o . .9 s N2
Yt =0, (149)" =0, RAL A =0, (718) =0.

(2.55)
Thus, in the poly-form representation of spinors, ’yi and ﬁai correspond to the coordi-
nate basis of one-forms dz’ and the exterior derivative d = dz'9; (similarly 4% — dz?).
Then from the Poincaré lemma, the supersymmetric condition of (2.54) implies that the
supersymmetric parameters are ‘closed’ forms, and locally ‘exact’ except the lowest zero-
form which should be simply constant. In conclusion, the most general (at least locally ')
solution to the Killing spinor equations (2.51) is

e = (v +7")9x(a") + e, &' = (¥ + 7" )opx(a") + ¢, (2.56)

where x(z¥) and )Z(:i"’;) are spinors with the opposite chiralities to ¢ and &’ respectively,
and arbitrarily (or supertranslationally) depend on z* and z*. Furthermore, € and € are
constant spinors which survive in the Riemannian (0,0) case.

In the particular case of (n,n) = (1,1) with D = 10, the derivatives in (2.56) are
redundant. The indices i and 7 cover only a single value, and so if we write!'!

0

7* =%, ¥ =#%74, (2.57)
then the general solution can be written
e=(V"+"x) +e, L=G"+ING) + ¢ (2.58)

where y = 2! and § = Z' denote the coordinates corresponding to the n = 1 and 72 = 1
directions respectively.

The commutator of two SUSY transformations generates — among other local sym-
metries [51] — a DFT diffeomorphism with parameter

A = B VAFPE + iV A 0P, (2.59)
where £ = €7C and & = £'7C are charge conjugations.'> This is then easily computed
for (2.58). For the different spinor bilinears that appear, let us set

1 _ _ i, i - 5 T
"= ﬁ‘fﬂafl’ ¢t = \ﬁé/ﬂafﬁ, V= \ﬁ 2(70 +71)€1a ¢y = \/562(70 +71)€,1,

10Global solutions with nontrival cohomology would be of interest but are beyond the scope of the
present work.

" Given the form of the flat metrics in (2.46), here we have —(7%)% = (41)? = 1, /%' = —4'4°, while
("yﬁ)2 = 7(,71)2 =1, 7°%%' = =330, Let us also note that with the assumed identification of a = @, we set
Ya = Sapy? and Fo = SapFP. (This introduces a minus sign in certain expressions owing to the fact that the
barred flat metric has components 7,; = —d;;5 = —dab -)

2The charge conjugation matrices are all symmetric, C = CT, C = C7, and satisfy (v*)T = Cy?C™ 1,
(3P)T = CAPC™, hence vPe = &4P, 3Pe’ = &3P, For further details, see appendix of [61].
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"(y) = % [gﬂa(’yo +)x1 () = X2 W)y (2 + 71)61} , .
@) = 5 [ G+ 340 - %730 + 714

Then on inserting (2.58) into (2.59), writing as before A4 = (), £¥), one finds firstly that

=L@+ (Y + W), Aa=€a—Eat Caly) — Call), (2.62)

which is exactly in agreement with the form of (2.33) (on absorbing the constant parts €%,
€% into €%, (). We further have

=Y, &=, (2.63)

which are constant shifts in the y and 7 directions rather than shifts by arbitrary functions
of y and y, however this is to be expected as we have made use of the Killing spinor
equations for not only the gravitinos but also the dilatinos, and we already know that
including the dilaton as in section 2.4 restricts the solutions as in (2.44) (here only the
constant shift part is generated). Finally, we have

—1

Ay = 552(70 —7e (2.64)

+V2i(E@(1 =" )a) + @)1 +1°7 e +2%0) (0 + 7)),

Mg = ﬁez(’f —7h)e] (2.65)

+V2i(& (13" @) + @ - 77D + 260 3+ @)

which again agrees with (2.33).

3 Sigma models and worldsheet Noether charges

We now turn our attention to the description of strings whose target spacetime is described
by a generalised metric corresponding to a non-Riemannian geometry. This has already
been considered in general in [30, 33| for the bosonic string, and in more specific super-
symmetric cases in [45, 47]. Here we review the general bosonic case in order to extract
expressions for the conserved worldsheet Noether charges induced by the doubled target
spacetime Killing isometries. We also make some remarks regarding general features of
these models, and argue that they generalise the worldsheet action of stringy Newton-
Cartan (SNC) non-relativistic strings to arbitrary non-Riemannian backgrounds.

3.1 Sigma model in general background

The doubled O(D, D)-symmetric sigma model string action that we use is [23, 28, 62]

T |
Spws =~ / P SV =hh P H Do Dya? + P TypDoa AL (3.1)

17 -



Here, hop is the worldsheet metric, and €*? is the worldsheet alternating symbol with
e = 1 (a useful relation is €*¢®h,; = (deth)h®®). This is an action for a set
R (Zu,x") of 2D worldsheet scalars that we treat as doubled target space coordinates.
Due to the section condition (2.2), the background generalised metric is independent of
half the doubled coordinates z#. These “unphysical” coordinates therefore appear in the
action (3.1) solely through their worldsheet derivatives, and in fact come with a shift sym-
metry. As was argued in [63]13 we can gauge this symmetry, which in the worldsheet
action [23, 28, 62] allows us to eliminate half of the doubled coordinates from the action.
To this end, we introduce a worldsheet one-form A4, which we take to satisfy a gaug-
ing constraint A% 94 = 0. This is present in the action (3.1) through the combination
Dz = dz? — A4 (note Daz? = do®D,z4), and A4 is required to transform such that Da4
is invariant under the shift symmetry of the unphysical coordinates. To realise isometries
of the spacetime as Noether symmetries of the worldsheet, A4 is also required to transform
under generalised diffeomorphisms, along with 24 [28]:

Sazd =AY, 6 A4 = DaPotAg. (3.2)

As a result, we have 0, (dz?) = dzBagA4, o,(Dz?) = DzB(9pA* — 04Ap), and hence
the transformation of the action (3.1) is, with 6aHap = A“OcHap (as Hap is regarded
on the worldsheet merely as a set of functions depending on the worldsheet coordinates),

T 1 R
OrSpws = =5 d%?/—hhaﬁ (LaHaB)Daz Dzl + 0, (e*PAadga?). (3.3)

In particular, if A is a generalised Killing vector, we get a symmetry of the action up to
total derivatives, and Noether’s theorem implies the following current is on-shell conserved:

T
jjz\x _ EAA (EaﬁDﬁl‘A _ \/_hhaﬁ’HABDB:L'B> . (3.4)

Coupled to the (parametrisation independent) generalised metric, the above sigma
model (3.1) can describe a number of different target space geometries. To interpret these
in D-dimensional terms, we solve the section condition as O* = 0 acting on fields, which
implies A4 = (A,,0), 5 (dz*) = da¥8,&H, 5(Di,) = —0,8"D, — 20, jdz”, and spon-
taneously breaks the formal O(D, D) invariance of the action. Integrating out the non-zero
components “‘Iu then has the effect of “undoubling” the string action. Let us describe this
explicitly for Riemannian and non-Riemannian cases.

Riemannian geometry. Suppose the generalised metric is described by the (0,0)
parametrisation (2.6), describing a Riemannian metric and a B-field. In this case, the
worldsheet gauge field A2 appears quadratically in the action and can be completely inte-
grated out, leading to the constraint,

1
Doz, = —fhaﬁeﬂwgw,&,x” + By, 0a2” (3.5)

V—h

131n [63], the section condition (2.2) was interpreted as gauging the doubled coordinates by imposing an

equivalence relation: x? ~ 24 + A4 where AY94 = 0.
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and (after eliminating a total derivative!?) the usual (Riemannian) string action:

eliminate &

T
Spwg ——— S = 5/(120' — \/—hhaﬁgwaam“agm” + eo‘ﬁBuuﬁam“QBm”. (3.6)

Stringy Newton-Cartan. If we consider the generalised metric (2.11) describing stringy
Newton-Cartan, then the block H*” is non-invertible. As a result, one cannot integrate out
all components of A4 from the sigma model action. Instead, we can use the completeness
relation (2.9) to write flu as a sum of a piece orthogonal to v*,; and a piece proportional
to v*pr. We can integrate out the former. (The calculation is essentially identical to the
more general case below, for which we will present more details.) The result is the Polyakov
action for SNC [37, 44]:

eliminate &

T _
SDWS _— SSNC = 5 /d20 —V —hhaﬁijaaxuag.TV + e”‘ﬁBuyﬁaa:“aga:”

3.7
—|—,3aM(—thhaﬁeMN—eaBﬁMN)TuNagx“, &7
where the surviving components of A4 appear in the combination
Bo™M = "M (Do, — Byudar’), (3.8)
which we can treat as an independent worldsheet field. We can rewrite this after split-
ting the longitudinal coordinates as M = (+, —) withe;_ = -1, n; - =1, n14 =n__ = 0.
Then

T _
Ssne = [ 4o — VR H A0, sa” + ¢ By Dua 03"
+ Ba” (—V —hho® — eaﬁ)rlﬁﬁgmu — Boﬁ(—\/—ihhaﬁ + eo‘ﬁ)mfﬁga:“ ,

(3.9)

which exhibits a split into chiral and anti-chiral directions. At this point, we may note
that there is a freedom to perform field redefinitions of the S fields, along the lines of those
discussed in [44].

Another route to stringy non-relativistic geometries involves T-dualising along a null
isometry direction, leading to strings in torsional Newton-Cartan geometry [39, 40]. Al-
though this would naively be singular using the usual Buscher prescription, such T-duality
transformations act on the generalised metric simply as a permutation of its components,
and lead in the case of a transformation along a null isometry direction to a generalised
metric for which H* is degenerate. A dictionary between SNC and TNC parametrisations
was worked out in [44], and the generalised metric parametrisations described in detail
in [46, 47].

Non-Riemannian geometries. For the doubled sigma model (3.1) corresponding to
a string in a general (n,n) non-Riemannian geometry, we wish to integrate out the dual
coordinates using the equation of motion for flu. To this end, it is convenient to first define
the combination

Poy = 00y — Aoy — BuOaz” . (3.10)

1Possibly through a gauge fixing [33].
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This turns out to be (on-shell) directly related to the momentum current of the undoubled
sigma model, hence the notation P,,. For an (n,n) parametrisation, we expand this using
the completeness relation (2.14) and thus define P,, = Il,, + Xfﬁm — XZBM with

Wop = KupH Powy  Boi =Y Pop, Boui = —Y}'Pay, (3.11)

where the minus sign in the final definition is for convenience. The doubled sigma model
action becomes:

T
Sows = / BP0 — =P K 1, 001" Op” + € By Dozt g (3.12)
+ Bai X, (—V=RhPOpat — P Opat ) + Bur X, (—V/=hh* Ot + € Oat )

1 1 ]_ S
- 5\/—hha5H“” (HW + \/jhhMaéKWagxﬂ> (Hﬁ,, + ﬁhw o Kwaé,g;ﬂ) :

From the final line, we have the equation of motion for Il,,,

H"DoZy = — hon € H" K, p 052" + H" Byp0aa” (3.13)

1
vV—h
which determines D — n — n of the combinations Do%, = 0nT, — ./Zlau in terms of the
physical coordinates x#. The remaining n + n dual coordinates appear via the “Lagrange
multipliers” 5,; and 47, which give as their equations of motion the chirality /anti-chirality
constraints [30]:

X}, (V=hh 950t + Popat) =0, X (V=RR 0t — 0gat) =0, (3.14)

for the directions picked out by the zero vectors XZ and Xﬁ of the degenerate matrix H*".

If we eliminate II,, from the action (3.12) via the equation of motion (3.13) we arrive at

eliminate IT
the analogue of the SNC action for an (n,n) geometry, Spws ————— S(,5), which is

obviously given by (3.12) with the final line set to zero on imposing (3.13), that is: [30]
T
S =3 / 20 — —RhPK 1,001 0pz” + P By 0ozt gz’ (3.15)
+ Baa X, (—V=RhPOpar — 002k ) + Bur X, (—V=hh* Ogat + P Ipatt)

Generalised dilaton coupling. For completeness, we may also comment on the cou-
pling to the generalised dilaton, which is via the natural Fradkin-Tseytlin term,

Spr = % / d*cv/—hR[h]d. (3.16)

When we integrate out the components Il,, in the path integral, we generate the usual
1-loop dilaton shift, d — d — %log det’(H*), where we take a determinant after projecting
to the D —n — n non-degenerate directions of H*”. This cancels with the primed determi-
nant in (2.17) and leaves the usual Fradkin-Tseytlin term involving the scalar ¢ appearing
in (2.17).

For the discussion of isometries which will we come to below, if we focus purely on the
classical worldsheet, we only see the coupling to the generalised metric and hence only the
Killing equations for the generalised metric (2.24) are required, and then the full set of the
infinite-dimensional symmetries (2.33) will appear.

—90 —



Milne-shift invariance for the undoubled string action (3.15). Recall that the
choice of spacetime parametrisation is not determined uniquely, but can be changed via
the Milne-shift transformations (2.19). The Gaussian integral of II,, is not a Milne-shift
invariant procedure: the on-shell relation (3.13) is not Milne-shift invariant, neither is the
last line of the action (3.12). However, it is on-shell invariant up to the chirality/anti-
chirality relations (3.14) which are the equations of motion of §,; and Bai. This means
that starting with the reduced action (3.15) the variation of the K, and By, couplings
therein vanishes on using these equations of motion, i.e. after imposing all the equations
of motion of AW the Milne-shift invariance is restored on-shell. Alternatively, since the
variation of K, and B, produces terms proportional to the equations of motions of Squ;
and Bgz, this variation can be cancelled off-shell if in addition to the Milne variations of
K, and B, (2.19), we let the Lagrange multipliers transform as

1 1
Bai — /Baz‘ + 5 <8al'u - \/jhha/3€5787$“>

x [2(KH)HPVM- + 2V, YE X, — Vo HP (Vo X + Vaj)‘(g)} :
| 1
ﬂoﬁ — Ba{ + 5 <aax“ + Thhaﬁfﬁ’yafyl"u)

x [2(KH),/’X_/[,5 + 2V, VP X, — VP (Vo X7, + ng)‘(g)} .

(3.17)

This is not merely the transformation induced by the use of the parametrisation in the
definition of f,; and fBa; in terms, but can be viewed as a ‘compensating’ transformation
rule for the Lagrange multipliers.'> Like other Milne transformations of the component
fields (2.19), the linear terms in the parameters, V,;, Vi7, correspond to the infinitesimal
Milne-shift, d,;, and the above is the finite transformation generated by the exponenti-
ation, €™, which terminates at the quadratic order. To summarise, while the doubled
sigma model of the generalised metric (3.1) is trivially invariant under the Milne transfor-
mations, the reduced undoubled action (3.15) which is free of the dual coordinates, Z,, is
so provided (3.17) is taken.

3.2 Sigma model in flat non-Riemannian geometry

Let us now specialise to the flat (n,7) background with coordinates x# = (2%, 2%, ') and
the generalised metric (2.20). In this case, after integrating out the dual coordinates Z,
the sigma model reads:

T
SFlat (n,7) = §/d20 -V —hhaﬁnabaax“agxb

(3.18)
+ Bai (—V=hh*? — ) 05" + Bor (—V/ =R + €27 ) 953"

1% A,,, must transform within (3.10), (3.11) in order to produce (3.17).
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In conformal gauge, v—hh?? = —1 = —/—=hh'l, /=hh"' = 0, %' = 1, we can define'®
Bi = Boi + Bui, Bi = Por — Bz and with 04 = 9y + 9y the action becomes'”

T - _
SFlat (n,i1) = 3 /dQU Nap0-2*04 3" + B;0_3" + B0, 2", (3.19)

and so exactly generalises the Gomis-Ooguri action (1.1), and therefore admits n + n
copies of the infinite-dimensional symmetry (1.2) described in the Introduction. Now we
demonstrate that this is induced by the supertranslational isometries of the generalised
metric (2.20) that we derived in the previous section.

To show this, we first discuss the transformation properties of the Lagrange multi-
plier fields, §,3. Recalling their definitions (3.10), (3.11), we directly obtain from the
transformations (3.2) that

6APap = —%f”Pau — (['SB/U/ + 28[M>\,,])6aggu 7
(SAﬁm‘ = Eg}/iupau — Y;’u(ﬁwa, =+ QQ[MAV])({?Q;CV , (3.20)
6ABai = —Egi/%‘upaﬂ + ?%“(LEB;W + 28[“)\1,])80@1/ ,

where we see the induced transformations (via the ordinary Lie deriva-
tive  L¢) of the background fields, Y/, Y B, though a  priori
SAY = Y, 0,V = E20\Y)  6ABy, = €20\Byy. In a Riemannian setting, the
Lie derivatives would vanish when (\,,£”) correspond to an isometry. However, as
discussed in section 2, the transformations of Y}, Y and B, will only vanish up to
Milne-shift and GL(n) x GL(n) rotations, reflecting the local Lorentz ambiguities inherent
in the (n,n) parametrisation. Hence we have the non-trivial transformations of ,; and
Baz as in (3.20).

For the supertranslational Killing vectors (2.33), with the on-shell value of the dual

coordinates from (3.13), DoZq = ——L BP0 T4, the general expressions (3.20) give
—h' ey B

ONBai = _8i<a <aa33a - havevﬁaﬂfza) - 8igj/8aj - 2a[ipj]8axj )

1
Ve
_ _ 1 I L
OABai = _aica (aaxa + \/jhha'yffyﬁaﬂxa) - 854.]504‘ + 2a[ipj]aax] .

One can then check that the (undoubled) action (3.18) is invariant under the transfor-

(3.21)

mations (3.21) along with the supertranslational Killing vector shifts dya* = &* of the
coordinates (2.33), up to a total derivative

OASFlat (n,n) = —T/dzo'ﬁaﬁaa (Pjaﬁxj + 930577 + (Ca — g_a)aﬁx“) (3:22)

__T / 20eP 0N\, D5a) . (3.23)

16The other combinations, Boi — B1i, Bor + Bz, are decoupled and can be gauged away through BRST
quantisation [33].

1"Without the compensating transformations (3.17), the effect of a Milne-shift is to generate a term of
the form —% fd208,mi8+550ﬁ. For n = 7 = 1 this corresponds to a “chemical potential” for winding
strings discussed in e.g. [29], taken to be constant in [9].
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In particular, when n = n = 1, writing the coordinates as z* = (2% y,y) and using the
conformal gauge components, 8 = By + 51 and 8 = By — 1, the expressions (3.21) become

() 5
oy

oAB = —ﬁﬁ 28(;( v) (%a( )a_ Zq. (3.24)

8+Iav 6/\5 = ay

B -

Indeed, this is exactly the transformation (1.2) we discussed in the Introduction, in full
agreement with [13, 14].

3.3 String charges and algebra

Noether charges. We evaluate the Noether current (3.4) in the (n,n) parametrisation.

Let A4 = (\,,£"). Using the equations of motion (3.13) and (3.14) we have explicitly

TR = Te N, 05" + T ( = V=hh* K, 053" + ” B, 02" )
1 i e o 1 Vv o ab\ 2 (325)
+ Ter {2Xu(—\/—hh P P Ba; + 5 Xu(=V=hh f_e 5)554 :

For the flat space Killing vector solution (2.33), this Noether current (3.25) becomes
1
=R = e (950 + pilah) g’ + pi(@)93") — wapa’/ =R D"

+ Ca(2®) (—\/—hhaﬂ + eaﬁ) Dpa® + Co(zh) (—\/—hho‘ﬁ - eaﬂ) dpaz®  (3.26)
1 . - _
+ 5 @) (V=R 4 ) + gl(zk) (—V=hh? — ) B
Note that through the projections with —v/—hh®? & €*#, the Noether currents associated

to (g, ¢" and (g, ¢" are chiral and anti-chiral, respectively, on the worldsheet.

We define a conserved charge, Qx = ¢ do 7, X . In conformal gauge, this reads

Oa = f{ [wanp*a® + ¢ (2% (pa + Tl) + C (@) (po = Tal) + (¥ )ps + T (@) .
+ 7 (¢ + pi(ah)a’ + pa(3")z") |,
where we substituted for the momenta conjugate to z%, z* and Z°,
. . T _ T
Pa = Ti, = T?]ab:l,‘b, pi = Eﬁm »= Eﬁi (328)

Henceforth we set T' =1 for convenience.

Algebra. From the charge (3.27), we can extract the generators of the isometry algebra:
for the usual Lorentz rotations,

My, = /dO' Pah — PbTa (3.29)
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and for the supertranslations,'®

Pg:/da (xl)ll (xQ)lgn_(xn)ln (pa+$/b77ba)7 sz/da (:El)il (ii‘z)l}"'(fﬁ)iﬁ(pa—x,bﬁba),
Pl = [do @) @) @) o Pl= [do @) @)= @, (3:30)
%:/da ($1)l1(562)l2-"(SUn)lnSU/i, _;::/dO' (jl)[l(a?2)z2'._(a}ﬁ)iﬁj/f’

where we set n-dimensional and n-dimensional vector notations,

f: (l17l2)"' 7ln)> l_: (l_l)l_Qv'” 7lﬁ)7 (331)
and let the components, I;’s, l;’s, be non-negative integers. If any of them is negative, the
corresponding generator vanishes. To write the commutators it is convenient to introduce
unit vectors, ,1, 7, J, l::, k, such that for example,

=

l_’*i:(ll)"'7li*15"'7ln)7 m —

=0

= (M, g — 1, ) (3.32)

Using this notation, the nontrivial commutation relations are:

1

- [Map, Mea] =nebMad—ncaMpa+1asMea —nNdaMeb (3.33)
1 — — 1 _:' = =
g [Maba PCZ‘J :ncbpcll—ncaplfa Z {Mab, Pcl :ncbpé_ncaplfa
Lol om] 1157 S5 ap
g [Paapgn} :Znab(mk_lk)RlI‘am,f{v ; PaﬂPl:n :Znab(ll_v_ml_g)RfJﬂﬁizv
1 k=1 e o k=1 (3.34)
- [Pé,ﬂﬂ leP(ﬁer_Z, - _(ﬁ, ‘{ﬁ :l} _é-&-fn—i’
lrr - . Form s 17 - P e
z |:F)Zl7pjmi| :_miP}+m—l+le;+m J’ ; El’ ]ZTL __mipjl-i-m—l_"_lj {+m ]7
Lror b j j
7|:PZ’R’T7L:|: mlRlﬂ-i-q i_‘_zél mle_;'_—' k>’
_ (3.35)

All other commutators are trivial. In particular, the chiral (unbarred) and the anti-chiral
(barred) supertranslational generators commute: suppressing indices,

([P,P]=0, [P,R]=0, [R,P]=0, [R,R]=0. (3.36)

It is worthwhile to note

n

S RE =0, > IRE . =0, (3.37)
k=1 k=1

BImposing (2.43), both Pil— and 135 may be subject to further constraints which can be easily implemented.
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since these correspond to the integrals of total derivatives. We then have identities like
n
1
k — k

and can verify the consistency between (2.37) and (3.35). Furthermore, with 0 =
(0,0,---,0), we note P? and P? coincide,'”

Pl =P = /do Pa (3.39)
and commute with all other supertranslational generators,
Pl pl=0, [P),P]=0, [P}, R]=0, [P} R]=0. (3.40)

Thus, they form the usual quadratic Casimir operators for ‘mass squared’:2"
<PgPl§nab> = <Pg]3§17“b> = —m?. (3.41)
Namely, only the Riemannian directions are involved.

Some comments are in order.
— The presence of the infinitely many conserved Noether charges means the integrability

of the ‘free’ string action on the flat non-Riemannian background (3.18). Chiral
or anti-chiral strings satisfy x'(7,0) = 2°(0,7 + o) or '(1,0) = (0,7 — o), which
imply they are fixed in space and preserve their whole shapes.

—Ifn=1lorn=1, R;i or R;; vanishes trivially and we recover the algebra of [13]. In the
above, we have neglected any possible winding numbers. Restoring these will result
in additional extensions, and it would be interesting to compare the result with [13]
and [14].

— Instead of the string (3.1), if the generalised metric is coupled to a point particle [64],
it is straightforward to derive the worldline Noether charge for the non-Riemannian
isometries,

Qa(@,p) = [wsa® + (*(@¥) + (@) pa + ¢ (@)pi + T (@i (342)
Compared with the string case of (3.27), this expression lacks the information of the
dual (tilde) directions, realising only the (untilde) commutation relations (2.36) while

missing the tilde part (2.37). This is of course consistent with the intuition that the
doubled geometry is intrinsically stringy rather than point particle-like.

4 Discussion

The generalised metric of double field theory (DFT) provides a unified description of Rie-
mannian and non-Riemannian geometries, and in this paper we showed how this descrip-
tion can be applied to the notion of Killing symmetries. In particular, we showed that flat
non-Riemannian spacetime admits an infinite-dimensional algebra of supertranslational
isometries. We also showed how these symmetries extend to the supersymmetric the-
ory, which gives rise to Killing spinors corresponding to arbitrary chiral and anti-chiral
reparametrisations.

19Gimilarly R% and Ré vanish trivially. Otherwise they would have formed an (n 4 n)-dimensional ideal.
20Tn (3.41), the minus sign in front of m? can be neglected if 7 is not mostly plus Minkowskian.
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Curved geometries. The double geometry approach advocated in the above can also
be used to study the properties of general curved non-Riemannian backgrounds. The
infinite-dimensional isometries that we found for flat backgrounds will not persist for a
general background, but the appropriate DFT realisation of the Killing equations in equa-
tions (2.24) and (2.41) still applies. As a first example, in appendix B we consider the case
of the non-Riemannian geometry originally obtained in [28] (which is related by simulta-
neous time- and space-like T-duality to the fundamental string supergravity solution). In
that case, the Killing equations do not lead to an infinite-dimensional isometry group, but
instead give the global isometries O(8) x ISO(1,1).

Non-relativistic strings. For the non-Riemannian parametrisation corresponding to
torsional Newton-Cartan (TNC) or stringy Newton-Cartan (SNC) strings, the bosonic
infinite-dimensional symmetries have previously been obtained from the string worldsheet
action [13, 14]. In this work, we show that they can in fact be attributed to isometries of the
non-relativistic background geometry. We have not taken winding modes into account in
the worldsheet realisation of these symmetries, which may add extensions to their algebra.
It would be interesting to fix these extensions and their associated transformations in par-
ticular in the context of non-relativistic strings, since they were previously argued [14, 37]
to correspond to a particular torsion (or foliation) constraint for SNC geometry. This con-
straint is relevant when comparing known SNC string beta functions [41, 42] to the recent
computation of the DFT effective equations of motion in terms of the non-Riemannian
parametrisations [32, 48]. Likewise, building on our computation in appendix B, it would
be interesting to study the breaking of the infinite-dimensional isometries in general curved
non-relativistic string backgrounds in more detail. Finally, a doubled perspective is likely to
be useful also for the non-relativistic open strings that were recently considered in [65, 66].

Boundary charges. For studying the properties of more general non-Riemannian back-
grounds, another potentially useful tool is the DFT construction of boundary charges [67—
69]. Analogously to (for example) the ADM charge in standard general relativity, this
construction associates a conserved boundary charge to a global generalised Killing vector
field. For this, it is useful to rewrite the generalised Killing equations (2.24) and (2.41) in
terms of the (torsionless) covariant derivative of DFT as [68]%!

A _ 5 1
LAaHap = 8P(ACPB)DV[CAD] =0, Lad = —QVAAA =0. (4.1)

For a given Killing vector fulfilling these two conditions, the contractions with the DFT
Einstein curvature, or (on-shell) equivalently with the DFT energy-momentum tensor, are
conserved [54],

VAGABAR) =0 =V4(T*PAp) = 0a(e X G*BAR) = 0= 9a(eXTABAR).
(4.2)

21 The vielbein Killing equations (2.48) can be re-expressed in terms of covariant derivatives too [54], see
eq. (3.3) therein.
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These target space conserved currents are comparable with the worldsheet Noether cur-
rent (3.4). The generalised boundary charge associated to a doubled Killing vector A4 s
obtained by integrating [67, 68]

QAB — —2d [4(PC[APB]D _ PC[APB]D)VCAD _ 2N[AAB]} ’ (4.3)

where the DFT boundary vector [70] is N4 = —dpHAP + 4HAB0pd. In practice, one
wants to integrate this over a codimension-2 hypersurface within the physical spacetime.
Solving the section condition by letting & = 0, we only need the components O*. In
terms of the differential “toolkit” for the undoubled non-Riemannian geometry that was

introduced in [32], we can easily find the corresponding expression in the general (n,n)
case, with AM = (A, &),

Q= ¢ [~29lel — (\, — Byo” )W + (9,HAW — 4H M9, d)e”)] | (4.4)

where D is a covariant derivative and H*? is a Milne-shift invariant H-flux. (All upper-
indexed, see section 4.3 of [32] for their precise definitions.) It would be interesting to see
what the resulting charges are for curved non-Riemannian geometries.

Relation to asymptotic symmetries. The infinite-dimensional Killing isometries that
we obtained are strongly reminiscent of the BMS algebra associated to the reparametri-
sation symmetries of null infinity in asymptotically flat spacetimes [16-18]. This is where
we borrowed the term ‘supertranslations’. We emphasise that the supertranslational sym-
metries we have studied do not appear only asymptotically, but are the genuine isometries
of the whole non-Riemannian spacetime we considered. Though we have considered the
non-Riemannian geometries without any reference to an embedding in a higher-dimensional
space, utilising the DFT Kaluza-Klein ansatz, one can obtain, e.g. the Carrollian parametri-
sation as a null hypersurface in a higher-dimensional Riemannian DFT geometry [30]. Like-
wise, it would be worthwhile to explore the appropriate notion of boundary conditions and
associated asymptotic symmetries, building on the existing toolkit for computing boundary
charges that was discussed above.

Supersymmetry and M-theory. We have used the known supersymmetric formula-
tion of DFT to obtain the generalised Killing spinor equations for the non-Riemannian
parametrisation with n = n = 1 and D = 10 that is related to non-relativistic strings.
DFT also provides us with a maximally supersymmetric effective low-energy action [51],
and it would be interesting to work out the supersymmetric action for a general non-
Riemannian parametrisation including the Ramond-Ramond sector. On the worldsheet
side, a good starting point would be the spacetime or worldsheet supersymmetric doubled
sigma models considered in this context in [45, 47]. Finally, the extension of the analysis
of generalised isometries to M-theoretic non-Riemannian backgrounds can be considered
following [46].

Other directions. In the conventional flat Minkowskian spacetime, ‘particles’ are iden-
tified as the irreducible representations of the Poincaré group. It would be of interest to
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generalise Wigner’s classification to the non-Riemannian geometries considered above. In
particular, the notion of particle mass is valid as long as there is a Minkowskian subspace,
see (3.41).

An especially intriguing application of the non-Riemannian geometries may be, as an
alternative to string compactifications, to assume the internal space to be non-Riemannian
while keeping the external four-dimensional spacetime Riemannian as usual [30, 31, 33].
Our result then appears to indicate that, when the internal non-Riemannian space is flat,
there will be supertranslational symmetries in effective field theories around the total back-
ground. These are local and hence should be taken as gauge symmetries. That is to say,
physical states in this background (at the quantum level) should be supertranslational
singlets. Specifically, in view of our Killing vector solution (2.33), they should have no de-
pendence on the internal non-Riemannian space. This could imply that non-Riemannian
isometries provide a natural scheme for the dimensional reduction(s) from the critical ten
(or 26) to the phenomenological four dimensions.
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A Solving the flat non-Riemannian Killing equations

Here we derive the most general Killing vector solution (2.33) for the generalised met-
ric (2.20). With Hp constant, it is convenient to return to the generalised Killing equa-
tions in the form (2.25), which become explicitly:

)
)
)

The generalised Killing equations (A.1) to (A.3) now further decompose into 3 x 3 = 9 sets

D ERHP + 8,6V HI = 0, (A.
DuEPH,Y + BNH — DN HP — 9,8 H,P =0, (A.

w N =

of equations in view of (2.21), depending on the free Greek indices, u, v, being of a, i, or

Zhttps: //workshops.aei.mpg.de/geometryduality /.
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7 type. For the constant (n,n) background, the first set of the Killing equations (A.1) we
are going to solve becomes
776(“3&”) =0. (A4)

When {y, v} = {a,b}, we recover the Poincaré symmetry: from
aagb + abga =0, (A5)
we have as usual,

8caafb = _8081)5(1 = abaagc = _8aac€b :7 0 . (AG)

= &u (€, 2, if“) = wab(ajk, ik)xb + va(xk, ik) ,
where wg, = —wp, is skew-symmetric, and the a, b, ¢, d indices are freely raised or lowered
by 7% or 1.q. On the other hand, if {u, v} = {a,i} or {a,7}, we have?3
08 =0, &L=0 = ¢=((ak k), &=@kh). (A7)

Other cases of {u,v} being {i,j}, {i,7}, or {z,7} are trivial implying no constraint. That
is to say, the most general solutions to the first equation (A.1) with constant H* = HH
are given by the superrotations and supertranslations (A.6), (A.7),

LHM™ =0 = &b, 2%) = [wy(ah, 25’ +0"(ah,25), (b 2, (b 2]
(A.8)
After acquiring this, we turn to the second set of the Killing equations (A.2) which reads

OuC 6" — 0,C 6" + (Ophe — 0N )™ — 0,70, + €¥5," = 0. (A.9)

If (u,v) = (a,b), we have 9, Ay = 0 and hence with an arbitrary function @(z¢, zk, zk),
Ao = Oap(a€, 2%, 2%) . (A.10)

The cases of (u,v) = (a,1i), (a,2), (i,7), or (z,7) are trivial. If (u,v) = (i,2) or (z,7) we note
the ‘chiral’ property,

¢ (xk ) =0, oCi(ak F) =0 = & =_@R), ¢ =), (A.11)
If (u,v) = (i,a), (A.9) gives
ai(a, 2¥,38) = 0,]0up (2, 2%, 7F) — va(aF, 2F) — wap (2, 252t (A.12)

of which the integrability condition of J,0yA; = 0 implies djwa, = 0. Consequently, the
last term in (A.12) drops out to give

8QA7;(.TJC, xk7 EI_C) = 8aai {@(xc7 xku :fl_g) - m‘C/UC(xk7 j’;)} 9 (Al?’)

*In our notation, {u,v} is unordered while (u,v) is ordered: for example {u,v} = {a,i} means
uw=a,v=1ior u=1i, v=a, while (u,v) = (a,i) denotes u = a, v = 1.
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and thus, ) ) ) )

Ni(z€, 2k 2Ry = o [@(xa o* %) — zCu.(a”, :z’“)} + ay(z®, 7 (A.14)
where a;(z*, iE) is an arbitrary function of 2¥ and z*. Similarly for (u,v) = (v,a), we get
Osway = 0 and

N2t 2F, 7F) = ;] @(a¢, 2, ) + 2ue(ak, 38)| + as(ah, 7). (A.15)

In particular, the skew-symmetric parameter, wg,, must be strictly constant. That is to
say, there is no ‘superrotation’ (of the Riemannian space) left after imposing the second
equation (A.2).

The last set of the Killing equations (A.3) now reduces to

6(“5’3771,)0 + 6i(“8y))\i — 55(#81,)5\5 — 81')\(H5il,) + &Z)\(ué% =0. (A.16)

For {u, v} = {a,b}, we only recover (A.5) and nothing new. Likewise, the cases of {u, v} =
{a,i} or {a,1} are automatically fulfilled by (A.6), (A.14), and (A.15). The cases of {u, v} =
{i,j} and {7, 7} are trivial. The remaining final case of {p, v} = {i,1} gives

Oihi — Or\i = 22°0;0r00(2", &%) + B (¥, 2F) — Byau (2, 2%) = 0. (A.17)

This implies

B0 (zF, zF) = 0, By (z%, 2F) — Oy (ak, 2F) = 0, (A.18)

which are generically solved by

pi’(wk) , (A.19)
(

Here (. (2%), p;(2*) are ‘chiral” and Ca(Z"), ,65(9%]5) are ‘anti-chiral’, while o(z*, z¥) is a scalar
depending on both z*¥ and Z* but not on z%. As for the final step, we perform a field
redefinition,

P20, 2%, 7F) — p(ac, 2, 7% = @(ac, 2F, 7F) — 29¢, (2F) + 29Ca (ZF) + o (ak, zF)
(A.20)
which removes o by absorption and simplifies our general solution. This completes our
derivation of (2.33).

B Solving for a curved non-Riemannian geometry

The first known non-Riemannian geometry of DFT is given by the following generalised

metric [28]
0 0 o3 O
0% 0 0 Q s S, a0
pry = 1 —_— = a B.l
7'lMN o3 0 f0'1 0 ) f + 767 r ;(w ) ’ ( )
0 0 0 b
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while the generalised dilaton, d, is constant. This can be obtained by starting with the
usual fundamental string supergravity solution [71], with metric ds? = f~1(—dt? + dz?) +
Sapdz®da®, B-field By, = f~1, and dilaton e 2? = f, and formally T-dualising on both ¢
and z.

The corresponding Killing equations then consist of

OpERHPY + D eV HM =0, (B.2)
" Hp" + A H" = DA\ H = OpE" M, = 0, (B.3)
70, Hyw + 0u " Hpw + Ou Xy H' Y — Op N HP L 4 0uEPH pp + O A HL — 0N H, =0, (B.4)

and for the dilaton, d,
o0&t =0. (B.5)

Compared to the flat cases of (A.1), (A.2), (A.3), and (2.42), the only difference is the
transport term, £70,H ., in (B.4), which is nontrivial due to the harmonic function po-
sitioned in H,, of (B.1). Each of (B.2), (B.3), and (B.4) decomposes into 3 x 3 =9 sets
of equations, depending on the Greek indices, u,v, being 4+, —, or a = 1,2,--- ;8. We
naturally put

=, ¢,¢Y, A=A, A, ), (
and solve for these variables a priori as functions of z™,z7,z¢. Luckily, since (B.
and (B.3) are identical to (A.1) and (A.2), all the previous analyses spanning from (
to (A.15) for the flat cases are readily applicable: the most general solution to (B.2), (B.
are given by

§+ - C+($+) ) § = 47(377) ) £ = wabxb + Ua(era xi) ) <B7)
and
Ay =04 [P 2t 27) — 2%e(2h,27)] + g (@, 27),
A =0_[p(f xt,27) + 2%c(zh,27)] +a_(a,27), (B.8)

We only need to take care of (B.4) and (B.5) henceforth. With (B.7) and (B.8), the Killing
equation (B.4) is nontrivial only for the case of {u,v} = {+,—}, to give

EOuf + fOLCT 4+ fFO_C — 42040 v, +20_ay — 20,0 =0, (B.9)
which, from 0.f = —6Qz.r 8, further reduces to

49 ayy (@t e7) + f()[0+c+(w+)+8—((w’)}

(B.10)
—42°0,0_ve(zt,27) — 6Qr Sz ve(zt,27) =0.

There are four terms here which have distinct dependence on the eight-dimensional coor-
dinates, ¢, when @Q # 0. Therefore, each of them should vanish separately, or

O_ayy(at,27) =0, O4¢T(a%) +0-¢"(27) =0, va(zt,27) = 0.
(B.11)

~ 31—



For example, one may take a partial derivative, d,, of (B.10), and obtain
040 _va(zt,27)

+ %Q’I”_S {J:a6+g+($+) + 2,0_C (7)) +va(z T, 27) — 8r 2zqzlv. (27, ZL'_)} =0.
(B.12)

Considering the large r limit, we get 049_v,(z™,2~) = 0, and hence
Ta01CH (@) + 2,0_C (27) +va(zT,27) — 8r 2zq2v.(zt,27) = 0. (B.13)

Again taking a partial derivative, 9y, of this and considering large r limit, we note 9, ¢t +
0_(~ = 0 and subsequently,

r2vg (T, 27) — 8xaxve(zt,27) = 0. (B.14)

Finally, hitting this with 0,0%, we get vy = 0. The first relation in (B.11) is solved by
ar = Oro(xt,z7). In conclusion, for Q # 0, with the field redefinition, ¢ = ¢ + o
like (A.20), the most general solution to the full set of the Killing equations is

€4 = wha®, et =wat + ¢t & =—wxr +c, A= 0w, (B.15)

which corresponds to the direct product of so(8) and the two-dimensional Poincaré sym-
metry of the light-cone.
In contrast to the flat case (2.33), there is no supertranslation. Furthermore, the Killing
equations for the DFT metric implies the dilatonic Killing equation: the general solution
to the former is now already divergenceless, 9,6 = 0, while in the flat case the dilatonic
Killing equation imposes a separate constraint, see (2.42). The lack of infinite-dimensional
isometries may well imply that the corresponding interacting string action (3.15) on this
background is not integrable.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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