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ABSTRACT

In this short contribution we introduce a nonassocaitive deformation of dif-
ferential geometry and General Relativity. The nonassociativity is based on the
string theory nongeometric R-flux. We use the twist formalism to consistently
deform the algebra of infinitesimal diffeomorphisms into the quasi Hopf algebra of
(deformed) infnitesimal diffeomorphisms and introduce the NA deformation of dif-
ferential geometry. In particualr, we define the Levi-Civita connection, curvature
tensor and torsion. The space-time quantities (curvature, torsion) are obtained
by the zero momenum leaf projection to the space-time. The vacuum Einstein
equation in space-time, expanded up to first order in the deformation parameter
kh is obtained.

1. Introduction

In the context of string theory, it is expected that the closed string sector
provides a framework for a quantum theory of gravity. Namely, the massless
bosonic modes of the closed string sector contain gravitational degrees of
freedom such as the metric, the B-field, and the dilaton. In particular, in
locally non-geometric backgrounds one expects to find a low-energy limit
of closed string theory which is described by an effective nonassociative
theory of gravity on spacetime.

Attempts to formulate a consistent effective gravity theory in the space-
time, starting from the nonasocaitive phase space of closed strings were
done in [1, 2, 3]. There the construction is done using the twist approach.
The twist approach provides a well defined way to introduce the noncommu-
tative/nonassocaitive differential geometry and the notions of connections
and curvature. The essential step [2, 3| is the projection from the phase
space to the spacetime via the zero momentum leaf. In this short con-
tribution we explain how the metric aspects of nonassociative differential

* This work has been supported by the Action MP1405 “Quantum Structure of Space-
time” from the European Cooperation in Science and Technology (COST) and by Project
ON171031 of the Serbian Ministry of Education, Science and Technological Development.

T e-mail address: dmarija@ipb.ac.rs

111



112 M. DimiTRIEVIC CIRIG

geometry and vacuum Einstein equations in a model based on a locally
non-geometric flux R are developed. The contribution is based on work
done in [2, 3].

After a short overview of nomnassociativity and noncommutativity in
physics, in next section we develop the nonassocaitive differential geometry
based on a cochain twist. This we use in Section 3 to construct a nonasso-
ciative theory of gravity on spacetime. Explicit expressions for the torsion,
curvature, Ricci tensor and Levi-Civita connection in nonassociative Rie-
mannian geometry on phase space are obtained. Using the projection to
the zero momentum leaf, we construct the R-flux corrections to the Ricci
tensor on spacetime, and comment on the potential implications of these
corrections.

2. Nonassociative differential geometry

First ideas of a space-time with noncommuting (NC) coordinates appeared
in the early days of quantum mechanics. In the 1930 Heisenberg proposed
to introduce noncommuting coordinte operators in order to regularize the
divergent electron self-energy. In the 1947 Snyder construced the first model
of a NC space-time [4]. The renormalization theory, developed in the 1950es
sucesfully solved the problem of divergences in quantum filed theory, so
the idea of noncommutativity was not developed furhter. However, in the
1990es new results from string theory and searches for quantum gravity and
quantum space-time renewed interest in noncommutative geometry. Lot of
work has been done in formulating quantum field theory and gravity in a
NC space-time, see reviews [5].

In the similar way, first ideas on nonassociativity of coordinates in
physics go back to the early days of quantum mechanics. Jordan formu-
lated a version of quantum mechanics [6] whith a new composition between
herimitean observables

AoB=—((A+B)*- A% - B?).

1
2
This composition gives a hermitean observable again, but it is nonasso-
caitive. Nambu further developed a modification of classical mechanics by
introducing a Nambu-Poisson bracket {f, g, h} instead of the usual Poisson
bracket [7]. Nambu-Poisson bracket fulfils the fundamental identity instead
of the usual Jacobi identity. The idea of nonassociativity in physics was
then forgoten until recenty. Namley, it was discovered that symmetries of
closed string field theory close a strong homotopy Lie-algebra, L., algebra.
These algebras can be seen as a generalization of the usual Lie algebra that
do not fulfil the Jacobi identity, but higher homotopy relations instead.
Nonassociative x-products were develeoped from (closed) string theory in
locally non-geometric backgrounds [8]. We will work with a model of a
nonasocaitive phase space that originates from closed strings moving in a
non-geometric background defined by the constant R-flux.
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The phase space M has coordinates =4 = (z*, Ty =pu), 04 = (au, oM =

%) with A =1,...2d. We introduce a deformation by a cochain twist F

f:exp(—%h(améu—é”@aﬂ)—%R“””(pyapwp—ap@pyap)) . (1)

3
with RFYP totally antisymmetric and constant, and x := é—%. This twist
fails to fulfill the 2-cocycle condition

P(FRN(ARI)F=(10F)({de A)F. (2)
The associator ® is given by
P =exp(heR"P0,®0,00,) =1 Q¢ @3 =101®1+0(hk). (3)

In the following text we will use the notation: F = f*®f,, F ! =f*®f,,

P! =: ¢ ® ¢ ® 3. The R-matrix encodes the braiding and it is defined
by
R:J—'.72::RQ®RO¢7 (4)

The inverse of the R-matrix is then

R 1'=F2=R*®R,.

The phase space M is invariant under the action of infinitesimal diffeo-
morphism. The Hopf algebra of infinitesimal diffeomorphisms UVec(M) is
given by:

[u,v] = (uBagvA — vBaBuA)aA,
e(u) =0,5(u) = —u.

The twist (1) deforms this Hopf algebra into a quasi-Hopf algebra of in-

finitesimal diffeomorphisms UVec” (M). The deformation is such that the
algebra structure does not change, the coproduct is deformed

ATE=FAF,

while the counit and the antipod do not change: ¢/ =¢, 87 = S.
On the basis vector fields the twist acts as

A;(&H) =1 ®ap, +au ® 1 )
Ap(") = 1@ +0"®1+ ikR"P 9,20, .

We use the covariance under the infinitesimal diffeomorphisms as a guid-
ing principle to define a NA phase space. Namley, we know that the differ-
ential geometry on M is covatiant under UVec(M). Then we demand that
the NA differential geometry on M should be covariant under the action of
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twist-deformed insintesimal diffeomorphism UVec” (M). This means that
for any UVec(M)-module algebra A (functions, forms, tensors) and for
a,be A, u e Vec(M)

u(ab) = u(a)b + au(b),

where the action on product is defined by the Leibniz rule, that is the
coproducts of vectors w. The twist (1) deforms this into: UVec(M) —

UVec” (M) and A — A, with
ab— axb=T%a) T ulb)
Then A, is a UVec” (M)-module algebra
§(axb) = Eay(a) x &2y (b),

for &€ € UVec” (M) and the action is via the twisted coproduct A7¢ =
NORENCE

The new composition is noncommutative
axb="Ff%a) fo0b)=R*b)*Rala) =:**4a
and it is also nonassociative:
(axb)xc="ax(?2bx%c).

The noncommutativity is controled by the inverse of the R-matrix, while

the nonassociativity is controled by the associator ®.
In particular, the algebra of functions C*°(M) is deformed to C°°(M).,

£(f) - Falg) (5)
= f'g+%(3uf'a#g - a'uf'aug) + iﬁR#Vppuapf'aug + o

f*g

For the special case of phase space coordinates we get
[ 5 2¥] =2ik R p,,
[pp¥p] =0, [z"71a¥]=ihé",,

[h % 2 % xP] = 03 RHVP. (6)

The exterior algebra of differential forms Qf(M) is deformed to Qf (M),
with
wAen=Tf*w) AT a(n), (7)
frda? =da®* (6% f — ik Z*PcoBf) ,

with non-vanishing components %Z*"*" ; , = R'P. Especcially, for the
basis 1-forms

(dz? A, dzB) A, dz© = 91 (dz?) A, (¢2 (dzB) A, 2 (dxc))
=dz? A, (dzP A, d2€) = dz? A dzB A daC©.
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Exterior derivative d is undeformed. Tt fulfills d2 = 0 and the undeformed
Leibniz rule

d(w A, ) =dw Ay g+ (=D)®Tw A, dn. (8)
Duality or the x-pairing is defined as
<w7u>*:<fa(w)7fa(u)>' (9)

Finally, the Lie-derivative can consistently be deformed to a x-Lie dri-
vative as

Lol nan) = L5, (20) A 20+ (P P10) A L Gy, (% P0),

[‘CTU‘C;}' = [Fa£;7fa£z] = ‘C?u,v]*’

with [u, v], = [ *(u), o(v)] and

[u’ [U, Z}*}* — [[431“’ 5721]]*’ J?sz] + [a(ﬁgl 951@)7 [a(d;'z ¢2u), és3 @32]*]

* *

It is well known that the usual Lie derivative £,, generates a one parameter
family of diffeomorphisms. However, a relation of £} with diffeomorphism
symmetry in space-time still needs to be understood fully [9, 10].

After formulating the basic notions of the NA differential geometry, we
now define a *-connection by

V* : Vec, — Vec, ®, Q!
u — Vu, (11)

Viuxf) = (Vv (%u)*®f +u®,df. (12)
A connection defined in this way satisfies the right Leibniz rule, for v €
Vec, and f € A,. In particular
V*0p =: 05 @, T = 0p @, (15, «dz®) . (13)
dy+ (04 @4 wA) =04 Qu (de + I‘g A wB),
for w4 € Qa
Once we defined the x-connection, the torsion and the curvature tensors
can be defined straightforwardly. The torsion we define as
T :=dy- (8A R dxA) : Vec, ®, Vec, — Vec,,
T*(@A,é)B) = 80 * (FgB — FgA) = 8@ *TCAB.

In the coordinate basis, the torsion-free condition reduces to FgB = Fg A
The curvature tensor we define as

R* .= dV* de* : Vec* — Vec* (20 in

R*(94) = 0¢ ®, (AT + TG A TE) = 0¢c ®, RY,



116 M. DimiTRIEVIC CIRIG

The Ricci tensor is a contraction of the curvature tensor
Ric*(u,v) := —( R*(u,v,04) , dz? ), (14)
Ric* = Ricap * (dzP ®, dz?).
Commponents of the Ricci tensor in the coordinate basis can be calculated
from Ricpc := Ric*(9p, d¢) and they are given by
Ricge = 0al 8o — 0Ty + Ty x DB, — T4, «TE,
+ikTp g (P4 (06T ) — #FC 0 (06TEL)) (15)
+ ik BEC L 060y — ik BEC 4 06 (T g x DB — T xTEE)
+ &2 B 1 (BEC L Op (T8 5 % 06T EG) — B#PC 0 9p (DB p % 0cTE L)) .
Unfortunately, a scalar curvature cannot be defined along these lines. That
is, it cannot be seen as a map and the inverse metric tensor needed for the

definiton. Due to nonassociativity it is not straightforward to define the
inverse of the metric tensor. Namely

GMN 5 Gnp = 6%, but (GMN xGnp)x f# GMN % (Gyp* f).

This problem we hope to solve in our future work.

3. Nonassociative deformation of General Relativity

The connection of General Relativity Fblc,p is a Levi-Civita connection:
it is torssion-free and metric compatible V,g,,, = 0. In this section we
generalize this conditions to the NA phase space. First we define a metric
tensor g* € Q! ®, Q! and then we demand

*Vg* =0. (16)

In addition, the connection is torsion free I‘gB =T g 4- Expanding the
above condition up to first order in Ax we find

rp” = FLCS 38°? (Opgaq +0agnq — dogap) (17)
it = S ((OugrQ) 9T’ — (0"8r@) 0ulap’)

Y = iﬁRam (g L gy (0157 ) —&°M s (0,8Mmw) 80¢FIACDN> ;
Fi%’l) = % RoPY [ long expression + (9,g°?) (Jsgqp) 87F';&)P}.

Here we labeled gS = gM 0z, Notice that FS(O D and Fi%ao) are

purely imaginary, while T" A(D’ ) is real. For gy that does not depend on

the momenta p,, only the last term in Fi%’l) remains.
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The phase space vacuum Einstein equations are given by
Ricge =0 . (18)

Using (14) and (17) we obtain vacuum Einstein equations in phase space
expanded up to first order in hx. However, we are interested in the de-
formation of General Relativity in space-time. To extract the space-time
vacuum Einstein equations from (18) we develop a method of projection
which we describe in the following.

We start from objects in the space-time M, for example the space-time
metric tensor g = g, dz* ® da”. Then we lift these objects to the phase
space M foliated with leaves of constant momenta. Note that each leave
is diffeomorphic to M. We do all calculation using the NA differential
geometry tools developed in the previous section. Final results (in phase
space) we project to the space-time, using again a leaf of constant momenta.
In particular, we will use the zero-momentum leaf to perform the projection.
Our procedure is ilustrated by the diagram

Applying this procedure to the metric tensor g = g, dz" ® dz” gives the
phase space metric tensor gy dz™ @ daV with

(éMN(ﬁC)) _ (gulb(l‘) h“‘g(x)> ) (19)

To have a non-singular metric we had to introduce an additional nonde-
generate bilinear h(z)*” dz, ® dZ,. Its choice is arbitrary, we pick up the
simplest and the most natural choice h(x)** = nH*.

Now we can do all calculations in phase space, using the NA differential
geometry. In particular, we calculate Ricgc in terms of gap, (14), (17).
In the end we project the result to space-time using the zero section x
o(x) = (x,0). In particular, the projection of Ricci tensoris given by

Ric — Ric*® = Ricj, d2# ® dz”,
Ric,,(z) = o"(Ricy)(z,p) = Ricy(z,0).

Components of the lifted metric gy7y dz™ @dz = gyrv*(dzM @,daV),
expanded up to first order in Ak are given by

= . gl“’ (:L’) % nga aﬂglﬂl) 20
gMN(‘T) (121% ROk aagau nuu(z) . ( )
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Finally, components of the Ricci tensor in space-time, expanded up to first
order in hx follow as:

Ric;,, = RiclS + {5 R (9, (9ag" (9580+) 0,157
0, (0ag”” (0580+) O4T}57)
+ 01870 (0a(87" Ty ") 0Ly — 0alg”" T557) 05T 0"
+ (T 7 0a8”™ — 0al )07 8"7) 95T 50"
— (T7 Dag’™ — 0aTH07 87) O5THG<) ). (21)

The vacuum Einstein equations in space-time are given by

RicS, = 0. (22)

o
uv
4. Conclusions

In this short contribution, we described how the R-flux (via NA differential
geometry) generates non-trivial dynamical consequences on spacetime. The
first order corrections are are independent of /i (they are first order in

3
kh = %) and real-valued. To obtain the results in space-time, we used the
projection to the zero momentum leaf. Note that pulling back to a leaf

of constant momentum p = p° (generally) gives a non-vanishing imaginary

(1,0)

contribution Ric,,y ., to the spacetime Ricci tensor. Also, n-triproducts

|p=p
calculated on the zero momentum leaf [2] coincide with those proposed in
[8].
We took the simplest choice of h(x)* = n”. This can be changed
to a more general metric. In relation with Born geometry discussed in
[11] we can say that in our model nonassociativity does not generates
curved momentum space. It might generate a more genral deformations
with h(z)*” # n*”. This has to be investigated further.

There are lots of projects to be discussed in our future work. Some of
them are: phenomenological consequences of the R-flux induced corrections
to GR solutions, construction of scalar curvature, adding matter fields,
full Einstein equations. The twisted diffeomorphism symmetry has to be
understood better, in particular its relation with the L, structure.
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