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1 Introduction

One of the important features that characterizes string theories is duality [1]. T-duality,
that distinguishes string theory from theories based on point particles, is the most distinc-
tive feature to understand stringy nature of spacetime.

T-duality among spacetime geometries is studied in various contexts. For example,
the famous Buscher rule of T-duality [2, 3] is derived in the two-dimensional string sigma
model as a target space transformation. In supersymmetric theories, a duality symmetry
between chiral and twisted chiral multiplets of two-dimensional N = (2, 2) sigma models is
interpreted as T-duality [4-6]. In general, an N/ = (2,2) theory only with chiral multiplets
requires that the target space geometry is Kéhler [7, 8]. In particular, the presence of
the twisted chiral multiplets requires that the target space is the bi-hermitian geometry
admitting two independent complex structures (J;,J_) that commute with each other
and are compatible with the target space metric [9, 10]. A pair of noncommuting complex
structures in A = (2, 2) models with semi-chiral multiplets is also studied [11]. It is shown



in the sigma model language that Kéhler and bi-hermitian geometries are T-dual with
each other [12-15]. Similarly, NV = (4,4) supersymmetry requires that the target space
is generically a bi-hypercomplex geometry which admits three sets of complex structures
(Ja 45 Ja,—) (with a = 1,2, 3) satisfying J, +Jp - = Jp —Jo 1.

On the other hand, geometric realization of T-duality symmetry is developed in the
context of generalized geometry [16, 17]. The generalized tangent bundle TM over a
D-dimensional spacetime manifold M is defined by the formal sum of the tangent and
the cotangent bundles TM = TM @ T*M. The spacetime geometry M is encoded by
2D-dimensional generalized structures on TM in the O(D, D) covariant fashion. For ex-
ample, the Kahler structure on spacetime M is realized as the generalized Kéhler structure
(J7,Jw) on TM, via so-called the Gualtieri map [17]. It is also shown that the bi-hermitian
structure on M is realized by the generalized Kéhler structure (74, J-). The physical origin
of this correspondence is studied in supersymmetric sigma models [18-23]. This also holds
for the hyperkahler and the bi-hypercomplex cases. They are realized as the generalized
hyperkéhler structures on TM.

Generalized geometry is closely related to doubled formalism [24-26]. The idea of T-
duality symmetric geometries is further sophisticated in the study of double field theory
(DFT) [27]. DFT is developed on the basis of the doubled formalism in which the spacetime
metric g,,,, the NSNS B-field and the dilaton ¢ are organized into the 2D x 2D generalized
metric H sy and the generalized dilaton d. They are defined in the 2 D-dimensional doubled
space M where T-duality symmetry is manifestly and geometrically realized. T-duality
symmetries of geometric quantities are implemented as global O(D, D) transformations in
the doubled space. For example, the Buscher rule of g,,, B, and ¢ is reproduced by an
O(D, D) rotation of the generalized metric H sy and the generalized dilaton d. The general
T-duality transformation law of Kéahler, hyperkahler, bi-hermitian and bi-hypercomplex
structures of spacetime geometries are also discussed in the doubled formalism [28]. The
geometry of the doubled space M is implemented by the Born structures [29-34]. The
Born geometry is endowed with the doubled foliations, the O(D, D) structure, the natural
inner product by the O(D, D) invariant metric nysy, the generalized metric Hyny and a
unique connection. Furthermore, it is shown that the tangent bundle of the doubled space
T M is identified with the generalized tangent bundle TM through a natural isomorphism.

The purpose of this paper is to study the T-duality nature of the spacetime structures
of Kahler, hyperkéahler, bi-hermitian and bi-hypercomplex geometries by embedding them
into extensions of the generalized (hyper)Kéhler structures and the Born structures. We call
these doubled structures in general. In particular, we study compatibility of the doubled
structures with the Born geometry on which DFT is naturally defined. We will show that
the Born geometry is compatible with the generalized (hyper)kéhler structures by encoding
the complex structures of spacetime into doubled structures in an appropriate way. Along
the way, we will encounter interesting connections between the doubled structures and
certain algebras of hypercomplex numbers. We will analyze the algebras that the doubled
structures obey. With these results, in the latter half of this paper, we study the T-duality
covariant expression of the worldsheet instantons. The existence of the generalized complex
structures in the doubled space leads us to the notion of doubled worldsheet instantons.



We study the doubled worldsheet instantons in the Born sigma model which is a sigma
model whose target space is the 2D-dimensional Born geometry [35]. This provides us a
T-duality covariant way of string worldsheet theory.

The organization of this paper is as follows. In the next section, we introduce the Born
geometry on which DFT is defined. The relation between generalized geometry and doubled
geometry is discussed. In section 3, we study the compatibility of the Born and the general-
ized Kéhler structures. We study algebras of hypercomplex numbers that these structures
obey. We show that Kéhler, hyperkéhler, bi-hermitian and bi-hypercomplex structures of
spacetime are embedded into doubled structures together with the Born geometry. In sec-
tion 4, we study the T-duality covariant expression of the worldsheet instanton equations
in the Born sigma model. We discuss T-duality property of the worldsheet instantons.
Section 5 is devoted to conclusion and discussions. Appendix A and B are glossaries of
mathematics on hypercomplex numbers and Clifford algebras.

2 Double field theory and Born geometry

In this section, we clarify the relations among double field theory, the Born geometry and
generalized geometry.

2.1 Double field theory

We start by introducing double field theory (DFT) [27]. DFT is a formulation of super-
gravities for which T-duality is manifestly realized. The fundamental fields of DFT are
the generalised metric Hasny and the generalized dilaton d. They are defined in the 2D-
dimensional doubled space M. The doubled coordinate XM, (M = 1,...,2D) on M is
decomposed as XM = (X*, X,), (u = 1,...,D) where X* and X, are the Kaluza-Klein
(KK) and the winding coordinates respectively. The action of DFT is given by

Sppr = / 2PX 2(H, d), (2.1)
where Z(H, d) is the generalized Ricci scalar defined by

A(M,d) = AHMNOprond — OpONHMY — AHMN 9y rdOnd + 400 HM N Ond

1 1
- gHMNGMHKLaNHKL - §HMN8MHKL8K”HNL. (2.2)
Here the derivative means dy; = BXLM' The indices are raised and lowered by the O(D, D)

invariant metric 73,y and its inverse n™~. The action (2.1) is manifestly invariant un-
der the global O(D, D) transformation and is invariant under the O(D, D) covariantized
diffeomorphism and the B-field gauge transformation. The T-duality transformations of
the spacetime fields are implemented by the O(D, D) rotation of the generalized metric
Harn(X) and the generalized dilaton d(X). To see this, it is useful to employ the standard



parameterization of the DFT quantities

g —9""Bpy ) —2d —2¢
Hun = » o ) e 7 =v—-ge ™,
(Bupgp 9w — Bupg”’ Boy
0 o, MN (U
NMN (5/ 0 >, n (5% 0/ (2.3)

where g, and B, are D x D symmetric and anti-symmetric matrices respectively, while
¢ is a real function on M. The generalized metric Hysy is an O(D, D) element and d is
invariant under the O(D, D) rotation. All the quantities involving the gauge parameters
in DFT are subject to the constraints

ooMx =0, Oy xdMx=0, (2.4)

where * are any quantities in DFT. The first equation in (2.4) is the level-matching con-
dition of closed strings while the second one is specific to DFT. This is called the strong
constraint.

The physical spacetime M is defined by a D-dimensional slice in the doubled space
M. This is defined by a solution to the constraints (2.4). For example, when all the
components in Hysn, d and gauge parameters depend only on X#, the constraints (2.4)
are trivially satisfied. In this case, a slice X, = const., parameterized by X*, is chosen
as the D-dimensional physical spacetime. The components g, (X), B, (X) and ¢(X) are
identified with the spacetime metric, the NSNS B-field and the dilaton, respectively. Then,
the action (2.1) reduces to that of the NSNS sector of type II supergravities

S = / AP X /=ge-2 | R+ 4(0¢)? — %(H(Z”))Q , (2.5)

where R is the Ricci scalar defined by the spacetime metric g, and H () = dB is the
field strength of the B-field. In this sense, DFT is a T-duality covariant formulation of
supergravity.

We next move to a more sophisticated treatment of the doubled space M and discuss
its geometric structures.

2.2 Born geometry

The structures of the doubled space M in the previous subsection are furnished in the Born
manifold [29-33]. Before introducing the Born manifold, we start from an almost para-
complex manifold. Given a 2D-dimensional differential manifold M, an endomorphism
IC: TM — TM that satisfies ? = 13p and whose +1-eigenbundle has the same rank
is called an almost para-complex structure. Then the pair (M, K) gives an almost para-
complex manifold. Since K is a real analogue of the almost complex structure J? = —1,
we call this kind endomorphism the almost real structure. We also call endomorphisms
on TM the doubled structures in general. Due to the property K2 = 1,p, we have two
eigenbundles (distributions) L and L in TM associated with two eigenvalues K = =+1.



dwi # 0 dwie =0
Ny # 0 | almost para-hermitian | almost para-Kéahler

Ni =0 para-hermitian para-Kéhler

Table 1. The classification of almost para-hermitian manifolds (M, K).

They are defined by the projection operators P = 1 (1sp + K), P = 3(1ap —K) as L =
P(TM), L = P(TM). Then the tangent space of the almost para-complex manifold M is
decomposed as TM =L & L.

We then introduce the notion of integrability of doubled structures. For a distribution
D C TM and vector fields X,Y € I'(D), when the Lie bracket [-,-] evaluated on X and Y
becomes again a vector field in D, namely [X,Y] € I'(D), then D is called involutive. By
the Frobenius theorem, a distribution D is integrable if and only if it is involutive. With
this definition, we consider the projected Lie brackets,

Np(X,Y) = P[P(X),P(Y)].  Np(X.Y) = P[P(X), P(Y)]. (2.6)

Apparently Np = 0 implies the involutivity and hence the integrability of L. The same is
true for N = 0 and the integrability of L. The Nijenhuis tensor of the endomorphism K
is defined by

NK(X,Y):NP(X,Y)-FNP(X,Y), (2.7)

where X, Y € I'(T’M). Since Nx = 0 means that K is integrable, it is obvious that the
integrabilities of L and L imply that of K. An almost para-complex manifold (M,K) is
said to be a para-complex manifold when K is integrable. On the other hand, when only
L(L) is integrable, (M, K) is an L(L)-para-complex manifold.

We next introduce a metric in the almost para-complex manifold (M, K). A neutral
metric 7 of signature (D, D) is defined by a map 1 : TM x TM — R. When this satisfies
n(k-,K-) = —n(-,-), it is called a para-hermitian metric. The triple (M, K,n) is called
an almost para-hermitian manifold. Although, the para-hermitian metric 73/ is not nec-
essarily flat, we always take it to be flat in this paper. In this case, the metric ny/n is
identified with the O(D, D) invariant metric in DFT. By the neutral metric nysx and KM y,
we define the fundamental two-form (wi)yn = nMLICL ~ which is not closed in general.
When wy is non-degenerate, it defines an almost symplectic structure on M. Then the
para-hermitian structure defines an almost symplectic manifold (M, wy). When dwy = 0,
then wg is a symplectic structure on M by which the non-degenerate Poisson structure
{-,-}p = wg'(d-,d) is induced. In this case M is an almost para-Kihler manifold. When
K is integrable, (M, wy) is a para-Kéahler manifold. This is also known as a bi-Lagrangian
manifold. The almost para-hermitian manifolds are classified by the integrability of X and
the closedness of wx. See table 1.

The last quantity we introduce is the metric Hysn of signature (2D, 0). Let (M, K, n)
be a para-hermitian manifold. We define H as a Riemannian metric of signature (2D, 0)
that satisfies

n'H =H1n, welH = —H k. (2.8)



Then (n,wi, H) is called the Born structure and the quadruple (M, n,wi, H) is the Born
manifold. In DFT language, Hasn is identified with the generalized metric. The condi-
tion (2.8) is rewritten as

(77_17'1)2 = 1op, (H_lcwc)Q = —19p. (2.9)

This means that the quantity J = n~'H defines an almost real structure J2 = 1op on
T M and the compatibility condition becomes

0T T) = (). (2.10)
The pair (n,J) is called the chiral structure on M. On the other hand, the quantity
T = H 'wi defines an almost complex structure Z? = —1,p on T'M and the condition
becomes

H(Z-,Z-)=H(,"). (2.11)

The pair (H,Z) is called an almost hermitian structure on M. The equations (2.8) are

1

compatibility conditions on 7, H and wi. Since K = n lwi satisfies K2 = 1,p, the

condition becomes
WIC(K:'?IC') = _WIC('v ) (212)

In summary, a 2D-dimensional Born manifold M is equipped with the neutral metric
n of signature (D, D), the fundamental two-form wx and the Riemannian metric H of
signature (2D,0). The pair (wi, ) is the para-hermitian structure, (n,J) is the chiral
structure, (#,Z) is the almost hermitian structure on M. The triple (7, wi, H) is the Born
structure which defines T = H lwx = —w,El’H, TJ=n""H=H"1n K=nltwg= WEIU-
The doubled structure (Z, 7, K) is called an almost para-quaternionic structure on M and
satisfies

T’ =J?=K%*=1yp, IJK = —12p,
2,7} ={J,K} ={K,I} = 0. (2.13)

Here {-,-} is the anti-commutator of the doubled structures. The consistency conditions
for Born structure are summarized as follows;

H(IX,IY) = H(X,Y), HITX,JY)=H(X,Y),  HEX.KY)=HX,Y),

n(IXvIY) = *U(Xv Y)a 77(an jY) = n(Xv Y)a n(ICXv ICY) = *U(Xa Y)a
w;c(IX,IY) = w;c(X, Y), wK(jX, jX) = —(,U]C(X,Y), w;c(K:X, ]CY) = —(,U]C(X,Y),
X, Y e (TM). (2.14)

Altogether we call these structures the Born geometry.



2.3 Born geometry and generalized geometry

The para-hermitian structure (wi, K) of a Born manifold defines the eigenbundles L and L.
By the Frobenius theorem, the involutive bundle L defines a foliation structure in M that
allows L = T'F. The physical spacetime in DFT is identified with a leaf of the foliation.
When we write the basis of L as 0, = 8%” then the local coordinate of the base leaves
F is X*. The same is true for L. Since L is integrable in the para-hermitian manifold,
there is a foliation structure that defines leaves whose coordinate is X u» and the basis of
L is given by 0" = ?{M. The pair (F,F) defines a doubled foliation in M and we find

0
the natural coordinate system XM = (X# X ) in M. This is identified with the KK and

the winding coordinates. The D-dimensional physical spacetime M in a 2D-dimensional
Born manifold M is a leaf in F or F. A physical field ® on M is given by an (anti)para-
holomorphic quantity d® = 0 (d® = 0) defined by K [36]. This is a trivial solution to the
constraints (2.4).

We now examine the relation between the doubled space and the generalized tangent
bundle on a D-dimensional physical space M. The generalized tangent bundle of M is the
formal sum of the tangent and the cotangent bundles TM = TM & T*M. Since we have
the neutral metric n in M, there is a map TM = L & L — L* @ L*. This induces the

following isomorphisms;
¢t L — L*, ¢~ : L — L*. (2.15)

Then L is identified with the dual vector space L* of L. This defines natural isomor-
phisms [29, 30, 32, 33];

¢t TM — La L, & :TM— Lo L (2.16)

The distribution L = TF is the tangent bundle of the leaves F and L* is its dual T*F.
Therefore T M is identified with the generalized tangent bundle T F & T*F over F, or
TF & T*F over F. In the following, we choose M C F without loss of generality and
identify doubled structures on T'M with generalized structures on TM through the natural
isomorphism (2.16). In this case, doubled vectors and generalized vectors are identified as
follows;

V=VMoy =Vt +V, 0" =  V=VHI,+V,dX" (2.17)

For later convenience, we introduce a particular representation of the Born structure;

Hun = (g/“/ — Bupg9"”° By Bupgpy> y  NMMN = ( 0 M”) )

—g" B, g 5,0 0
9B, —6,"
= . 2.18
(w)mN (51/“ 0 (2.18)



Note that when we impose the constraints (2.4) in DFT, g,, and B are the spacetime
metric and the B-field on a leaf in F. The other structures are parameterized as

1o B 2
VN = HM" (W)L = g N I o |
Guv + Bupg?’ Boy —Byupg

—gM"* B, gHv
TIMy =My = g ;
7 uv — B,upngBazz Bupgpy
o+ 0
M . — ML — v . 2.19
N =n""(wk)LN 2B, _5uy ( )

With this parameterization, we find that Z, J and K anti-commute with each other and
they indeed satisfy

IMLILN = —5MN, jMLjLN = 5MN, /CML/CLN = 5MN. (2.20)

We call the equations (2.18), (2.19) the standard representation.
We note that the neutral metric 1 defines a natural inner product on the doubled or
generalized vectors U and V;

(U, V) = MV Un = v'ay, + o0, (2.21)

where we have used the expansions U = u/0,, + auéu and V = v*9, + %5“ :

3 Born structure and generalized complex structures

In this section, we study the compatibility conditions for the Born structure on M and
the Kéhler structure on M. The Kéhler structure on spacetime M is embedded into the
generalized Kahler structure on TM via the Gualtieri map. This is identified with a doubled
structure on T'M via the natural isomorphism. We analyze algebras that govern the Born
geometry and the generalized Kéhler structures. We also examine how they are combined
into the doubled space M.

3.1 Embedding Kihler structures

It is widely known that an (almost) complex structure J in spacetime M is embedded
into a generalized almost complex structure 7 on TM [17]. A generalized almost complex
structure is an endomorphism 7 : TM — TM that preserves the inner product (J-, J-) =
(+,+) and squares to minus identity J 2 = —15p. Since J? = —15p, the generalized almost
complex structure defines +i-eigenbundles on the complexified generalized tangent bundle;

e ={VeTMaC: gV =+iV}, (3.1)

The eigenbundles /1 have the complex rank D and are maximally isotropic and {4 NI_ =
0. The integrability of the generalized almost complex structures are defined through
the Courant involutivity of the eigenbundles [17]. When this is the case, J becomes a



generalized complex structure. A generalized Kéhler structure is defined by a pair of two
commuting generalized complex structures (71, J2) whose product G = J1J2 defines a
positive-definite metric on TM.

With these definitions, we exhibit an explicit example of the generalized Kahler struc-
ture. Given a complex structure J in a K&hler manifold M, we have generalized complex

J 0 0 —w!
a=(3 ) a= (07 52

where J* is the adjoint of J and w = —gJ is the Kéhler two-form associated with the com-

structures of the form;

plex structure J. It is shown that J; and J,, are Courant involutive when J is integrable
and dw = 0 which holds for any Kahler manifold M. We find that J; and J, commute
with each other and their product

_ _ 0 —Juw! _ 0g !
s-aa=( 5, ) =00 53

becomes a positive-definite metric on TM.! Then the pair (J;, J,,) defines a generalized
Kahler structure.

We examine the compatibility of the generalized Kéhler structure (J;,J,) and the
Born structure on M. Since the physical spacetime M C F admits the metric g,, and
the Kéhler structure, namely, an integrable complex structure J and a symplectic form
w = —gJ, they satisfy J?> = —1 and wJ = —J*w on TF = L. We also assume B = 0
for the time being. In the standard representation, the building blocks of the doubled

structure Z, J and K in the Born manifold are given by

(0 —g7! _(0g7! (10
(0 (00 (30, ”

They obey the algebra of the almost para-quaternionic structure (2.13). In other words,
this is the algebra of the split-quaternions involving two real and one imaginary units (see
appendix A). On the other hand, the generalized Kéhler structure (J;, J,,G) obeys the
algebra

~Ji=-J2=G*=19p,  J7J.G = 1ap,
(T7, T = [Ty Gl =[G, Ts] = 0. (3.5)

Here [+, -] is the commutator of the doubled structures. This is the algebra of the bi-complex
numbers Cs (see appendix A). We examine algebraic structures that incorporate the split-
quaternions and the bi-complex numbers as subalgebras. By the explicit calculation, it is
obvious that the almost product structure G in the generalized Kéahler structure gives the
chiral structure in the Born structure, G = J. Hereafter we denote J instead of G. The

1Unless otherwise stated, we consider the Euclidean metric guv in the following.



products of the generalized Kéhler structure (Jy, J,) and the doubled structure (Z, 7, K)
introduce the additional structures on T'M;

0 —Jg! 0 —w !
IT=1J;= = =P
JJ J < J*q 0 ) ( 0 ) )

JKZK%=<JO>:Q

0J*
_ _ —w g 0 (=7 0 _
ij - _ij - ( 0 —wgl> - ( 0 —J*> - _Qa
—1

This means that the algebra is not closed by (Js, Ju,Z,J,K). The newly appeared struc-
tures P and Q satisfy

P?=1yp, Q%= —1op. (3.7)

They play as real and complex structures on T'M. By evaluating all the products involving
P and Q, we find

J/P=PJ;=-I, J.P=-PJ,=K, IP=PI=-J,

JiR=QJr=-K,  Ju.Q=-QJ =1, 10 =-91 = -,
JR=-QJ =P, KQ=QK=J7,. (3.8)
Here we have used the relation w = —gJ in the evaluation of the products. From (3.8), we

find that no additional structures appear. Then the algebra is closed by the basis

(12D7\7J7s7w>-’z"7\77’<:7rp7 Q) (39)

In this algebra, we have four complex and four real structures on T'M;

J;=J3=1"= Q%= —13p,
13, =J*=K*=P? =19p. (3.10)

The basis (12p, Js, T, Z, T, K, P, Q) defines an eight-dimensional algebra whose product
table is given in table 2. We find that this is the algebra of the bi-quaternions. It is known
that algebras of some hypercomplex numbers are isomorphic to Clifford algebras. Indeed,
the bi-quaternion algebras are equivalent to the Clifford algebras Cl3o(R), Clz1(R) and
Cli2(R) (see appendix B).

As we show in appendix A, there are commutative and anti-commutative bases which
form subalgebras in the bi-quaternion algebra. The subalgebras include bi-complex num-
bers Cs, split-quaternions SpH and quaternions H. We find all the subalgebras of the
bi-quaternion algebra;

~10 -



J

K K -7 15p T Q P -J T
P P | Q| —-J,| lap -7 K | =J; | =J
Jir || Jr | —TJo| @ -1 | —19p J P —-K

T T K J | =T P Q ~lop | =T
Q Q | =P |-J;| JT —K -7 Jo | —12p

Table 2. The product table including the Born and the generalized complex structures. Left x
right products are shown.

(1) Co: (12p, J1, Ty J), T2 = J2 = —1ap, J* = 1op; commutative,

(2) Co: (12p,Js,Z,P), j} =72 = —15p, P? = 15p; commutative,

(3) Co: (12p,J5,K, Q), .7} = Q? = —15p, K% = 13p; commutative,

(4) SpH: (12p,Z,J,K), I? = —13p, J? = K? = 15p; anti-commutative,
(5) SpH: (12p,J,P,Q), Q% = —13p, J? = P? = 15p; anti-commutative,
(6) SpH: (12p, Ju, K, P), J2 = —12p, K? = P? = 15p; anti-commutative,
(7)

7) H: (12p,7.,7T,Q), J2 = Q% = I? = —1,p; anti-commutative.

Note that the algebra of split-quaternions (4), (5) and (6), defining the Born structure, is
isomorphic to Clifford algebras SpH ~ Clzo(R) ~ Cl; 1(R). The quaternions (7) defines
a hypercomplex structure on the doubled space M whose realization in Clifford algebra is
Clp2(R). The bi-complex numbers (1), (2) and (3), in Clifford language C1;(C), define the

generalize Kéhler structures.
We then examine the compatibility conditions of the structures (s, J,Z, J, K, P, Q)
and the metrics 1, H on M. The building blocks of the Born structures Z, J and K satisfy

77(1—'71—') - _77<'7 ')7 77(.7,.7) = 77('7 ')7 W(K7K> - _77('7')' (3'11)

Since 71 defines the natural inner product on T'"M ~ TM, the generalized Kéhler structure
(J7, J) satisfies

n(jJ'ajJ') :77('7')7 n(jw'ajw') :77(7) (312)

Note that this together with J = J;J, implies the second condition in (3.11). Further-
more, since P = KLJ, and Q = —7,Z, we have
77(7)77)) = U(’Cjwa/Cjw) = _77(\70-)" jw) = _77('7 ')7

This means that 7 is anti-hermitian with respect to P and Q.
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We have the compatibility conditions for the Born structures;
’H(I.’I.) :’H(.’.)’ ’H(jvj) :’}-[(.’.)7 ’H(]CJC) :’H(v) (3‘14)

The metric of the Kahler spacetime M satisfies the hermitian condition g(J-, J-) = g(-,-).
This implies the following properties;

%(jJ'7\7J') :H(‘a‘)7 H(jw.vjbf) :H(ﬂ) (315)
Then, the compatibility conditions for P and Q on the generalized metric H is found to be

H(P-,P) =H(KTw, KTw) = H(-, ),
H(Q-, Q) = H(TWL-, TuZL-) = H(-,-). (3.16)

We here comment on the effects of the B-field on the above structures. Until now,
we have not cared about the B-field. For a given (almost) real or complex structure .4
on T M, the B-field is introduced by an O(D, D) transformation on 7'M, known as the
B-transformation

AB =B A B, eB = <; (1)> . (3.17)

Indeed, the equation (3.4) becomes the standard representation (2.19) by the B-transfor-
mation. The same is true for the representation (3.6). Since the B-transformation is a
similarity transformation, the algebra closes even in the presence of the B-field.

In summary, the Kéhler structure (J,w) of spacetime M is embedded into the dou-
bled structures on T'M satisfying the algebra of bi-quaternions. The compatibility of the
generalized Kahler and the Born structures requires the bi-quaternion algebra that encom-
passes four real and four complex structures (12p, Js, Ju,Z, T, K, P, Q). The algebra has
substructures given by bi-complex numbers, split-quaternions and quaternions.

3.2 Embedding bi-hermitian structures

We next consider embeddings of the bi-hermitian structure (Ji, w4 ) of spacetime M. Note
that the metric g,, is hermitian with respect to J4, and w4 = —gJ+ are the fundamen-
tal two-forms. The bi-hermitian structures are embedded into the generalized complex
structures Jy as [17];

1
Je =5 (T1y £T1 4 Ty FT) s (3.18)

where the matrices of J;,. and J,, are given by (3.2). We find that J} and J_ commute
with each other and they give the chiral structure J = J4J-. The triples (J7, , Juws,J)
form the algebras of two bi-complex numbers sharing the common real (chiral) structure
J. Since the algebra of the bi-quaternions does not support such subalgebras, we need
to enlarge the algebra to incorporate the bi-hermitian structure (Ji,w+) into the Born
geometry.
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We find that an algebra that allows subalgebras of two bi-complex numbers sharing one
real structure 7 is the bi-quaternions over the field C. This is a 16-dimensional algebra and
schematically written as C® C®H, which is isomorphic to the Clifford algebra Cl3(C). This
algebra contains 8 real and 8 imaginary units and the bi-complex numbers are subalgebras
generated by the bases (see appendix A);

(eoil, e;11, e;il), (e0l7, e;it, egil), (i=1,2,3). (3.19)

Here e, (1,1) and (1,7) are bases of H, C and C, respectively. The bases (3.19) share the
real unit e;il. For example, if we assign

J=eil, Jj, =eil, T, =ell, T =eoli, J,_ = —eiii, (3.20)

we find that they obey the algebras of two bi-complex numbers. The Born structure
(Z,J,K) is represented by a split-quaternion subalgebra of C @ C ® H. This is given by
the basis

(elii, 62ii, 6311). (321)
Therefore we employ the following assignment;
T = e3li, J = eiil, K = esil. (3.22)

We have five imaginary units Jy, , Ju.,Z. The other three imaginary units P/, @', R’ are
represented as

P = esli, Q' =egii, R =esii. (3.23)
Since we have relations
6211 = (6311)(6111), €2i% = (6311)(61i2), €3i’AL' = (6311)(601%)(60ii), (324)

P, Q'R are obtained as (without the B-field)
I W R wy 0 ) 0 Jr)’
0-g '\ [0 —w! J_ 0
=17, = = ’

0—g '\ /(J_. 0 Jy 0 0 —g tJJ
R =T = = ). (3.25
Jr- I <g 0 )( 0 —Ji) < 0 —Jj‘;) <gJJ+ 0 (3.25)

We easily confirm that P’? = Q2 = —1,p and

12 _g_IJjJigJ—J-‘r 0 _J_J+J_J+ 0
R = _1 % % = 1 — _12D
0 —gJ_Jyg  JEJY 0 —gJ_JyJ _Jig

(3.26)
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Here we have used the relations of the bi-hermitian structure Ji = —gJig~! and the fact
that J4 and J_ commute with each other.

Similarly, the additional real units (S’, 7",U’, V', W') other than (12p, J, K) are found
to be

& 0 (JJil N 0 w*l{]*

Sl — '1 — I — + , ! — 1 _ g _ + -
esl Ji, <w+ 0 > T =eli=J,, Jj_ (erJ 0 ,
_ R —1
L{/ = 621% = ’73’\7‘]7 — ( JE)»J— J*OJ*> , V/ — 63]_@' = Ijj7 - (wo wa ) ’
+ — —

- JyJ_ 0

W' = et = J5, T = ( * . *> : (3.27)
* 0 JiJr

Note that the subalgebra by (1lap, T, Juws, J, T, W') involving the generalized Kéhler
structure (J,, Jo,. ) forms the algebra of the tri-complex numbers C3 elucidated in [28].

3.3 Embedding hyperkidhler and bi-hypercomplex structures

The hyperkéahler structure (J,,wq) (¢ = 1,2,3) on M is embedded into the generalized
hyperkéahler structure on T'M;

Jo 0 [0 —w,t
jJa-(O_J;), jwa—<wa : ) (3.29)

For later convenience, we denote Jj, = J,,+ and J,,, = Ja,—. These structures satisfy the
algebra

Ja,+Tp+ = —Oaplop + €apeTe+» JaxTo. 5 = 0abT + €apeTe,—- (3.29)

Here €4 is the Levi-Civita symbol and J is the chiral structure

J = <Ogl>, (3.30)

g 0

satisfying J2 = 1p. In fact, the algebra (3.29) is the definition of the generalized hy-
perkihler structure [37] and it is the algebra of the split-bi-quaternions or Clp3(R) in
disguise [28]. An algebra that incorporates the split-bi-quaternions and the algebra of the
Born structure (split-quaternions) is split-tetra-quaternions. This is a hypercomplex num-
ber generating a 16-dimensional algebra and isomorphic to Cly o(R), Cly 3(R) and Clp 4(R).
The split-tetra-quaternions contain the bases of 10 imaginary and 6 real units. They are
represented by (see appendix A and B)

legeo, legeq, leteo, lereq,

i6262, iegea, iegeo, iegea, (CL == 1, 2, 3), (331)

where e, and e, are two commuting quaternions and (1,%) is the basis of C. Hereafter we
omit the “1” in the products.
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We find that the triples (Ja +, Ja,—, J) (a = 1,2, 3) form three independent bi-complex
numbers sharing the common real structure J = Jq+Ja,— (a : no sum). Since the bi-
complex numbers are realized as subalgebras of split-tetra-quaternions as

(iegeg, epeq, i€2€y ), (iesep, epeq, i€3€q), (a=1,2,3), (3.32)
we make an assignment;?
J = iegey, Ja,+ = €0€q, Ja,— = —iegeq, (a=1,2,3). (3.33)

The Born structure (Z, 7, ) of M obeys the algebra of split-quaternions. Since the split-
quaternion that contains J is represented by the basis

(e1e, iesey, iegep), (3.34)
we find the assignment
T = ereq, J = iesey, K = —iesep. (3.35)
The other three imaginary units are given by
ieseq, (a=1,2,3) (3.36)

which are decomposed like iese, = (e11)(ieze,). Then by assigning the remaining three
complex structures P”, Q” and R” as

7)// = i€3el, Q// = ieg@g, R// = i€3eg, (337)
we find
P// - _Ij].,—a Q” - _Ij2,—) R// == _Ij?),—' (338)

Indeed, the direct calculations reveal that they are expressed by

Jl 0 JQ 0 Jg 0
P’ = , "= ., R'= , 3.39
(o Jf) =10 0 Jj (3.39)
satisfying the desired properties P"? = Q"? = R"? = —15p. Similarly, we find that the
remaining real structures 8", T7”,U", V" are given by

S"=ee1 =TTy, T'=erea=ITThy, U =cre3=TT 1, V' =epey=1lop.
(3.40)

We finally consider the embedding of the bi-hypercomplex structure (J, +,wq +) on M
into the doubled structures of M. The bi-hypercomplex structure (I +,wq +) is embedded
into the generalized hyperkédhler structure

1
Tact = 5 (Tt £ Tre + Ty F T ) (3.41)

2The set (T =ieseo, Ja,+ = €0€a, Ja,— = —ie3ze,) is an alternative assignment.
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Note that the Kahler case corresponds to J, + = J, - = J, and hence J, + = Jj,, Ja,— =
Jw,- The generalized hyperkéhler structure (7, +, ja7_) forms the algebra of the split-bi-
quaternions. This contains 6 imaginary units (J, +)?> = —12p (a: no sum). Furthermore,
this contains 6 generalized Kéhler structures (/7. Jats JwasrT ) that share the common real
structure J. KEach forms the algebra of the bi-complex numbers. Then we need 6 bi-
complex subalgebras to incorporate these structures. This is not possible by the split-
tetra-quaternions and we therefore enlarge this algebra. An appropriate algebra is the
split-tetra-quaternions over H (see appendix A). This is a 64-dimensional algebra on M.
Indeed, if we assign the bases

J =iesepeo, Jj,, = €0€a€0, Ju,, = —i€2€4,€0, Jj, = €o€0€q, Ju, = —i€2€0€q,
(3.42)

then we find that the triples

(Tseir TiasrT) s (s Fura s T) (3.43)

obey the algebra of bi-complex numbers. In this basis, J, + are represented by

)

1 . . ) . N
Ta+ = 3 {eO(ean + epé,) —iea(eq€p — eoea)},

%,:§M®¢ww@@—m@@mfﬁﬂ. (3.44)

)

Using these expressions, we compute

. 1 . . . . .
Ja,+Tp,+ = — dabeo€0€0 + 6abc§ [eo(eceo +epé.) —iex(e.&p — eoec)}
= — 0aplop + €apeTe+,
. 1 . . . . .
Ja,—~Tp,— = — bapeo€o€o + €abey [60(%60 + epé.) — iea(ecey — eoec)}
= - 5ab12D + Eabcjc,+7
Tive = Gaviezeobo + cane; [co(ecbo — eode) — iea(ecbo + o)
Ta,+ T+ = Oapie2€0€q €abesy [60 €.y — ep€.) — iea(ecey + epé. }

= 5ab\.7 + 6abc;7c,—- (345)

Here we have used the fact that e, e, &, are commuting quaternions and denoted epepéy =
12p. Then we confirm the algebra of the split-bi-quaternions for the generalized hyperkah-
ler structure.

In summary, the hyperkéhler structure (J,,w,) on M is embedded into the doubled
structure on M that obey the 16-dimensional algebra of the split-tetra-quaternions. The
bi-hypercomplex structure (Jg +,wq +) is embedded into the doubled structure that obeys
the 64-dimensional algebra of the split-tetra-quaternions over H. The algebras of doubled
structures on TM ~TM @& T*M are summarized in table 3.
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Structures on TM ~ TM ®T*M | Algebras of hypercomplex numbers ‘ Structures on T'M ‘

Generalized Kéhler bi-complex numbers (4) Kéhler (J,w)

Generalized Kahler bi-complex numbers over C (8) bi-hermitian (Ji,wy)
Generalized hyperkéhler split-bi-quaternions (8) hyperkéahler (J,,w,)
Generalized hyperkahler split-bi-quaternions over H (32) bi-hypercomplex (Jg +,wWa,+)
Born split-quaternions (4)

Born + generalized Kéhler bi-quaternions (8) Kahler (J,w)

Born + generalized Kéhler bi-quaternions over C (16) bi-hermitian (Ji,wy)

Born + generalized hyperkéhler | split-tetra-quaternions (16) hyperkahler (Jg, w,)

Born + generalized hyperkéhler |split-tetra-quaternions over H (64) |bi-hypercomplex (Jg +,Wa,+)

Table 3. The structures on TM ~TM & T*M and their algebras and dimensions.

4 Worldsheet instantons in Born sigma models

We have established the T-duality covariant embeddings of complex structures of space-
time. One of the notions that has deep connections with the spacetime complex structures
is the worldsheet instantons [38-40]. In [28], we studied the T-duality relation between the
instantons in Kéhler and bi-hermitian geometries. Due to the fact that there are complex
structures J and Ji in the Kéhler and the bi-hermitian geometries respectively, we find
a one-to-two correspondence between the instantons in each geometry. We here elucidate
this relation within the T-duality covariant formulation.

In this section, we study the worldsheet instantons in a T-duality covariant doubled
formalism. The doubled formalism of string sigma models that makes T-duality be man-
ifest has been studied in various viewpoints [41-45]. Among other things, more direct
connections to DFT and the doubled space appear in the Born sigma model [35].2 In the
following, we show that the worldsheet instanton equations respecting T-duality symmetry
are obtained in the Born sigma model by utilizing the doubled structures discussed in the
previous sections.

4.1 Born sigma models

The Born sigma model is a sigma model whose target space is the Born manifold M. This
is closely related to the doubled sigma model of a string introduced in [43, 44]. The action
of the Born sigma model in the Minkowski signature is given by

1
S = Z/ {HMNdXM A sdXY — QpnvdXM A dXN} . (4.1)
>

Here ¥ is the two-dimensional worldsheet, X* = (X# X} is the local coordinate of the
Born manifold M, * is the Hodge star operator in 3, Hysny is the generalized metric in
the Born manifold M and Q;;ny = —Q s is an anti-symmetric constant matrix. We have
neglected the Fradkin-Tseytlin term that involves the dilaton [35] which is not relevant in

3Gee [46, 47] for generalizations to branes and exceptional geometries.
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our discussion. The action (4.1) is invariant under the O(D, D) rotation
dXM — OMNdXN, HMN — (Ot)MPHpQOQN, QMN — (Ot)MPQpQOQN,
O e€0(D,D). (4.2)

In the following, we use the standard parameterization of the generalized metric (2.3).
The second term in the action (4.1) is topological but plays an important role in the
instanton equations. Following [43, 44], we employ the expression of the topological term
QundXM A dXN = —2dX# A dX,.

Using the standard parameterization, the term involving Hysn in the action (4.1) is
expanded as

1
f/HMNdXM A xdX N
4 Jx
1 -
= /Z 4% vV—hh? [ (9ur — Bupg”’ Bov) 0a X" 95 X" — g"° B,y 06X, 03 X"
+ Bupg™ 0a X" 05X, + 9" 0 X,05%, |, (4.3)
where hqg, (a, 3 = 0,1) is the metric of the two-dimensional worldsheet ¥ and the topo-
logical term is

1 2/ 0B M N_1/2a/3 e
; /E Q20 VR U0, XM 5% = 5 [ A0 ?[0,X79,X,]. (4.4)

Here ¢*? and €*? are the totally anti-symmetric tensor and the Levi-Civita symbol in X,
respectively.

Since the Born sigma model (4.1) contains double degrees of freedom, we impose
constraints on the quantities. The physical (non-doubled) sigma model is obtained by
imposing the DFT constraints (2.4) on the background fields g,., B, ¢ and also by
introducing the self-duality condition;

XM = pMPY po + XY, (4.5)
This is rewritten by the chiral structure J = 7]_17-[ in M as
dxM = gM s dxV. (4.6)

Therefore (4.6) is just the chirality condition. By using the representation (2.19) for the
chiral structure 7, the condition (4.6) is expanded and dX, is solved as

dX, = g *dX" + B, dX". (4.7)

Then we can remove the winding degrees of freedom dX u from the action. Note that we
have solved the DFT constrains (2.4) by making all the background fields depend only on
X*. Plugging (4.7) back into the action (4.1), we find the Hpn part vanishes. On the
other hand, the topological term becomes

1 1
— S dXM A dXN = ZdXP A [gup % AXP + BpdX”)]
1 1
= §ngX“ A *d XY + §B“”qu NdX". (4.8)

This precisely reproduces the action of the ordinary string sigma model.
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4.2 Instantons in Born sigma models

We then consider the instantons in the Born sigma model. In the following, spacetime
and the worldsheet have the Euclidean signature and %? = —1. We first consider the term
that depends on H sy in the action (4.1). Since the metric H sy is positive-definite in the
Euclidean space, we have the Bogomol’nyi bound of the action;

1
5o = / Lo VR [h P Hary (025N £ AV e, X ) (955N + AN gegs0°X9)
b
+ 2(wa) mne 0, XM 95X Y|

1
>+ / o Vh(wa) ineP 0. XM 95X, (4.9)
by

where A is a doubled structure satisfying A2 = —1,p in the Born manifold M and w4 =
HA is the fundamental two-form associated with A. The bound is saturated when the
map X : X — M satisfies

Do XM £ AM Ne,50° XN =0, (4.10)
or equivalently,
dxM 4+ AM s dxN = 0. (4.11)

We call these the doubled instanton equations. By the chirality condition (4.6)* and the
doubled instanton equations, we have

AXM = FAM 5 XN = FiAM N TN pdXP = (FiAT)HM NdXP. (4.12)
This means that we need (AJ)? = —12p to have non-trivial solutions for instantons,
otherwise X! = 0. Since A?> = —13p and J? = 1yp, we obtain (AJ)%2 = —13p if A

commutes with 7 (i.e., [A, J] = 0). On the other hand, if A anti-commutes with J (i.e.,
{A,J} = 0), then we find (AJ)? = 13p. Therefore only A that commutes with the chiral
structure J is allowed for the doubled instantons.

In the following, we consider ¥ = S? and the image of the map X is a two-cycle C?
in M. Then the map X : ¥ — M is classified by the homotopy class m3(S5?). The action
bound is given by

1 ) 1
Sp = ‘/(wA)MNdXM /\dXN‘ + 3/ QuvdXM A dxV ==
4 Jx 4 Jx 4

)
/CQMA‘ + Z/CQ Q. (4.13)

Here we have restored the topological term [ Q. We assume that the two-cycle C? lie in
the physical spacetime M.
Note that the topological term is written in the T-duality covariant form;

QundXM A dxN = Qun (:FAMP *dXP) A dxN
= FiQupAL QTN dXM A dXP. (4.14)

“Note that we should replace * — —ix in (4.6) for the Euclidean space.
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In the following, we first study the doubled instanton equations for the Kéhler geom-
etry and then move to the bi-hermitian geometry. For simplicity we start by the Kéahler
geometry with trivial B-field B = 0. There is a doubled structure (Jy, J.,Z, Q) in the
doubled space whose squares are —1sp. As we have shown, Z and O anti-commute with
the chiral structure J and they give trivial solutions to the equations (4.11). On the other
hand we have [J;, J] = [Jw, J] = 0 and the doubled instantons defined by 7, J,, provide
meaningful solutions. We clarify them explicitly.

A = T, case. In the case of A =7, the doubled instanton equations are
AXM + (7 )My +dXY =0, (4.15)
which in components are written as

Do XM+ (—(w H")e0pd’ X, = 0,
90X, F wucasd’ X¥ = 0. (4.16)

Here w = —gJ is the Kéhler form in M. By the chirality condition (4.6), we solve the
winding coordinate as 9, X* = —ieaggw,aﬂX Y. Plugging this into the first line in (4.16),
we obtain

TP, 00 XY = Fidg X", (4.17)

In general, the almost complex structure J of the spacetime manifold M decomposes the
complexified tangent space TM® = TM ® C into TM* such as

TMC =TM* @& TM". (4.18)

Here TM* are eigenbundles of the complex structure JX4+ = +iXy and X, X_ are
(anti)holomorphic vectors. When J is integrable, the Lie bracket of the (anti)holomorphic
vectors become the (anti)holomorphic vectors. Therefore the doubled instanton equations
by J., restrict dX* to (anti)holomorphic vectors by .J.

The fundamental two-form w, becomes

0 0 —w? 0 —gw?
%:Hj“:<gg—1><w LS ):( .y gg} ) (4.19)

Then the term | [2 wy, | in the action bound (4.13) becomes trivial;

(W) undXM A XN = (gw” + wppg?)dXH A dX, = 0. (4.20)

L= _gJ g7 —gJg~' = 0. The non-trivial

action bound comes from the topological term € and it is nothing but the (Euclideanized)

Here we have used the relation gw™' + wg™

string sigma model action;

1 |
Sk =5 /gde“ AxdXT+ %/B;de“ AdX. (4.21)
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A = Jjy case. When A = J;, the doubled instanton equations become
dxM 4+ (7)™ «dx¥ =o. (4.22)
In components, these are given by
Do XM+ JF,e0p0° XV =0,
Oa X, F T eapd’ X, = 0. (4.23)

The first equation reproduces the ordinary worldsheet instanton equations [38]. The second
equation provides us the T-dual of the first equation. We find that the chirality condition
OaX = —iaagg,“,@BX ¥ applying to the second equation gives the first one. In this case,
the fundamental two-form wy, is evaluated as

gJ 0 —w 0
p— 71 p— p— . 4'24
wJJ jJ ( 0 _gflt]* > ( 0 wfl > ( )
Therefore we have
1 1 ~ -
— —— o v —1\pv
1 oo w7 =g /C2 {wwjdX ANdXY — (w™H)dX, A dX,,}. (4.25)

By using the chirality condition and eliminating X u sector, we have
(WM™ dX, AdX, = wweapd* XHOPXY. (4.26)

Here we have used the relations w = —¢gJ and w™! = —J~1g~! = Jg~!. Then, we find the
action bound coming from the H part is

1
: /c W, =0, (4.27)

This is anticipated because the chirality condition makes the Hysn part be trivial. On the
other hand, the topological term in the action is evaluated as

i ;
_ — _ _ 14 _ v
4/Qf 2/dX /\( z*ngX)
1
= -3 / AXH A (£ guJ” ,dX7)
1
_ - o v
_ 12/(12%”(1)( AdXY. (4.28)

This reproduces the action bound of the ordinary worldsheet instantons.
For later convenience, we here introduce the B-field by the B-transformation. For a
doubled structure A, the action bound is found to be

1
w2 £ / d*0 Vh(was) e 9, XM 95XN, (4.29)
b

where the doubled structure A is replaced by AP = e®Ae™® and w 45 is the fundamental
two-form associated with AZ. The general doubled instanton equations are then given by

dxXM £ (ABYM 5 dXN = 0. (4.30)
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For the generalized complex structure A = 7, we have

_ (w™'B), —(w™h)m
T = (ww + (Bw™B),. —(Bwl)l/’) ’ (4.31)

The doubled instanton equations in components become

dx” £ { (@™ B)", + dX¥ — (WY £ dX, } =0,
dX,, + {wy # dX” + (Bw ™' B)uy + dX” = (Bw™)," +dX, | = 0. (4.32)
Using the chiral structure
-1 -1
7B — <g ;%Q—BlB _;399—1) 7 (4.33)
the chirality condition is solved by
dX,, = —igu, * dX" + B,,dX". (4.34)

By substituting this into the first line in (4.32), we find the condition (4.17) obtained in
the case of the trivial B-field. In the second line, we have

—igu * (AXY FiJ",dX?) + B, (dX” FiJ",dX") = 0. (4.35)

This again implies the condition (4.17). Therefore dX* is a (anti)holomorphic vector even
in the presence of the B-field. The action bound is similarly obtained.
For the case A = J;, we have

J 0
B_ B —B_ . 4.36
Jr = Jie <BJ+J*B —J*) (4.36)

The doubled instanton equations are then
dxM + (gPYM y x axV = 0. (4.37)
In components, we have

dXF 4+ JH, «dXY =0,
dX,, + (BJ + J*B), + dX" F (J*),” * dX, = 0. (4.38)

The first line gives the worldsheet instanton equation. Under the chirality condition, the
second line in (4.38) becomes

0= (dX¥ + J%, % dX") + (g7 B)¥,  (AX¥ + J”, % dX*). (4.39)

Therefore (4.38) consistently reproduces the instanton equation dX* + J#, *d X" = 0 even
in the presence of the B-field. In this case, the action bound is given by

) .
Sg = %3 / wud X" A dXY 4+ 2 / B, dX" AdXY. (4.40)

Then the topological #-term for the instanton bound is precisely obtained by the B-field.
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Bi-hermitian geometry. We next consider the bi-hermitian geometry characterized by
(J4,J-). It is known that K&hler and bi-hermitian geometries are T-dual with each other.
This becomes apparent when these structures are embedded into generalized Kéhler struc-
tures in the doubled space [28]. Indeed, the doubled instanton equations in the bi-hermitian
geometry are obtained by the T-duality transformation of (4.22). The bi-hermitian struc-
ture (Jy,J_) on spacetime M is expressed by the generalized complex structures as

g5 L(1O) (JetT —(wi'FwIHY [ 1 0
= 2\B1)\wyFw. —(JrxJ*) J\-B1
1
= (7R £P + a8 = T2). (4.41)

The doubled instanton equations are given by

axM + (gBYM y x axN =0,
dxM £ (F5)M y x axN = 0. (4.42)

In the following, we focus on J. f without loss of generality. The equations (4.42) are
decomposed as

%(dXM + (T )M dXV) + %(dXM + (TF )My dxV)
1 1
+§<dXM + (T2 )My axV) - 5(dXM + (J2 )My +axV) = 0. (4.43)

Then the equations (4.42) are linear combinations of the doubled instanton equations de-
fined by J Ji and joi. As we have clarified, under the chirality condition, we have the
following equations from the doubled instanton equations;

AXH £ (J )", * dXY =0,
AXH £ (J_)", % dXY =0,
(J4)",dXY = FidX*,
(J_)F,dXY = Fid X" (4.44)

This means that the solutions are restricted to the (anti)holomorphic vectors defined by
J+ and they are also instantons with respect to Ji. This is possible since the bi-hermitian
structure satisfies [J4,JJ_] = 0 and the common eigenvectors of Ji are allowed. This also
implies Jy* have common eigenvectors (instantons). The action bound in this case is

' .
Se = / gudX¥ A X" 4 / B, dX" A dX”

. .
-+ / (W) d X" A XY + 2 / B, dX" A dXY

1 .
s flrarne s fnae .

This is nothing but the bound for the ordinary worldsheet instantons defined by J..
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5 Conclusion and discussions

In this paper, we studied doubled structures that encode Kéhler, hyperkahler, bi-hermitian
and bi-hypercomplex geometries.

The spacetime metric g,, and the NSNS B-field are organized into the generalized
metric Hyn and the natural O(D, D) structures of DFT are implemented by the Born
structure on the doubled space M. Due to the natural isomorphism emerged from the
Born structure, the tangent bundle of the doubled space M and the generalized tangent
bundle TM over the physical spacetime M is identified. On the other hand, the Kéhler
structure on the physical spacetime M is embedded into the generalized Kéhler structure
(JT75,Jw) on TM. We analyzed compatibility of the doubled and the Born structures in the
doubled space. We found that the algebraic structures require the extra doubled structures
P and Q in the Born geometry. Altogether we showed that they form the algebra of the
bi-quaternions. The Born and the generalized complex structures appear as subalgebras of
split-quaternions and the bi-complex numbers, respectively. Utilizing this fact, we extended
the discussion to the bi-hermitian case. We found that the desired algebra that encodes
the bi-hermitian structure on spacetime is the algebra of bi-quaternions over C. This is
a 16-dimensional algebra that contains appropriate subalgebras. By using the basis of
the algebra, we write down all the real and imaginary units in their explicit forms. For
the hyperkédhler structure on spacetime, it is represented by the generalized hyperkéhler
structure on T'M. This satisfies the algebra of split-bi-quaternions. This together with the
Born structure leads us to the algebra of split-tetra-quaternions. We exhibited the explicit
representations of the doubled structures that form this algebra. We further extended the
results to the bi-hypercomplex case. We found that the structure is realized as the algebra
of the split-tetra-quaternions over H in the doubled space. These results provide us deep
connections among the algebras of the hypercomplex numbers, the complex structures of
spacetime, the doubled structures and T-duality. We also showed that some of the algebras
of the hypercomplex numbers also expressed by Clifford algebras.

In the latter part of this paper, we studied the doubled worldsheet instantons in the
Born sigma model. The Born sigma model is a sigma model whose target space is the Born
geometry. The model keeps manifest T-duality and is governed by the generalized metric
Hynv and the topological term. The ordinary string sigma model is reproduced by the
DFT constraints and the chirality condition defined by J. We derived the Bogomol'nyi
equations defined by the doubled complex structures on T M. We clarify that appropriate
doubled complex structures reproduced the ordinary worldsheet instanton equations. We
then discussed the T-duality transformation of the worldsheet instantons. We in particular
focused on the T-duality between Kéhler and bi-hermitian geometries. The one-to-two
correspondence of the worldsheet instantons discussed in [28] is naturally interpreted in
the Born sigma model. We showed that the instantons in the bi-hermitian geometries
are represented by a linear combination of individual instantons defined by the structures
(J+,w+). The analysis can be extended to the hyperkdhler and bi-hypercomplex cases.
The Bogomol'nyi equations in the Born sigma models are interpreted as the T-duality
covariant realization of the worldsheet instanton equations.
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As we discussed, the doubled space plays an important role in revealing the T-duality
among geometric structures. It has been discussed that solutions to supergravities that are
related by T-duality transformations are given by a solution to DFT. This means that the
spacetime geometries of various supergravity solutions are described by doubled geometry
in a T-duality unified manner. For example, the H-monopole (smeared NS5-brane) and the
KK-monopole (KK5-brane) in type II string theories are unified into an O(D, D) covariant
solution to DFT [48]. The worldsheet instanton effects in the H-monopole geometry, the
KK-monopole geometry and their relations to T-duality are studied in various perspec-
tives [49-52]. Among other things, the instantons break the isometry of the H-monopole
geometry and recover that of the NS5-brane which is a genuine solution in string theory.
Things get more interesting when we consider this phenomenon in the T-dual side. It
has been shown that instantons in the KK-monopole geometry breaks the isometry not
along the KK direction, but of the winding space [51, 52]. The modified geometry is char-
acterized not only by the physical coordinate z# but also by the winding coordinate Z,,.
These fact mean that instantons reveal the more stringy nature of spacetime. It would
be interesting to study this winding geometry in the context of the Born sigma model.
The notion of T-duality covariant instantons helps us to understand geometries that are
not fully captured in supergravities. They are known as non-geometries. An example of
this kind of non-geometry is the T-fold [43, 44] whose explicit realization includes exotic
branes in string theories [53, 54]. The exotic 53-brane in type II string theories is a typical
example studied intensively. Indeed, the exotic 53-brane obtained by the T-duality trans-
formation of the hyperkéhler (Taub-NUT) geometry is realized by a solution to DFT in a
specific frame [55]. It has been shown that the 53-brane geometry is expected to admit the
bi-hypercomplex structures [28] and the worldsheet instantons in the 52-brane geometry
is studied [56-58]. It would be interesting to study the instantons and bi-hypercomplex
structures in the doubled setup. We will come back to these issues in future researches.
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A Mathematics on hypercomplex numbers

In this appendix, we provide a brief introduction of hypercomplex numbers. The materials
here are the minimum definitions and properties required to understand the main text.
Readers who need mathematically rigorous definitions would consult literature.

A.1 Basic elements

Binarions. Binarions are the two-dimensional (non)associative unital algebras over the
field R. Binarions are classified as the followings depending on the bases of the algebras.
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1 || —1 -7 7 || —1 —7
Jll=k| =111 jll=k|1|—i
kil 5 | —t|-1 kil 7 [+ 1

Table 4. The product tables of the bases of quaternions (left) and split-quaternions (right). For
quaternions i = j2 = k? = ijk = —1 and they anti-commute. For split-quaternions > = —1, 52 =
k? = ijk = 1 and they anti-commute. The split-quaternions are obtained by replacing j — ij, k —
ik in the quaternions. Here i is an auxiliary imaginary unit i = —1.

(1) Complex numbers are generated by the basis (1,i); 2 = —1.
(2) Split-complex numbers are generated by the basis (1,7); j2 = 1.
(3) Dual numbers are generated by the basis (1,¢); €2 = 0.
Note that the complex numbers define the field C but the split-complex and dual numbers

do not. This is because they have non-trivial zero divisors. Since we never treat the dual
numbers in this paper, we do not care about the “dual”-hypercomplex numbers.

Quaternions. We next introduce four dimensional (non)associative unital algebras over
the field R. There are two options.

(1) Quaternions are defined by a normed (associative) division algebra over
the field R. This is defined by the basis (1,4,7, k) given in the product
table 4 (left).

(2) Split-quaternions are defined by the basis (1,1, 7, k) given in the product
table 4 (right).

The quaternions define a field H but the split-quaternions do not.

A.2 Unital division algebras over fields C and H

Some hypercomplex numbers over the field R are defined as unital division algebras over
the fields C and H. The relevant examples are the followings;

1
2

C over C — bi-complex numbers,

SpC over C — split-bi-complex numbers,

4
)

)
)
3) C over H — bi-quaternions,
) SpC over H — split-bi-quaternions,
)

H over H — tetra-quaternions,

(
(
(
(
(
(

6) SpH over H — split-tetra-quaternions.

Here SpC and SpH stand for split-complex numbers and split-quaternions, respectively.
They are schematically represented by tensor products of the fields. For example, the bi-
complex numbers C, are identified with C ® C. The algebra H over C and SpH over C are
isomorphic to bi-quaternions and split-bi-quaternions, respectively.
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Table 5. The product table for the bi-complex numbers. The bases of the bi-complex numbers
i? = j2 — 1,k? = 1,ijk = 1 all commute.

Bi-complex numbers. The bi-complex numbers are defined by complex numbers over
the field C. For x,y € C, a bi-complex number X is represented by

X = z1 + yi, (A1)

where 12 = 1,i%2 = —1 are bases of the complex numbers. Since the coefficients x,y are
expanded by the basis of the complex numbers (1,7) with real coefficients, the basis of the
bi-complex numbers is given by

€y = 11, €1 = 1i, €2 = il, €3 = 2. (AQ)

All the quantities 1,4, 1,1 commute with each other. Then, we have the algebra

2 2 2 2
ey = €o, €1 = —e€q, €y = —€0, €3 = €q,

€1e2 = €3, €o€e3 = —eq, €3] = —e9, €1€e2€e3 = €. (A3)

We have two real units eg,es and two imaginary units ej,es. The algebra defines the
product table of the basis table 5. The bi-complex numbers are also known as tessarine.

Similarly, we can consider bi-complex numbers over C. This is known as the tri-
complex numbers by Segre [59]. The basis of the tri-complex numbers is (111, iil, 1i7, i1,
1i1,411, 117, zﬁ) where (1, 5) is the additional basis of the complex numbers.

Split-bi-complex numbers. The split-bi-complex numbers are split-complex numbers
over the field C. The basis of the split-bi-complex numbers is

€p = 11, €1 = il, €9y = 1j, €3 = ij, (A4)
where (1,4) and (1,j) are the bases of the complex and the split-complex numbers. They
satisfy
6% = €y, 6% = —€p, e% = €y, 6% = —€p,
€162 = €3, €263 = €1, €31 = —€2, €162€3 = —€g. (A.5)
We find that if we redefine
ey =eo, € =e1, eh=—ez, €5=eg, (A.6)

the algebra becomes that of the bi-complex numbers. Therefore the bi-complex and split-
bi-complex numbers are isomorphic with each other.
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Bi-quaternions. The bi-quaternions over the field R are defined as quaternions over the
field C, or equivalently, complex numbers over the field H. The basis is given by

601, 611, 621, 6317 eoi, €1i, egi, egi, (A7)

where e, (1 = 0,1,2,3) and (1,i) are bases of the quaternions and the complex numbers.
The bi-quaternion algebra is associative, non-commutative and normed. By using the
quaternion algebra (e, e1, €2, €3), we have the relations

(ei1)(e;1) = —dy;(eol) + €5k (ex1),
(esi)(eji) = +045(eol) — e55x(exl),
(e;1)(eji) = —6ij(eol) + €k (exi),
(eid)(ej1) = —dij(eol) + €iju(exi), (A-8)

When we define a; = ¢;1,b; = e;i, ¢ = epi, 1 = epl, they satisfy

aia; = —0;;1 + €;jrax,

bibj = 0ij1 — €ijrak,

aibj = —d;jc + €;jib,
bl-aj = _6ijc + Q'jkbk;
a?=ct=-1,0=1>=+1, (i=1,2,3). (A.9)

This is the algebra that the bi-quaternions satisfy. The algebra involves the following
subalgebras;

(1) (eoi,e1l,eqi), (eoi,eal, e2i), (eoi, €31, esi): bi-complex numbers,
(2) (e11,e2i,e3i), (e1i,eal, esi), (e1i,e2i, e31): split-quaternions,

(3) (e11,e21,e31): quaternions.

Bi-quaternions over the field C. Bi-quaternions over the field C are defined by the
basis

6011, 6,‘11, eoil, eiil, eoli, €i1i, eoii, eiii, (A.lO)

where (1,7) is the additional basis of complex numbers. This defines a 16-dimensional alge-
bra involving 8 real and 8 imaginary units. The algebra contains the bi-complex numbers
as subalgebras;

(eoii,eili,eiii), (601%, eii%, elli) (All)

Split-bi-quaternions. The split-bi-quaternions are split-complex numbers over the field
H. The basis is

eol, e1l, e2l, e3l, eoj, eij, ea2j, esd, (A.12)
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where e, (1 =0,1,2,3) and (1, j) are bases of the quaternions and the split-complex num-
bers. The basis of the split-bi-quaternions satisfies

(e01)? = epl, (e;1)% = —epl, (e0j)? = eol, (e;§) = —eol,
(e11)(e21)(e31)(e0j)(e1j)(e2])(e3)) = eol. (A.13)

Since we have

(ei1)(ej1) = —0i5(e0l) + €5k (exl),
(e:j)(e;3) = —dij(eol) + eijr(exl),
(eil)(ejd) = —dij(eod) + €iji(exd),
(eij)(ej1) = —dij(e0]) + €ijn(erd), (A.14)

if we define

\%’J,_ = 62'1, %7_ = eij, g = —eoj, 12d = 601, (A.15)
they satisfy jf+ = —19q, jf_ = —1y4, G®> = 154 and
Ti+ T+ = —0ijLlag + €T+ Ji—Tj— = —0ijLlog + €1 Tk +,
Ji+Tj— = 6ijG + €ijiu T, Ti~Tjt+ = 6ijG + €T, - (A.16)

This is the algebra of the generalized hyperkéahler structure (3.29).
The subalgebras of the split-bi-quaternions are the followings;

(1) (eoj,e1l,e1j), (eoj,eal,eaj), (eoj,esl,esj): bi-complex numbers,
(2) (e11,e2j,e3j), (e1j,e2l,e3j), (e1j,e2j,e31), (e11,e21,e31): quaternions.
Split-bi-quaternions over H. Split-bi-quaternions over H are defined by the basis;
epléy, eplé;, e;1ég, e;1€;,
eojéo, eojéis €ijéo, €ijé;j. (A.17)

Here e, and é, are the bases of two commuting quaternions and (1, j) is the basis of split-
complex numbers. The basis (A.17) defines a 32-dimensional algebra involving 20 real and
12 imaginary units. The subalgebra involves six bi-complex numbers that share one real
unit. They are easily constructed as

(eojéo, ealéo, eajé()), (eojé(), 601éa, €0jéa), (CL = 1, 2, 3). (A.18)
Here the common real unit is egjéo.

Tetra-quaternions. The tetra-quaternions are quaternions over the field H [60]. The
basis is given by

epey, (1, v=0,1,2,3). (A.19)

There are 6 imaginary units epe;, e;ep (i = 1, 2,3) and 10 real units epeo, e;e;. In the follow-
ing, we denote eg = 1,e9 = 1, le, = e,,. The algebra contains the following subalgebras;
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(1) (eil,e1,eie1), (eil, e, eje2), (eil,es,eje3), (i =1,2,3): bi-complex numbers,
(2) (e1,e2,e3), (e11,e21,e31): quaternions,

(3) (e1,eiea,eie3), (ee1,e2,¢e:€3), (e€1,¢e:€2,€3), (e11, exe;, eze;),
(e1€4,e21,e3€;), (e1€;,e2€e;,e31), (i =1,2,3): split-quaternions,

(4) (eu,eiey), (i =1,2,3): bi-quaternions.

Note that the tetra-quaternion algebra contains two commuting quaternions. This reflects
the property of the bi-hypercomplex structures.

Split-tetra-quaternions. The split-tetra-quaternions are split-quaternions over the field
H. The basis is as follows;

€€, €€, e1€o, e1€e;,
i€290, iegei, iegeo, iegei. (AQO)
They satisfy
(eoe0)® = epep,  (eoei)® = —epep,  (e1e0)® = —egeo,  (e1€;)* = egey,
(iexeg)® = epep,  (iese;)” = —egeq,  (iesen)” = epep, (iese;)® = —epeo, (A.21)

and involve 6 real and 10 imaginary units. The subalgebras are the followings;

(1) (e11,e1,e1e1), (ieal,eq,iezer), (iesl, e iezer), (e1l, ez, e1e2), (ieal,eq, ieses),
(tesl,eq,ieses), (e1l,es,ejes), (iexl,es,ieses), (iesl,es,ieses): bi-complex
numbers,

e, ez, e3), (e1,ieses, icze3), (e1,iezen, iezes), (iezer, €, ieses), (ieser, ez, iezes),
iegeq,ieges, e3), (ieser,ieses, e3), (e11,iese;, iese;), (i = 1,2, 3): quaternions,

(2)

e, e1ez,e1€3), (e1er, ez, e1e3), (e1e1,e1e2,e3), (e1l,ieal,iegl), (e1l, eze;, e3e;),

3)

2) (
(
3) (
(e1€;,ie21,ie3€;), (e1€;,ie0€;,ie3l), (i = 1,2,3) : split-quaternions,
(4) (eu,erey): bi-quaternions,
(5) (eu,iezey): split-bi-quaternions,

(6) (eu,iese,): split-bi-quaternions.

Here we have denoted ege, as e,. The split-tetra-quaternions contain split-bi-quaternions
as subalgebras. This contains algebras of the generalized hyperkéhler structures and the
Born structures.

Split-tetra-quaternions over the field H. The basis of split-tetra-quaternions over
the field H is

e0epp, €pe;€p, e1e9€y, e€1€;€y, ieaeg€n, ie2e;€y, iezeplp, iesze;eo,

6090{3@', eoeiéj, €1eoéi, eleiéj, iegeoéi, iegeiéj, Z'€3e()él', i€3eiéj. (A22)
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Here e,, e, and €, are quaternions that commute with each other. The basis defines a
64-dimensional algebra involving 36 real and 28 imaginary units. The algebra contains
split-tetra-quaternions as a subalgebra and 6 bi-complex numbers that share one real unit
ie2€0€o;

(iegeoéo, €Oez‘é0, iegeiéo), (iegeoéo, 6oeoéi, 2‘626()@1'), (7, = 1, 2, 3). (A.23)

B Clifford algebra and hypercomplex numbers

Some hypercomplex numbers are related to Clifford algebras. In this appendix, we present
the explicit relations among them. We first define quantities

e] = ey = = 612, =1,
2 2
Cpp1 = =¢€, =—1,
ee; +eje; =0, (1 # j). (B.1)

A Clifford algebra Cl, 4(R) is defined by the basis 1,e;,e; Aej, e;AejAeg,---. Here 1 is the
unit of the multiplication of the field R. In the following, we use e; Ae; = %(eiej —eje;) =
eiej. An element X in Cl, 4(R) is expanded as

. 1 .. 1 .. 1
X =zl 4+ z2'e; + E:E”eiej + gfl:”keiejek 4+ -+ mxl """ ey en, (B.2)
where z, 2%, 2%, ... € R are coefficients. The dimension of the algebra is
dim(Clp4(R)) =14 ,C1 +,Co+ -+ -+ ,Cp, = 2" (B.3)

The algebra involves 277! imaginary and real units and Cly4(R) are in general non-
commutative unital associative division algebras.

1-dim. The 2° = 1-dimensional algebra is Clpo(R) only. This is generated by {1} and
identified with R, Clyo(R) ~ R.

2-dim. The 2! = 2-dimensional algebras are Cl; o(R) and Clo 1 (R). The algebra Cly o(R)
is generated by 1 and e? = 1 and they commute. Then this is isomorphic to the split-
complex numbers Cly o(R) ~ SpC. The algebra Cly1(R) is generated by 1 and €2 = —1 and
they commute. It is obvious that this is equivalent to the complex numbers Clg;(R) ~ C.

4-dim. The 22 = 4-dimensional algebras are Cla o(R), Cly 1 (R) and Cly2(R). The algebra
Cla,0(R) is generated by 1, e, ez and e3 = ejeg. Since e; and ey anti-commute {ej, ez} = 0,
we have

{e1,e2} = {ea,e3} = {e3,e1} =0,
e2=e2=1, e5=-1,
€1€2 = €3, €263 = —€1, €3€1 = —€2. (B-4)

This is equivalent to the algebra of the split-quaternions Cla o(R) ~ SpH.
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The algebra Cl;1(R) is generated by 1, e1, ez and e3 = ejez. They satisfy

{e1,e2} = {ea,e3} = {e3,e1} =0,
e%zl, e%:—l, e%zl,

€1€2 = €3, €o€e3 = €1, €3] = —e€9. (B5)

This is again equivalent to the split-quaternions Cl; ;(R) ~ SpH.
The algebra Cly2(R) is generated by 1, e1, ez, and e3 = ejes. They satisfy

{e1,e2} = {ea,e3} = {e3,e1} =0,

e%:e%:egz—l,
e1es = e3, ese3 = eq, egel = es. (B.6)

This is nothing but the algebra of quaternions Cly2(R) ~ H.

8-dim. The 23 = 8-dimensional algebras are Cl3o(R), Cl21(R), Cly 2(R) and Clo3(R).
The algebra Clz o(R) is generated by 1, e1, ez, e3 satisfying e = €3 = €3 = 1 and

e4 = e1ea, es5 = eges, eg = eseq, e7 = ejezes. (B.7)
Since {ej,e;} =0, (4,7 =1,2,3), we have
el=el=e2=¢=—1. (B.8)
We also have

{ea,e5} = e1eaeaes + ezeszerer = ejez +eze; =0,
{e5,6e6} = eaezezer + ezereaes = ezeq + ejea =0,

{e6, €4} = ezererea + eresesze; = ezen + eseg = 0,

€4€5 = €1€2€2€3 = €1€3 = —C€g,
€566 = €2e3e36] = €261 = —ey4,
eges = e3e1e1€2 = e3ey = —es. (B.9)

This is the algebra of the bi-quaternions Cl3o(R) ~ C @ H.
The algebra of Cly1(R) is generated by 1, e1, e, e3 satisfying ef = €3 = —1, e3 = 1
and (B.7). Since {e;,e;} =0, (4,5 = 1,2,3), we have

el =el=—1, e =cl=1. (B.10)

We find that Cla1(R) is again isomorphic to the bi-quaternions Cla1(R) ~ C ® H. Note
that (eq, ea,e4) defines the quaternion subalgebra;

{e1,e2} = {ea,ea} = {es,e1} =0,

e1e2 = ey, egey = €1, eqe1 = €9. (B.11)
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The algebra Cly2(R) is generated by 1, e1,eq,e3 satisfying ef = 1,3 = €3 = —1
and (B.7). Since {e;,e;j} =0, (4,5 = 1,2,3), we have

62:62:1, e2 =e2=—1. B.12
4 6 5 7

We find that Cl;2(R) is isomorphic to bi-quaternions; Cl;2(R) ~ C ® H. Note that
(e, e3,e5) forms the quaternion subalgebra.

The algebra Clp3(R) is generated by 1, ej, e, es satisfying €2 = €3 = 3 = —1
and (B.7). Since {e;,e;} =0, (i,5 =1,2,3) we have
e =e3=e5=—1, er=e=¢ct=-1, e =1. (B.13)

The basis ey, €5, €g all anti-commute. This is the split-bi-quaternions Cly 3(R) ~ SpC @ H.

16-dim. The 2* = 16-dimensional algebras are Cly o(R), Cl31(R), Cla2(R), Cly 3(R) and

Cloa(R).
The algebra Cly(R) is generated by 1,e1, eq, 3, e4 satisfying e} = e3 = e =3 =1

and
€5 = €1€2, €6 = €1€3, €7 = €164, €g = €2€3, €9 = €2€4, €10 = €364,
€11 = e1ege3, €12 = €1€2e4, €13 = €1€3€4, €14 = €3€3€4, €15 = €1€2€364. (B.14)

Since {e;,e;} =0, (i,4 =1,2,3,4), we have

1226%26326526326%521,

e2=...=¢e2 =1 (B.15)
The algebra Clyo(R) contains 10 imaginary and 6 real units and isomorphic to the split-

tetra-quaternions Clyo(R) ~ SpH ® H. Indeed, we can extract 10 quaternions as subalge-
bras;

(es5,e6,€8),  (es,er,e9), (es,e13,e14), (es,e7,€10), (€6,€12,€14),
(e7,e11,€14), (es,eg,e10), (es,ei2,e13), (eg,e11,e13), (eio,e11,€12). (B.16)
This is equivalent to the algebra (A.20).

The algebra Cl31(R) is generated by 1,eq,ez,es3,es satisfying e =e2 = e =1,
e2 = —1 and (B.14). They satisfy

er=e 2= 1. (B.17)

This contains 6 imaginary and 10 real units. This is isomorphic to the tetra-quaternions
Cl3’1(R) ~ H & H.

The algebra Clz 2(R) is generated by 1,e1, e2, €3, e, satisfying e? =e2 =1, e% = =
—1 and (B.14). They define 6 imaginary and 10 real units;

12 e

e

=N =N

=€

e 2 ~1. (B.18)
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The algebra is isomorphic to the tetra-quaternions Cly>(R) ~ H® H.

— 33 —



The algebra Cly 3(R) is generated by 1, ey, e, e3 satisfying €3 =1, €3 = e3 = e = —1
and (B.14). They define 10 imaginary and 6 real units;

12

e

(&

e

e

L

e%l == 6%2 == 6%3 — 6%5 — _1 (Blg)
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0

The algebra is isomorphic to the split-tetra-quaternions Cl; 3(R) ~ SpH @ H.
Finally, the algebra Clo4(R) is generated by 1,e1, es, €3, e4 satisfying e? = €3 = €3 =
e3 = —1 and (B.14). They define 10 imaginary and 6 real units;

2= —1. (B.20)
The algebra is isomorphic to the split-tetra-quaternions Clp 4(R) ~ SpH ® H.

32-dim. The 25 = 32-dimensional algebras are Clso(R), Cly1(R), Cl32(R), Cla3(R),
Cli4(R) and Cly5(R). For example, Cl5 o(R) is generated by the basis

+1: 1,e1,e2,€3,€4,€5,

—1: €1€2,€1€3,€1€4, €1€5, €2€3, €2€4, €2€5, €3€4, €3€5, €4€5,

—1: €1€2€3,€1€2€4, €1€2€5,€1€3€4, €1€3€5, €1€4€E5, €2€3€4, €2€3€5, €2€4€5, €3€4€5,

+1: ejezeseq, e1ezeses, e1eaeq6s5, €1€3€4€5, €2€3€4€5,

+1: eresezeqes. (B.Ql)
Here +1 and —1 stand for the real and imaginary units. Therefore Cl5o(R) involves 12

real and 20 imaginary units. We show only the numbers of real and imaginary units of the
other Clifford algebras;

e Clso(R): 12 real and 20 imaginary,
e Cly1(R): 16 real and 16 imaginary,
e Cl32(R): 20 real and 12 imaginary,
o Cly3(R): 16 real and 16 imaginary,
o Cly4(R): 12 real and 20 imaginary,
e Clps(R): 16 real and 16 imaginary.

We find that Cl32(R) is isomorphic to the split-bi-quaternions over H which has 20 real
and 12 imaginary units Cl32(R) ~ SpC @ H & H.

64-dim. The 2% = 64-dimensional algebra contains Clg o(R), Cls51(R), Cly2(R), Cl3 3(R),
Cla4(R), Cly5(R) and Clog(R). We can show that the split-tetra-quaternions over H,
SpH @ H ® H is involved in Cl), 4(R).

Clifford algebra over C. Asis clear from the construction, the Clifford algebra over the
field R always has an anti-commutative basis when the dimension is greater than or equal
to four. Therefore, the four-dimensional algebra of the bi-complex numbers, that consists
of commuting basis, cannot be written in Clifford algebras. This is not the case when the
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dim | Clifford algebras | hypercomplex numbers
1 Cloo(R) R real numbers
2 Clip(R) SpC split-complex numbers
2 Clp1(R) C complex numbers
4 Clao(R) SpH split-quaternions
4 Cli1(R) SpH split-quaternions
4 Clp2(R) H quaternions
8 Cl3o(R) CoH bi-quaternions
8 Cly1(R) CoH bi-quaternions
8 Cli2(R) CoH bi-quaternions
8 Cly3(R) SpC @ H split-bi-quaternions
16 Clyo(R) SpH ® H split-tetra-quaternions
16 Cls1(R) HeH tetra-quaternions
16 Cla2(R) H®H tetra-quaternions
16 Cliz(R) SpH @ H split-tetra-quaternions
16 Clps(R) SpH @ H split-tetra-quaternions
2 Cly(C) C complex numbers
4 ClL(C) CeC bi-complex numbers
8 Cly(C) CoH bi-quaternions
16 Cl3(C) CeCoH bi-quaternions over C

Table 6. Clifford algebra and hypercomplex numbers.

field defining Clifford algebras is changed from R to C. For example, Cly(C) is a complex
vector space generated by 1. This is identified with C. The complex 2-dimensional (hence
the real 4-dimensional) algebra Cl;(C) is generated by 1 and e; satisfying e? = 1, i.e.,

Z = 211+ z9€q, 21,29 € C. (B.22)
In terms of the real basis, this is generated by
1, 4, e, iey. (B.23)
Note that they all commute and define two real and two imaginary units;
12=e?=1, i*=(ie))? = -1 (B.24)

It is obvious that this is equivalent to the algebra of the bi-complex numbers, Cl;(C) ~
C ® C. In the same way, we have isomorphisms Cly(C) ~ C®H, Cl3(C) ~ C®C®H,
and so on.

We note that not all the hypercomplex numbers are isomorphic to Clifford algebras.
For example, the tri-complex numbers by Segre C3 = C ® C ® C is not obtained in this
way. A summary of the algebras is found in table 6.
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