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Analog of selfduality in dimension nine

By Anna Fino at Turin and Pawet Nurowski at Warsaw

Abstract. We introduce a type of Riemannian geometry in nine dimensions, which can
be viewed as the counterpart of selfduality in four dimensions. This geometry is related to a
9-dimensional irreducible representation of SO(3) x SO(3) and it turns out to be defined by
a differential 4-form. Structures admitting a metric connection with totally antisymmetric tor-
sion and preserving the 4-form are studied in detail, producing locally homogeneous examples
which can be viewed as analogs of self-dual 4-manifolds in dimension nine.

1. Introduction

The special feature of four dimensions is that the rotation group SO(4) is not simple but
it is locally isomorphic to SU(2) x SU(2), since s0(4) = su(2);, & su(2)g.

Given an oriented 4-dimensional Riemannian manifold (M #, g), the Hodge-star-operator
% : A2 — A? satisfies 2 = id and the bundle of 2-forms A? splits as

(1.1) A% =A% @ A%,

where Aﬁ_ is the space of self-dual forms and A? is the space of anti-self-dual forms.
The Riemann curvature tensor defines a self-adjoint transformation R : A2 — A2 which
can be written, with respect to the decomposition (1.1), as the block matrix

A B
R = ,

where B € Hom(AZ, Ai) and A € End A2, C € End A? are self-adjoint.
This decomposition of R gives the complete description of the Riemannian curvature
tensor into irreducible components obtained in [21]:

(rA.B.A—3uwA C—1uC),
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where tr A = tr C is the Ricci scalar, B is the traceless Ricci tensor, and the last two compo-
nents Wy = A — %trA and W_ = C — %tr C, together give the conformally invariant Weyl
tensor W = W, + W_. We recall from [4] that g is Einstein if and only if B = 0 and g is
self-dual if and only if W_ = 0.

LC
In terms othChe Lie algebra valued 1-form I of the Levi-Civita connection and of its
curvature 2-form 2 we have the decompositions

LC + — LC + —
r=r+r ad Q=Q+Q,
where F and 5 are s1(2)z -valued, and I and Q are su(2) g-valued.
_ Then the condition for the Riemannian metric g to be Einstein and self-dual is equivalent
to Q = 0.

A natural problem is to study a geometry in higher dimensions, which can be viewed as
the counterpart of selfduality in four dimensions. The Lie group SO(n) for n > 5 is simple and
there is no splitting of so(n), so an idea is to try with a Lie group of the form H x H in SO(n).

In this paper we will consider the case of SO(3) x SO(3) C SO(9). To this aim we need
an irreducible 9-dimensional representation of SO(3) x SO(3), which turns out to be related to
a 9-dimensional irreducible representation p of the Lie group SL(2, R) x SL(2, R). Perhaps for
the first time the representation p was used by G. Peano [20] in his extension of the classical
invariant theory to the action of the Cartesian product SL(2, R) x SL(2, R) on the Cartesian
product R? x R2. Similarly to the classical invariant theory [19, Chapter 10, p. 242], Peano in
[20] defines irreducible representations of SL(2, R) x SL(2, R) group, by considering its action
on homogeneous polynomials in four variables (¢1, ¢2, Wl» Yo) = (q§ W) € R? x R2.

Given a defining action of SL(2,R) on R?, (h, ¢) — h¢ the irreducible action of
SL(2,R) x SL(2,R) on R”*1 x R4+ is defined as follows.

Letajy,l =0,...,m, A =0,...,u, be coordinates in R+ RAHT They define a
homogeneous polynomial

(1.2) i:ii: 1,1( )( ) byt Ayl

Now given (hy,hg) € SL(2,R) x SL(2,R), we define a(hL hr) ¢ gm+1 5 R+ yia

>y mth)( )( )¢ 'Ot = wihid hai).

1=0A=0
It follows that the map

SL(2,R) x SL(2, R) x R™HDUAD 5 (4 hp apy) — (alt"R)) ¢ ROHEDGAD

is an action of SL(2, R)xSL(2, R) on R+ Dw+1D “and therefore it defines an (m+1) (1 +1)-

dimensional representation p of this group by p(hr,hg)a;), = al(ﬁL’hR) .

For each value of (m, u) this representation is irreducible. In the paper we are interested
in the case (m, u) = (2,2). In such case the polynomial w reads

(1.3) w(, V) = aood?Y? + 2a100102%7 + azod3 Vi + 2a013V 12
+ day P19V V2 + 22193 Y1V + agadi vz
+2a120192V3 + arda V3.
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The 9-dimensional space R® consisting of vectors

X = (X0, X1, X2, X3, X4, X5, X6, X7, X8) = (@00, @10, d20,d01,A11,0d21,d02,d12,d22),

is equipped with the irreducible representation p of SL(2, R) x SL(2, R). This representation
induces the action of SL(2, R) x SL(2, R) on homogeneous polynomials in variables x;. Peano
showed that the lowest order invariant polynomials under this action are

(1.4) g = Zgijx,-xj- = 2(x0x8 + Xox¢ —2xX1XxX7 — 2Xx3X5 + 2x2),
i’j

(1.5) T = Yirxixjxi
i,j.k

= 24()(0)64)68 — X0X5X7 — X1X3X8 + X1X5X6 + X2X3X7 — XZX4X6).

They equip R® with a metric g; ; of signature (4,5) and a totally symmetric third rank
tensor Yk, which turns out to be traceless, gv ik = 0.

The common stabilizer of the two tensors g and Y, defined above, is SL(2, R) xSL(2, R)
in the 9-dimensional irreducible representation p of Peano.

This is very similar to the situation in R>, where we have a pair of tensors (g; > Yijk)
which reduces the GL(5, R) group to the irreducible SO(3) in dimension five [2,5,8]. The only
difference with the 5-dimensional case considered in [5] is that there the metric g;; is of purely
Riemannian signature]); see also [13,17,18].

The Riemannian version of tensors associated with Peano biquadrics may be obtained by
making the following formal substitutions in (1.4)—(1.5):

X0 = y1 +iya2, xXg = y1 —1y2, X2 = y3 + iya,
X6 = Y3 —iy4, X1 = %(ys +iys), x7= —%(ys —iye),
X3 ==(y7+iys). Xs=—_=(y7—iys). X4 =yo.
In these formulae, the coefficients y,, u = 1,...,9, are real, and i is the imaginary unit. With

these substitutions (1.4)—(1.5) become:

(1.6) g=) gijyivi =200 +y3 + 3+ yi+ ¥+ 2+ 3+ 3 +3).
i
(A7) X =" Yyryiyivi
i,j,k
= 12(=2y1y5y7 — 2y3Y5Y7 — 2Y2Y6 Y7 — 2Y4V6¥7 — 2Y2V5Y8 + 2Ya)sVs
+2y1y6y8 — 2¥3Y6Y8 + V2y1vo + V2y3y9 — V2y3y9 — V27 o).

This equips R® parametrized by Y, = 1,2,...,9, with a pair of totally symmetric tensors
(gij» Yijx), in which g;; is now a Riemannian metric.

1) This indicates that the geometry associated with tensors g and Y as above can be related to the geometry
of a certain type of systems of differential equations of finite type [12, 14]. Actually, the biquadrics (1.3) are related
to the general solution of the finite type system zxxx = 0 and zyyy, = 0 of PDEs on the plane for the unknown
z = z(x, y). We expect that the geometry associated with g and Y is the geometry of generalizations of this system

[9].
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In Section 2 we obtain a better realization of (R, g, Y) by using the identification of R?
with a space Mi3x3(R) of 3 x 3 matrices with real coefficients. This enables us to show that
SO(3) x SO(3) is a stabilizer of a certain 4-form w. In Section 3 irreducible representations
of SO(3) x SO(3) are studied in detail. Following the approach presented in [5], in Section 4
we introduce the irreducible SO(3) x SO(3) geometry in dimension nine as the geometry of
9-dimensional manifolds M ° equipped either with a pair of totally symmetric tensors (g, T)
as in (1.6)—(1.7) or with the differential 4-form w. In Section 5 we determine the conditions for
T which will guarantee that (M 2 g, Y, w) admits a unique metric connection I', with values
in the symmetry algebra (s0(3)7, @ s0(3)R) of (g, Y) and with totally antisymmetric torsion
[1,3,6,10,16]. This (s0(3)7 @ s0(3) g)-connection I', also called the characteristic connection,
naturally splits into

+ - + —
F=T+4T, withT €s03), @ R? and T € s0(3)g ® R°.

Because 0 (3)_commutes with s0(3) g, this split defines two independent so(3)-valued con-
nections I" and T". So an irreducible SO(3) x SO(3) geometry (M°, g, Y, w) equipped with an
(50(3)1 @ s0(3)Rg) connection I" can be Einstein in seveJrral meanings, by considering not only
the Levi-Civita connection but also the connections I', T" and T". In the last section we study
irreducible SO(3) x SO(3) geometries (M°, g, Y, ) admitting a characteristic connection I’
with ‘special’ torsion 7". In particular,+we provide locally homogeneous (non-Riemannian sym-
metric) examples for which T # 0, T has vanishing curvature and T is Einstein and not flat.
These examples can be viewed as analogs of self-dual structures in dimension four. It would
be very interesting to find examples of such structures which are not locally homogeneous. It
is an open question whether such examples are possible.

Acknowledgement. We would like to thank Robert Bryant, Antonio Di Scala, Boris
Doubrov, Mike Eastwood, Katja Sagerschnig and Simon Salamon for useful comments and
suggestions.

2. Invariant SO(3) x SO(3) tensors

We identify the 9-dimensional real vector space R® with a space M3x3(R) of 3 x 3
matrices with real coefficients, via the map o : R® — M3x3(R), defined by

a' a?® a3
(2.1 R°3A=de>o(A)=|a* a° ab| e Mix3(R).
a7 a8 a9

This map is obviously invertible, so we also have the inverse 0! : Mi3x3(R) — R.

The unique irreducible 9-dimensional representation p of the group G = SO(3) x SO(3)
in R? is then defined as follows.

Let h = (hr, hR) be the most general element of G, i.e., let iy, and hg be two arbitrary
elements of SO(3) in the standard representation of 3 x 3 real matrices. Then, for every vector
A from R?, we have

(2.2) p(h)A = o~ (hpo(A)hg").
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In the rest of the article we adopt the convention that the symbol G is reserved to denote
the group SO(3) x SO(3) in the irreducible 9-dimensional representation defined above, and
that g denotes its Lie algebra, g = s0(3) X s0(3).

Consider now 8 = (9',62,...,6%) with components 0! being covectors in R®. This
means that 6 is a vector-valued 1-form, § € R® ® (R®)*. We identify it with the matrix-valued
1-form o(0) € M3x3((R%)*).

The group G acts on forms 6 via 6 +— 6’ = p(h)6. Its action is then extended to all
tensors 7' of the form

T =T 0 @02 ® - @07
viaT > T = Th10..,0" @07 @@ 0.
We say that the tensor 7 is G-invariant iff 7/ = T.
An example of a G-invariant tensor is obtained by considering the determinant

det(o(A4)) = %T,-jkaiaj k
and its corresponding symmetric tensor
(2.3) Y= 176" 067 © 6k

This is obviously G-invariant by the properties of the determinant, and by the fact that
det(h) = 1, for every element of SO(3).

Thus we have at least one G-invariant tensor Y.

To create others we note the G-invariance of the expressions

(2.4) Tr(0(0) © 6(0)T), Tr(o(®) A (®)T), Tr(o(0) ® o (0)7).

Here, the product sign under the trace is considered as the usual row-by-columns product of
3 x 3 matrices, but with the product between the matrix elements in each sum being the respec-
tive tensor products O, A and ®. The G-invariance of these three expressions is an immediate
consequence of the defining property of the elements of SO(3), namely h/Th = hhT = id.
Having observed this, we now see that any function F, multilinear in expressions (2.4), also
defines a G-invariant tensor.

This enables us to define a new SO(3) x SO(3)-invariant tensor:

(2.5) g =T 0a@)7) = g;6'6’.

This tensor is symmetric, rank ((2)) and non-degenerate. It defines a Riemannian metric g on
R®.

Another set of G-invariant tensors is given by the 2k-forms

(2.6) Tr(o(0) A (@) Aa (@) Aa(@®)T A...AG(0) Ao (O)T).
One would expect that these identically vanish, but surprisingly, we have the following propo-

sition.

Proposition 2.1. The 4-form
27 w=1T(c@® Ac@®T Ao@®) AcO)T) = Joijr0 A 07 A KA

does not vanish, o # 0. In the remaining cases, when k = 1, 3, 4, the forms (2.6) are identi-
cally equal to zero.
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We have the following formulae for the three G-invariant objects defined above:
(2.8) T =—-6030°07 + 62007 + 03040% — 016%08 — 620%6° + 61650,
(2.9) g = (0" + (0% + (07 + (0% + (6°)% + (6°)% + (87)?
+ (08)2 + (99)2’
(2100 w0 =0"A0PA0* AP O AP AT NGB L0 A0 A0 ABC
+ VAN A+ 02 ANOPAPANOS+ 02 A0 A0 AE°
+ 0 AP AT AR 0N AT AO° + 607 N ANBB NG,

Here, to simplify the notation, we abbreviated expressions like 83 @ 6> © 87 or 8! ® 0! to
6360°07 and (01)2, respectively.

Proposition 2.2. (1) The simultaneous stabilizer in GL(9, R) of the tensors g and
Y defined respectively in (2.3) and (2.5) is G = SO(3) x SO(3) in the irreducible
9-dimensional representation p.

(2) The stabilizer in GL(9, R) of the 4-form w defined in (2.7) is also G = SO(3) x SO(3)

in the irreducible 9-dimensional representation p.

Proof.  'We know from the considerations preceding the proposition that the stabilizers
contain G. To show that they are actually equal to G we do as follows:
A stabilizer G’ of g and Y consists of those elements / in GL(9, R) for which

@2.11) g(hX,hY)=g(X,Y) and Y(hX.hY,hZ)=Y(X.Y,Z).

We find the Lie algebra of G’. Taking 4 in the form & = exp(sX) and taking %|s=0 of the

equations (2.11), we see that the matrices X = (X' ;) representing the elements of the Lie
algebra g’ of G’ must satisfy

(2.12) g X +guX'i=0
and
(2.13) Y X5+ Y XY + Y X% = 0.

The first of the above equations tells that the matrices X must be antisymmetric, i.e., it reduces
81 components of a matrix X to 36. The second equation gives another 30 independent con-
ditions restricting the number of free components of X to 6. Explicitly the matrix X solving
(2.12)—(2.13) is of the form

/7 /7 /
(2.14) X=X+ X%+ X3es+ XVer + X% ex + X ey,
where
000—1 0 0 000 0-100 000 0 0
0000 —1 0 000 100000000
0000 0 —1000 00000000 O
1000 0 0000 0000—-100 0 0
(2.15) eg1=]10100 0 0000}, e;x=]000100000],
001 0 0 0000 00000O00O0 O
0000 0 0 000 00000O00—10
0000 0 0 000 000000100
0000 O 0 000 00000000 O
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—
—

—

—
—
—

—
—

[=lelelelelelelel-Rdelelelelelelel)

(2.16) ey = ey =

—

—
COOOCOO0O OOROOCO0R
—_—
—-
COOOCOO0O COOrROCO0OR

—_

(2.17) ez =

—
—

—_

[=lelelelelelelel-N el jelelelelelwle)
[=lelelelelelelel-i e lelelelelelele)
[=leljeloleleleleielelelelelelelele)
[=leleloleleloleNelelelelelelelele)
=l=lelelololeleelelelelelslelele)
OOOOO'OOO OOOOOOOO'
OOOO'OOOO OOOOOOO'O
OOO'OOOOO OOOOOO'OO
[=lelelelolelelole N elelelelelelofele)
[=lelelelelel ol elelelelelelelele)
OOOOOOOIO OOOOOOOO'
COO—OOOO0O COOoOooCooooo
OOOO'OOOO OOOOO'OOO
i =l=l=lelelelelelelelelelelelelel)
o'ooooooo OO'OOOOOO

—
_
~~—

It is easy to check that the matrices e satisfy the following commutation relations: [e1, e2] = e3,
[es,e1] = ea, [ea,e3] = e1, [e1r, ex] = ex, [ex,er’] = ey, [ex, €3] = eys, with all the other
commutators being zero modulo the antisymmetry. Thus the system (egq,eq), A = 1,2,3,
spans the Lie algebra s0(3) @ s0(3), confirming that the Lie algebra g’ of the stabilizer G’ of
tensors (2.3) and (2.5) is ¢’ = s0(3) @ s0(3). In an analogous way we find the Lie algebra g”
of the stabilizer G” of w. This stabilizer consists of those elements / in GL(9, R) for which

(2.18) w(hX.hY,hZ) = o(X.,Y, Z).

Taking 4 in the form & = exp(sX) and taking %|s=0 of the equations (2.18), we see that the
matrices X = (X’;) representing the elements of the Lie algebra g” of G” must satisfy

(2.19) (Uljkali + wilkalj + a)ijllek + (Uijlelm =0.

A short algebra shows that this imposes 75 independent conditions on the 81 components of
X, and that the most general solution to this equation is given by (2.14) with the generators
(e4.,eq/) asin (2.15)—(2.17). Thus ¢’ = g” = s0(3) ® s0(3) := g.

As a consequence G’ = G” = SO(3) x SO(3), since s0(3) @ s0(3) is a maximal Lie
subalgebra of s0(9). m]

Remark 2.3. Note that the form w alone is enough to reduce GL(9, R) to G. One does
not need the metric g for this reduction! On the other hand, the tensor Y alone is not enough to
reduce the GL(9, R) to G. The equation (2.13) imposes only 65 independent conditions on the
matrix X. Thus it reduces gl(9, R) to a Lie algebra of dimension 16. Since 16 is the dimension
of sl(3,R) & sl(3,R), and Y is clearly SL(3,R) x SL(3, R)-invariant, the stabilizer of the
tensor Y alone is SL(3,RR) x SL(3,R). To reduce it further to s0(3) & s0(3) one needs to
preserve g. If in addition to Y we preserve g we get, via the equation (2.12), the remaining 10
conditions.

Remark 2.4. For the geometric relevance of the form w see Remark 4.5 suggested by
Robert Bryant [7], see also [15] for the details.

Remark 2.5. We remark that in addition to the 4-form @ we have also the 5-form xw
(Hodge-dual of w) which is G-invariant. One can say that given only w in R® we do not
have any metric structure on it. But @ defines the reduction of the Lie algebra of GL(9, R) to
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g = 50(3) x s0(3). In particular it defines the explicit representation of g given by (2.14) with
the explicit form of the generators (e4, e4/) given by (2.15)—(2.17). Thus, given w we have
explicitly X as in (2.14).

Now we define the metric g;; as a (g)—tensor such that (2.12) holds. It is a matter of
checking that given X as in (2.14) with (e4, e4’) as in (2.15)—~(2.17) the only metric g;; sat-
isfying (2.12) (miraculously!) is g;; = const xd;;. Thus the 4-form w defines the metric g
up to a scale, and this in turn defines the unique (up to a scale) 5-form *w, being its standard
Hodge-star with respect to the metric g.

Another way of defining the 5-form *®, which provides the explicit relation between
(g,Y) and w, is given by Proposition 2.6 below. To formulate it we consider a coframe 6’
and the corresponding components Y of the tensor T as in (2.3). Using them we define a
(9 x 9)-matrix-valued 1-form Y (6) = (Y (0)}) with matrix elements Y ()} = ¢/ Y 6*.

Here (g'/) is the matrix inverse of (gij).i.e., gikgkj = gjkgki = 8’). Having the matrix
Y (0), we consider traces of the skew symmetric powers of it,

Tr(Y()™) = Tr(Y(0) A Y(O) A ... A T(H)),

where again the expressions like Y(6) A T(6) denote the usual row-by-columns multiplica-
tion of 9 x 9 matrices, with the multiplication between the matrix elements being the wedge
product A.

Proposition 2.6. Ifk # 5andk € {1,2,...,9}, then Tr(Y(0)"*) = 0.
Ifk = 5, then the 5-form Tr(Y (6)°) does not vanish,

Tr(Y(0)") = Tr(Y(6) A Y(0) A Y(6) A Y(6) A Y(0)) # 0.

Up to a scale this form is equal to the G-invariant 5-form xw. In turn, the relation between the
form w and tensors (g, ) is given by

o = *Tr(L(6) A Y(O) A Y(O) AT(O) AT(O)).

We proved this proposition by a brute force, using (2.8)—(2.10), and calculating the ex-
pression of Tr(Y (6)%) for each value of k = 1,2, ..., 9. It would be interesting to get a ‘pure
thought’ proof of it.

Remark 2.7. The situation with G-invariant totally antisymmetric p-forms is clear:
there are only (up to a scale) one 0- and one 9-form (a constant and its Hodge dual), and there
are only (up to a scale) one 4- and one 5-form (the 4-form w and its Hodge dual). All the other
G-invariant p-forms are equal to zero.

Remark 2.8. The situation with G-invariant totally symmetric p-forms is more com-
plex because of the infinite dimension of P, @k R®: up to a scale there is only one totally
symmetric G-invariant O-form; totally symmetric G-invariant 1-forms are all equal to zero;
there is only one totally symmetric G-invariant 2-form (the metric g), and only one totally
symmetric G-invariant 3-form (the tensor Y'). Continuing this one gets that, in particular,
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there is only a 2-real-parameter family of totally symmetric G-invariant 4-forms: the family is
spanned by g(;; gk1) and by a tensor E;;x; = E k), which in our coframe 6 is expressed by

E = L8007 6%0!
=20H* + 4(61%(0%)% + 2(6H)* + 4(0H)%(0°%) + 4(6)%(0>)% + 2(6%)*
+ 4(01)2(94)2 _ 7(92)2(94)2 _ 7(03)2(94)2 + 2(94)4 + 2201026495
_ 7(91)2(95)2 + 4(92)2(95)2 _ 7(03)2(95)2 + 4(94)2(95)2 + 2(05)4
+ 226016304605 + 226%2630°0% — 7(61)%(6%)% — 7(%)(0%)? + 4(6°)%(6%)?
+ 4(94)2(96)2 + 4(95)2(96)2 + 2(96)4 + 4(91)2(97)2 _ 7(92)2(97)2
_ 7(93)2(97)2 + 4(94)2(97)2 _ 7(95)2(97)2 _ 7(96)2(97)2 + 2(97)4
+220'0%07608 +2206°070% — 7(61)%(6%)% + 4(0%)?(0%)?
_ 7(93)2(98)2 o 7(94)2(98)2 + 4(95)2(98)2 . 7(96)2(98)2 + 4(07)2(98)2
+2(0%)* +220'63070° + 220%0°070° + 220%6036%0° + 220°0°6%0°
. 7(01)2(99)2 . 7(92)2(99)2 + 4(03)2(99)2 . 7(94)2(09)2 . 7(95)2(99)2
+ 4(6%)2(0°)% + 4(07)2(0%)% + 4(6%)%(0°)* + 2(0°)*.
The G-invariant tensor &;x; defined above may be characterized as the unique (up to a scale)
G-invariant totally symmetric (2) tensor which has vanishing trace, g/ &; ikl = 0.

3. Irreducible representations of SO(3) x SO(3)

As it is well known all finite dimensional real irreducible representations of SO(3) have
dimensions d = 2k + 1,k = 0,1,2,3, ..., and are enumerated by the weight vectors [2k].
The representations with the weight vectors [m] = [2k] and [u] = [2/] are equivalent? iff
k = 1. We denote the vector spaces of these representations by V[px]. Consequently, all
pairwise inequivalent finite dimensional real irreducible representations of SO(3) x SO(3) are
given by tensor products

V[2k] &® V[21] = V[zk,zl]a withk,/ =0,1,2,3,...,

and have the respective dimensions dpx 2;1 = (2k + 1)(21 + 1).

In particular, for each number d[k /1, with k # [, there are two non-equivalent ir-
reducible representations of SO(3) x SO(3) with the respective carrier spaces Vjx 2/ and
Vi21,2k1-

In the following we will need decompositions of various tensor products of spaces Vjzx 21
into irreducible components with respect to the action of SO(3) xSO(3). These are summarized
in the next proposition.

2) Note that m and p here are related to the order of the Peano polynomials in (1.2).
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Proposition 3.1.

2
A Ve = Voo @ Vizo) ® Viza @ Va2,

3

A 221 = Vio.21 ® V2.0l @ Vo,e] @ Viso) @ Vza) ® V2] © Vi, @ Vil

/4\ V12,21 = V0,01 © V]0,41 ® Via,01 © 2V[2,2] ® V}2,4] ® V]4,21 ® Vi2,61 D Vi6,21 D V4,41,
2
@ V12,21 = V]0,01 © V0,41 ® Via,01 @ V[2,2] © V]4,4],

3
@ V2,21 = V0,01 © 2V2,21 © V2,41 © Via,2] © V2,6) @ Vie,2] D V]a,41 D Vis,e-
é V12,21 = 2V0,01 ® 2V{0,4] © 2V]a,00 © 2V]2,2] @ V2,41 D V21 ® Vio,8] D Vs,0)

® V2,61 @ Vie,21 © 3V(4,41 D Via,6] ® Vi6,41 © Via,81 ® Vis,41 @ Vie,6] D Vs,5]-
In addition we have the following identifications:
‘left’  s0(3) = V]o,2], ‘right”  s0(3) = V[2,0],

2 2
R® = Vi2.2]. s0(9) = /\R9 = /\ V2,21

In the following we will conveniently denote the so(3) Lie algebra corresponding to Vg ] by
s0(3), and the s0(3) Lie algebra corresponding to V|3 o] by s0(3)r, i.e.,

V[0,2] = SD(3)L and V[z’o] = 50(3)R

Using these identifications and the decompositions from Proposition 3.1, we obtain:

Proposition 3.2.

50(9) ® R? = 2Vjg 51 ® 2V}2,01 ® V0,41 @ Vi4,01 @ Vio,6] D Vie.o]
@ 3V[2,41 ® 3V[4,21 D V2,6) ® Vi6,21 D 4V]2,2] ® 2V]4,4
® Via,6] @ Vie,4]-
503)L @ R? = Vi2.0)  Vi2.21 @ Viz.a),
50(3)r ® R? = Vjo.2) @ V2,21 ® Via 2.

(50(3)L ® 50(3)R) ® R? = Vjg.21 D Vj2.0] ® 2V2.2] ® Vi2.a] ® Va2
2
s0(3)L ® /\R9 = V10,00 @ V0,21 ® V[2,6] @ V]0,4] ® V]4,01 ® V2,41 ® V4,2

® 2V[2,2]1 ® Via,4)-

2
s0(3)rR ® /\R9 = V10,00 @ V2,00 @ V6,21 ® V]0,41 © V]4,01 ® V2,41 ® V4,2
® 2V[2,2] @ V4,41,
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2
(50(3)L ®s0(3)r) ® /\R9 = 2V]0,01 @ V]0,21 ® V2,01 ® 2V][0,4] © 2V]4,0]
D 2V12,41 D 2V[4,21 ® V2,61 D Vi6,2] D 4V2,2] © 2V]4 41

The proofs of the above propositions can be obtained by the standard representation the-
ory methods using weights. Instead of presenting them we identify various useful components
of the decompositions mentioned in the propositions as eigenspaces of certain SO(3) x SO(3)
invariant operators.

For example the four irreducible components in the decomposition of /\2 R? in Proposi-
tion 3.1 can be distinguished by means of the action of the endomorphism of ®2 R® defined by
the structural 4-form w. Indeed the 4-form w = ﬁa)ijkﬁ" A BT AOK A G asin (2.8)—(2.10),

defines a linear map o : ®*R® — Q> R? given by
2 2
© .
®R9 3 lij > a)(t)kl = a)ljkltij S ®R9.

Here and in the following, we raise the indices by means of the inverse g’/ of the metric
g = gij0'6/ given by (2.10). In particular

y o
ok = g'Pg  wpqi-

The eigenspaces of this endomorphism give the desired decomposition of /\2 R®. We
have the following proposition.

Proposition 3.3. The 45-dimensional vector space @2 R® is an SO(3) x SO(3)
invariant subspace in ®2 R® which corresponds to the eigenvalue 0 of the operator
w : ®2 R® — ®2 R®. The decomposition /\2 R® = V12,00 @ Vio,2] @ V2,41 D V[4,2] is
given by

2
Va1 = { QR 3 Fy  o(F)yj = —4F;} = s003)..

{
Vio.of {éR9 5 Fyj  o(F)ij = 4F;; ) = 50(3)x,
{

2
Vo = QR 2 Fj to(F)y = 2F,-,-},

2
Via2 = {®R9 > Fij to(F)ij = —2Fij}-
The respective dimensions are
dim V[z,o] = dim V[O,Z] =3, dim V[4’2] = dim V[2’4] = 15.

Remark 3.4. Convenient bases for the 2-forms spanning V[o »j and V] o] are

A 1 j j A’ 1 j j
Ky = ieAijel AB/, and k§ = EeA/,-,-G’ NS
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Here e4;; and e4/;; are the matrix elements of the bases (e4) and (e4/) of s0(3)7 and s0(3) g
as given in (2.15)—(2.17). Explicitly:

kg =0 A0+ 0% A0° + 03 A0S,

—kd =0 A0+ 04 A 0° + 67 A6,
—kg=0"ANOT + 02 NO% 4+ 07 A0°,

k2 =0 A0+ 0 A 0%+ 07 AO°,

—kg =0 ANOT +0° A0+ 057 0°,

kg =02 A0+ 07 A0+ 6% A6

(3.1)

Thus we have Spang (k}, k2, k3) = $0(3), and SpanR(K(}/, Kg/, Kg/) =s0(3)r.
A convenient basis for the space V[, 4] is given by

Ad =01 A0% =603 A0S, A3 =01 A0%+6%A0%,
AM=0"A00+0°A0% A5 =0"A07T -0 A0°,
Ao =0"A08+02A07,  AS=0'A0°+03A07,
Ao =0%A0°—03n0°, A8 =0%2A0°+0%n0°,
Ao =02A0%8—03n0° A0 =0%n0°+0%A08,
AL =04A0"—0570°, A2 =0*A0%4+0° A0,
A =0 n0° +05A07, AP =0°A0%—0%A0°,

AL =05 A 0% 4 05 A 08,

3.2)

Similarly, a basis for V4 »j is

Ay =0 A02 0T A%, A2 =0 A0 607 NG,
Ay =02n0°—08n0% Ay =60"n0°— 6% n0*,
Ay =0 A0 —03n0%,  A§ =02 A0°— 63 A6,

. /\g: AN AR NI A?,: =0'A0°—03 A0,
Ag =02n0°—02n08 A0 =0*A0°—07 BB,
AV =0 A0°—0"A0°, AT =07 n0°— 0% A6,
A =0 A0 05 A 07, AN =04 n6°—0°n07,
A =605 A6° 0% A 65,

A partial decomposition of @2 R® can be obtained by means of the Casimir operator
C ' for the tensorial representation ®2p of the irreducible representation of s0(3)z7 ®s0(3) g
defined in (2.15)—(2.17). To get an explicit formula for the operator C/;; we introduce a
collective index . = 1,2,3,4,5,6, so that the six vectors (e;,) = (e4,eq/) are the basis of
the Lie algebra so0(3)7, @ s0(3)g. Using this basis one easily calculates the Killing form k for
s0(3)r @ s0(3)gr. We have
k(eu,ev) = kv = —208,0.
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The inverse of the Killing form has components k#*V = —%8“". Then, modulo the terms
proportional to the identity, the Casimir operator C/j; reads

C% = k" (e'ken’1 + ev'kens).

Here e,,/; denotes the matrix element from the ith raw and kth column of the Lie algebra
matrix e, given by (2.15)—(2.17). This defines an endomorphism

2 2
C: QR > QR
given by
2 c - 2
®R9 3 ljj > Ct)r = Cljkltij € ®R9.
We have the following proposition.

Proposition 3.5. The Casimir operator C decomposes ®2 R?® so that

2
®]R9 = V10,01 ® V2,21 ® V[a,41 ® We & W10 © W3o,

where
2
Vio.o] = {®R9 > F;j: C(F)ij = —4Fij},
2
Viao] = {®R9 > F;j : C(F)ij = —2Fij},
2
Viaa) = {®R9 > Fjj: C(F)jj = 2Fij},
2
We = {®R9 > Fij : C(F)ij = —3Fij} = V2,00 ® Vo.2):
2
Wio = {®R9 > F;j: C(F)yj = 0} = V2,41 ® V4,21,
2
Wio = {®R9 > Fij 1 C(F)ij = —E-,-}-
We further have

2 2
AR’ =We@Wso and ()R’ = V0,01 ® V2,21 ® Via.a) & Who.

The dimensions of the carrier spaces Wg, Wig and W3g are 6, 10, 30, respectively. The spaces
V10,01, V12,21 and V(4 4] have the respective dimensions 1,9, 25.

The symmetric representation Wy further decomposes into 5-dimensional SO(3) x SO(3)
irreducible and non-equivalent bits: Wig = Vj4,0] & V]o,4]-
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One can use the Casimir operator C to decompose the higher rank tensors as well. In
particular, the third rank tensors, #;x € ®3 R?, can be decomposed using the operator

Clk,qr = CUpysk, + C* 87, + CIK,, 8.
This defines an endomorphism C: ®3 R® — ®3 R® given by
3 & -
®R9 ) tijk —> C(t)lmn = Cljklmnl‘l'jk € ®R9
Applying it to A\? R® we get:
Proposition 3.6. The eigendecomposition of /\3 R® by the operator C is given by

3
/\]R9 =Z6D Zo® Z30 D Z3o,

where

/\R > Hl/k C(H)ljk = 5I"Iuk} = V[2 0] ® V[O 2]

{/\R > Hyy : C(H)yjy = 4H,jk} = Vo).
{/\R 5 Hyjy : C(H)yjy = 2Huk} = Vipa @ Via o).
Z3g = {/\]R9 > Hijk : C(H)ijk = 0} = V[4,4] [as) V[0,6] fan) V[6,0]-

A more refined decomposition of /\3 R? is obtained by using the structural 4-form w. It
produces an endomorphism @ : /\3 R® — /\3 R® given by

& .
J\R® 5t — @)k = 30" tkqm € \ R’

Proposition 3.7. The eigendecomposition of /\3 R® by the operator & is given by

3
/\Rg = V6,01 ® Vio,6] ® Z18 ® Z18’ ® Z34,

where

3
Vio,6] = {/\R9 > Hijx - o(H)jx = —6Hijk},

3
Vieor = { A\ R® > Hij : 6(H)ijx = 6Hiji ),

3
Z1g = {/\R9 5> Hijx : o(H)jx = 4Hijk} = V2,41 ® Vo,2)»
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3

Ziy = {/\R9 3 Hyji t @(H)jjk = —4Hijk} = V4,21 ® V2,00
3

234 = {/\Rg E) Hijk :(D(H)ijk = O} = V[2,2] ©® V[4,4].

Using Propositions 3.6 and 3.7, we identify all the irreducible components of the
SO(3) x SO(3) decomposition of A>R®, e.g., Viz.0] = Z6 N Z1g/, Viaa] = Z39 N Z3a.

4. Irreducible SO(3) x SO(3) geometry in dimension nine
We are now prepared to define the basic object of our studies in this article.

Definition 4.1. The irreducible SO(3) x SO(3) geometry in dimension nine (M°, g, Y)
is a 9-dimensional manifold M °, equipped with totally symmetric tensor fields (g, Y) of the
respective ranks (g) and (g), which at each point x € M ?, reduce the structure group GL(9, R)
of the tangent space T, M to the irreducible submodule (SO(3)xSO(3)) C SO(9) C GL(9, R).

Alternatively, the irreducible SO(3) x SO(3) geometry in dimension nine is a 9-dimen-
sional manifold M°, equipped with a differential 4-form @ which, at each point x € M?,
reduces the structure group GL(9, R) of the tangent space Tx M to the irreducible submodule
(SO(3) x SO(3)) € SO(9) C GL(9,R).

Definition 4.2. Let (M°, g, Y) be an irreducible SO(3) x SO(3) geometry in dimension
nine. A diffeomorphism ¢ : M° — M? such that ¢*g = g and ¢*Y = Y is called a
symmetry of (M°, g, ). An infinitesimal symmetry of (M°, g, Y) is a vector field X on M°
such that £yg = 0and Lx Y = 0.

Symmetries of (M?, g, T) form a Lie group of symmetries, and infinitesimal symmetries
form a Lie algebra of symmetries.

4.1. s0(3)r ®s0(3) g connection. We want to analyze the properties of the irreducible
SO(3) x SO(3) geometries in dimension nine by means of an s0(3)7, @ s0(3) g-valued connec-
tion. Since s$0(3)1, @ s0(3) g seats naturally in s0(9), such connection is automatically metric.
It also preserves Y and w.

For the purpose of this paper it is convenient to think about a connection as a Lie-algebra-
valued 1-form I" on M°. Thus, the 1-form I'" of the connection we are going to define for
geometries (M°, g, Y, w) has values in g = s0(3)7 ® s0(3)g C s0(9), i.e., in the Lie algebra
defined by (2.14)—(2.17).

For further use we need the following notion:

Definition 4.3. Given an irreducible SO(3) x SO(3) geometry (M°, g, Y, ), a coframe
6 = (0',0%,03,0%6°,0° 07,68, 0% on M? is called adapted to it iff the structural tensors
g, Y and w assume the form (2.8)—(2.10) in it.
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Since the manifol(Lic(M ?,g2, Y, w) is equipped with a Riemannian metric g it carries the
Levi-Civita connection I" of g. This can be split into

LC
4.1) I' =TI + ‘the rest’.

The only requirement that I" has values in g is to weak to make the above split unique. In order
to achieve the uniqueness one has to impose some (e.g., algebraic) restrictions on ‘the rest’.
The strongest of such restrictions is that ‘the rest’ = 0. In Section 5 we will provide another
much weaker condition that makes the split (4.1) unique. Here we do some preparatory steps
to this.

Given the geometry (M°, g, Y, w) we use a coframe @ adapted to it and write down the
structure equations as

(4.2) d0' + T, A0/ =T!, AU, + T ATK; = K.

Here the matrices I' = ("¢ ;) have values in the Lie algebra ¢ = s0(3);, @ s0(3)gr C s0(9)
and therefore can be written as

(4.3) I =yled; +yVea;.

where (y4, )/A/) are 1-forms on M°, and the matrices e4 = (eAij) andeyq = (eA/ij) are given
by (2.15)—(2.17).
The vector-valued 2-forms 7" = %T’ k07 A 6% represent the ‘torsion’ of connection I
The “a priori’ s0(9)-valued 2-forms K’ = %K i ijGk A 0! are actually g-valued. Hence they
can also be written as
. . ;o
sz — KAeAlj —|—KA eA’lj,
where
. . , ;. .
kA = %KAUHZ AB/ and 4 = %KAU'QZ NCE
are 2-forms on M °. They describe the ‘curvature’ of the connection I".
We want that the first of the structure equations (4.2), which defines the torsion 7 of
the s0(3)7 @ s0(3) g connection I, be nothing else but a reinterpretation of the ‘zero’-torsion
equation

. LC. .
(4.4) do' +T'; A6/ =0
C
for the Levi-Civita connection i“ For this we need that
LC 1
Cijk = Lijk + 5(Tijk — Tjix — Tkij)s

or, what is the same,

LC.

4.5) Iy =15+ 31 - L1 + 1)) ek

Indeed, inserting (4.5) into (4.4), because of the symmetry of the last two terms in indices {jk},
we get precisely the first of the structure equations (4.2).
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The structure equations (4.2) when written explicitly in terms of (#7, yA, yA/) read
A0 =y A0t + 2 A0 YV A2+ T AP+ T,
d02 =yt A0° + 92 A 08 —yV A0 + 93 A 03 4+ T2,
d03 =yl A 0% + 92 A0 —y2 A0 — ¥ A02 4 T3,
do* = =y A0 493 A 07T + YV A% + 9P A0 4+ T,
(4.6) d0° = —p A2 493 A8 =y A0 + ¥ A 0% 4+ T,
d0S = —y ' A0 + 93 A 0% —yP A0t — 93 A0 4+ T,
d07 = =2 A0 =P A0t VA O8 +yP A0 + T,
A8 = —y2 A 02 —y3 A 0% —yV A 07T + 93 A0 4+ T8,
d0% = —y2 A0 —y3 A0 — P A 0T =y A O3 4+ TO,
dyl = —p2 A y3 4!, dyl’ _ _yz’ /\y3/ iV

4.7) dy2 = —)/3 A yl + K2, dyz/ = —y3/ A yl/ + KZ,,

d)/3 — _Vl A VZ + K3, dy3/ — _yl/ A )/2/ + K3/.
The equations (4.6)—(4.7), together with their integrability conditions implied by d?> = 0, en-

code all the geometric information about the most general irreducible SO(3) x SO(3) geometry
in dimension nine.

4.2. s0(6) Cartan connection. The standard point of view on the structure equations
(4.2) is that the equations are written just on M°. This point of view was assumed when we
have introduced (4.6)—(4.7) above.

The less standard point of view is in the spirit of E. Cartan: One considers equations
(4.6)—(4.7) as written on the principal fiber bundle

SO(3) x SO(3) - P — M°,

with the structure group G. This is the Cartan bundle for the geometry (M°, g, T, ). In this
point of view the (9 + 3 + 3) = 15 one-forms (67, y4, y4’) are considered to live on P, rather
than on M°. They are linearly independent at each point of P defining a preferred coframe
there.

The system may be ultimately interpreted as a system for the curvature of an s0(6)-
valued Cartan connection on P. This connection is defined in terms of the preferred coframe
O, y4, )/A/) on P as follows. We define a 6 x 6 real antisymmetric matrix

( 0 —y' —y2 | o' @2 93

pl 0 —y3 | 04+ 6° 06

p2 3 0 | 67 68 09

LCcartan = - - - - - - -
—01 —p* 97 | 0 —yU 7
—02 _—p5 _p8 | )/1/ 0 _y3’

K_93 06 —0° | 2 ¥ 0

of 1-forms, and a 9 x 9 matrix of 2-forms K¢ given by K¢ = K()“eA + K64/€A/.
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The forms (K64, K(’)‘l/) are the respective basis of s0(3) g and s0(3), as defined in Remark
3.4. The matrix ["caan of 1-forms on P, being antisymmetric, has values in the Lie algebra
s0(6), Icartan € 50(6) ® /\1(P). It defines an s0(6)-valued Cartan connection on P. Due to
the equations (4.6)—(4.7) its curvature,

R = dFCartan + 1_‘Cartan A 1-‘Cartana

has the form

(0o -—R' —R2 | T' T2 T3
R! 0 —-R* | T T1°> TS
R R o | T T8 T°
R=| - - - - - - - .
-T' —1* 17 | 0 —RY —R?
-r2 15 —18% | RY 0 —R¥

K—T3 -1 —1° | R¥ R¥ 0

where
4 4
R4 =KA—/(64, RA =4 —K64

A4 =123

Thus the curvature of the $0(6)-Cartan connection keeps track of both the curvature K and the
torsion 7" of the s0(3);, @ s0(3)g connection I'. In particular the connection ['caran 1S flat
iff T = 0,R = 0, i.e., iff the connection I' has vanishing torsion, T = 0, and has constant
positive curvature, K = K.

4.3. No torsion. It is very easy to find all 9-dimensional irreducible SO(3) x SO(3)
geometries with vanishing torsion. It follows that the system (4.2), or equivalently (4.6)—(4.7),

with T8 = 0,7 = 1,2,...,9, is so rigid on P that it admits only a 1-parameter family of
solutions. More specifically, the first Bianchi identities, d(d6') = 0,i = 1,2,...,9, applied
to the equations (4.6), with T/ = 0, very quickly show that the curvatures k4 and k4" must

be of the form k4 = SK64 and k4" = s;c()“/, where s is a real function on P. Then, the second

Bianchi identities, d(dy4) = 0 = d(dyA/), applied to (4.7) with the «’s as above, show that
ds = 0, i.e., that the function s is constant on P. This proves the following proposition, which
also follows from Berger’s classification.

Proposition 4.4. Al irreducible SO(3) x SO(3) geometries (M°, g, Y, ) with vanish-
ing torsion are locally isometric to one of the symmetric spaces

M® = €/(SO(3) x SO(3)),

where § = SO(6), SO(3, 3), or (SO(3) x SO(3)) %, R.

The Riemannian metric g, the tensor Y, and the 4-form w defining the SO(3) x SO(3)
structure are defined in terms of the left invariant 1-forms (61,602, ...,0°), whichon P = §
satisfy equations (4.6)—(4.7) and T' = 0. These forms, via (2.8)—(2.10), define objects g, T
and w on P, which descend to a well defined Riemannian metric g, the symmetric tensor Y
and the 4-form w on M° = §/(SO(3) x SO(3)). The Levi-Civita connection of the metric g
has Einstein Ricci tensor on M°,

LC
Ric(g) = 4sg,
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and has holonomy reduced to SO(3) x SO(3). The metric g is flat if and only if s = 0.
Otherwise it is not conformally flat. The Cartan s0(6) connection for these structures has
constant curvature,

(0 =t =2 | 0 0 0

kg 0 —kg | O 0 0

K K] 0O | O 0 0
R=G-D|- - - - - = -1,

0 0 0 | 0 -kt —«Z

0 0 0 | kg 0o -«

0 0 0 | K x 0

and is flat if and only if s = 1. The symmetry group of these structures is § = SO(6) for s > 0,
SO(3,3) for s < 0 and (SO(3) x SO(3)) x, R® fors = 0.

Remark 4.5. The space SO(6)/(SO(3) x SO(3)) appearing in this proposition is just
the Grassmannian Gr(3, 6) of oriented 3-planes in 6-space and the 4-form @ coincides (up to
a multiple) with the first Pontryagin class of the canonical 3-plane bundle over Gr(3, 6) (see
[7,15]) and the 5-form *w is its dual. Indeed, w is induced by the first Pontryagin class of the
canonical 3-plane bundle over the Grassmannian Gr(3, 7). In his Ph.D. thesis C. Michael [15]
showed that xw calibrates the special Lagrangian Grassmannian SU(3)/SO(3) C Gr(3, 6) and
its congruent submanifolds (and nothing else). Moreover, he classified also the 8-dimensional
submanifolds of Gr(3,7) that are calibrated by the dual of the first Pontryagin class of the
canonical 3-plane bundle [11].

4.4. Spin connections. Denote by €y the real Clifford algebra of the positive definite
quadratic form. € is generated by the vectors of R® and the relation

veow+w-v=2{v,w), v,weR?,

holds. The spin representation of the group Spin(9) is a faithful real representation in the
16-dimensional space Ag of real spinors and it is the unique irreducible representation of the
group Spin(9) in dimension 16. With respect to this representation the orthonormal vectors

(e1,...,€9) may be represented by the matrices
15 15
: k
er =Y Mg jrs1- € =i (—D"Mig_jps1.
k=0 k=0

7
e3 =Y (Mis_aokok+1 — Mis—ak,2k+2)-
k=0

7
- k
€4 =1 Z(—l) (Mi5—2k 2k+1 + M16—2k 2k +2)-
k=0
3
es = Z(M13—4k,4k+1 + Mia—ak,ak+2 — Mis—akak+3 — Mi6—ak,ak+4)-
k=0
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3
. k
€6 =1 Z(—l) (M13—ak ak+1 + Mia—ak ak+2 + M1s—ak,ak+3 + M16—ak,ak+4)
k=0
3
€7 =Y (Moyki+1 — Missiiss + Mipikro — Msikit13),
k=0

7 7
eg =1 Z(M9+k,k+1 — Mitkk+9), €9 = Z(Mk+1,k+1 — My +9,k+9)
k=0 k=0

where by M; ; we denote the 16 x 16-matrix having value 1 at its entry (7, j) and value 0 in
all the remaining entries. In particular we have

e?=1, e -¢ +e-e =0, foralli,j=12,....09.

The double covering homomorphism Spin(9) — SO(9) induces the isomorphism of
Lie algebras spin(9) — s0(9). By means of this isomorphism the basis of the Lie algebra
spin(3)L @ spin(3)y corresponding to the basis (e, €2, €3, €], €5, e5) of s0(3)r ® s0(3)R is

1 1
E, =—§(el'e4+ez'es+es'e6), E} =—§(el-e2—|—e4'e5+e6-e8),
1 1
Ez=—§(el'e7+ez'eg+e3'e9), E'zZ—E(el-e3+e4-e6+e7-e3),
1 1
E3=_§(e4'e7+65'68+e6'e9), /3=—§(ez'e3+€5'66+€8'e9)-

Thus, in this spinorial 16-dimensional representation, we have

spin(3)L @ spin(3), = Span(E1, E», E3) & Span(E’, E}, E})
C spin(9) = Span(leje;,i < j =1.2,....9).

Now given an $0(3)7, @ $0(3) g-valued connection I' = y4ey + )/A/eA/ as in (4.3), we define
a spin connection

Cepin = VAEA + J/A/EA/ € (spin(3)L ® spin(3)r) ® R®.

4.5. s0(3)7 and so0(3) g connections. Since every (s0(3)7, @ s0(3)g)-connection I,
as defined in Section 4.1, has values in the direct sum of Lie algebras so(3)7 and s0(3)p, it
naturally splits into

+ = + —
F=r+T, withT €s0(3), @ R? and T € s0(3)g @ R°.

Because so(J?g)L commutes with s0(3)g, this split defines two independent o(3)-valued
connections I" and I". The two independent curvatures of these connections

+ . =+ =+ + + .
Qlj — dFlj + sz A ij — %leklek A 91

and

Qij = dfij + I:ik N fkj = %I_Qijklek A6
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are equal to the respective $0(3)z, and so0(3) g parts of the curvature of I':
i i i ko _&i o oi
Qy =dI'; + Ty AT =Q + Q5.

Moreover, since, via the identifications s0(3);, = s0(3)7 @ 0 and s0(3)g = 0 @ s0(3) g, both
$0(3) and s0(3) R are naturally included in s0(9), we can de+ﬁne not only the Ricci tensor of
I': Rij = R - but also the corresponding Ricci tensors of T" and T':

+ + - -

Rij = Rkikj’ Rij = Rkikj-
Thus an irreducible SO(3) xSO(3) geometry (M°, g, Y, w) equipped with a (s0(3)7 ®s0(3) )
connection I" can be Einstein in several meanings:

LC LC

(1) with respect to the Levi-Civita connection T', i.e., Ric;; = Ag;;:

(2) with respect to the (s0(3)z, @ s0(3)r) connection I', i.e., R;; = Agij:
+ +
(3) with respect to the s0(3);, connection I', i.e., Rjj = Agi;:

(4) with respect to the s0(3) g connection f‘, i.e., ki i = Agij.

Of course the functions A appearing in the four above formulae do not need to be the
same.

Calculating the Ricci curvature R;; for the ‘no-torsion’ examples from Section 4.3, ob-
viously yields

L
RlCl'j = Rij = 4Sgl'j,

LC
since gpe connections I" and I" coincide. But it follows that in these examples also the connec-
tions I" and T" are Einstein. Actually we have

+ —
Rij = Rij = 25gij
for all the examples in Section 4.3.

. . . + - .
Similar considerations as for connections I', T" and T', can be performed for the spin
connection I'spiy. Here we have

+ -
Fspin = ngin + ngin,

+ p—
with T € spin(3) ® R? and Tspin € spin(3)gr ® ]Rf. Since spin(3), commutes with
spin(3)g we again have two indegrendeng connections I'spin and gpin. Since they yield
essentially the same information as " and T" we will not comment about them any further.

5. Nearly integrable SO(3) x SO(3) geometries

In the previous section we discussed general SO(3) x SO(3) geometries in dimension
nine, and general $0(3)r @ s0(3) g connections I', which were obtained from the Levi-Civita
connection I via the split (4.5). The problem with such connections is that in general they are
not unique. In this section we will restrict ourselves to a subclass of irreducible SO(3) x SO(3)
geometries in dimension nine for which the connection I'" appearing in the formula (4.5) will
be uniquely defined. This class is distinguished by the following definition.
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Definition 5.1. An irreducible SO(3) x SO(3) geometry (M°, g, Y, ®) is called nearly
integrable iff its structural tensor Y is a Killing tensor with respect to the Levi-Civita connec-
tion, i.e., iff

(5.1) VxY(X,X,X)=0, forall X e TM.

We first write the condition (5.1) in a coframe 6 adLanted to (M°,g,Y,w). In such a
coframe we define the Levi-Civita connection coefficients ['/g; to be given by

LC . LC . k
Vx; 0/ = I 0%,
where X; are the vector fields X; dual on M? to the 1-forms 6%,
X; 4 Qj = 5ji.

LC. LC LC.
The coefficients I'/; are related to the Levi-Civita connection 1-form I" = (T";) via

LC. LC.

Flj — Fljkek-
In this setting the condition (5.1) reads
LCm
(5.2) r (jiTkl)m = 0.
This motivates an introduction of the map Y’ : A>R® ® R® — (O* R such that
, LC LCp
(5.3) Y (D)ijkr = 12T7%i Ykryp
LCp LCp ch
=T7%iYpk1 + T%%i Ljpi + T Vjkp
LCp LCp LCp
+ U7 Yokt + T%%; Yipt + T Yikp
LCP LCp LCp
+ Tk Ypj1 + Tk Yipt + Tk Yijp
LCp LCp LCp
+ %1 Ypjk + U1 Yipk + T Yijp.
Comparing this with (5.2) we have the following proposition.

Proposition 5.2. An irreducible SO(3) >L<CSO(3) geometry (M°, g, Y, w) is nearly inte-
grable if and only if its Levi-Civita connection T is in ker Y.

It is worth noting that each of the last four rows of (5.3) resembles the left-hand side of

the equality
ijTpkl + kaijl + XplTjkp =0

satisfied by every matrix X € g = s0(3)1 @ s0(3)g. Thus, g ® R C ker Y’. Now let us con-
sider tensors T’ Jjk»such that T, = g; lTl ik 18 totally antisymmetric, T;jx = Tj;jk] € /\3 R.
Via g we identify the space of the considered tensors T ik with /\3 R®.

Because of the antisymmetry in the last pair of indices, and due to the first equality in
(5.3), every such Tijk also belongs to ker Y’. Since (s0(3)z @ s0(3)r) ® R? C ker Y’ and
/\3 R? C ker Y’, this proves the following lemma.
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Lemma 5.3. ([(s0(3)z & s0(3)gr) ® R?] + A°R?) C ker Y.

It is now crucial to calculate the dimension of ker Y'. We did it using the symbolic
algebra calculation softwares Mathematica and, independently, Maple, by solving equations
(5.2) for the most general

LC

I €509 @R°.

It follows that the equations irchlpose the number 186 of independent conditions on the

9—>2‘8 x 9 = 324 free coefficients I/ jk- Thus we have

Lemma 5.4. dimker Y’ = 324 — 186 = 138.

Again with the help of the Mathematica/Maple softwares we calculated the intersection
of (s0(3)1, ® s0(3)r) ® R? with /\3 R®. In this way we obtained

Lemma5.5. ((s0(3), @ s0(3)g) ® R°) N A\’ R® = {0}

Comparing the dimension of (s0(3)7 @ s0(3)r) ® R®, which is 54, with the dimension
of /\3 R®, which is 84, and dimker Y/ = 138 and using the above lemmas, we get

Proposition 5.6. ker Y’ = ((s0(3). ® s0(3)r) ® R°) & A\’ R,
This leads to the following theorem.

Theorem 5.7. Every nearly integrable irreducible geometry (M°, g, Y, w) defines an
s0(3)1 @ s0(3) g-valued connection, whose torsion is totally antisymmetric. This connection
is unique and defined in an adapted coframe 0 via the formula

LC.

(5.4) M =T + 3T,

where %Cijk are the Levi-Civita connection coefficients in the coframe 6, I' = (Fij) = (Fijk 6%)
is a 1-form on M° with values in ¢ = s0(3)1 ® s0(3)r, and Tk = g,-llek is totally
antisymmetric, i.e., Tijx = T[ij)-

Conversely, every irreducible $0(3)p @ s0(3)gr geometry in dimension nine admitting a
unique $0(3)1, @ s0(3) g connection with totally skew symmetric torsion is nearly integrable.

Proof. See Propositions 5.6 and 5.2. m|

Definition 5.8. The unique s0(3)7, ®s0(3) g-valued connection I" of a nearly integrable
SO(3) x SO(3) geometry (M°, g, Y, w) as described in Theorem 5.7 is called characteristic
connection for the geometry (M°, g, Y, w).

We close this section with a proposition, which relates the torsion of the characteristic
connection of a nearly integrable structure (M 2 g, Y, w), and the exterior derivatives dw and
d*w.
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Proposition 5.9. The derivatives dw and d * w of the structural 4-forms w and *w of a
nearly integrable geometry (M°, g, Y, w) decompose as

(5.5) dw € V221 D V2,4] @ V4,21 © V]4,4]
and
(5.6) dxw € Vo2 ® V2,00 D Vio,6] © Vie,01 @ V2,41 © V]a,2]-

In particular, the torsion T € /\3 R® of the characteristic connection is related to these de-
compositions via

3
do =0 <~ (T € V0,21 ® V2,01 ® Vjo,6] ® Vi6,0] C /\R9)

and

3
dsow =0 (T € Vipo] @ Viag) C /\R9).

Proof. It follows from the first structure equations (4.6) that the derivatives dw and d * w
are totally expressible in terms of the torsion components 7} of the characteristic connection.
It is also clear that the relations between dw and d * @ and the torsion is algebraic, and linear
in the components of 7". Thus each of dw and d * @ must be contained in an 84-dimensional
SO(3) x SO(3)-invariant submodule of the respective modules

5 4 6 3
AR~ AV and AR’ >~ A\ Vo

Now a quick calculation using Maple/Mathematica shows that the equation dw = 0
imposes 64 conditions on the 84 components of the torsion. Similarly, one can check that
the equation d * w = 0 imposes 50 conditions on the torsion. Thus dw has 64 independent
components, and d * w has 50 independent components.

Comparison of these numbers with the SO(3) x SO(3) decompositions of /\4 V2,21 and
/\3 V[2,2] given in Proposition 3.1 quickly yields the conclusion that dw and d * @ must be in
the submodules of /\5 R? and /\6 R? indicated in the proposition. To get the decompositions
(5.5)—(5.6) explicitly, dualize the forms dw and d * w, i.e., calculate *dw and *d * w, and use
the respective operators defined in Section 3. ]

Note that it follows from this proposition that if the torsion 7" of the characteristic connec-
tion has a component in V[ 4], or in V4 5], then the forms dw and d * @ are both non-vanishing.
6. Examples of nearly integrable SO(3) x SO(3) geometries

We begin this section by considering the most general situation of a nearly integrable

irreducible geometry (M 2 g, T, w). Thus, its characteristic connection has a general torsion
in \*R®
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The group SO(3) x SO(3) acts on the torsion space /\3 R? in the following way. One of
the SO(3) groups in SO(3) x SO(3) is just exp(s0(3)r). The other is exp(s0(3)g). Thus we
have

SO(3) x SO(3) = SO3)L x SO(3)r

with
SO3)L = exp(s0(3)r), SOB)r = exp(so(3)R).
The 9 x 9 matrices 2 € SO(3)z, and i’ € SO(3) R act on the torsion coefficients Tj ;. via

h
(6.1) Tijk > (hT)ijk = WPih R Tpgr,
h/
(6.2) Tijk = (W'T)ijie = KBRS Thyr.
There is an obvious invariant of both of these actions. It is the square of the torsion:
(6.3) ITI? = TijkTpare'P 8?76

Thus the 84-dimensional space /\3 R? is foliated by the SO(3) x SO(3)-invariant 83-dimen-
sional spheres

3
St = {T,-J-k € AR : TijuTpgrg'? /98" = 2},

parametrized by the real parameter r > 0. The group SO(3) x SO(3) preserves these spheres.
But, for the dimensional reasons, its action is not transitive on them. Note that if one restricts
the torsion, forcing it to lie in an SO(3) x SO(3)-invariant submodule of /\3 R, then the
restrictions of the spheres St to this submodule will be still invariant with respect to both
actions, but the quadrics obtained by this restriction will have smaller dimension than 83.

For example when the torsion 7;;x is in the invariant module so(3);, C /\3 R®, the
spheres S7 restrict to 2-dimensional spheres. In such case the 3-dimensional torsion space
$0(3)7, ~ R3 is foliated by 2-dimensional spheres with radius r and center at the origin — the
zero torsion. The orbit space of the action of the groups SO(3)z, and SO(3) g on these spheres
will be discussed in the next subsection.

6.1. Torsionin V[9 2] = s0(3),. The aim of this section is to find all nearly integrable
irreducible geometries (M°, g, Y, ), whose characteristic connection I" has totally skew sym-
metric torsion 7 in the irreducible representation so(3)z,. Thus

3
T €s0(3)L C /\]Rg

in this subsection.
The assumption that 7 € s0(3);, C /\3 R is equivalent to the requirement that, in a
coframe 6’ adapted to (M°, g, Y, w), we have

T = %gijTjkl@k N Tijk = Tijk), C(Dijk = —5Tijk.  &(T)ijk = 4Tijk.

The last two conditions mean that, in accordance with the results of Section 3, the torsion is in
the intersection Z¢ N Z1g. These algebraic conditions for 7} can be easily solved. The result
is summarized in the following proposition.
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Proposition 6.1. In an adapted coframe (0%) the s0(3)r torsion of the characteristic
connection of a nearly integrable geometry (M°, g, Y, ) reads

T!' = 30302 A 0% + 1202 AN 0° — 1102 A O° — 1203 A O° + 1,03 A 6B
—130° AB® — 1308 A 6°,

T2 =330 AO3 — 1,0 A% + 1101 AB° + 1,03 A O* — 1103 A B7
+130* A 0% + 1307 A B°,

T3 = 3630 ANO2 + 1,0V A7 — 1101 A% — 1,02 AO* + 1,02 A 67
—130° A 0% — 1307 A 68,

T* =102 A 0% — 1302 AN 6° +130° A 6° +31,0° A O® —116° A 6°
+ 1109 A 0% + 1,08 A 62,

T° = -0V A0 + 1301 A 0% —130% A 0% —36,0% A0 +1,0% A 0°
—110° A 07 — 1,07 A 6°,

T = 10" A 0% — 1301 A0 +130% A 0% + 31,0 A 0° —1,0% A OB
+110° A07 + 1,07 A B8,

T7 = 1102 A03 — 1302 A 0° + 1303 A O% — 1,607 A O% + 1,0° A B°
— 1209 A 0% — 31,08 A 6°,

T8 =110 AN 0% + 130 N0° —1303 A7 +110% A O —12,0% A 6°
+ 160707 + 36,07 A 6°,

T° = —110V A O2 — 130V A0 + 1302 A 07 —110% A 0° +1,60% A 63
—150° A07 —36,07 A B8,

(6.4)

Here (t1, t2, t3) are the three independent components of the torsion T.

Remark 6.2. Rewriting the equations in (6.4) in terms of the basis of 2-forms
(/(64, K(’)‘i/, )Lg , )\g ), as in Remark 3.4, one can see that only the primed 2-forms appear above.
Explicitly:
TV = —01A3 + 0248 + 23563 — 443 + 2047,
T2 = 4A§ — A + 1s(=562 +4a2 — 2281,
T3 = 1A + 0208 + 235k —4rY + 220,
T = 11287 + Loa(=563 — 243" + 4A8%) — 132§,
(6.5) T° = 0 2d¥ + 1oGid + 202 —andl) + 1323,
T = 11 28% + Lok — 248 + 4A8%) — 1308,
T7 = 1t1(5kd + 223 +208%) + A8 — 1317,
T8 = ~1(5kd + 243 +228Y) —2A¥ + 1308,
79 = 1t (5ied + 228 +2A8%) + 1248 — 1307 .
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Once the torsion in so0(3);, ~ R? is totally determined and parametrized as above by a
‘vector’ t = (t1,12,13), we can check what are the orbits of the action of the groups SO(3),
and SO(3) g on the torsion space s0(3);, ~ R3. A direct calculation yields that the action of
SO(3)r on Vip,2] = $0(3)L, as defined in (6.1)—(6.2), is trivial and that the group SO(3), acts
transitively on each of the 2-spheres ST C s0(3)r. The orbit space of the action of SO(3)z on
$0(3) >~ R3 is Ry U {0} and is parametrized by the radius r of these spheres. Thus the orbit
structure of this action is represented by s0(3); = S? x R4 U {0}.

Now we analyze the differential consequences of the structure equations (4.6)—(4.7) with
torsion T as in (6.4). We consider the equations (4.6)—(4.7) on the bundle

SO(3) x SO(3) > P —> M.

Thus the 15 forms (8, y4, )/A/) appearing in these equations are considered to be linearly inde-
pendent. Also the unknown torsions (¢1, f2, 3), as well as the curvatures K’ jki are considered
to be functions on P.

A piece of terminology is useful here: whenever we make an analysis of a system of
equations like the one given by (4.6)—(4.7), (6.4), we will say that we analyze an exterior
differential system (EDS).

Although we have proven above that we can always gauge the 3-dimensional torsion
(t1,t2,t3) of our EDS in such a way that t, = t3 = 0, we will not use this gauge yet. This is
because the use of this gauge would imply the restriction of the EDS from 15-dimensional bun-
dle P to its 13-dimensional section P13. Since the analysis of the system is more convenient
on P, rather than on P!3 (because only from there the system nicely generalizes to torsions
more general than those in s0(3)7,), we will make the gauge #, = f3 = 0 only after extracting
the information from the first Bianchi identities of our EDS on P.

The first Bianchi identities are obtained by applying the exterior derivative on both sides
of equations (4.6). Their consequences are summarized in the following proposition.

Proposition 6.3. The first Bianchi identities imply that
(6.6) dty = y° —t3y?, diy =t3y' —n1y®. dizs =ny> — 12y’
and that the curvatures (k4, I(A/), as defined in (4.7), read

K* = k/cé + titakg + t1t3K3,

K% = titgky + (k — 1§ + 13)KkG + otk
i3 = 113y + otz + (k — 7 + 13)k;,
©7 iV = (k412 4262 + 22,

K2 = (k 4 12 + 263 + 2:3)?

i3 = (k + 12 422 + 22)k] .
Here k is an unknown function on P, and the forms (K64, K(‘)‘l/) are defined in (3.1).

Thus, the first Bianchi identities show that the curvature of the characteristic connection
is totally determined by the torsion (71, #2, 3) and an unknown function k.
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Proof. To apply the first Bianchi identities, one needs the derivatives of the torsions ;.
So we assume the most general form for these:

(6.8) Aty = 107 + 14y + tuay?. =123

Here #j, 14,14’ are (3 % 9 + 3 % 3 + 3 * 3) = 45 functions on P, which we hope to
determine by means of the first Bianchi identities d?0 =0,i = 1,2,...,9. Note that if
one applies the exterior differential to the equations (4.6), the d of the right-hand sides must
be zero, d(right-hand side) = 0. Inserting our definitions (6.8) in these identities, we obtain
nine identities each of which is a 3-form on P. Decomposing these nine 3-forms into the
basis of 3-forms on P, which consists of the primitive forms LN VAN LN LN VAN )/A/ A/,
0! Ay AIAT N yBIB' and yA/A" A yB/B" A yC/C" one gets relations on the unknown functions
twjstuastua and the curvatures Kijkl.

Analyzing these relations step by step we get the following:

First, we consider terms at the basis forms 87 A 6/ A y4/4". This gives 18 conditions
determining all the functions 7,4 and 7;, 4/ in terms of (1, f2,13). After solving these 18 con-
ditions we get

dt; = ty® — 13y% + 11,67,
dtr = t39" —11y® + 12,67,
dt; = t1y2 —l‘z)/l +t3j9j.

Second, the terms at the basis forms 6% A 67/ A O, when equated to zero, can be split into
two types of equations. The first type is obtained by eliminating the curvatures K’ ki from the
full set. This yields a system of linear equations for the unknowns 7,,;, whose only solution
is 7;,;, = 0. After these conditions are imposed, the second type of equations involves the
curvatures K’ jk1 only in a linear fashion. It has a unique solution for the curvatures, which is
explicitly given by (6.7).

Third, after imposing the conditions described above, all the other terms in d26? are
automatically zero.

This proves the proposition, and also shows that the conditions (6.6)—(6.7) on the curva-
ture and the derivatives of the torsion are equivalent to the first Bianchi identities of the system
in consideration. |

Now we are in a position to impose the gauge
(69) h=1t3 = 0.

Since the action of SO(3)y, is transitive, every nearly integrable SO(3) x SO(3) geometry
with torsion in s0(3);, admits an adapted frame in which the conditions (6.9) hold. But the
assumption of the gauge (6.9) reduces the degrees of freedom by 2, from 15 to 13. This means
that we reduce the equation of our EDS (4.6)—(4.7), (6.4) from dimension 15 to dimension
13. Also the differential consequences (6.6)—(6.7) of this EDS must be reduced to dimension
13. This in particular means that the fifteen 1-forms (67, y4, )/A/) can no longer be linearly
independent. This obvious observation finds its confirmation in the integrability conditions
(6.6)—(6.7).
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Indeed, assuming 7, = f3 = 0, and comparing it with the last two integrability conditions
in (6.6) yields
t1y3 =0 and t1y2 = 0.
These, when confronted with the assumption that the torsion 7" is not vanishing in a neighbor-
hood, imply that

(6.10) y>=0 and y3>=0.

Thus the EDS (4.6)—(4.7), (6.4) naturally reduces to 13 dimensions, and has now thirteen
1-forms (6%, !, )/A/) linearly independent at each point of the 13-dimensional manifold, which
we previously called P13,

The relations (6.10) have further consequences, for if we compare them with the second
and the third equation in (4.7), we see that k?=0and k3 =

If we now compare these with (6.10), and the second and the third integrability condition
in (6.7), we get (k — 112)/(% =0and (k — le)Kg = 0.

These hold iff k = t12, which we have to accept from now on. Note that this totally
determines the function k, which was a mysterious unknown in Proposition 6.3.

Finally, if we insert £, = t3 = 0 in the first of the integrability conditions (6.6), we get
also that df; = 0, i.e., that the function #; must be constant on the 13-dimensional reduced
manifold P13 on which our EDS lives.

These considerations, when compared with the rest of the integrability conditions (6.7),
prove the following proposition.

Proposition 6.4. Every nearly integrable SO(3) xSO(3) geometry (M°, g, Y, w) witha
non-vanishing torsion T of the characteristic connection lying in 50(3) L= I{[()’z], T €s0(3),
can be described in terms of thirteen linearly independent 1-forms (6*, j/l, )/A ), i=1,2,...,9,
A" =1,2,3, satisfying
A0 =y A0  F YV A2 4 YT AP £ 1(—02 A 67 + 63 A0,
d02 =y A0 =V A0+ A0+ 1O A 0% =03 A0,
46> =y A% —y2 A0 =y AO% + 1 (=0 A B + 02 A 07,
d0* = —p A0 + 9V A0+ 2 A% +1(—0% A 0% + 6% A 6D,
6.11) d0° = =y A 02—y AO* + 3 A0 +1(0* A 07 —0° A 67),
d0% = —p A O3 —y2 A0 —y¥ A 07 £ 1(—0* A 0%+ 07 A O,

407 =y A 0% + Y A% —1(02 A O3 + 6% A 0% + 308 A 6°),
d6% = =y A 07 +y¥ A% 410V A O3 + 6% A 0% +307 A 6°),
d0° = —y? A 07 —y¥ A O — (0" A O% + 6% A 6% +307 A 6D,
dyl = 120" A 0* + 02 A 0° + 63 A 0°),

Ay = =y Ay £ 2201 A 02+ 04 A0+ 607 A 6D,

dy? = =y ApU 420201 A 03 + 0% A 0%+ 607 A0,

dy® = —yV Ay 420202 A 0% + 6% A 6% 4+ 6% A 6°).

(6.12)

Here dt = 0, i.e., the function t is constant.
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Note that the system (6.11)—(6.12) involves only constant coefficients on the right-hand
sides. Thus the manifold P13 is a Lie group P!3 = §13, with the forms (8, y*, y4") con-
stituting a basis of its left invariant forms. A calculation of the Killing form for §!3, by using
the structure constants red off from (6.11)—(6.12), shows that this group is semisimple, un-
less the torsion t = 0. The group €13 is a transitive group of symmetries of the underlying
nearly integrable geometry (M°, g, Y, w). The 9-dimensional manifold M ° is a homogeneous
space M° = §13/H, where H is a certain 4-dimensional subgroup of §'3. The structural
tensors g, Y and w of the corresponding SO(3) x SO(3) structure are obtained, via formulae
(2.8)—(2.10), from the 1-forms (8?) solving (6.11)—(6.12). The system (6.11)—(6.12) guarantees
that although tensors g, Y, @ defined in this way live on §!3, they actually descend to tensors
2. Y, ® on the manifold M° = §'3/H, defining a homogeneous nearly integrable geometry
(M°, g, Y, w) with 13-dimensional group of symmetries §!3 there.

For ¢ = 0 the Lie group §!3 is just a semidirect product (SO(3) x SO(2)) x R°. For
t # 0, by considering the new basis of 1-forms

0 =16, i=1,...,6,
Gl 4 10° 72 =92 —16%, 73 =93 1167,
07 =y +2:07, 08 =92 208, 0° ="' +2160°,
one sees that for any r # 0 the Lie group §!3 is the product SO(3) x K9 with structure
equations
do' =yt A0+ I A G2 + 72 A 63,
do?> =y ' A0° = A0 + 73 A 63,
do3 =y  A0° — 72 A0 + 72 A 62,
do* = —y' A + 71 A B 4+ 72 A 6S,
do® = —y' A2 =5 A 0% 4+ 73 A 6S,
di® = —y' ABP—F2 A0 =73 A B°,
dy' = 0" A 0% + 6% A 65 + 63 A 6°,
Ayt = =72 AP+ 0V A 0% + 6% A B°,
di? = =73 AL+ 0V A 63 + 6% A 6S,
dyd = =7 A2+ 02 A6 + 65 A 6S,

do” =68 A6,
do® =6° a6,
do® =07 A B8

To say what K19 is, we calculate the Killing forms. In the basis
(él,é2,é3’é4’§5’é6,y1,f1’72’P3’é7,é8’é9)
the Killing form of §!3 reads

Kily3 = diag(6. 6, 6, 6, 6,6, —6,—6, —6, —6, =2, =2, =2).
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The Lie algebra of K10 s spanned by (él, 9~2, é3, 54, és’ 96, yLyL 92, 73). Tts Killing form
in this basis is
Kilyo = diag(6,6,6,6,6,6,—6,—6,—6, —6),

showing that K19 is semisimple, and as such, having dimension 10, it must be locally isomor-
phic to a non-compact real form of SO(5, C). Comparison of Killing forms for SO(1, 4) and
SO(2, 3) shows that K19 is locally SO(2, 3).

In both cases ( = 0 and ¢ # 0) the Lie algebra of the group H = SO(3) x SO(2) is
given by the annihilator of the 1-forms 0l i =1,2,...,9.

After calculating the curvatures of the various connections associated with this geometry
we get the following theorem.

Theorem 6.5. Any nearly integrable irreducible SO(3)xSO(3) geometry (M°, g, Y, w)
with torsion of the characteristic connection I' in Vg 21 = $0(3) is locally a homogeneous
space §'3/H. It has a transitive symmetry group §'3 of dimension 13. Fort = 0 the Lie
group §'3 is a semidirect product (SO(3) x SO(2)) x R? and for t # 0 it is a direct product
SO(3) x SO(2, 3).

The metric g is coanformally non-flat and not locally symmetric. The Ricci tensors of the
Levi-Civita connection T, of the characteristic connection I, and of the s0(3)1, part T of the
characteristic connection have all two distinct eigenvalues.

The s0(3) g part r of the characteristic connection is Einstein.

Explicitly, in the adapted coframe (8?) in which the structure equations read as in (6.11)
and in which the structural tensors g, Y, @ are given by (2.8)—(2.10), we have the following:

¢ The Cartan connection I'cyan has the curvature given by

0 1+ 2kl «2 | T T2 T3 )
—(1 + %)k} 0 K3 | T4 T° T
—Kkg —Kg 0 | T7 T8 T°
R= - - - - - - - :
—T! T4 —T7 | 0 (14 22)d (14202
—T2 —T5 T3 | —(1 422} 0 (14202
-73 TS T | —(1 + 222 —(1 + 202 0 )

where the torsions 7" are given by (6.5) with f; =t = constand 7, = 13 = 0.

¢ The Levi-Civita connection Ricci tensor reads

LC
C_ 2 2 2 2 2 2 3,2 3,2 3.2
Ric = diag(—41%, —41°, —41%, —41°, —41% =417, 517, 517, 517)
and has the Ricci scalar equal to —%tz.

+
e The s0(3)7, part I" of the characteristic connection has the curvature

+
Q= —tzlcéel,
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; +
where the matrix e; = (e }) is given by (2.15). It has the Ricci tensor R;; given by

Rij = diag(—12. —12,—12,—12. —1*.~12,0.,0,0),
with the Ricci scalar equal to —6¢2.
e The s0(3) g part T of the characteristic connection has the curvature
Q= —212K64/€A/,
where the matrices e4r = (eA/j.) are given by (2.15)—(2.17). Its Ricci tensor is Einstein,
Rij = —41%gi;.
and has Ricci scalar equal to —3672.
e The characteristic connection I' = F + T has curvature
Q= Ez +Q= —tKkyer — 2l2K64/€A/
and the Ricci tensor
Rij = diag(—5t%, =512, =512, =5¢%, =512, —51%, —41% —41% —41?).

6.2. Torsion in Vg 6). In this section, we will find examples of nearly integrable ge-
ometries (M e g, Y, w) in dimension nine, whose characteristic connection I' has totally skew
symmetric torsion 7" in the irreducible representation Vg ¢). Thus T" € Vip 6] C /\3 R? in this
subsection.

The assumption that 7 € Vjg 6] C /\3 R? is equivalent to the requirement that, in a
coframe 6’ adapted to (M°, g, Y, w), we have

T =1V T 0" A0'. Tk = Tyjny, and  &(T)ije = —6Tiji.

Solving these algebraic conditions for 7;;; we get the following proposition.

Proposition 6.6. In an adapted coframe (8") the V00,6] torsion of a characteristic con-
nection of a nearly integrable geometry (M°, g, Y, w) reads

T' = uy (A3 4 A6%) —uahd™ —usAd —ugd§ —usAd —ueh§ —uzAg
T2 = ui (A2 = 2A0Y) + uadd® + ush2 + ughd + usAd + ughy +usAf
T3 = up (A 4+ 28%) —uaAd¥ —usdd —uard —usAl —uerd —usAd
T* = A§ —uadd +ua(—=23 + A8%) + usAl> —uerd .

(6.13) {75 = <Ay +uahd +usAd —251) —usAd +ueh?’,

T® = uiAf —usdd 4+ ua(=A3 + 28%) + usAd® —uerl,

T7 = —upA§ + usdd + us(—=A3 + A8%) + uerd® —usrd .

T8 = updd —usAd +us(A2 —A5Y) —uehd¥ +us12,

T = —usAg 4+ usA] +us(—A + 28%) + uerd® —usal’,

where (U1, Uz, U3, Ug, U5, Ug, U7) are the seven independent components of the torsion T, and
()Lg“ ), 1 =1,2,...,15, is a basis of 2-forms in Vi4 ] as defined in (3.3).
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Proposition 6.7. The action of SO(3)g on Vio,e], as defined in (6.1)~(6.2), is trivial,
ie, (WT)ijx = Tijk forall ' € SO(3) g and for all T;j; € Vio,6)-

The ‘left” SO(3) acts non-trivially on Vo 6. It has a 4-parameter family of generic or-
bits in this 7-dimensional space. As in the V[ 5] case, instead of restricting ourselves to the
representatives of these orbits, we will analyze the EDS (4.6)—(4.7) for the torsion in Vg g],
with general torsions (11, U, U3, U4, Us, Ug, U7) as in (6.13). Thus the EDS (4.6)—(4.7), (6.13)
we consider, lives on the Cartan bundle SO(3); x SO(3)g — P — M, where the 15 forms
07, y4, yA/) are linearly independent at each point.

Now the Vg, 6] analog of Proposition 6.3 is as follows.

Proposition 6.8. The first Bianchi identities d?6’ =0, for the EDS (4.6)—(4.7), (6.13)
imply that
duy = Gua + 2ue)y' +usy® — 2uzy”,
dus = —Qus + u7)y' — (us + 2ue)y* + (uy —uz)y>,
dus = ugy! + Qus + 3u7)y? + 2uzy>,
(6.14) duy = —3uyy! + 3usy3,
dus = 2usy! —u1y? + Que —uq)y>,
dug = —usy! + 2uay? + (u7 —2us)y>,

du; = —3u3)/2 — 3u6)/3,

and that the curvatures (k, k"), as defined in (4.7), are

1

K = leé + kyq% + k3K3,
K2 = kzl(é + k4K§ + kslcg,
K3 = k3/cé + k5K§ + k6lc3,
(6.15) & — el
k¥ = k7/<§/,
K = k7K3/,
where
ko =2(uy + us)uz — Qua + 3ue)us — (ug + 2ug)u7,
k3 = 2uougq + Quy — us3)us + ujuy,
6.16) ka = k1 + 2u? —2u% + 2u3 + 2uque — 2usuy — 2u3,

k5 = —U3U4 + (u1 — 2u3)u6 — 2u2u7,
ke = k1 + 27/{% + 2uqusz + 21442‘ + duqug + 2usu7,

k7 =k + 2M% + u% + uiusz + 2u‘21 + ué + 3uqug + ué + ususy.

Here k1 is an unknown function and (K64, K(;l/) are given by (3.1).
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Proof. The proof here is very similar to the proof of Proposition 6.3. So we first assume
the most general form for the derivatives of the torsions u,:

(6.17) duuzquGj—l—uuAyA-l—uMA/yA/, w=12...,7

Here uyj, uya,uyqr are (7% 9 + 7 x 3 4+ 7 * 3) = 105 functions on P, which we will
determine by means of the first Bianchi identities d?6’ = 0,i = 1,2,...,9. Inserting our
definitions (6.17) in these identities, we obtain nine identities each of which is a 3-form on P.
We decompose these nine 3-forms into the basis of 3-forms on P, LN EN LA NI )/A/ A/,
6! /\yA/A/ /\)/B/B/, and yA/A/ /\)/B/B/ /\)/C/C/. This brings the relations between the unknown
functions u,;, 7,4, 1, 4~ and the curvatures Kijkl.

Analyzing these relations step by step we get the following:

First, we consider terms at the basis forms 6% A 67/ A yA/ A" This gives 42 conditions
determining all the functions u,, 4 and u;, 4/ in terms of (u ). After solving these 42 conditions
we get

duy = Bug + 2ue)y' +usy® —2uzy> +uy; 67,

dus = —Qus + u7)y' — (ug + 2ue)y?® + (uy —u3z)y> + u2j9j,
duz = ugy' + Qus + 3u7)y? + 2uzy® + M3j9j,

duy = —3u1y1 + 3u5y3 + u4j0j,

dus = 2142)/1 — u1y2 + Qug — u4)y3 + u5j9j,

dug = —u3y1 + 2u2p? + (u7 — 2145)3/3 + u6j9j,

duy = —3u3y2 — 3M6)/3 + u7j9j.

Second, the terms at the basis forms 67 A 87 A ok , when equated to zero, can be split into
two types of equations. The first type is obtained by eliminating the curvatures K’ ki from the
full set. This yields a system of linear equations for the unknowns u,,;, whose only solution
is uy,; = 0. After these conditions are imposed, the second type of equations involves the
curvatures K’ jkiz only in a linear fashion. It has a unique solution for the curvatures, which is
explicitly given by (6.15)—(6.16).

Third, after imposing the conditions described above, all the other terms in d26? are
automatically zero.

This proves the proposition. |

The next proposition determines the derivatives of the unknown k7.

Proposition 6.9. The second Bianchi identities d>y4 = 0 = dzyA/, A A =1,2,3,
imply that

(6.18) dky = —2k3y? + 2kay°.
Proof.  To prove this we write dk in the most general form

dky = k1; 0" + kyay® + kiay?,
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and consider the terms 6 A 07 A y4/ 4" in the decomposition of d? yA/ A" This immediately
yields klA’ =0forall A’ = 1,2, 3, and k11 =0, k12 = —2k3, and k13 = 2k2.

Eliminating u s from the equations implied by equating to zero the coefficients at the
terms 67 A 07 A 6% in dzyA/ 4" = (), shows that all the remaining coefficients k1; in dkq must
also vanish, i.e., k;; = 0, foralli = 1,2,...,9. This finishes the proof. O

The lack of the 6’ terms on the right-hand sides of equations (6.14) and (6.18) proves that
the functions u,, and k1, and as a consequence the functions k», ..., k7, are constant along the
base manifold M. They depend only on the fiber coordinates. Moreover, since only y“s appear
on the right-hand sides of these equations, they only depend on the fiber coordinates associated
with SO(3),. This means that there exists an SO(3),, gauge in which all the functions u,,,
ki, ..., k7 are constant. This is the same as to say that there exists a subbundle § of P, with
fibers at least as large as SO(3) g, on which we have du;,, = 0 = dk = --- = dk7.

To see the examples of such solutions we look at the fourth and the seventh equation in
(6.14). Since we want duy = duy = 0, we obtain that

u1y1 = u5y3 and u3y2 = —u6y3.

Now, assuming that u; # 0 # u3, we solve it for y! and y?2, obtaining

(6.19) yl = E)/3 and y? = —E)ﬁ.
Ui us

Thus these equations show that we have reduced our original manifold P to its 13-dimensional
submanifold & on which the forms y! and y? become dependent on y3. On this manifold we
further want that du,, = O forall u = 1,2,...,7. Inserting (6.19) into the right-hand sides
of equations (6.14) for duy, dus, dus, dus, dug, and equating the result to zero, we obtain the
five equations

2uiuruz — 3Uzugus + UiUsUg — 2UzUsUg = 0,

u%u3 — ulug — 2u3u§ + uiugque + 2u1u§ —ususuy =0,
2uiuruz — 2ujusueg + Ususug — 3uiugu7 = 0,

UTUIU4 — 2UrU3U5 — u%us —2uiuszug = 0,

2uiusus + u%us + 2uiuue —uguzuy = 0.

A particular solution is given by

Ug/4uy + u3\/u1u§ — ug + ulu% + 4u3ug
Uy = )
Su%—ug
u6(u1u§—3u1u§—2u3u§)
Ug = 2.2 ’
us(Bug —u3)
(6.20) 5 3 5 5
ul\/u1u3 —uz +urug + 4uzug
Us = — 5
usz/4ui + us
3 3 2 2 2 3 2 2
(Quyuz +uz + 2uug — u3u6)\/u1u3 —u3 +ujug + duzug
U7 =
u3(3u§ — u%)«/4u1 + us
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Of course we restrict the range of the free real torsion parameters u1, u3 and ug, so that u»,
U4, U5 and u7 are real and finite! This happens, e.g., for

4u3

1< 1B 2y, usgézl:\/;m;éo.

ui
This solution is compatible with the structure equations
dyl = =2 A3 4!, dy?2 = 3 Ayl 42
having k!, k2 and «3 as in (6.15), and with dk; = 0 if and only if

2 2 2\2 2 3 2 2
_ d(urus + uqug +uzug)”(uiuz —usz + uiug + 4uzug)

6.21 k
(6.21) ! u3(duy + usz) (w3 — 3u)?

This leads to the following proposition.

Proposition 6.10. Assume that the forms (0',y3,y4") satisfy the equations for d6',
dy3, and dyA/ as in the system (4.6)—(4.7), (6.13) with

o the forms y' and y? given by (6.19),

e the coefficients uy, uz and ueg being constants,

e the coefficients uy, U4, Us and uy given by (6.20),

o the curvatures k', k4 given by (6.15)—(6.16) and (6.21).
Then

e the equations for d)/1 and d)/2 in the system (4.6)—(4.7), (6.13) are automatically satis-
fied, and

« the Bianchi identities d*0" = d?y3 = dzyA/ = 0 are also automatically satisfied.

In such a case the manifold on which the forms (6',y>,y4") are defined becomes a 13-
dimensional Lie group €13, with the forms (0',y3,y4") being its Maurer-Cartan forms. The
Lie group §'3 is a subbundle of the bundle SO(3) x SO(3) — P — M?®, so that the manifold
M? is a homogeneous space M° = '3 /H, with H being a certain 4-dimensional subgroup
of €13 containing SO(3) g. The nearly integrable SO(3) x SO(3) structure (g, Y, w) on M°
is given by the forms 0" and the formulae (2.8)—(2.10).

For all of these geometries the metric g is congformally non-flat and not locally symmetric.
The Ricci tensors of the Levi-Civita connection T, of the characteristic connection I", and of
the s0(3)1, part T of I have all two distinct eigenvalues.

The s0(3) g part T of the characteristic connection T is Einstein.

Explicitly, in the adapted coframe (6") in which the structure equations read as in (6.11)
and in which the structural tensors g, T, @ are given by (2.8)—(2.10), we have the following:

* The eigenvalues of the Levi-Civita connection Ricci tensor read

(45s,45s,45s,55s, 555, 555, 555, 555, 555),
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where 5 ) -
(u1u3 + urug + uzug)

ud(duy + uz)(w3 —3u?)?
The Ricci scalar is equal to 465s. The Levi-Civita connection is never Ricci flat, because
the equation ulug + ulug + u3u§ = 0 contradicts the reality of u», us and u7.

+ +
* The s0(3), part T of I" has the curvature Q = k“4ey, with

2 2 2\2 2 3 2 2
1 _ d(urus +urug +uzug) (uquz —uz +ujug + 4143146)1(1

K
u§(4u1 + u3)(u§ — 314%)2 0

4u6(u1u§ + ulué + u3u§)2\/u1u§ — ug + ulué + 4u3u§ 5

+ K
2 2 2 0
us/4uy + uz(uj —3ug)?
4(u1u§ + ulu% + M3M%)2 \/u1u§ — ug + ulu% + 4u3u%
— K
0

us~/4uy + ug(ug — 3u%)2

2 2 2\2 2 3 2 2

dug(uius + urug + usug) \/u1u3 —u3 +ujug + 4usug
K = K
0

u3VAuq + uz(u3 —3u?)?
4u§(u1u§ + ulu% + u3u§)2 5 4u6(u1u% + ulug + u3u%)2 3
0~ 0°
u3(u3 — 3u?)? uz(u3 — 3u?)?

2 2 2\2 2 3 2 2
4(uyus + urug + usug) \/u1u3—u3+u1u6+4u3u6 .
K> = — K
0

uz/4uy + usz(u3 —3u?)?
4u6(u1u% + ulug + u3u§)2 5 4(u1u% + ulu% + u3u%)2 3
0 0
uz(u3 — 3u?)? (u% —3u?)?

. +
and the matrices eq = (eAj.) given by (2.15)—(2.17). It has the Ricci tensor R;; with two
different eigenvalues

(0,0,0,20s, 20s, 20s, 20s, 20s, 20s),

with the Ricci scalar equal to 120s.

e The s0(3) g part I of T has the curvature Q = 15SK64/€A/, where as before the matrices
eq = (eA/j.) are given by (2.15)—(2.17). Its Ricci tensor is Einstein,

I_Qij = 30sgij,
and has Ricci scalar equal to 270s.
e The characteristic connection I' = F + T has curvature
Q=0+ Q=kles + 15 en
and the Ricci tensor with eigenvalues

(30s, 30s, 30s, 50s, 50s, 505, 505, 505, 50s).
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The examples of nearly integrable SO(3) x SO(3) geometries with torsion of the char-
acteristic connection in Vg ] described by this proposition have quite similar features to the
nearly integrable SO(3) x §O(3) geometries with torsion in Vg »). In particular, if any of these
geometries has curvature 2 = 0, then it must be flat and torsion free.

It turns out however that there is another branch of nearly integrable 89(3) x SO(3)
geometries with torsion of their characteristic connections in Vg ¢) for which @ = 0 neither
implies vanishing torsion nor vanishing of 2. Below we present these examples.

. + .
Assuming that 2 = 0 is the same as to assume that

ki =k, =ks =kqg =ks =ke =0.

(Compare w+ith the first three equations in (6.15)). But since Ez =0 is+the condition for the
connection [ to be flat, in such a situation we can use a gauge in which I" = 0. This condition
means that the system (4.6)—(4.7), (6.13) reduces from P to a 12-dimensional §'% manifold
on which y! = y2 =y3 =0.

Having these conditions and the requirement that 7 € Vo ¢], we see, via (6.14), that all
u,, are constants. The rest of the equations d?#" = 0 finally imply that

2usuyg + 2uius — uzus + ujug7 = 0,

U3Ug — UTUe + 2U3Ug + 2uruy = 0,

2uiuy + 2urusz — 2ugqus — 3usug — Ugu7 — 2Uugu7 = 0,
214% + 2uius + 2ui + 4uqug + 2usu7 = 0,

2uiusz + 2u§ + 2uqug + dusus + ZM% =0,

Zu% — 2u§ + Zuﬁ + 2uqug — 2usuU7 — 2u% =0.
We have found six different particular solutions to these equations. These are

(uy — 2u3)uf — Quy —uz)((uy —2u3z)(u1 + u3) + uj)

Uy = ’
6usU7
(6.22) _ (w1 —2u3)(uy + u3) +uﬁ—2u%,
3”7
P ) us)(m + u3) — 2+
97/13 4“4 u3(j:3u3 + \/m)
(6.23) S T 2usg ,

Uy = % usz =+ ,/9u3 4u ),

i9u3 + \/9143 + 8u
Uy =
(6.24) —4u7 + uj :F3u3 + \/9u3 + 8u

Us =

up = +(—us F /oud + 8u7), ug = 0;




Fino and Nurowski, Analog of selfduality in dimension nine 105

(6.25) Ul =u3=u4=u5=u7=0;

(6.26) Uy = —U3, Ug4=Us5=1ug=uy=_0;

(6.27) Ul = U3 =Ug = Ug = U7 = 0.

It follows that for all of these six solutions we have d26’ = 0 and dzyA/ = 0, automat-

ically forall i = 1,2,...,9and for all A" = 1,2, 3. Thus each of these six solutions defines
a nearly integrable SO(3) x SO(3) geometry (M°, g, Y, chr)) hayring the torsion of the charac-
teristic connection in Vjg ¢) and the vanishing curvature Q of L. It turns out that all the six
solutions have the same qualitative behavior of the curvatures of T, I', T" and T". The properties
of the curvatures of the geometries corresponding to these six solutions are summarized in the
theorem below.

Theorem 6.11. All nearly integrable SO(3) x SO(3) geometries (M°, g, Y, w) corre-
sponding to any solution (6.22)—(6.27) above have

e torsion of the characteristic connection I" in Vg 6] C /\3 R?,
+ +
e vanishing curvature Q of the s0(3)r, part of T, i.e., Q = 0,
e the curvature 2 of the characteristic connection I" equal to
Q=Q = %lTI en,
where | T ||? is the square norm of the torsion T of I':
ITI? = Ty T
= 36k7 = 36(2u% +u3 +ugus + 2ui + u? + Jugue +ul + UsU7)
with uy, being constants and satisfying one of (6.22)—(6.27).

All these geometries (M°, g, Y, w) are locally homogeneous spaces M° = §'2/H,
where §'2 is a 12-dimensional symmetry group of (M°, g, Y, w) and H is its 3-dimensional
subgroup isomorphic to SO(3), i.e., H = SO(3)g. The metric g, the tensor Y and the form
w defining a nearly integrable SO(3) x SO(3) geometry on M° are given by formulae (2.8)—
(2.10), in terms of the forms (6%, y4 = 0, y4") satisfying (4.6)—(4.7), (6.13), (6.15)—(6.16), and
one of (6.22)—(6.27), with u, being constants.

o In the basis (9", yA/) the Killing form for the group §1? reads
Kil = —8diag(k7,k7,k7,k7,k7,k7,k7,k7,k7,1,1,1).

e If k7 # 0O the Riemannian manifold (M° = §'2/SO(3)r. g) is not locally symmetric.
If k7 = 0 the solutions have flat characteristic connection, Q@ = 0, and in such a case
(M° = €12/SO(3)Rr. g) is a locally symmetric Riemannian manifold.

LC
e For every value of k7 the metric is Einstein, Ric = 3k7g. It is not conformally flat unless
the torsion is zero, (U1, U3, ..., u7) = 0.

e Also the SO(3) g part r of the characteristic connection is always Einstein,
Rij = 2k7gi).

It is flat, Q=0 if and only if k7 = 0.
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It is a remarkable fact that both the Levi-Civita connection i‘c and the characteristic con-
nection I" are Einstein and (generically) Ricci non-flat for all the geometries (M°, g, T, w)
deschirbed by the theorem. Moreover although the metric g is not conformally flat, the SO(3)z,
part " of I" is flat. This makes these geometries similar to the selfdual Riemannian geometries
in dimension four.

6.3. Analogs of selfduality; examples with torsion in V{9 2] ® V{o,6)- The exam-
ples described by the Theorem 6.11 raise the question if there are other nearly integrable
SO(3) x SO(3) geometries (M °, g,+T, w) in dimension nine for which the $0(3) part " of the
characteristic connection I" is flat, Q@ = 0, and for which the so(3) g part T is not flat, Q # 0.

In the follgrwing the nearly integrable SO(3) xSO(3) geometries (M %, g, Y, w) with these
two properties, Q = 0 and Q # 0, will be called analogs of selfduality.

The problem of finding all such structures is a difficult one. To generalize solutions of
Theorem 6.11, on top of the analogs of selfduality conditions, we will assume in addition that
the torsion 7 of the characteristic connection I is restricted from /\3 R® to Vio,21 @ Vjo,6]- In
this section we will find all such structures.

We first have an analog of Proposition 6.6 and Remark 6.2:

Proposition 6.12. In an adapted coframe (6') the Vi0,21 ® Vo,e] torsion of a charac-
teristic connection of a nearly integrable geometry (M°, g, Y, ) reads
TV = —1123 + 022§ + a5k — 423 +2A8%) + ur (=23 + 48%)
- uzk(l)s/ — u3/\(3,/ - u4kg/ - uskg/ — uskgl - u7k9/,
T? = Ay — Ay + 13(=5k3 + 423 —228Y) +u (A3 — AL
F Y+ usA + gy +usA§ +uehy +uqAd,
T3 = 108 + 0228 + a5l —aad +228%) +ur (=ad + 289)
- uzk(l,y - u3)t(1)/ - u4kg/ - uskg/ - u6/\3/ —u7A)
T4 = 0285 + Loo(=563 — 243" + 4A8%) — 131§
FuiA§ —uady 4 ua(=A3 + A% + usAl> —uehd,
T5 = 1 2Y + 25 + 223 —aadY) + 1303
— w1 Ad +uadd +us(A2 =AY —usAdY + uer?,
T = —ti A8 + Lep(—5kd — 228 +4A0%) — 1308
Furd§ —uadd +ua(=Ay +20%) +usAl —ushy .
T7 = L1653 + 223 +228%) + A8 — 1303
— oA +usdy +us(=A3 + A8 + uerd® —uqAd
T8 = 11153 4+ 243"+ 2A8Y) — 0243% + 1308
+ Ay —usAd +us(AZ = A8Y) —uerd +uqAZ,
79 = 10 G + 208 + 2289 + 0248 — 1307
—uzh§ +usAd +us(=AY +A0%) +ueAd® —usAl,

(6.28)
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where (t1,t3,t3, U1, Up, U3, Ug, U5, Ug, U7) are the ten independent components of the torsion
T, and (Ag ), 1w =1,2,...,15, is a basis of 2-forms in V4 5] as defined in (3.3). Note that if
all wy, are equal to zero, then T € V]g »), and if all t4 are equal to zero, then T € V[ g).

We want to construct nearly integrable SO(3) x SO(3) structures with torsion in
V10,21 ® V]o,6]> and with @ = 0. All of them, in an adapted coframe, are therefore described
by the system (4.6)—(4.7), (6.28), with x4 = 0. This enables us to reduce the system from
P — M? to a 12-dimensional subbundle of P on which

yl=yi=y’=o.

The procedure of analyzing such a reduced system is completely the same as the proce-
dure leading to solutions described by Theorem 6.11. We therefore only state the result.

Theorem 6.13. All nearly integrable SO(3) x SO(3) geometries (M°, g, Y, w), wfrlich
have torsion T of the characteristic connection I' in Vg 2] @ V]o,e], and the curvature Q of
the s0(3)p-part T of T vanishing, QQ = 0, correspond to the system (4.6)—(4.7), (6.28), with
vyl =92 =93 =0and k* = 0, and constant rorsion coefficients

(t1,12, 13, U1, U2, U3, Ug, U5, Us, U7T)

satisfying the following algebraic equations:
2uoug + 2UUs —U3U5 + UTUT

+ fhuy + tiuz — t3us — t3uy7 — t1t3 = 0,
U3U4 — UUe + 2U3Ue + 2UrU7

— Uy — iUy — 13ug — 3ug + 1213 = 0,
2u Uy + 2upuz — 2ugqus — 3usug — UgU7 — 2UgUT

+ 13up + tous — tjue — t1ta = 0,
(6.29) ZM% + 2uqus + 2uﬁ + duque + 2usuy

— 21 u7 — t3u1 — 2t3uU3 + thug — tius + 2true + l‘12 — l‘g =0,
2uius + 2u§ + 2uque + dusus + 2u%

— 213U — t3U3 + 2truqg — 2t1Us + thug — t1u7 + l22 — tg =0,
21/{% — 214% + Zuﬁ + 2uqug — 2UsuU7 — Zu%

—+ 13U — 13Uz —thug + Hus + toueg — Hu7 + 112 — 122 =0.

If these equations are satisfied, the metric g, the tensor '\ and the 4-form o are obtained
in terms of the forms (') via formulae (2.8)—(2.10). They descend from the 12-dimensional
subbundle P> — M?® of the fiber bundle SO(3) x SO(3) — P — M?° to M° due to the
structure equations (4.6).

If the equations (6.29) for the constants (t1,t», 13, U1, U, U3, Ug, U5, Ug, U7) are satisfied,
then all the integrability conditions d*6' = 0 and dzyA/ =0, for all 0" and all yA/ appearing
in the system (4.6)—(4.7), (6.28) are automatically satisfied.

The manifold P'? is locally a 12-dimensional symmetry group P'? = €12 of the so
obtained (M°, g, Y, w), and M® is a homogeneous space M° = €2 /H, where H = SO(3) g
is a subgroup of §12.
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A

/ .
The curvatures Kk are given by

A = (HITIP =B +3+ D). A'=1.23,
where

IT|* = 6(4uf + 6u3 + 2uquz + 4u3 + 4uj + 6u3 + 6usue + 6ug + 6usuy + 4u3)
+90(t7 + 15 +13),

with constants (t1,t2, 13, U1, U2, U3, Ug, U5, Ug, U7) fulfilling equations (6.29).

The torsion T of the characteristic connection generically seats in Vjg21 ® V]o,e]. It is in
Vio,2) if and only if (uy, uz, u3, us, us, ue, u7) = 0, and in Vip ¢) if and only if (t1,12,13) = 0.
The square of the torsion is | T||? as above.

+
The curvature Q2 of I' has vanishing s0(3)r, part, Q = 0, and is equal to
Q=Q=(LITI> -2} + 3+ D) ea.

The Ricci tensor of the curvature Q of the characteristic connection, and what is the same, the
Ricci tensor of the curvature Q of its s0(3) g-part is Einstein,

Rij =25 ITI1? =20 + 13 +13))gij.

The metric g is Einstein if and only if t1 = t, = t3 = 0. In such a case the nearly integrable
structures coincide with those described in Theorem 6.11. B

Generically the solutions described by this theorem have Q # 0, and as such constitute
analogs of selfduality.

Remark 6.14. Note that although (¢1, 12, #3) = 0 gives all the solutions described in
Theorem 6.11, the assumption (11, Uz, U3, ug, Us, ug, u7) = 0 does not recover all the solu-
tions with 7" € Vg 5]. The reason for this is that here we additionally assumed that 2 = 0,
and such solutions are possible for T € V[g ) only if 7" = 0. Nonetheless the solutions in this
section are non-trivial generalizations to 7" € V] 2] @ V[o,6] of solutions from Theorems 6.5
and 6.11.

Remark 6.15. We emphasize that the system of equations (6.29) for the constants
(t1,t2, 13, U1, Uz, U3, Ug, U5, Ug, U7) can be solved explicitly to the very end. For example,
an application of a Mathematica command Solve[] to the system (6.29), immediately gives
thirteen different solutions of these equations. The obtained formulae are not particularly illu-
minating. For example a generalization to the case of 7" € V]g 2] @ V]o,6] 0f the solution (6.22)
from Section 6.2 is given by

Uy = ((2([3 +up — 2u3)u%
+ (t3 —2u; + u3)(—2t% 4+ (t3 + uy —2u3)(t3s + 2(uy + us)) — 3truq + 21/{%)
301 (83 + 11 = 2u3)ug — 20365 + 11 = 2u3)) ) x (3(t2 + 2ug) Qug = 1)
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(3t ur —2uz)(t3 + 2(u1 + u3)) — (212 — ua)(t2 + 2us) — 4u2 + 1}

"s 3(2147 —ll)
e — 2u3(u3 — Ml) — 4(1/!% + Mi) — (11 — 2147)(211 + M7) + 1‘22 + l‘; + 3t3u3
°- 3Q2ug +12) .

It is a matter of checking that this coincides with solution (6.22) from Section 6.2 in the limit
t1 > 0,1, > 0,13 — 0.
A solution of (6.29) which has no limit when t; — 0, t, — 0, 13 — 0 is given below:
_ 3t1tp — 8trus + 8tjug + 12usug

1 1
Uy = , Uy =UuU3z =13, Ug=—5l, U7=5I.
2013 2 2

Remark 6.16. It is remarkable that we have obtained analogs of selfduality with high
number of symmetries. We did not assume any symmetry conditions. The homogeneity of the
structures obtained were implied by the merely requirements that

+
Q=0 and T € Vg2 @ Vo,e]-

It would be very interesting to find analogs of selfduality which are not locally homogeneous.
It is an open question whether such solutions exist.
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