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INFINITE FAMILIES OF HOMOGENEOUS BISMUT RICCI FLAT
MANIFOLDS

FABIO PODESTA AND ALBERTO RAFFERO

ABSTRACT. Starting from compact symmetric spaces of inner type, we provide infinite
families of compact homogeneous spaces carrying invariant non-flat Bismut connections
with vanishing Ricci tensor. These examples turn out to be generalized symmetric spaces
of order 4 and (up to coverings) they can be realized as minimal submanifolds of the
Bismut flat model spaces, namely compact Lie groups. This construction generalizes the
standard Cartan embedding of symmetric spaces.

1. INTRODUCTION

On a Riemannian n-manifold (M, g), metric connections V are completely characterized
by their torsion tensor

TyY =VxY —VyX — [X,Y], X,Y eD(TM),

and they can be classified into eight families determined by the irreducible O(n)-module
decomposition of the space R™ ® A2R™ [Carl [TV]. The class of metric connections with
totally skew-symmetric torsion is made up of those connections for which the 3-covariant
tensor

H(X,Y,Z) = g(TxY, Z)
is totally skew-symmetric. Every such connection is related to the Levi Civita connection
V9 of (M, g) as follows

1
(L) 9(VxY, Z) = g(VY. Z) + JH(X.Y. 2),

and it has the same geodesics as VY.
Consistently with [GES], given a 3-form H € Q3(M), we shall refer to the metric connec-
tion V defined in (|1.1)) as the Bismut connection induced by the pair (g, H).

In complex non-Kéhler geometry, a typical example is given by the Bismut connection
of a Hermitian manifold (M, g, J), which is the unique metric connection with totally skew-
symmetric torsion preserving the complex structure J [Bis, [Gau]. In such a case, the
torsion is given by H = d‘w, where w = g(J-,-) is the fundamental 2-form. If the torsion
is also closed, so that dd“w = 0, one obtains the widely studied class of strong Kahler with
torsion complex manifolds (SKT). On the other hand, Riemannian manifolds carrying a
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Bismut connection V with V-parallel torsion have gained a lot of attention in the literature,
since they are naturally associated with various geometrically meaningful structures as
naturally reductive spaces, nearly Kahler and Sasakian structures as well as nearly parallel
Go-structures among others, see e.g. [Agr, [AFFL I(CMS| [FT].

Metric connections with totally skew symmetric torsion are also an important object
of interest in theoretical and mathematical physics, e.g. in Type II string theory or in
supergravity theories, see [Agr, [FI, IP] for more details and references.

In this paper, we will focus on Bismut connections V with closed torsion form H and zero
Ricci tensor RicY. In generalized Riemannian geometry, Bismut connections with closed
torsion play a prominent role, as they are naturally associated with generalized metrics
on exact Courant algebroids. Moreover, the vanishing of RicV implies that the associated
generalized metric is generalized Einstein, see [GF| [GES].

Since the torsion of V is non-vanishing, the Ricci tensor RicV is not symmetric, and one

has (see [GES, Prop. 3.18])
1
4
where Ric, denotes the Ricci tensor of V9, ¢, is the formal adjoint of d, and the symmetric
2-tensor H? is defined as H?(X,Y) = g(1xH, 1y H), for every X,Y € I'(TM).

Therefore, a Bismut connection V with closed torsion form H has zero Ricci tensor if
and only if H is g-harmonic and the Ricci tensor of g satisfies the equation Ric, = iH 2 In
this context, we shall say that (g, H) is a Bismut Ricci flat pair (BRF pair for short) if H
is closed and the corresponding Bismut connection V is Ricci flat.

A further motivation to consider BRF pairs relies on the fact that they provide fixed
points of the generalized Ricci flow, a geometric flow evolving a family of Riemannian
metrics g; and 2-forms b; as follows

1
RicY = Ricy — - H? — 001,

9 , 1
510 = —2Ricy, + 5H,?,
9

&bt - —(Sgth,

where Hy = H + db; for a given background closed 3-form H. This flow was introduced in
[CEMP) [OSW] in the context of renormalization group flows of two-dimensional nonlinear
sigma models, and it can be considered as a generalization of Hamilton’s Ricci flow to
Bismut connections with closed torsion form [Str], and as a flow of generalized metrics on
exact Courant algebroids |GF, IGES| [Str2]. Moreover, it is also related to some geometric
flows in Hermitian Geometry, like the pluriclosed flow and the generalized Kahler Ricci flow,
see e.g. |GJS) [Str3l ST [ST2] [ST3].

A key example of (homogeneous) manifold with a BRF pair is provided by a semisimple
compact Lie group G endowed with the bi-invariant metric gg induced by —B, where B
denotes its Cartan-Killing form, together with the standard harmonic 3-form Hg(X,Y, Z) =
9c([X,Y], Z), where X,Y, Z are left-invariant vector fields. Indeed, it is well-known that the
Bismut connection on G induced by the pair (gg, Hg) is flat. Viceversa, it has been proved
that a compact simply connected Riemannian manifold carrying a flat Bismut connection
with closed 3-form is isometric to the product of compact simple Lie groups, see [AF] [CS].
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In [GES], the authors asked whether an invariant Bismut connection with zero Ricci
tensor on a homogeneous manifold should be flat, generalizing the well-known Alekseevsky-
Kimelfeld Theorem in the Riemannian case [AK]. In [PR], we answered this question
negatively, proving the existence of invariant non-flat BRF pairs on a series of 5-dimensional
homogeneous manifolds M,, , parametrized by a pair of positive integers with ged(p, q) = 1.
These manifolds can be represented as quotient spaces (SU(2) x SU(2))/T}k . for some

diag’
suitably embedded torus T! C SU(2) x SU(2).

The aim of this paper is to generalize the previous result by providing a construction
which allows to obtain infinite families of non-flat BRF pairs on compact homogeneous
manifolds. These families include the manifold M; 1, but not M, , when p,q # 1. The
new examples, which are constructed starting from compact symmetric spaces of inner
type, admit a subcover which can be isometrically and minimally embedded into a compact
semisimple Lie group in such a way that the harmonic 3-form coincides with the pull-back
of the standard harmonic 3-form on the group.

Our main result can be stated as follows.

Main Theorem. Let G be a compact, connected semisimple Lie group and let o be an
involutive inner automorphism of G. If K C G is a compact subgroup with (G7)° C K C G,
then the homogeneous space M = (G x G)/Kgiag, where Kqing = {(k, k) € G x G | k € K},
is endowed with an invariant non-flat BRF pair (g, H).

Moreover, if K = G7, there exists a G X G-equivariant minimal embedding 1 : M — G x G

so that (g, H) = *(9¢ & g9c, Hg ® Hg).-

We remark that the pair (G, K) is known as a symmetric pair, and that the involution
o is inner if and only if G” has maximal rank in G (see e.g. [Hel, Ch. IX, Thm 5.6]). We
also recall that every compact semisimple Lie group admits at least one involutive inner
automorphism. The list of all symmetric pairs (g,€) of compact type with g simple and
rank g = rank € can be deduced from [Hel, Ch. X, Table V]. For the sake of completeness,
we list them in Table [il

As an immediate consequence, we have the following.

Corollary. There exist infinitely many compact homogeneous spaces admitting an invariant
non-flat BRF pair (g, H).

We note that the space (G x G)/Kgiag is diffeomorphic to G x (G/K) (see details in
Section , but this diffeomorphism is not isometric when the latter is endowed with the
product of gg and the standard metric on the symmetric space G/K. We also remark that
the homogeneous space M = (G x G)/ Giag 18 @ 4-symmetric space defined by means of the
order four automorphism of G x G given by (g1,92) — (g92,0(g1)), see e.g. [Jim]. It is a
well-known fact that for any symmetric space G/G? the Cartan embedding ¢ : G/G7 — G
given by ¢(aG?) = o(a)a™! is totally geodesic. Moreover, the pull-back of the 3-form Hg
vanishes on G/G?. Our embedding of the 4-symmetric space M into G x G is equivalent to
the embedding of G x (G/G7) into G x G via Id x ¢, and it gives a generalization of the
Cartan embedding for 2-symmetric spaces, with minimality in place of the total geodesic
feature. Finally, we point out that H is never zero, as otherwise (M, g) would be Ricci flat
and thus flat by [AK].
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class g ¢ class g 12
AIIT su(n) s(u(p) +u(n —p)) EV |er su(8)
BD 1| so(2n),n>4 50(2p) + s0(2(n —p)) E VI |e7|s0(12) 4 su(2)
BD I |so(2n+1), n>2]|s0(2p)+s0(2(n—p)+1) EVII | e es + R
DIII| so(2n), n>3 u(n) E VIII | eg 50(16)

C1I sp(n), n>3 u(n) EIX |eg e7 + su(2)
C1I sp(p +q) sp(p) +5p(q) FI | g sp(3)+su(2)
EII e6 su(6) + su(2) FII |f4 50(9)

E IIT ¢6 s50(10) + R G g2 | su(2) + su(2)

TABLE 1. Symmetric pairs of compact type (g, €) with g simple and rank g = rank ¢

The Main Theorem is proved in Section [2, We first consider the case when K = G,
where o = 7, is the conjugation by some element z € G. We construct an action of G x G
on itself preserving the flat BRF pair (9 @ gg, Hg ® Hg), and we identify a particular
minimal orbit with M. We then show that the induced metric ¢ and 3-form H provide
an invariant BRF pair on M whose corresponding Bismut connection V is not flat. To
conclude the proof, it is then sufficient to observe that (G x G)/Kagiag is a finite cover of

(G x G)/Ggj,q- In Proposition we also prove that the torsion H is not parallel with

respect to V.

Some remarks on the geometry of M are discussed in Section |3} where we prove the
following.

Proposition 1.1. The manifold M has finite fundamental group and bs(M) = £, where ¢
is the number of simple factors of G. Moreover

1) if G is simple, then bs(M) = 1 and M is not diffeomorphic to the product of two manifolds
carrying a BRE pair with non-trivial torsion;

2) if G is semisimple not simple, then M is finitely covered by the product of £ factors of
the form (G’ x G’)/Kéiag, with G" simple and (G',K') an inner symmetric pair.
Notation. Throughout the paper, Lie groups will be denoted by capital letters and their

Lie algebras will be denoted by the respective gothic letters. When a Lie group G acts on

a manifold M, the vector field associated to any X € g will be denoted by X.

2. PROOF OF THE MAIN THEOREM

We keep the same notation as in Section and we start considering the Lie group
N := G x G endowed with the biinvariant product metric g := gg @ gg together with the
harmonic 3-form H := Hg ® Hg. We denote by V the flat Bismut connection corresponding
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to (g, H). The Lie group L := G x G acts isometrically on (N, g) preserving H as follows

(91,92) - (z1,72) = (17195, 17295 ) -

The involution ¢ of G is inner and therefore there exists z € G so that o coincides
with the conjugation 7,. The subgroup G? coincides with the centralizer C' := Cg(z) =
{a € G | az = za}, and if we consider the L-orbit through the point p = (e, z) in N, then
the stabilizer L, of p is given by

Lp = Cdiag = {(a’7a) ’ a € C}v
and the orbit is then
L-p=L/L, = (G x G)/C4iag = M.

We denote by g the metric induced on M as a submanifold of (N, g) and by H the pull-back
to M of the 3-form H.

In order to prove that the pair (g, H) on M induces a Bismut connection V that is Ricci
flat and non-flat, we split the proof into several steps which are dealt with in separate
subsections.

2.1. Basic facts on the induced metric g. Let ¢ = {u € g | Ad(z)u = u} denote the Lie
algebra of C and let q = {u € g | Ad(z)u = —u} denote its B-orthogonal complement in g.
We put k = dim¢, ¢ .= dimq, so that m :=dimM = k + 2¢q and n := dim N = 2k + 2q.

We can consider the following decomposition of the Lie algebra [ = g & g of L
[ = Cdiag D p D My O mo,
where
cding = {(w,u) [w € e}, p={(u,—u) [uec}, m={(v,0)[veq}, my={(0,0)[veq},
and there is a natural identification p ® m; ® mg = T,M by means of

= d
VieV,=—

o exp(tV) - p.

t=0

For every V = (v1,v2) € land (z1,22) € N, we have

‘7(9:1@2) =% (exp(tvy) x1 exp(—tve), exp(tvy) xg exp(—tve))

t=0
(2‘1) = (del (Ul) —dLg, (U2)7 dRy, (1}1) — dLyg, (’02))

— ((F - oh),, OF - b)) = (7,72,
where v and v denote, r/e\spectivelAy, the right-invariant andAleft—invariant vector field
induced by v € g on G, and V1) and V® are the projections of V onto the first and second
factor of TG x T'G. Moreover, for V = (v1,v3), W = (w1, ws2), U = (u1,u2) € [, we obtain
g (‘/}(xhxg)? W(xl,x2)> = gaG (‘71{11)7 Wé})) + ga (‘7:1522)1 ng))

= ~B (L VD, ar WD) - B (aL; V2, drz ) W),

xry1 7 T2 "x2

(2.2)
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and
H <‘7(x1,x2)7 W(xl,xg)a fj(:chgz:g)) = HG (‘795(11)7 W:EP? ﬁgg})) + HG (Vx(22)7 ng)a UgE?)
(2.3) = =B ([aL;, V), Lz WD), Lz o)

xr2

B (L7} VD, drz W2, ar; U2).
For every subspace b C p & my @ my, we let o], = {‘7}, eT,M|Ve U}. The following
lemma easily follows from ([2.1)).
Lemma 2.1. At the point p = (e, z), we have
Plp = {(2u,dL.(2u)) |u e}, ml,={((-1)"""v,—dL.(v)) |veEq}, i=1,2.
Proof. If V = (u, —u) € p, then using Ad(z71)|, = Id,, we get
‘7(6’2) = (2u,dR.(uv) — dL.(—u)) = (2u, dL,(Ad(z"Hu + u)) = (2u,dL.(2u)).
IV = (v,0) € my, then
Vie.) = (0,dR.(v)) = (v,dL. Ad(z1)v) = (v, —dL.(v)),

since Ad(z71)|q = —1d,. Finally, if V = (0,v) € my, then

Vies) = (—v, —dL(v)).

From (2.2)), we see that the Riemannian metric g at the point p = (e, z) is given by
e,z) (‘/}(e,z)’w(e,z)> =-B (‘//\ve(l)’we(l)> - B (sz_l‘/}z@)v dL,z_lw,zgz)) )
and we obtain the following.
Lemma 2.2. The decomposition T,M = p|, & my|, & Ma|, is g-orthogonal. Moreover,
a) if V= (u,—u), W= (y,—y) €p, then E(‘/},W)(&Z) = —8B(u,y);
b) if V= (Uv 0)7 W= (w,O) € my, then ?(Va W)(e,z) = _QB(’an);
¢) if V.= (0,0), W = (0,w) € ma, then g(V, W), = —2 B(v,w).
Finally, the g-orthogonal complement of T,M C T,N is given by
T,M* = {(u, —dL,(u)) | u € c}.
Proof. We first note that o := Adr((z,2)) acts isometrically on p & m; ® mp with «f, =
Id, a|m; = —Id, so that g (ﬂp,ﬁl¢|p) =0, fori =1,2. As for E[), we have
Ye,z) (‘/}(672)7 W(e,z)) =-B (2u7 2y) - B (2u7 2y) = _SB(ua y)

E[) is proved as follows

~ —~

Y(e,z) (V(e,z)7W(e,z)> =-B (v,w) - B (_Ua _w) = -2 B(U,w),
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and |c]) is proved similarly. Finally, if V' = (v,0) € m; and W = (0, w) € mg, then

Y(e,z) <‘7(e,z)a W(e,z)) =-B (U, *w) - B (71}’ 7w) =0.

The last claim follows from Lemma [2.1] and codimyM = dim ¢. O

2.2. The second fundamental form of the immersion and the curvature of M.
We begin stating some general facts on the induced Bismut connection on submanifolds,
giving a formula for its curvature and the relative Ricci tensor.

Let (N, g) be a Riemannian manifold of dimension n = m + k, consider a 3-form H €
Q3(N) and let V be the Bismut connection associated with the pair (g, H). The torsion
tensor T' of V is related to H via the identity H(X,Y,Z) = g(TxY, Z), for all X,Y,Z €
I'(T'N), and thus

1
VxY = Vi—y + §TXY.

Let M be an m-dimensional submanifold of N, denote by « : M — N the corresponding
injective immersion and by g = ¢*g the Riemannian metric induced by g. If vM denotes the
normal bundle over M, then for any pair of vector fields X,Y € I'(TM) arbitrarily extended
to N, we have

V9Y = V%Y + h(X,Y),

where h € T'(S%(T*M) ® vM) denotes the second fundamental form of M and V? is the Levi
Civita connection of g.

The submanifold M has a natural Bismut connection V induced by the pair (g, H = t*H).
It is related to the Bismut connection V on N as follows

- 1
VxY =VxY +h(X,Y) + 5(TXY)L,

where (TxY)" denotes the normal component of TxY".

We can now determine the relation between the curvature tensor RV of V and the curva-
ture tensor RY of V. At each point p of M, we consider a g-orthonormal basis (ST YS!
of the normal space v,M, and a standard computation shows that for X,Y, Z, U € T,M

g(R)v?,sz U) = g(vaYZ - VyVxZ — V[ny]Z, U)

=3 (RYy2.U) - <hi(Y, 7) + %g(TyZ, gi)> <hi(X, ) + ;g(&,TXU)>

+ (. 2)+ 00326 ) (11,0 + S0 B0)).
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As for the relation between the Ricei tensor RicY of V and the Ricci tensor RicV of vV, we
consider a g-orthonormal basis (e, ..., ey) of T,M and we compute

RicY(Y, Z) = g (RZ_,YZ, ej)

= RicY(Y, Z) — <hz‘(Y, Z) + %g(TYZ, §z‘)) <hi(€j7 ej) + ;g(§i,Tej€j)>
+ <hi(€j, Z) + %Q(Te].Z, fz)> (hl(Y, ej) + ;g(&-,Tyej)>
= RicV(Y, Z) — <h(Y, Z) + %TYZ; h(e;, q)) + g (MY, €)), h(Z, €j))

1 1 1

+ 5 g (h(Z7 ej)7 TY@j) + 5 g (h(Y) ej)a TEjZ) - Zg(Tyejv gl)g(TZG‘ja 51)
Using this last expression, and recalling that H(X,Y,Z) = g(TxY, Z), we obtain the

following.

Proposition 2.3. If the Bismut connection V on N is flat, then for any Y,Z € T,M we
have

Ricv(Y, Z) = g(h(Y, Z)aﬂ) - g(h(Y, ej)vh(Z7 ej)) + %H(Y:ejv’fi) H(Za ejv‘fi)

1 1 1
+ §H(Y7 Znu) + ihl(Ya ej) H(Z e]agz) - (Z e])H(Y7 ejafi)a

where (€1, ..., en) is a g-orthonormal basis of T,M and p = h(ej, ej) is the mean curvature
vector of M.

We now go back to the proof of the Main Theorem, considering M = (G x G)/Cgiag and
N = G x G. In the following, we compute the second fundamental form h of the immersion
t: M <— N.

We begin with some preliminary observations. Some well-known facts are summarized
in the next lemma.

Lemma 2.4. Let v,w € g and denote by v'* and v* the right-invariant and left-invariant
vector fields induced by v on G, respectively. Then

1) i wk) =0;
2) [UvaR] = 7[U?w]R;
3) VI¢wl = Jv,w]*.

As for the Levi Civita connection V9 at p = (e, z), for every pair of vectors V =
(v1,v2), W = (w1, ws) € [, we have

VIWien = (V95 g (wff =), V9%, (wf —wi),)

’U —Vy

g9a 9ac,, L ga gc,, R
(v Gl + Vi) — ViGw - Vuf|

9G 9G,,,L 9G ,,,L 9c,, R
V Rw1 +VU§1U2 _vv{%u@ —V%Lwl

)

Some useful identities are collected in the next result.
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Lemma 2.5. Let v,w,u € g and let x € G, then
1) g6 (Vut,ut) | = ~3B([w,ul, Ad(x)o) = g (VS uR,ub) ;
2) go (VI5w",u) = 3 B([v,w], Ad(z)u).
Proof.
1) We have
29¢ (V95w u) = vfgg(w”, u”) + whga(u” vf) — uPga (0™, w")
- gG(va [UR7 uL]) - gG(uLa [wL7 UR]) + gG(UR> [uL> wL])
= whga(u® vf) — uPga (0", wh) + ga (VF, [uF, W),

where we used that g (w”, u*) is constant and [vf, u*] = 0 = [w¥, v¥]. Now, both w’
and u” are Killing fields for the biinvariant metric gg, so we have

ngG(uLv UR) = gG([wLa uL]a UR) + gG(uL7 [wLa UR]) = gG([wLa uL]a 'UR)’
uLgG (’UR7 wL) = gG([uL7 URLU)L) + gG(vR7 [uLa wL]) = _gG([wLa uL]7 UR)'
Therefore

29G (VZ%U)L’ uL)x = gG([va UL]7 UR)CC = gG(de [w7 u]’ dR:L‘U) = gg([w, u], Ad($_1)v)e'

2) With similar computations as in the previous point, we have

29G (vg%va UL) = URgG(va UL) + ngG(uLa UR) - gG(uL) [wR7 /UR])

= ga([v", ', u") = —ga (v, w]™, u"),
thus
29G (Vg%wR,uL)x = —gc(dRz[v,w],dLyu) = —gg([v, w], Ad(z)u)e.
]
Let (k1,...,kx) be a B-orthogonal basis of ¢ such that the vectors & = (ki, —dL,k;),

i=1,...,k, form a g-orthonormal basis of ,M. Then, using|3|) of Lemma Lemma
and recalling that gg is biinvariant and Ad(z)k; = k;, we obtain
ni(V W)y =9 (VEW.6)

_ 9G ,,R 9G,,,L 9G ,,,L 9G,,, R
=gg (VUFUH —I—V%LwQ —Vv{{wg —szLwl ,/<ai>
e

+ gc (Vg%wf + VZ%UJQL — VZ%U}QL — Vicﬁw{% ) —szlii)
1 2 1 2 z
1 1 1
= —39a ([v1, w1] = [v2, wa), ki) — 296G ([wa, ki), v1) — 596G ([v2, ki), wr)

+ 506 (o1, 01) = [e2,wal, ) + 300 ([, i), Ad(=un) + 30 (v2, i, Ad(z )
1

=59 ([wa, k], v1 — Ad(z"H)vy) — %QG ([v2, K], w1 — Ad(2Hwy) .

Using this expression, we deduce the following.
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Proposition 2.6. Let ?,W € T,M. Then, h(f/,/ﬂ?) = h,-(YA/,/W)& may be non-zero only
when V = (v1,0) € my and W = (0, wz) € ma. In such a case

hi(V, W), = B([v1,ws], k).

In particular, the mean curvature vector u of M is identically zero, i.e., M is a minimal
submanifold of N.

Proof. Let V. = (v1,v2), W = (w1,w2) € p & m; & ma. We discuss each relevant case
separately:

o if V,W € p, then va = —v1 € ¢, wy = —w; € ¢ and Ad(z7 )| = Id,, whence
hi(V, W) () = 05
e if Vepand W € my, then v9 = —v1 € ¢, w1 € q and ws = 0, whence
h(V, W) e,y = g6 (1, 5] wr), =0,

since [v1, k4] € ¢. The analogous conclusion holds when V' € p and W € my;
o if VW € my, then vy, w; € q and vy = 0 = wy, whence

hz(‘/}a W)(e,z) =0.

Similarly, one has hi(f}, W)(e,z) =0 when V,W € my;
e if Vemy and W € my, then vy € q, vo =0 and wy = 0, we € q, whence

hi(‘/}v/W)(e,z) = —4gG ([w27 ﬁi]avl)e =B ([U}Q?’{i}vvl) = B([’U]_,’wg], I{i)‘
]

2.3. The induced Bismut connection on M is Ricci flat and non-flat. We begin
describing the restriction of the 2-forms 1¢, H to T,M x T},M.

Lemma 2.7. For everyi=1,...,k, the 2-form 1¢, H satisfies the following:
1) 1w, H <}7, ) =0, whenever Y € p;
2) ZEiH’ﬁiﬂpXﬁiﬂp = 07 fOTj = 172;

3) forY = (y1,0) € my and Z = (0, 22) € mo, 1¢, H (?,Z\) = 2B([y1, 2], Ki)-

Proof. We can compute the expression of H at p = (e, z) from equation (2.3). Using this
expression together with Lemma [2.1] we have what follows.

1) Let Y = (y,—y) € p. If U = (u, —u) € p, then
H (V,0,&) = =B([2y,2u), r:)—B((2y, 2u], —:) = 0.
while if U = (u,0) € my, then
H (V,0.&) = =B((2y,ul, k)= B((12y, —ul, =) = 0.

since [y,u] € q and k; € ¢ are B-orthogonal. The same conclusion holds when U € ms.
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2) Let Y = (y1,0), Z = (21,0) € my, then
H (}/},2, §Z-) = —B([y1, z1], ki)—B([~y1, —21], —ki) = 0.
Similarly, if Y = (0,42), Z = (0, 22) € mg, then
H (?7 Z&') = —B([~y2, —22], i) = B([~y2, —22], —ri) = 0.
3) If Y = (y1,0) € my and Z = (0, z2) € mg, then

H(Y,Z,&) = —B(ly1, — 2], ki) — B([—y1, — 2], —ks) = 2B([y1, 22), k3).
O

We now focus on the Ricci tensor of the Bismut connection V on M = (G x G)/Ciag
defined by (g, H). From Proposition we know that it has the following expression at
p= (e, ), for every Y, ZETM

o o~ ~ ~ 1~ .
Ricv(yv Z) =-9 <h(Y7ej)7h(Z7 6])) + - H(Yaeﬁf’b) H(Z7 ejagi)
(2.4)

1. 5 1 ~
+§hZ(Y76])H<Z ejafl)_ 9 (Z e])H(Yﬂejvfi)7
where (eq,...,ey) is a g-orthonormal basis of T,M.

Proposition 2.8. The Bismut connection V on M defined by the pair (g, H) is Ricci flat.

Proof. We begin observing that Ricv(i}, -) vanishes whenever Y € p. Indeed, it follows
from Proposition that h(Y,-) = 0. Moreover, we have H(Y,e;,&) = 0 by [1) in Lemma
21

Let us now focus on the symmetric part of RicY
_ PR R . 1 . R
RicVS™(V, Z) = —g (h(Y, ei), h(Z, ej)) + L HY e;.8) H(Z.¢;,6).
From Proposition we deduce that the summand
—g (h(?a ej)’ h(27 ej)) = _hi(}/}a ej)hi(27 €j)

is not zero if and only if either Y, Z € m; and e; € ma|, or Y, Z € my and e; € my|, .

We may choose the orthonormal basis (e1, ..., em) of T,M as follows: let (E1,..., E,) be a
B-orthogonal basis of q such that B(FEs, Es) = —%, s=1,...,q, then

® c1,..., ¢ is a g-orthonormal basis of p|y;

® €tl,...,€Ehtq IS a g-orthonormal basis of M|, with epys = (fs,\()), fors=1,...,q;

® Chigils---,Chiag IS a g-orthonormal basis of My, with epyqis = (O/,E\S), fors=1,...,q.

IfY = (y1,0), Z = (21,0) € my, we then have

q
h”L(Y7 Z h’L Y ek+q+s h (Z7 ek+q+s) - Z B([y17 ES]) Hi)B(['Z17 ES]) K/i)‘
s=1
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On the other hand, if Y = (y1,0) € my, then we already know that H()A/,ej,fi) =0
whenever e; € ﬂp. Moreover, for s =1,...,q, we have

H(?7 Ck+s 51) = O)
by [2) in Lemma and
H(i}v €k+q+s> 52) = 2B([y17 ES]7 Hi)7
by [3) in Lemma[2.7] Therefore, for all Y = (y1,0), Z = (21,0) € my, we have

1 ~ ~
TH(Y ,6) H(Z,¢,&) = ZHYeHW,fZ) (Z, erqrs &)

q
= ZB y1, Bsl, i) B([21, Bs] ki) = hi(Y ,e5)hi(Z, ¢5),

whence it follows that RicVSY™ (Y, Z) = 0 for all Y, Z € my. Similarly, if Y = (0,1), Z =
(0, z2) € mg, we obtain

W7 s ehi(Z,e) = 3 Bl Belwi) Bllzz, Bl ) = 3 H(T 03,6 H(Z, 5,6,

since H(?,ekJrS,{i) = 2B([y2, Es), ki), for s = 1,...,¢q, and H(}A’,ej,ﬁi) = 0 otherwise.
Thus, RicV'™(Y,Z) = 0 for all Y,Z € my. We still have to examine the case where
Y € my and Z € my. Here, we have

_ PR 1 N .
RicV ™Y, Z) = S H(Y,e;,&) H(Z,¢;,&) =0,

since H(}A/,ej,&) =0forj=1,...,k+qand H(Z,ej,ﬁi) =0forj=k+4+q+1,...,k+2q.

Therefore, the symmetric part of RicV vanishes.

We now examine the skew-symmetric part of RicY
_ A 1~ 1 ~
RicVSkew(y, 7) = 3 hi(Y,e))H(Z,ej,&) — = hi(Z,e;) HY €5, &).

The previous discussion shows that the summands m1ght be non-zero only when Y =
(y1,0),Z = (21,0) € my and when Y = (0,y2), Z = (0, 22) € ma. In the first case, we have

RicVSkY(Y, Z) = B([y1, Es), 5i) B([21, Es), ki) — B([21, Es), ) B([y1, Es], ki) = 0.
Similarly, RicV-Skew (17, Z ) = 0 also in the second case. Therefore RicV:Skew — 0. O

To conclude the proof of the Main Theorem, we have to show that V is not flat. From
Section we know that the curvature tensor of V is given by

S /o o 5 A a1
RY (X,Y,Z, U) - (hi(Y,Z) +3
(2.5)
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for all X,Y,Z,U € T,M. With similar computations as in the proof of Proposition E we
can show the following.

Proposition 2.9. Let X = (21,0), Y = (y1,0) € my and Z = (0,22), U = (0,u2) € my,
then

RY <X,?7 Z, ﬁ) = 4 B([y1, 22], ki) B([w1, uz], ki) — 4 B([w1, 22], ki) B([y1, ual, ki)
Proof. Consider Y = (y1,0) € my and Z = (0, 22) € mp. Using Proposition [2.6{ and [3]) in
Lemma -, we see that the first factor of the first summand in the RHS of (2.5)) is

hi(Y,Z) + §H(Y, 2,&) = B(ly1, 2], k) + B L 2B([y1, 2], i) = 2B([yn, 2], ).

Analogous computations hold for the second factor as well as for both factors of the second
summand in (2.5). Our claim then follows. O

As an immediate consequence, we obtain that V is not flat. Indeed, since [q,q] = ¢ # {0},
we can choose z,y € q so that [z,y] € ¢ is not zero, and we have the following.

Corollary 2.10. Let x,y € q such that [z,y] € ¢ is not zero. Then, for X = (z,0), Y =
(y,0) € my and Z = (0,z), U = (0,y) € my, we have

RY (X.9,2,0) = =4 (B(wy), x:))* = =4[z )|* # 0.
Using the previous results, we can also show the next.
Proposition 2.11. The torsion H is not parallel with respect to V.

Proof. First, we recall that for every X ) }7, Z , U e T,M, the following identities hold (see
e.g. equations (3.20) and (3.21) in [IP]):

A~ N A~

dH(X,Y,2,0) =655, [(?XF) (V,2,0) +27 (H()? V), H(Z

IS
—
|
|
E
S
=
N

and
gy 7R (X.V,2,0) =dH(X,V,2,0)+(VgH) (X,V,2)-65 5 55
Now, if the closed 3-form H is V-parallel, then we must have
ﬁ o~ o~ ~ A~
S¢p R (X,Y,Z, U) —0,

~

forall)?l/}z\,
U = (0,

€ T,M. As in Corollary we choose X = (,0), Y = (y,0) € my and
Z = (0,z), v

€ mg with [z,y] # 0. Then
RY (X,¥.2,0) = —4|[z.yllP,
while o o
RY (?,2,)?,0) =0=RY (2,)?,?,(7) :
as one can easily check using Proposition together with Lemma Therefore,
S¢p sRY ()?,?, Z, 17) = 4|z, ]| £ 0,

a contradiction. O
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3. REMARKS ON THE GEOMETRY OF M

In this section, we give some information on the geometry of M = (G x G)/Kgiag, where
K is a subgroup of G as in the Main Theorem. In particular, we prove Proposition [1.1

We first note that the group G x G acts on M’ := G x (G/K) transitively as follows

(91792) : (.Z', yK) = (91$92_1792yK)7
realizing M’ as the orbit through (e, K), so that M = M’. However, this diffeomorphism

is not isometric if we endow M with the metric g and M’ with the product of gg and the
standard metric on the symmetric space G/K.

It is well-known that 71(G) is finite and that any quotient space of G by a compact
subgroup of maximal rank has finite fundamental group and vanishing odd Betti numbers
(see e.g. [Bor]). Therefore, if we represent M as M’ = G x (G/K), then we immediately see
that w1 (M) is finite. Moreover, it follows by Kiinneth Theorem that

b3(M) = b3(G).

The fact that b3(G) = ¢ is also well-known (see e.g. [MT]). This shows the first part of
Proposition (1.1

In particular, when G is simple, we have b3(M) = 1, and the claim 1) of Proposition
follows from the fact that a manifold carrying a BRF pair with non-trivial torsion form has
non-trivial third Betti number.

Finally, we discuss the case when G is semisimple not simple, proving [2|) of Proposition
Let G be the universal cover of G with projection 7. As K has maximal rank, it
is well known that K := 7~ !(K°) is connected and G/K covers G/K. Moreover, when
we split G = Hle G, into the product of simple factors G;, then K = Hle K;, where
K; = KN G;. Also, (G;,K;) are symmetric pairs if (G,K) is (see e.g. [Hel]). This implies
that the manifold M is finitely covered by a product Hle M, where M; are given by quotient
spaces (G; x G;)/(K;)diag-
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