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Abstract. The purpose of this note is to show that a connection with closed skew-symmetric
torsion and reducible holonomy admits a locally defined Riemannian submersion together
with a projected geometry on the base. We reframe known submersion results for non-Kéhler
Bismut—Hermite—Einstein manifolds and sHKT structures in this context. For homogeneous
SKT structures on semi-simple Lie groups, we obtain the holonomy decomposition leading
to holomorphic submersions over generalized flag manifolds.
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1 Introduction

Geometries with torsion generalize special holonomy manifolds. Where the latter are often too
rigid, adapted connections with torsion can expand the scope while retaining desired proper-
ties. In particular, geometries with skew-symmetric and parallel or closed torsion have shown
great promise. Parallel torsion is considered more convenient for its geometric properties,
see, for example, [4, 15, 16], yet closed torsion geometries appear canonically in many cir-
cumstances [13, 19]. Applying tools from parallel torsion to closed torsion has seen efforts to
combine both types [7, 32]. However, this comes with its own share of restrictions, namely
a very narrow class of possible manifolds, see [3, Theorem 4.1]. In this work, we instead re-
discover a dimensional reduction argument from parallel torsion, see [9], in the closed torsion
world.

The fundamental principle goes back to de Rham’s theorem arguing that a reducible holonomy
representation should introduce a split geometry. Indeed, our main theorem gives the following
interpretation.

Theorem 1.1. Suppose V is a metric connection with closed skew torsion T and TM = H @V
splits orthogonally as a representation of the holonomy group Hol(V). Assume further that

T=TH4+T™ +TY € N3H & N*HAV © A3V C A3TM.
Then

(a) there exists a locally defined Riemannian submersion m: (M,g) — (N,gn) with totally
geodesic fibers tangent to V),

(b) the purely horizontal part of the connection T™ is projectable, T =TH,

(c) and V = VIN + %T s a connection with, not necessarily closed, skew torsion on N satisfying

VxY =, (VYY), where X, Y denote the horizontal lifts of X,Y € TN.

While we only obtain a locally defined Riemannian submersion instead of a full product
geometry, it allows for more intricate relations between the total, base and fiber spaces. In the
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parallel case, this gave rise to classification results [1, 24] and new solutions to geometric systems
of equations [2, 17].

Our focus here will be employing the submersion theorem to SKT manifolds. These manifolds
are a class of non-Kéhler Hermitian manifolds that rose to prominence due to their connection
with the generalized Ricci and pluriclosed flow, [18], and being one of three special non-Kéhler
Hermitian geometries in the Fino—Vezzoni conjecture [12, 14, 26]. Prime examples of compact
non-Kahler homogeneous SKT manifolds are Bismut-flat structures on compact semi-simple Lie
groups of even dimension with their bi-invariant metrics. Recent results in [11, 23, 29] have shown
that there is a vivid collection of left-invariant metrics generalizing those bi-invariant examples.
Our second main Theorem 4.3 computes the decomposition of their Bismut-holonomy. To our
knowledge, these are the first non-trivial examples of SK'T manifolds where the Bismut holonomy
decomposition is fully determined. We find that

g=te P 9]5@( > 95)

aGA[maX a€A+\AImax

for a span of simple roots Ay, . directly determined by the metric. Therefore, we obtain Hermi-
tian submersions G — G/ P for any generalized flag G*/P as special examples of Theorem 1.1.

The paper is organized as follows. Section 2 is devoted to the main Theorem 2.3. We recall the
necessary preliminaries on connections with closed skew torsion in order to prove the submersion
theorem. In Theorem 2.8, we show under which circumstances the holonomy projects to the
base. Our theorem also covers the parallel torsion case where this question has been shown
to be delicate in some situations. We investigate the situation for SKT manifolds in Section 3
reframing in Theorems 3.4 and 3.7 recently proved submersion theorems for BHE and sHKT
manifolds as special cases of our main theorem. The final section is all about homogeneous
SKT structures on semisimple Lie groups with Samelson complex structures. We give a full
decomposition of the Bismut holonomy in Theorem 4.3, proving that they admit holonomy
induced Hermitian submersions to all generalized flag manifolds.

2 Submersion theorem
Definition 2.1. A connection V is said to have skew-torsion if the torsion
T(X,Y,Z) = g(VxY — VyX — [X,Y],Z) € A3T* M.

In this case, V = VY9 + %T.

Here and in the following we will always refer to the Levi-Civita connection of (M, g) and its
associated objects by a superscript g.

One interpretation of torsion is a failure of V to compute the exterior derivative. One gets
the amended formula for a k-form w

k
dw(Xo, ..., Xp) = Y (=) (Vx,w)(Xo, ..., Xi, ..., X¢)
=0
= (~D)Mw(T(Xi, X;), Xo, -, Xiy oo Xy, X). (2.1)
1<j

For a connection V with skew-torsion, we consider its curvature

RY(X,Y,Z,V):=g(RY(X,Y)Z,V) = g(([Vx,Vy] = Vixy))Z, V).
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Note that we cannot assume the usual symmetries from the Levi-Civita curvature. However, we
obtain the following Bianchi identity

X,Y,Z

G R(Xa}/aZa V) = dT(Xv}/aZv V) - UT(X7K27 V) + VVT(X’Yv Z)v (22)

Y, Z
where on the left-hand side & is short for a sum over all cyclic permutations of X, Y, Z.
On the right-hand side we denote by op the 4-form

X,Y,Z A

or(X,Y,Z, V)= & g(T(X,Y)#,T(Z,V)#) e A'T* M.
Definition 2.2. We call (M, g, V) a closed torsion geometry if V has skew-torsion 7" satisfying
dT = 0.

We can immediately state our main theorem.

Theorem 2.3. Suppose (M, g, V) is a closed torsion geometry with torsion T and TM = H OV
splits orthogonally as a representation of the holonomy group Hol(V). Assume further that

T=TH+T"+TV € N3H & A*HAV © A3V C A3TM. (2.3)
Then

(a) there exists a locally defined Riemannian submersion w: (M,g) — (N,gn) with totally
geodesic fibers tangent to V),
(b) the purely horizontal part of the connection T is projectable, 7T = TH,

(¢) and V = VIN —|—%T s a connection with, not necessarily closed, skew torsion on N satisfying
VxY =7 (VgY), (2.4)
where X, Y denote the horizontal lifts of X, Y € TN.

Remark 2.4. The condition (2.3) is equivalent to V being integrable. Indeed, for VW € V
and X € H

g([V,W],X) = g(vVVVaX) —g(VWV,X) —T(V,VV,X)

and, hence [V, V] C V if and only if T vanishes on A%V @ H.

Hence, property (2.3) immediately induces a foliation or, equivalently, a locally defined sub-
mersion. These local submersion patches will combine to a global submersion only for regular
foliations. Staying in the terminology of foliations, Theorem 2.3 can be rephrased in terms of
a transverse geometry. However, for local results as in the following we may just work with 7
as a submersion.

Proof of Theorem 2.3. We note that by (2.3) and the invariance of V under V for any vertical
vector fields V, W €V, we have

VIW = VyW — 1TV, W) e V.

Therefore, the distribution V is integrable and a curve is geodesic on the integral submanifold
tangent to V if and only if it is a geodesic in M. The integral submanifolds give rise to a foliation
and hence to a submersion 7 from a small neighborhood U C M to a local transverse section S.
We show that the metric restricted to H x H is constant along vertical vector fields and therefore
projectable. For X,Y € H, we have

(Lyg)(X,Y) =V(9(X,Y)) = g([V, X],Y) — g(X,[V,Y])
= g(VEV,Y) +g(X, Vi V) = g(VxV,Y) 4+ g(X,VyV) =0

since V is preserved by V. This proves that 7 is a Riemannian submersion.
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To prove the second assertion, we denote T7 = prasy1. If we show that T M is constant
along the fibers, it projects to a well-defined 3-form 7. Let V € V. By Cartan’s formula,
LyT" = 1yT" as 1yT" = 0. Then by (2.1), we obtain

LyTH(X,Y,Z)=dT"(V, X,Y, Z)
T X,Y, Z 4
= (ViTH) (XY, 2)+ & THT(V,X),Y, 2). (2.5)

Whenever either X,Y, Z € V this vanishes. Indeed, by (2.3), we have that T'(V,Z) e Vif Z €V
and, hence, T(V,Z)1T" = 0. Now consider X,Y,Z € H. Since V preserves V and H, the
curvature RV (X,Y,Z,V) =0 and the Bianchi identity for connections with skew torsion (2.2)
implies

XY, Z

0= 6 RY(X,Y,ZV)=dT(X,Y,Z,V) — or(X,Y, Z,V) + (VWT)(X,Y, Z)
XY, Z
= & g(T(V.X), T(Y,2)) + (WWT)(X,Y, Z)

7Y7

7
= 6 THT(V,X),Y,Z)+ (VyvT)(X,Y,Z) = LyT™(X,Y, Z),

where we used again that T'(V, Z) € ‘H and the last step is (2.5).
Equation (2.4) follows directly from V{'Y =, (VQY?) for Riemannian submersions. [ |

Corollary 2.5. In the situation of Theorem 2.3, the base space (N, gN,V) 18 again a closed
torsion geometry if and only if the torsion T satisfies

AT (X1, Xa, X3, X4) = —207m (X1, X2, X3, X4) = 0. (2.6)
Proof. Denote T+ =T™ + TV € A>2HAV & A%V, then

dT(X1, Xa, X3, X4) = AT (X1, X3, X3, X4) = —dT+ (X1, X2, X3, X4)
o X1, X2, X o
= (VETH) (X0, X0 X5)— 6 (VETY) (X2 X5, X2)
ST (6, %), X, X)
ST (X X (X, X)),

Since V preserves the type A2H AV @ A3V of T, both covariant derivative terms vanish.
Ii‘urthermor(;7 on | horizontal vectors X1, Xo € H, we have T+ (Yl, Xo, Z) =Tt (Z, X1, Yg) =
g|VXV(Tm(X1,X2),Z) and hence

AT(X1, X0, X5 Xg) = — &€ T (X0, Xa), Ko Xa) = & T (X, Ko, T(X5, X))
X1,X2,X3  __ o
=-2 & g(T"(X1,X2), T (X3, Xy)). u

Corollary 2.6. Let (M,g,V) be a geometry with closed torsion T and TM = Vi & Vo an
orthogonal holonomy-invariant decomposition. Then locally

(Mag7 V) = (Ml’glale) X (M2a927vT2)

into closed torsion geometries if and only if the torsion is decomposable, i.e., T =Ty + To with
T; € A3V
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Proof. If the torsion is decomposable, (2.3) is satisfied for V = V;, H = V5 and vice versa.
Hence, both distributions are integrable and we obtain locally defined Riemannian projection
maps to their respective integral submanifolds. As the mixed torsion parts vanish, we have (2.6)
satisfied for both 77 and T5. The converse is clear. |

Note that the submersion and hence all above results are local. Exploiting the splitting
TM =V @ H and (2.4), we collect some remarkable identities for the curvature R of V.

Proposition 2.7. Let 7: M — N be a Riemannian submersion, V and V connections on M
and N as above.

(a) Then g(VxY,Z)=T(X,Y,Z) for any vector X € V, Z € H and basic vector field Y € T'H.
In particular, both sides are tensorial.

(b) The curvatures R of V and R of V are related by
R(X,Y,Z,V) = R(m. X, 1Y, 1. Z, 1 V) — g(T™(X,Y), T™(Z,V)),

forany X,Y,Z,V € H.
(¢) For any X, Y € H and Z,V €V, R(X,Y,Z, V) =0.

Proof. For the first identity, recall that for projectable vector fields m,[X,Y]| = [7. X, .Y ] and
hence, [X,Y] € V. Thus,

9(VxY,Z) = g(VyX + [X,Y],2) + T(X,Y, Z) = T(X,Y, Z).

As the identity is entirely tensorial, we may extend all vector fields as horizontal lifts. Then,
by (2.4),

R(m X, m.Y, m. 2, m,V) = gN((vavmy — Vv Vax — W[W*me])w*z, W*V)
=9((VxVy = VyVx — V[X,Y]—[X,Y]V)Z7 V)
= R(Xv Y, Z, V) - g(v[X,Y]Vzv V)7
where [ X, Y]y = [X, Y] —mJ[X,Y] = [X,Y] — [ X, m.Y] € V is the vertical part of the commu-
tator. Further, for any Z € V, we get g([X, Y]y, Z) = g([X,Y],Z2) = g(|X,Y]-Vy X -VxY) =
T(X,Y,Z). Now using part (a)

g(V[X,Y]VZ7 V)= T([X7 Y]V7 Z,V) = gv(T(X7Y)7T(Za V).

Part (c) uses an inverted Bianchi identity for skew-torsion due to [20, Proposition 2.1]

Y,Z,V 1

Observe that R(X,Z,V,Y) =0 = R(X,V,Y,Z) as the two back entries are in different com-
ponents of TM =V & H. Hence, only R(X,Y,Z V) remains on the left-hand side. On the
right-hand side, dT" = 0 and V preserves the splitting of A3T'M. Thus, the component VxT
vanishes on vectors in A%V ® H. |

Theorem 2.8. Let m: M — N be a Riemannian submersion, V and NV connections on M
and N, respectively, such that VxY = m, (VY?)' Suppose  is a V-parallel tensor field that
projects under m to a tensor field 2 on N. Then V) = 0.

In particular, if Holg(V) C Stab(Q), then Holo(V) C Stab(2).
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Remark 2.9. Here we consider €2 a projection of an (s, t)-tensor Q if
9(Q(X1,. X)), V1@ 0Y) =9(AUX1,. ., X)), V1® - @ V)
for all X1,...,X,,Y1,...,Y; € T,N. Such a  exists if and only if
LyQ =0, and g QUXy,.. .., V... . X)), 1 ®---QY) =0
foral V e Vand Xq,...,Xs,Y1,....Y; € H.
Proof of Theorem 2.8. Using that € is the projection of 2, we have

I((VzQ)(X1,... . X ) 1@ @Y) =Z(g(UX1,.... X,), Y10 - @Y))

S

= g(Q(X1,....VzXi,... . X), V1@ @Y)
=1

~S (X X V@@V, @Y.

Now, by assumption, 7, (VY?) = VxY and, hence, VY? = VxY + (Vy?)v. The vertical
parts do not contribute as €2 vanishes on such vectors and we are left with

Z(Q(Q(Ybays)ayl ®®?t)) _ZQ(Q(Y177V?X177YS)7Y1®®Yt)
i=1

_ZQ(Q(Yh...,YS),?l ®---QVyY; @Y%)
=1
:9((v79)(yl,...,ys),?1®...®?t):O. .

Remark 2.10. The theorem above is not restricted to the case of Theorem 2.3. In fact, for
any Riemannian submersion m: (M, g) — (N, gn) the Levi-Civita connections project V'Y =
ng?. Additionally, it applies to the submersion theorem for parallel torsion, compare the
version in [31].

Remark 2.11. The condition that © projects is crucial here. In [1], we have proved that even
though the canonical connection V on a parallel 3-(«, §)-Sasaki manifold has Holg(V) = Sp(n),
the holonomy on the quaternionic base is only Sp(n)Sp(1). In this case, the fundamental forms
(®;)i=1,2,3 are parallel, but do not project. Nonetheless, the combined 3-form Q = ) ®; A ®;
leads to the observed holonomy on the base.

3 Submersions in SKT geometry

For the remainder of this paper, we will work in a specific geometry with closed torsion, namely
SKT, sometimes called pluriclosed, manifolds. Consider a Hermitian manifold (M, g, J) and
denote its fundamental form w = g(+,J-). Then there exists a unique Hermitian connection with
skew-symmetric torsion 7' = d‘w, where d‘w(X,Y,”7) = —dw(JX,JY,JZ). This connection
is called the Bismut, or sometimes Strominger, connection and agrees with the Levi-Civita
connection if and only if (M, g, J) is Kahler.

Definition 3.1. A Hermitian manifold (M, g, J) is called SKT if d7" = 0.
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The fully expanded term “strong Kéhler with torsion” falsely suggests that SKT manifolds
are Kéhler. Instead, SKT manifolds are often called pluriclosed, referring to the fact that
a Hermitian manifold is SKT if and only if 90w = 0. We use the term SKT to emphasize the
closed torsion involved.

We now want to understand Theorem 2.3 for SK'T geometry.

Lemma 3.2. Let (M,g,J) be an SKT manifold satisfying the conditions in Theorem 2.3 and
suppose that H is J-invariant. Let T denote the torsion on the base N of the submersion
m: M — N. Then J projects to an almost complex structure J on N if and only if (X2T)|p294 €
QLY(M) for all X € V. In this case J is integrable and parallel under vT. In particular, vT is
the Bismut connection on N.

Proof. We compute

9(Lx )Y, Z) = g([X,JY] - J[X,Y], Z)
= g(Vx(JY) =V yyX,Z)—T(X,JY,Z)
—g(JVXxY —JVy X, Z) - T(X,Y, ] Z)
= g(VoyX —Vy(JX),Z) - T(X,JY,Z) - T(X,Y, ] Z),

where we have used that VJ = 0. If X € V and Z € H, then as the holonomy splits the
covariant derivative summand vanishes. It follows that J projects to an almost complex structure
J € EndTN if and only if T(X,JY,Z) + T(X,Y,JZ) = 0 forall X € V and Y,Z € H or
equivalently X 17|29, € QHL(M).

Now that J projects to an almost complex structure J on N by Theorem 2.8 we find
Holy (v) C Stab(j ) This shows V.J = 0. It remains to show that J is integrable. Observe that,
for any Hermitian connection V with torsion 7', we have

N;(X,)Y,Z2)=g([X, Y]+ J[JX, Y]+ JX,JY]| - [JX,JY], Z)
=g9(VxY -V X, Z2)-T(X,Y, Z)
—g(VyxY = Vy(JX),JZ)+T(JX,Y,JZ)
—g(Vx(JY) =V X, JZ2)+T(X,JY,JZ)
—g(Vyx(JY)=Vyv(JX),Z)+T(JX,JY, Z)
=-T(X,)Y,2)+T(X,JY,JZ2)+ T(JX,Y,JZ)+ T(JX,JY, Z).

As this vanishes for the Bismut connection on M, the same holds for the connection V on N
with torsion given by 7*T = T, implying that J is integrable. |

In the rest of this section, we shall frame two submersion results on Bismut—-Hermite—Einstein
and sHKT manifolds as instances of Theorem 2.3. We recall the definitions.

Definition 3.3. An SKT manifold (M nog,J ) is called BHE (Bismut—Hermite-Einstein) if

2n
1
B B o) —
p (X,Y)_§§ "RB(X,Y, Jei, e;) = 0,

=1

where {e;} is an orthonormal frame and RP is the Bismut curvature tensor. A hyperhermi-
tian manifold (M4m, g, 11, I, 13) consists of three complex structures (I,)a=1,2,3 that satisfy the
quaternionic relations and are all compatible with a single Riemannian metric g. A hyperhermi-
tian manifold is called HKT if the Bismut connections of all three Hermitian structures agree,
ie., T=Th=T2 =T Finally, it is called sHKT if, in addition, dT" = 0.
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As the Bismut connection is Hermitian, its holonomy is always contained in U(n). The
condition p® = 0 is equivalent to Hol(VB) C SU(n). In the HKT case, the Bismut connection
preserves I, Iz, Is and g so its holonomy lies in Sp(m) C SU(2m). In particular, any sHKT
manifold is also BHE.

In [5], the authors prove that any non-Kéhler Bismut—Hermitian—Einstein manifold admits
a non-vanishing vector field V' such that V and JV are parallel with respect to the Bismut
connection. Furthermore, J is preserved under the flow of V and JV:

LyJ=LyyJ=0. (3.1)

They continue to prove that the distribution (V, JV) defines a Riemannian foliation. We rephrase
their result using the submersion theorem.

Theorem 3.4. Let (M, g,J) be a non-Kihler BHE manifold. Then there exists a locally defined
Riemannian submersion w: M — N along the distribution spanned by {V JV'}. J projects to
an integrable complex structure J on N such that the Bismut connection V on (N gn, J) and V
on (M,g,J) are related via

VxY =m (VgY).

Proof. As the two vector fields V and JV are parallel under the Bismut connection, we may
consider the decomposition TM =V & H where V = (V, JV). Furthermore,

= e AVILV = Zez A(Ve, V' = T(e;, V,-)) = VIT.

Hence, by [8, Proposition 2.3], JV_JV 1T = JV1dV” = 0. This implies that T € A2HAV @ A3H
and we can employ Theorem 2.3 to obtain a locally defined Riemannian submersion 7: M — N
along the distribution (V, JV).

Then (3.1) shows that the complex structure J is constant along the fibers and hence pro-
jectable. As seen in the proof of Lemma 3.2, this implies that we may furnish the base N with
an integrable complex structure whose Bismut connection V is the projection of the Bismut
connection of the total space. |

In the case of sSHKT, the parallel vector fields V' associated to I, o = 1,2,3, coincide [8]. In
other words, there exists a vector field V' such that V, [V, IV, I3V are parallel vector fields
for VB. They show the following statement in dimension 4m = 8:

Theorem 3.5 ([8]). Let (M®, g,1,13,13) be an 8-dimensional sHKT manifold that is not hy-
perkdhler. Then the distribution spanned by V, LV, IV, I3V is integrable and satisfies

Lyw; =0, Livw; =0, Lryw; = —wg, (3.2)
where (ijk) is an even permutation of (123).

In particular, this shows that (M 8 g, 11, Iy, I 3) is conical in the sense of [10] with Euler vector
field 2V. Indeed, (3.2) shows by the argument in [28, Lemma 2.2] that VOV = %Id, where
the Obata connection VO is the unique torsion-free connection preserving the hyperhermitian
structure (g, I, I, I3), see [25]. Note that we may argue with the fundamental forms as V,
Iy, Is, I3 are parallel with respect to the Bismut connection and thereby Killing. Conversely,
given a conical sHKT structure with Euler vector field 2V the authors in [10] show that (3.2) is
satisfied. Moreover, it is shown that the distribution spanned by V', Iy V', IV, I3V is integrable.

Lemma 3.6. The conditions in (3.2) for all cyclic permutations (ijk) of (123) imply L,y w;=wy.
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Proof. As Ly, yvwy =0, we can commute L7, with I}, and, hence,

(Lrvwi)(X,Y) = (LV)(w;i(X,Y)) —wi(LrvX,Y) — wj(X, LpvY)
= — (L V) (wi(X, tY)) + wi( L1, v X, YY) + wi( X, kLr,vY)
= —(IkV)(wi(X, IkY)) + wi(E]kVX, IkY) + wi(X, ,C[kvka)
(Lpvw) (X, LY) = w0y (X, [Y) = wi(X, ). n

With that, we reach the same conclusion as [8, 10] in terms of Theorem 2.3.

Theorem 3.7. Let (M, g, 11,12, 13) be a non-hyperkéihler conical sHKT manifold. Then there
exists a locally defined Riemannian submersion m: M — N with totally geodesic leaves spanned
by {V,1V,JV,KV'}. The base N admits a quaternionic structure Q and a quaternionic connec-
tion V with skew-symmetric torsion.

Proof. As seen above, the 4-dimensional distribution V = (V, IV, JV, KV) is a trivial rep-
resentation of the holonomy. By Remark 2.4, vanishing of the A2V ® H-part of the torsion in
Theorem 2.3 is equivalent to V being integrable, which we have seen for conical sHKT structures.
We obtain a locally defined Riemannian submersion 7: M — N. Now consider the quaternionic
4-form Q = w; Awy 4+ wa Awy + wg Aws € A*T*M. As the w; are parallel under the Bismut
connection, so is 2. Now consider L) for W = Zi:o frlV €V, where we set I[p = id and
fi € C°(M). We have for X,Y € H and (ijk) an even permutation of (123)

(Lww)(X,Y) = W(w;(X,Y)) — w;(Lw X, V) — wi(X, LyY)

3
=Y (fulrvwi)(X,Y) + wi(dfu(X) LV, Y) + wi (X, dfu(Y) V)
©n=0
3
=3 fulLryvw)(X,Y) = (fiwk — frwi)(X,Y),
pn=1

where we have used that w;(V,H) = 0, the identities (3.2), and Lemma 3.6. Thus, restricted
to A*H

3
L = Z[’W wj A wj) :22 Ly wyj) Aw]—QG(wak—fkwl)/\w]
J=1 7j=1
ijk
=26 filwpg ANwj —w;j Awy) = 0.

As the w; are non-vanishing only on A2V @ A?H Q projects to a 4-form Q € A*T*N. As
the stabilizer of such a 4-form is Stab(Q) = Sp(m — 1)Sp(1), we have that the holonomy
Holy(V) € Sp(m — 1)Sp(1) by Theorem 2.8. u

Remark 3.8. In [21], the authors investigate several further geometries akin to Theorems 3.7
and 3.4. In their setup, they independently arrive at similar conclusions as Theorem 2.3, see
[21, Lemma 2.2].

Remark 3.9. Theorems 3.4 and 3.7 are particularly useful given regularity assumption of the
local submersions. For instance, see the study of low-dimensional BHE and sHKT manifolds
in [6] and [27], respectively.
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4 Submersions on SKT Samelson spaces

In this section, we consider SKT structures on semi-simple Lie groups. These were first found

on SO(9) in [11] and by [29] on G2. We follow the general construction and notation in [23].
Let G be a simply connected, compact, semi-simple Lie group of even rank. Set the Lie algebra

of G as g = t @ q with t its Cartan subalgebra. Further consider the root space decomposition

g(C = tC D Z (ga 2] 9—04)7

acAt

where At is a choice of positive roots. For any a € AT, we may choose Fiq € giq and H, € €
such that

[Fa,E_o)l = Hy,  B(Ea,E_o)=1, [H Es=a(H)E,,  B(H,Hy)=a(H)

for all H € t€ and where B(X,Y) = tr(ad(X) o ad(Y")) is the Killing form.
We consider a left-invariant complex structure J: g — g due to Samelson given as J =
Jl¢ + J|q, where J|¢ is given by any complex structure on t 2 R™¢ and J|; is defined as

JE+q = +iE1,

for « € AT. Note that the defined J|q restricts to a complex structure on the compact real
root spaces 9]5 = (ga ® g—a) Ng. Up to biholomorphism, this does not depend on the choice of
maximal torus and positive roots AT. In fact, the biholomorphism class of (G, J) is uniquely
determined by the choice of J|¢: t — t up to the action of a finite subgroup of Aut(G) [30].

Let g = g1 & --- @ gs be the decomposition of g into its simple factors and t;, A;-" their
corresponding maximal tori and positive roots. We consider the left G- and right T-invariant
metrics on g given by

S
g==> X (B‘tixn + 2 CO‘B‘QEXQ]&)’
=1

anAzr

for constants A;,c, > 0. For each J-indecomposable component of G and thereby t, there is
up to uniform scaling a unique set of A\; such that g is compatible with J. In [23], the authors
show that all pluriclosed Hermitian metrics that are left G- and Ad(T')-invariant are obtained
this way. We will assume g to be J-compatible in the following.

On reductive homogeneous manifolds, G/H invariant connections are in bijective correspon-
dence with Ad(H)-invariant linear maps A: m x m — m, compare [22, Chapter 10]. In our case,
H = {e}, m = g, and any metric connection with skew-torsion 7' can be characterized via the
corresponding (0, 3)-tensor g(AxY, Z) € g* @ A%g* C ®3g*,

9(AxY,Z) = g(ALY, Z) + 3T (X,Y, Z)
=32, X],Y) +9(12,Y], X) + g([X, Y], 2)) + 5T(X,Y, Z).

Further, the correspondence identifies the holonomy algebra as the subalgebra of End(g)
generated by

Ax,Ax, - Ax, R(X,Y) (4.1)

for any Xi,..., Xy, X,Y € g and where R(X,Y) = [Ax, Ay] — A[x y] is the curvature operator.



Reducible Holonomy in Closed Torsion Geometries 11

Lemma 4.1. The mazimal torus t is a trivial representation of the Bismut holonomy,

-1 (3 01)
acAt

Furthermore, the decomposition g = g1 G- -- P gs of g into simple Lie algebras is preserved under
the holonomy.

Proof. The Bismut connection has torsion

T(X,Y,Z) = dw(X,Y, Z) = —dw(J X, JY, J Z)
=w([JX,JY],JZ) +w(JY,JZ],JX) +w(JZ,JX],JY)
= —g([JX,JY),Z) — g([JY,JZ),X) — g([J Z,JX],Y), (4.2)

and, thus, corresponds to the Nomizu operator

9(AxY, Z) = 5(9(IX. Y], 2) + 9([Z. X].Y) — 9([Y. Z], X)
—g([UX,JY),2) - g([TZ,TX),Y) — g(|JY, Z), X)). (4.3)

Observe that by (4.1) if Ax preserves a given subspace for all X € g so does the holonomy. We
show the splitting on the complexified g€ and A. If all three vectors X,Y, Z € tC, then so are
JX, JY, JZ. Hence, all commutators in (4.3) vanish and so does A. Now suppose any two
vectors of X, Y, Z are in tC. Then commutators of these two vanish directly. Commutators of
these with a vector in some root space g, map into g, and, thus, pair trivially with any vector
not in g_,. It remains to investigate the case where only Y € €. By previous consideration,
the only possible non-trivial components of A can be obtained if X € g, is in some root space
and Z € g_,. We separate two cases: For o € AT,

9(AxY, Z) = 3(9(IX, Y], 2) + 9(12, X],Y) — g([Y, Z], X)
—g([iX,JY], Z) — g([-iZ,iX],Y) — g([JY, —iZ], X))
= 5(—a(Y)g(X,2) + 9([Z, X],Y) + a(Y)g(Z, X)
+ia(JY)9(X,Z) — g([Z, X],Y) —ia(JY)g(Z, X)) =0,

and for —a € AT,

9(AxY, Z) = 5(9([X, Y], Z) + 9([Z, X].Y) - ¢([Y, Z], X)
—g([=iX, Y], Z) = g([iZ, —iX],Y) — g([JY,iZ], X))
= 3(a(Y)9(X,2) + 9([Z, X],Y) = a(Y)g(Z, X)

+ia(JY)g(X, Z) — g([Z, X],Y) — ia(JY)g(Z, X)) = 0.

To prove the second assertion, we consider Y € g,. If Y € t, then we have just shown that Y
is parallel. Hence, let Y € g, for some root in A;. By skew-symmetry, we may assume Z € gg
for some root 5 € A. Note that J preserves g, and gg. f a+ 5 =0, X € g_, C g; as well. If
a+ 3 # 0, the complex structure J preserves g_,— and all commutators in (4.3) vanish unless
X € g_q—p- That implies a + 8 € A and, thus, § € A; is in the same simple component. |

We now want to restrict to homogeneous SKT structures. They were described in [23] in the
following theorem.

Theorem 4.2 ([23]). The Hermitian manifold (G,J,g) is pluriclosed if and only if cqoyp =
ca +cg—1 forall o, € AT such that a + 3 € A.
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rk G

Equivalently, for any positive root o = ijl kjo;, we have

rk G
o =1+ kjca; — 1),
j=1

where co; € R, for aj a simple root, are free parameters so long as all cq > 0.

Consider the set I,.x of simple roots «; such that ¢,, = 1. Then by construction for all
roots « in the span of [

AImaux = { Z k:laz ‘ kz S N} ﬂ A,

aiEImax
we also have ¢, = 1.

Theorem 4.3. Let (G, J,g) be a pluriclosed Hermitian structure as above. Then g splits as
a representation of the Bismut holonomy as

s=to P gE@é( > gf)

O‘GAImax i=1 aEAj»\AImax

Here the summand t ® @ ,cn, ax s trivial.

[0}

Proof. Fix a € Ar,, NAf. Let Y € g, and Z € gg, where a £ 3 # 0. We consider g(AxY, Z)
as in (4.3). Observe that X € g, with a + 4+ v = 0 or otherwise the commutators map to
the wrong root spaces and all summands in A vanish. By Lemma 4.1, we may also disregard
Z € (€ as any metric connection admits skew-symmetry in Y and Z. Suppose 8 € At. Then
—y=a+ B € A" and we find

9(AxY, 2) = 5(9([X, Y], 2) + 9([2, X].Y) — 9([Y, Z], X)
—g([~iX,iY], 2) — g([iZ, —iX],Y) — g([iY,iZ], X)) = 0

Now assume —f3 € AT, If y = —a — 3 € A", we have

9(AxY, Z) = 5(9([X, Y], Z2) + 9([Z,X],Y) — g([Y. Z], X)
= —c_gNB([X,Y],Z) + ¢, \B(Y, Z], X)
= Nlc_p— ¢)B(X,Y]. 2). (1.4)
Hence, Theorem 4.2 implies
C_B=Ca—a—f = Caty = Cat+Cy—1
and g(AxY, Z) vanishes if and only if ¢, = 1. If —y = a + 3 € AT, we have
g(AXK Z) = _)‘i(ca - C—V)B([Xa Y]7 Z) (45)

instead and it vanishes if and only if ¢_3 = 1. However, —y € AT implies that o = - — 7 is
the sum of positive roots and, hence, —f3, —y € Ar,.... Therefore, c_g = 1, as desired.

As the complex structure J appears only pairwise in (4.3), we obtain the same results when
inverting the signs of o, § and . Hence, we have shown that the root pairs g, @ g_o for
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a € Ay, split off in the complexified holonomy representation and hence the corresponding
2-dimensional real subspaces gk = (go ® g_a) N g.

It remains to show that the maximal torus t acts trivially on g~. For H € t¢, Y € g, and
Z € g_q, we have

g(AHY, Z) = _)\i(ca - 1)B([H7 Y]7 Z) (46)

This vanishes for « € Ay, . Now by skew-symmetry of Ax these are all possibilities and
AxY =0forall X egand Y € g, ® g—q- |

In general, we cannot guarantee that c, # 1 for « € AT\ Ay and therefore the non-
vanishing of (4.4), (4.5) and (4.6). However, if we assume that ¢, < 1 for all a; & Inax, then
the same holds for all « € AT\ Ap__ .

Corollary 4.4. If 0 < cq <1 for allaw € AT\ Ay, then the real holonomy representations
- Y &
are irreductble.

Proof. We may assume that g is simple and A\; = 1. Consider the two complex hol(V)C-
representations W = ZaeAJr\A[ go and W = ZaeAﬂAI g—o. We show that they are

irreducible. Let X € g, and Y € gg, o, B € AT\ Ap .,
R(Y,X,X)Y)=g(AyAxX,Y) — g(AgAy X,Y) — g(A[YX]X, Y)
=g(AvH,Y)g(AxX,H) — g(AxEoys Y)g(Ay X, E_ (41 )
- Q(A[Y,Y]Xv Y),

where H € € is chosen appropriately and 9(Earp, E_(aqp)) = 1 for Ei(qip) € gi(atp)- Now
the first term vanishes as Ax H = 0 for any H € t*. Using (4.4) and (4.5), we find

g(AYEOH-/B??)g(AYX’ E—(a—i—ﬁ)) = (Cﬁ —1)(ca — 1)B([Y,E

a+p
_ (g =1)(ca — 1)B([Y,?], [X,Y])
Ca+p

]?Y)B([K X, E—(a-‘rﬂ))

and

R(Y,X,X,Y) = (c5 = 1)(ca = 1)B([X, Y], [X,Y)) — {EZ;‘ } 3} B(IX,Y],[X,Y]) >0

as long as a+ or a—f is a root. Therefore, R(Y, Y)X € gg\{0}. As acand f3 are arbitrary roots
in AT\ Ap,.., the representation W is irreducible. The same holds for W =" . AR\A, B—a-

We claim that the two representations W and W are non-isomorphic as hol(V)-represen-
tations. Assume by contradiction that T': W — W is an invariant isomorphism. Then for every
h € hol(V) we have T o hlyy = hlgz o T'. In particular, for every eigenvector X € W of hlw, the
image TX € W is an eigenvector for |y with the same eigenvalue. Let o € A1\ Ay, be the



14 L. Stecker

highest root. Note that such a root exists if Ay, C At Let XR=X-X e gl C 9o Dg—q with
B(X,X) = 1 and consider h = R(XR,JXR). For any Y € gg, B € AT\ Ar.., g(Y,Y) =1,
we find

R(X,JX)Y =R(X,JX,Y,Y)Y =2iR(X,X,Y,Y)Y
= 2Y (9(AXE_(ap), Y)9(A5Y, Ba—g) — 9(Ax 5Y.Y))-

Observe that if 8 # «, then o — 8 € AT and the first term vanishes. Hence,
R(X, JX)Y = 2i(cs — )B((X, X, [, 7)Y = 2i(cs — 1){a, )Y

As « is the highest root, (a, ) > 0 and strictly positive if & and § are not orthogonal. In
particular, the eigenvalues of R(X R JIX R) on W are multiples of —i. The same argument shows
that g_g is a R(X, JX)-eigenspace to the eigenvalue —2i(cg — 1){(a, 8) € iR;. In conclusion,
the eigenvalues of R(X,JX) on W and W differ contradicting a hol(V)-invariant isomorphism
T:W — W.

The final step is to assume there is a non-trivial hol(V)-subrepresentation U C V;. Then
UC =U®C C V;®C is a hol(V)C-invariant subrepresentation. As W and W are not isomorphic,
either UC = W or UC = W. But, as U is real, UC is invariant under complex conjugation in
contradiction to either U = W or UC =W. |

Remark 4.5. If all simple roots satisfy c,, = 1, then the metric ¢ is biinvariant. It is a well
known result that (G, J, g) with g biinvariant is Bismut-flat and, hence, the holonomy representa-
tion is trivial. In this case, the SKT structure is obviously also BHE. By [11, Corollary 5.1 (iii)],
any other metric fails to be BHE showing that the associated submersions below are distinct
from the ones in Theorem 3.4.

Corollary 4.6. Let I C I and Hyp the connected subgroup of G with Lie algebra hy =
te @aEAI g, Then the map G — G/Hj is a Hermitian submersion. The Bismut connection
projects to the Bismut connection on N = G/Hj.

Proof. Let h = b(IC and set g© = h @ p. We prove that the Bismut torsion TB(X,Y, Z) = 0 for
XYeVe=pand Zc H  =p. Let X €g,, Y € gp and Z € g, where we allow go = {C.
Observe that J preserves these spaces. Thus, either all terms in (4.2) vanish individually and
T(X,Y,Z)=0or a+p+v = 0. However, this implies that if o, § € A;U{0} so is —7. Hence,
we obtain a Riemannian submersion as in Theorem 2.3.

To apply Lemma 3.2, we further show that T'(X,JY,JZ) = T(X,Y,Z) for all X € g, C b
and Y € gg C p and Z € gy C p. As before, we may assume o+ 3+~ = 0. Suppose 3,7 € A™.
Then —a = 8 + v is the sum of two positive roots, implying 5,7 € Ay, in contradiction to
Y,Z € p. The same holds if —3, —y € AT. Hence, we may assume € AT and —y € AT,
By (4.2),

T(X,JY,JZ)=—g([JX,Y],JZ)+ g([Y, Z],X) — g([Z, JX],JY)
= ig([JX,Y},Z) —g([iY,iZ],X) - g([Z, JX]’Y)
=g([JX,JY)],Z) + g([JY,JZ),X) + g([JZ, T X],Y)
=T(X,Y,2). [ |

Remark 4.7. The quotient spaces G/H; are exactly the generalized flag manifolds. Indeed,
any parabolic subalgebra is given by

PI:’LC@ Z Ja B Zg—a

a€EAT a€Af
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for some subset I of simple roots as before and hence, hy = p;y N g. On the other hand,
generalized flag manifolds are homogeneous spaces GC/P; where P is a parabolic subgroup
with Lie algebra p;. The compact real form G acts transitively on G/P; and we can see that

Gt/pP=G/PinG.

Now Hj is the connected component of P; NG and as generalized flags are simply connected,
G/H; = G%/P;.
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