arXiv:2011.09992v3 [math.DG] 13 Jul 2022

BALANCED HERMITIAN STRUCTURES
ON ALMOST ABELIAN LIE ALGEBRAS

ANNA FINO AND FABIO PARADISO

ABSTRACT. We study balanced Hermitian structures on almost abelian Lie algebras, i.e. on Lie
algebras with a codimension-one abelian ideal. In particular, we classify six-dimensional almost
abelian Lie algebras which carry a balanced structure. It has been conjectured in IE} that a
compact complex manifold admitting both a balanced metric and an SKT metric necessarily has
a Kahler metric: we prove this conjecture for compact almost abelian solvmanifolds with left-
invariant complex structures. Moreover, we investigate the behaviour of the flow of balanced
metrics introduced in ﬂ} and of the anomaly flow @} on almost abelian Lie groups. In particular,
we show that the anomaly flow preserves the balanced condition and that locally conformally
Kéahler metrics are fixed points.

1. INTRODUCTION

Let (M, J) be a complex manifold of real dimension 2n, n > 3. A Hermitian metric g is called
balanced (or semi-Kdhler) if its associated fundamental form w = g(J-, -) is coclosed, namely d*w = 0,
or equivalently dw”! = 0. Balanced metrics were introduced in ﬂﬁ] and provide a generalization
of Kahler metrics. Another possible generalization is given by strong Kdhler with torsion (SKT,
also known as pluriclosed) metrics, satisfying 99w = 0 (see for instance [27, [24]). SKT metrics have
natural applications in type II string theory and 2-dimensional supersymmetric o-models |33, @]
and are closely related to generalized Kahler structures @, @, El, @, EYE] The balanced and SKT
conditions are transversal to each other, in the sense that a Hermitian metric which is balanced
and SKT is necessarily Kihler (see [2]). Moreover, it has been conjectured that a compact complex
manifold admitting both balanced and SKT metrics carries a Kéahler metric as well @] This has
been confirmed on some special classes of compact complex manifolds: twistor spaces of compact
anti-self-dual Riemannian manifolds @], non-Kéahler manifolds belonging to the Fujiki class C ﬂﬁ],
a family of non-K&hler Calabi-Yau threefolds constructed in ﬂﬂ], generalized Calabi-Gray manifolds
ﬂﬁ], Oeljeklaus-Toma manifolds @], 2-step nilmanifolds @] and six-dimensional solvmanifolds with
holomorphically trivial canonical bundle ﬂ%] when the complex structure is left-invariant.

By @], every Hermitian metric on a unimodular complez Lie algebra g (which can be identified
with a real Lie algebra endowed with an ad-invariant complex structure) is balanced. If, moreover,
g is semisimple, then w™ ! is also d9-exact (see [40]).

In [34], it was proven that a Hermitian manifold (M, J, g) admits a 1-parameter family {V"},cr
of canonical Hermitian connections, satisfying V7J = 0, V7g = 0. Explicitly, V7 is determined by

1+7

(1) (VY. 2) = g(V4Y.2) + L T(X v, 2) + TTT0(X Y, 2), XY,z eT(TM),

where V9 is the Levi-Civita connection associated with g and T" and C' are given respectively by
T(X,Y,Z)=-Jdw(X,Y,Z) = dw(JXJY,JZ), C(X,Y,Z)=—-dw(JX,Y,Z), X,Y,Z e (TM).
Notable connections in this family include the Bismut connection VE ] and the Chern connection

VY, corresponding to 7 = —1 and 7 = 1 respectively. In particular, V? is the unique Hermitian
connection with totally skew-symmetric torsion, given by the 3-form 7.
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For each canonical Hermitian connection V7, one can define its associated Ricci form p™ €
['(A2T*M), locally given by
T 1 2n T
PIX,Y) =—5 Y g(RT(X,Y)ei, Je:), X,V €Tie(TM),
i=1
where {e1, ..., €2} is alocal g-orthonormal frame and R™(X,Y) = [V, V{] — V[y ;| denotes the
curvature of V7. By [2], the Chern-Ricci form p¢ and the Bismut-Ricci form p? are related by

(1.2) p¢ = pB —dJe,

where 6 is the Lee form, namely the unique 1-form @ such that dw™ ' = 8 A w™ . Equivalently,
0 = Jd*w = —J * d * w, where * denotes the Hodge star operator of g (for the orientation induced
by J) and J acts on 1-forms by Ja = —a(J:). The vanishing of 6 is equivalent to the balanced
condition and implies p? = p©.

Since V¥ is Hermitian, its restricted holonomy group, denoted by Hol®(V?), is contained in the
unitary group U(n). Hermitian structures satisfying HolO(VB ) € SU(n), or equivalently p? = 0, are
known in literature as Calabi- Yau with torsion and appear in heterotic string theory, related to the
Hull-Strominger system in six dimensions (|39, |54, 46]).

A (solvable) Lie algebra g is called almost abelian if it contains an abelian ideal n of codimension
one. If g is non-nilpotent, this ideal is unique and coincides with the nilradical of g.

Hermitian structures (J,g) on g can be characterized in terms of the behaviour of the matrix
associated with ade,, |, with respect to some adapted unitary basis {ei,...,ea,} of (g,J, g) such
that n = span {e1,...,ea_1), Je; = €ani1-i, i = 1,...,n, £ :=nts = Rey,. See [44, 45, 23, |4, 6]
for the characterization of Kéhler, locally conformally Kéahler (LCK) and SKT metrics on almost
abelian Lie algebras. In this paper we prove that balanced Hermitian structures are characterized
by the conditions [Z, JZ] € RJZ, tr (adz|ansn) = 0, for any Z € ¢. In particular, we show that a
unimodular balanced Hermitian almost abelian Lie algebra is always decomposable. Moreover, we
prove that a compact almost abelian solvmanifold with a left-invariant complex structure admitting
both a balanced metric and an SKT metric necessarily has a K&hler metric, where by compact
almost abelian solvmanifold we mean the compact quotient of a simply connected almost abelian
Lie group by a lattice.

In [24], it was proven that a Hermitian structure on a 2n-dimensional nilpotent Lie algebra is
balanced if and only if Hol’(V?) C SU(n). The same result holds more in general for compact
complex manifolds of complex dimension n admitting a closed (n,0)-form (see [32, Proposition
3.6]). In this paper, we prove that the analogous equivalence holds for unimodular almost abelian
Lie algebras, also when the complex structure does not admit closed (n, 0)-forms. We also recall that,
by [5, Theorem 15|, such a reduction of the restricted Bismut holonomy group holds for balanced
metrics on unimodular Lie algebras endowed with abelian complex structures J, namely such that
[JX,JY] = [X,Y] for all vector fields X,Y.

A parabolic flow involving balanced metrics has been introduced in [7]. This flow of Hermitian
metrics, which we shall call balanced flow, preserves the balanced condition and reduces to the well-
known Calabi flow (see |13, [14]) for Kéhler initial data. In [8], the same authors proved that this
flow is stable around Ricci-flat Kahler metrics. In this paper, we study left-invariant solutions on
Lie groups, introducing the notion of semi-algebraic soliton, which is related to self-similar solutions.
We then rephrase the problem in terms of bracket flows in the almost abelian case, proving results
about the long-time behaviour of the flow.

The anomaly flow, introduced in |49, 50] is a flow of (2,2)-forms on a complex 3-fold which
arises from the Hull-Strominger system [39, 54], in the context of heterotic string theory. In its
simplest formulation, the anomaly flow is a flow for a Hermitian metric on a complex 3-fold with
holomorphically trivial canonical bundle, depending on the choice of a Hermitian connection on the
underlying manifold. In the case of the Chern connection, it was shown in [49] that the flow preserves
the conformally balanced condition. In [50], the flow was studied for unimodular complex Lie groups,
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while recently it was considered on 2-step nilpotent Lie groups |51, showing that it is well-defined
for any canonical Hermitian connection V7 and preserves the balanced and LCK conditions. In this
paper, we prove that, in the context of left-invariant structures on almost abelian Lie groups and
for any choice of canonical Hermitian connection V7, the flow preserves the balanced condition and
LCK metrics are fixed points, namely they provide constant solutions of the flow.

The paper is structured as follows: in Section 2] we introduce the framework of Hermitian almost
abelian Lie algebras. In particular, in terms of algebraic data associated to a fixed adapted unitary
basis, we provide a formula for the Lee form 6 and we investigate Hermitian almost abelian Lie
algebras admitting closed (n, 0)-forms, where n denotes the complex dimension of the Lie algebra.

In Section Bl we characterize balanced Hermitian almost abelian Lie algebras and prove the
equivalence of the balanced and Calabi-Yau with torsion conditions in the unimodular case. As a
consequence we show that the aforementioned conjecture regarding balanced and SKT metrics holds
for compact almost abelian solvmanifolds of any dimension endowed with left-invariant complex
structures.

Section Ml is devoted to the classification of six-dimensional non-nilpotent almost abelian Lie
algebras admitting balanced Hermitian structures. In particular, up to isomorphism, we obtain
four classes of six-dimensional non-nilpotent unimodular almost abelian Lie algebras, all of which
are decomposable as the direct sum of a 5-dimensional almost abelian Lie algebra and R. We also
investigate whether the corresponding simply connected Lie groups admit compact quotients.

Finally, in Sections [l and [6] we study the balanced flow and the anomaly flow on almost abelian
Lie groups, respectively, presenting the aforementioned results.

Acknowledgements. The authors would like to thank Lucio Bedulli, Mattia Pujia and Luigi
Vezzoni for useful comments and discussions. They would also like to thank an anonymous referee
for useful remarks. The paper is supported by Project PRIN 2017 “Real and complex manifolds:
Topology, Geometry and Holomorphic Dynamics” and by GNSAGA of INdAM.

2. HERMITIAN ALMOST ABELIAN LIE ALGEBRAS

Assume (J,g) is a Hermitian structure on a 2n-dimensional almost abelian Lie algebra g. In
particular, J is an (integrable) complex structure on g. Fix an abelian ideal of codimension one n
and denote by n; := n N Jn the maximal J-invariant subspace of n. Then there exists a unitary
basis {e1, ..., ea,} of g, such that n = span {ey,...,e2,-1), 11 = span(ea,...,e€a,_1), J€&; = €2 114,
i=1,...,n. As shown in [44], the matrix B associated with ad,,, |, in this basis is of the form

(2.1) B= (Z g) a€R,ven, Acgl(ng,Ji),
where J; := J|s, and gl(ny, J1) denotes endomorphisms of ny commuting with J;. We denote & :=
nts = Rey, and we say that the unitary basis {e1, ..., ea,} is adapted to the splitting g = JEOn; DEL.
The triple (a, v, A) characterizes the Hermitian structure (J, g) completely so that, in the following,
we often denote a Hermitian almost abelian Lie algebra by (g(a,v, A),J,g) to keep track of the
algebraic data (a,v, A).

For Hermitian structures on generic Lie algebras, we have

Lemma 2.1. Let(g,J,g) be a Hermitian Lie algebra endowed with an orthonormal basis {e1, ..., ean}.
Then, its associated Lee form 6 is given by

2n

1

0(X)=—tradx + 59 (Z[ek,Jek],JX> , Xeg
k=1

Proof. To compute 6 we use the formula d* = — Zi’;l te, VI _for the codifferential, where {e1, ..., e2,}
denotes some orthonormal basis and V9 denotes the Levi-Civita connection for g, which satisfies the
Koszul formula

(22) Zg(Vg(KZ):g([X,Y],Z)—g([Y,Z],X)—g([X,Z],Y), XvKZEQ-
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Then, for all X € g, one can compute

2n
0(X) == (9(V% ex, X) +g(VI, JX, Jey))
k::l:1277,
= 9 (29([X7 ek]v ek) + g(J[JX, ek]v ek) - g([JX, Jek]v ek) - g([ekv Jek]v JX))
k=1
1 1 2n
=~ trady + 5 trfadyx, J] + 5 ;g([ek, Jer], JX).
The claim then follows by noticing that the commutator of two endomorphisms is traceless. O

Corollary 2.2. Let (g,J,g) be a Hermitian almost abelian Lie algebra endowed with an adapted
unitary basis {e1,...,ean}, determining the algebraic data (a,v, A). Then, its associated Lee form
18

(2.3) 0= (Ju)’ — (tr A)e,
where (-)b: g — g* denotes the musical isomorphism induced by g and €™ is the dual 1-form asso-

ciated with ea,.

Proof. In terms of (a,v, A), we can use the previous lemma and compute
0(e1) =0,
0(X) =g(—ae; — v, JX) = g(aeay, + Jv,X) = g(Jv, X), X €ny,
O(ean) = —(a+trA) + glaes + v,e1) = —tr A,
yielding (2.3)). O

Remark 2.3. Recall that a complex structure J on a Lie algebra g is called abelian if it satisfies
[JX,JY] =[X,Y] for all X, Y € g. Abelian complex structures occur very rarely on almost abelian
Lie algebras. Let J be an abelian complex structure on a 2n-dimensional almost abelian Lie algebra
g and let g be any J-Hermitian metric on g, so that we can consider an adapted unitary basis
{e1,...,ea,} with associated algebraic data (a,v, A). Then, using that J is abelian and that n is an
abelian ideal, we have
a‘dezn |n1 = _ad€1 |n1 oJi = 0,

so that A in (ZI)) vanishes. Then, it is easy to see that g is either isomorphic to R?" (if a = 0,
v = 0), the nilpotent b3 & R?*"=3 (if a = 0, v # 0) or the non-unimodular aff, & R?"~2 (if a # 0),
where b3 = (0,0, f12) denotes the 3-dimensional real Heisenberg algebra and aff, = (0, f12) denotes
the 2-dimensional real affine Lie algebra.

Let (g(a,v,A),J,g) be a Hermitian almost abelian Lie algebra and denote by {ei,...,es,} the
fixed unitary basis adapted to the splitting g = J¢ @ ny & €. In [6], the authors proved that the
Bismut-Ricci form pP of (g(a,v, A), J,g) is given by

(2.4) pP = —(a® — Satr A+ |v]?) e' Ae® — (Afv)" A e,
while, as proven in [44], its Chern-Ricci form p© is given by
(2.5) p¢ =—a (a+2trd)e ne?.

Any of the two previous formulas can easily be obtained from the other. Given any 1-form « € g*,
since da(X, ean) = af[ez2n, X]), X € g, one has

do = (adl, o) A e®™ = (ac(er) + a(v)) et A e + Al (aln,) A e
Recalling ([23), we then have
—dJO = (—atr A+ [[v]|*) e’ Ae®" + (Atv)> A e,
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which, by (LZ), can be used to determine (23] from (24) and vice versa.

We end this section with the characterization of Hermitian almost abelian Lie algebras of complex
dimension n admitting a closed (n,0)-form. We recall the following basic linear algebra fact: if A
is an endomorphism of a real vector space V' which commutes with a complex structure J on V., A
can be seen as an endomorphism of the complex vector space (V, J), which we denote by Ac, whose
trace satisfies

(2.6) trAc = JtrA— L tr JA.
Proposition 2.4. A Hermitian almost abelian Lie algebra (g(a,v, A),J, g) of complex dimension n
admits a closed (n,0)-form if and only if a + tr Ac = 0, that is,
a—|—%trA:O, trJA =0.
If g(a,v, A) is unimodular, one has
a=0, trA=0, trJA=0.

Proof. With respect to the fixed adapted unitary basis {e1,...,ea,}, consider the basis of (1,0)-
forms {al,.. .Ja"} defined by af = eF + ie?t1=k L = 1,... n, together with their conjugate
(0,1)-forms o = e¥ —ie?n 1=k =1, n. ~

Since dg* C g* A e?", the image of 9: (g"?)* — Al!g* lies in (g"%)* A a!. Thus, 9|(g1.0)- can be

identified with an endomorphism of (g*%)*. An explicit computation shows that its associated n x n
matrix in the fixed basis {a!,...,a"} is given by

iaO
2 \vc Ac)’

where Ac is seen as the complex (n — 1) x (n — 1) matrix corresponding to A with respect to the

. . 1 ¢ _
complex basis {zk = %(ek — zegnﬂ,k)}k:l ,, of nl’o and vec = (wy,...,w,_1)" € C*! such that
n—1
v = (wrzk + Wrzg) -
k=1

l..n

We consider the (n,0)-form o and compute

n
Dol ™ = dal A a2 — Z(—l)kal'”k71 A Do AaFTl-m — —%(CL + tI‘A(c)Oéll”'n,
k=2
where, for example, o™ is a shorthand for the wedge product a! A...Aa™. With the aid of ([2.6)),
the first part of the claim follows. The second part easily follows by recalling that the unimodular
hypothesis is equivalent to a + tr A = 0. g

Recall that a Hermitian structure (J,g) on a smooth manifold M is called locally conformally
Kahler (LCK) if M admits an open cover {U; };er and smooth functions f; € C*(U;), ¢ € I, such
that (J|v,,e /ig|u,) is a Kéhler structure on U, for all i € I. Equivalently, there exists a closed
1-form « such that dw = a A w.

LCK almost abelian Lie algebras were characterized in [4]: a Hermitian almost abelian Lie algebra
(g(a,v, A), J, g) of real dimension 2n is LCK if and only if

(2.7) n=2 A=0,
yielding g = h3 ® R (if @ = 0) or g = aff, & R? (if a # 0), or
(28) v=0, A=A, +U, )\GR,Ueu(nl,Jl,g),

where u(ny, Ji, g) = so(ny, g) N gl(ng, Jy).
SKT almost abelian Lie algebras were investigated in [6]: a Hermitian almost abelian Lie algebra
(g(a,v,A),J,g) of real dimension 2n is SKT if and only if [A, A'] = 0 and the eigenvalues of A

have real part equal to 0 or —5. A classification of six-dimensional almost abelian Lie algebras
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admitting SKT structures was obtained in 23] and, recently, it was generalized to a wider class of
2-step solvable Lie algebras in [30)].

Proposition 2.5. A (non-Kdhler) LCK almost abelian Lie algebra (g(a,v, A), J,g) of complex di-
mension n admitting a closed (n,0)-form is SKT if and only if n =3 orn =2 and g=h3dR. If g
is unimodular, then necessarily g = bz G R.

Proof. We divide the discussion depending on whether [27) or ([Z.8]) holds. Assume (2:8)) holds. In
particular, we note that A satisfies [A, A] = 0 and its eigenvalues have real part equal to A. Neces-

sarily we have A = 2(2 141). Since we are assuming there exists a closed (n,0)-form, by Proposition
2.4 we have a + %trA = 0, which implies A = —~.

Therefore, by the aforementioned characterization of SKT almost abelian Lie algebras, we obtain
that (g(a,v,A),J,g) is SKT if and only if n = 3, for which we have A = —%, or if a = 0, which
implies that the structure is Kéahler, in particular. We also note that, by Proposition 2.4 if g is
unimodular, one obtains again a = 0, implying the Kéhler condition.

Now assume (2.7) holds. It is easy to see that these conditions also imply that the Hermitian
almost abelian Lie algebra is SKT (by [6]) and admits a closed (2,0)-form (by Proposition 24]) if
and only if a = 0, concluding the proof. 0

3. BALANCED METRICS

Recall that a Hermitian metric is called balanced if and only if d*w = 0, or equivalently if its Lee
form 6 vanishes.

Theorem 3.1. A Hermitian almost abelian Lie algebra (g(a,v, A), J,g) is balanced if and only if
v=0, tr A =0. For a balanced almost abelian Lie algebra (g(a,v, A),J, g) the Bismut-Ricci form is
given by

(3.1) pB = p¢ = —a%el ne.

In particular, a unimodular almost abelian Lie algebra admitting balanced metrics is decomposable
and its Bismut-Ricci form pP wvanishes.

Proof. First, note that a Hermitian almost abelian Lie algebra (g(a,v, A), J,g) satisfying a = 0,
v = 0 is decomposable as the direct sum of two Lie algebras J¢ and ny @ €. The first part of the
claim readily follows from Corollary [Z2]1 Together with (24)) and (23], this implies (BI]).

Now, if g is unimodular, we also have

0 =trade,, =a+trAd=a,
from which the final part of the claim follows. O

Remark 3.2. Note that n; does not depend on g and, for any X3, Xy € g transverse to n, the two
endomorphisms adx;|n,, ¢ = 1,2, differ only by a multiplicative constant, since one can uniquely
decompose Xy = cX1+Y,c#0,Y € n, so that adx,|n, = cadx, |n,. In this way, it is clear that
the condition tr A = 0 does not depend on the metric g but only on the complex structure J, since
it is equivalent to tradx|,, = 0 for any X € g.

Along the same lines, we can prove the following proposition, which is the exact analogous of |24,
Proposition 6.1] in the almost abelian setting.

Proposition 3.3. The Bismut connection of a Hermitian structure (J, g) on a unimodular almost
abelian Lie algebra g has holonomy contained in SU(n) if and only if the Hermitian metric g is
balanced.

Proof. Let us fix an adapted unitary basis {eq, ..., ea,} for (g, J, g), determining the algebraic data
(a,v, A) by @2I), with a + tr A = 0. By (24)), the Bismut-Ricci form reduces to

pB = — (Z(tr A)? + [Jv]|*) e" A e — (Atv)b A e,
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Thus, its vanishing is equivalent to a = tr A = v = 0. By Theorem [3I] these conditions correspond
precisely to the balanced condition in the unimodular case.

Moreover, we recall that, by |57, Theorem 2], a non-Kéhler balanced Hermitian structure is never
Bismut flat. 0

Remark 3.4. Notice that the previous proposition is not true in the non-unimodular case: for
example, the six-dimensional non-balanced Hermitian almost abelian Lie algebra (g(a,v, A),J,g)
determined by the algebraic data

? 3000
a=1, v=\|5), A=(0000 )"
0 0002

with respect to a unitary basis {e1,...,es} adapted to the splitting g = JEd ny @ €, Je; = er_y,
i = 1,2,3, has vanishing Bismut-Ricci form (and it is not Bismut flat), as shown by a direct
computation.

Remark 3.5. Special balanced structures are those for which w™™! is d-exact, or even Jd-exact.

These stronger conditions can never be satisfied by a Hermitian structure on an almost abelian Lie
algebra. In the notation we have introduced, the exactness of w™ ! would imply w™ ™! € A2"3n* AE*,
so that w™~!|,, = 0, which contradicts the non-degeneracy of w|y, .

Instead, as shown in [40], every Hermitian metric on a unimodular complex Lie algebra is such
that w1 is d9-exact.

It was conjectured in |28] that a compact complex manifold admitting both an SKT metric and a
balanced metric necessarily admits a K&hler metric. We show that the conjecture holds for compact
almost abelian solvmanifolds endowed with a left-invariant complex structure.

Theorem 3.6. Let g be an almost abelian Lie algebra endowed with a complex structure J. Assume
(g,J) admits an SKT metric and a balanced metric. Then it admits a Kdhler metric as well.

Proof. Denote the SKT metric by g and the balanced metric by ¢’. Fix a (J, g)-unitary adapted basis
{e1,...,ea,}, so that, by [6], the corresponding data (a,v, A) in (2.1 is such that [A, A’] = 0 and the
real part of the eigenvalues of A is equal to either —§ or 0. The existence of a J-Hermitian balanced
metric now forces tr A = 0 (recall Remark B:2)), so by [6, Corollary 4.6] A should be skew-symmetric
with respect to the metric g.

Now, let {e],...,€e5,} be a (J,¢’)-unitary adapted basis, with associated data (a’,v’, A’). By
Theorem [3.I] we have in particular v’ = 0, which means that ad., preserves the line generated by
el =—Je,.

Consider now the metric

0" = 9oy + 9 epunfey )

Then ¢” is J-Hermitian since it is the orthogonal sum of two J-Hermitian metrics on two J-invariant
subspaces. We have that {e},ea,...,ea,-1,€5,} is a (J, g”)-unitary adapted basis such that the
matrix B” associated with ad., [ is of the form

a 0
B" = <0 A//) )

where A” is a multiple of A (by Remark [B.2]), hence skew-symmetric with respect to g and ¢”, since
the two metrics coincide on ny. From the characterization of Kéhler almost abelian Lie algebras (see
[45]) it follows that ¢” is a Kéhler metric. O

Recall that, by the symmetrization process described in [10, 122, [55], the existence of an SKT
(resp. balanced) metric on a compact complex solvmanifold (I'\G, J) implies the existence of an
invariant SKT (resp. balanced) metric on (T\G, J).
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Corollary 3.7. Let T\G be an almost abelian solvmanifold endowed with a left-invariant complex
structure J. Assume (U\G,J) admits an SKT metric and a balanced metric. Then it admits a
Kahler metric as well.

We note that there are plenty of compact Kéhler solvmanifolds. By [38], these are all finite
quotients of complex tori which have the structure of a complex torus bundle over a complex torus.

4. CLASSIFICATION IN DIMENSION SIX

Six-dimensional nilpotent Lie algebras carrying balanced structures were classified in [55]: among
them, apart from the abelian Lie algebra RS, the only one which is almost abelian has structure
equations

(4.1) (0,0,0,0, f2, f1%),

up to isomorphism, where the notation we adopt means that the Lie algebra ([@I]) admits a basis
{f1,..., f¢} whose dual basis {f1,..., 0} satisfies df! = df? = df3 = df* = 0, df° = f'2, df5 = f'3.

In the next theorem, we classify six-dimensional (non-Kéhler) non-nilpotent almost abelian Lie
algebras admitting a balanced structure. Six-dimensional non-nilpotent almost abelian Lie algebras
admitting a complex structure were classified in [23, Theorem 3.2] and can be grouped in classes of
isomorphism &;, ¢ = 1,...,26, each depending on some parameters.

In what follows, we have decided to use a less cumbersome notation, with respect to [23], for
the Lie algebras among that list which admit balanced structures. In two instances, two different
families of isomorphism classes in |23, Theorem 3.2] have been grouped together, by allowing the
parameters to take a wider set of values. As in |23], the resulting list is not redundant

In Table[Il we also provide explicit examples of balanced structures on those Lie algebras, high-
lighting the aforementioned correspondence with the list in [23].

Theorem 4.1. Let g be a siz-dimensional non-Kahler non-nilpotent almost abelian Lie algebra.
Then g admits a balanced structure (J, g) if and only if it is isomorphic to one of the following:

= (f'%pf*,pf*, —pf*%, —pf*°,0), p#0,

(f16 f36 0 f56 0 0)

= (pf" af*,qf*, —qf* + 2%, = f* — qf°,0), pg#0,
64 (pf'0,af?® + 2%, =20 + qf %0, —qf*° + 50, =sf*0 — qf7°,0), pgs # 0,
= (pf'e, f30 — f10, 20 — f50, f%°,—£16,0), p#0,
bﬁ = (flG f26 f36 f465070)7

b7:(f16f 7_f36+rf467_rf36_f467070)7 T#O,

= (pf'0 + 2, =10+ pf?0, —pf30 + v f10, —r 3 —pf1,0,0), pr#0,
= (f26 - f367 _f16 - f467f467 _f367070)'

Among these, only bg, by, bg and by are unimodular.
Proof. Let (J, g) be a balanced structure on g. Let {e1, ..., es} be a unitary basis of (g, J, g) adapted

to the splitting g = J& ® ny @ ¢, so that the matrix B associated with adey|q is of the form (2.1I),
with the additional conditions v = 0, tr A = 0, by Theorem [3.1] i.e.,

(42) B= (8 2) , a€R, AGg[(ﬂl,Jl), trA=0.
Now, following the approach of the proof of |23, Theorem 3.2], the crucial step in order to obtain
a nice representative for the isomorphism class of g is to obtain a canonical matrix form for the
endomorphism A. By focusing on the condition [A, J1] = 0 for the integrability of J and using the
results in the aforementioned proof, one obtains that there must exist a new basis {e5, e}, e/, et} for
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Name | Structure equations Isomorphism with [23, Theorem 3.2] ‘ Unimodular | Balanced structure
&P if [p| > 1, or Jfr = fo, Jfo = f3, Jfa=fs
b 16 4§26 p36 ) pA6 ) 56 (). 0 1o =5 X Jh=Jo Jf2 = fs JJa= s
1 (f1%pf%,pf%°, —pf*, —pf>°,0), p # 6 <1 g=°_ (2
) Jfi=fe, Jfo=fa, Jfs =[5
b | (f1%,£%,0,/%,0,0) € X B Sfe T e I =1
9= k:1(f )
i o . . X X 29 if |p| > |q|, or Jfi=fe, Jfo=f3, Jfa=fs
bk P 16’ 267 .5(777 4h+ 56’7 46 56’0 ) 0 5_?, B E . s ’ X 4 / )
3 (f*°,af%°.af*%, —qf*® + f°°, = 1 — qf°,0), pg # BP0 [p] < |l 9= (k2
. . 5 5 —as Jfi=fe, Jf2=f3, Jfa=f5
ba | (F10,af? + 35,20 + qf%%, —qf* + 550, —sf* — qf*°,0), pgs £ 0 | &7 X qu s (ffﬁ>2 o =1
9= 2k=1
) ) RN ) Jfi=fe, Jfo=fs, Jfa=[5
by | (pf19. £55 = F15,— 25 %0, %, 116,0), p £ 0 ey x Blfo T f Jh=d
Q—Zk:1(f )
e e . _ Jfi=fo, Jfs = f1, Jfs = fe
be 16 £26 36 _ £46 ( () gl v 5
6 (f1O. 120, —f f ) 20 g=22.:1(fk)2
b7 (F16, 26, 36 |y p46 _pp36 _ p46 Q) £ 0 6 v J]E = gm J]Zz 2: fa, Jfs = fs
9= ("
. - : o Jf=fo, Jfs = f1, I f5 = .
bs | (pf10+ 20, =10+ pf20, —p I f16,—r f30 —pfio,0,0), pr£0 | €V v hfo Ths o IR =1
9= (")
. . Jfi=f2, Jfs=fa, Jfs =,
by | (f20— 0, f16 — f40, F16,— f%5,0,0) ESG v hfp Th s TR =1
9= (")

TABLE 1. Six-dimensional (non-Kéhler) non-nilpotent almost abelian Lie algebras
admitting balanced structures.

the J-invariant subspace n; and possibly a rescaling of eg such that the endomorphism adeg|n, is
now represented by one of the following matrices

0 0 p 1

0 0 -1

q 1) As= 0 g

— p 00

p00O0O p 100 0 p

_ [ 0pOO _| -1po0O _ 0 N
Al_ 00gq0 7A2_ 0 0q0O ’A3_ r 7A4— 0
000g¢q 0 00¢q T q 0

for some p,q,r € R, r # 0 to avoid Az being a subcase of A3. We still have to impose the traceless
condition for A, which easily translate in the traceless condition for the matrices Ay, ..., As, since
the condition does not change after changes of basis for n; and uniform rescalings. We thus obtain
p=qin Ay, q= —pin Az and Az, p = 0in A4 and A5. Now, depending on « in [@2]) and p being zero
or non-zero, it is easy to see which of the algebras of [23, Theorem 3.2] admit balanced structures.
Removing the algebras admitting Kéhler structures (which were classified in |23, Theorem 3.8]) and
the nilpotent Lie algebra (4.]) (which can be obtained from A4, when a = 0), we have that

A; yields by and bg,
A, yields bz and b7,
Aj yields by and bg,
Ay yields bg,

Aj yields bs and by,

from which the claim follows.
The list of eleven Lie algebras in |23, Theorem 3.2] reduces to nine, in our notation, since the Lie
1

1
1p
0
0

colx

_ ~1,1 ) g _
algebra by encompasses €)""” and ¢, '*, while b corresponds to €779 or £ 77 O

Remark 4.2. We observe that some redundancy is present in the list of Lie algebras of Theorem
[T namely, within the same family by, different choices of parameters can yield isomorphic Lie
algebras. For example, this happens in b; when exchanging p with —p.

It is never impossible, though, to have by isomorphic to by, for k # k', for any choice of the
parameters involved.

Remark 4.3. By [12, Proposition 7.2.1], the Lie group corresponding to the Lie algebra bg admits
compact quotients by lattices. By [37] (see also [12, [16]), the same is true for the Lie groups
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corresponding to the Lie algebras bg (for some values of the parameters p,r) and bg. As we shall
now show, none of the Lie groups with Lie algebra b7 admit compact quotients by lattices: following
[12], a co-compact lattice exists on such Lie groups if and only if there exists a non-zero ¢y € R
and a basis of n such that the matrix associated with exp(toady,)|n has integer entries. In the basis
{f1,.-., f5}, one computes

e’ 0 0 0 0
0 €' 0 0 0

(43) exp(t adfg)|n = 0 0 e tcos(tr) e fsin(tr)0 |, tER,
0 0 —e 'sin(tr) e *cos(tr) 0
00 0 0 1

having minimal polynomial p;(\) = Z?:o a;(t,r)\?, with

ap=et, a;=—2cos(tr) —e "t —e *, ag=2cos(tr) + e’ +2cos(tr)et + e,
az = —1—2e "cos(tr) — e, ay=1.

If ([@3)) is conjugate to an integer matrix for some ¢g, then necessarily p;, (A) is an integer polynomial,
so that ag(to,r) € Z forces tg = — log(k), for some k € Z~¢. Together with a4 (tg,r) € Z, this implies
2cos(rlog(k)) = h € Z, and now asz(to,r) = —hk — 1 — + is integer if and only if k = 1, that is,
to = 0, a contradiction.

Example 4.4. Recall Proposition By Theorem [A.1] and Remark B3] we have that the simply
connected Lie groups with Lie algebra bg, bs, and bg have compact quotients by lattices admitting
left-invariant Hermitian structures satisfying Hol”(V?) C SU(3). In particular, we now show that
they admit balanced Hermitian structures such that Hol’(VZ) = SU(3).

Consider the Hermitian structure (g, .J) defined by

6

9=>_ (" Jh=fo, Ifs=fs, Jf5 = fo.

i=1
Consider the curvature 2-forms Q; associated with the Bismut connection VZ of (g,J), RE =

Qz 7 ® f;. On all three algebras, these span an 8-dimensional space, proving our claim (see [17]):
in particular, a set of eight linearly independent curvature 2-forms is provided by

Q% — _2f12; Qé — f13 4 f247 Q}l — f14 _ f23; QElj — _f15 _ f267
Q?) — f16 _ f257 QZ _ _2f347 Qg _ _f35 _ ']0467 9451 _ f36 _ f457

on bg, by
0= —2211%, Q=g Ql=p M R Qh= P - R
OF =p* 10 = p* %, Q= 207, 0= —p*fP = p* 1 Qg =p P -1
on bg and by
Q%:_%f&l_%fSG, Qé:%fl?;_’_%f%l’ Q}L:_%fl4+%f237 Qé:_%f15+%f267
Q=110 -1/ Ql=-L1f24 1/ Q=135 Qf=3/% 1510
on bg.

In addition, note that the (3,0)-form ¥ = (f* +if2) A (f3 +if*) A (f° +if9) is closed on bg
and bg (r = 1), so that the corresponding compact quotients can be endowed with a balanced
SU(3)-structure (recall the definition in [21,, Section 1]) satisfying Hol”(V?) = SU(3).

5. BALANCED FLOW

In [7], the authors introduced a parabolic flow for Hermitian metrics on a complex manifold, pre-
serving the balanced condition of the initial data: in terms of the (n—1)-st power of the fundamental
form, the evolution equation reads

(5.1) Gr(t) = 00 (pf N xp(t)) + Apcp(t),  ¢(0) = o = *owo.
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In terms of w(t) (which, hereafter, we identify with the evolving metric ¢(t)), equivalently we have

n—1

Lw(t)nszBCw(t) 5 w(()) = Wwo,

. 1
(5.2) %w(t) = (n = 2)! gy (yn—2 (100 % (ptc Aw(t))) + —
where #; is the Hodge star operator associated with w(t), p¢ is the Chern-Ricci form of w(t) and
Apc is the modified Bott-Chern Laplacian

Apc =090 0" + 8990 + 9*00" + 0709 9 + "9 + 99

associated with w(t). The flow (B)) differs from (1.3) in [7] by a factor for the second summand in
the right-hand side, as suggested by the authors [9]. We shall refer to this flow as balanced flow and
we shall denote the right-hand side of (5.2]) by g(w(t)) for simplicity. As shown in [7], (5] admits a
unique solution defined on some maximal interval [0,¢), with [p(¢)] = [po] € Hps ? = ker d/Im 99

for all t € [0,¢). In particular, the balanced flow preserves the dd-exactness of w(’)’_l (see Remark

BH).

When the initial data is Kéahler, the balanced flow reduces to the Calabi flow (see [13, [14]),

(5.3) %w(t) =i005s,1), w(0) = wo,
5.(¢) denoting the scalar curvature of w(t), or equivalently
(5.4) %cp(t) =400 *; (pr A *:p(t)),  ©(0) = o = *owo,

pt being the Ricci form associated with w(t).

Consider a simply connected almost abelian Lie group G endowed with a left-invariant Hermitian
structure (J, go,wp) and let g be its Lie algebra. If one assumes that the solution to the balanced
flow remains left-invariant for all times, then (] and (52) reduce to systems of ODEs on the Lie
algebra g, which admit a unique solution. By the uniqueness of solutions of the balanced flow, one
obtains that left-invariant initial data yield left-invariant solutions.

Since the scalar curvature of a left-invariant metric on a Lie group is constant, it is immediate
to see that left-invariant Kéahler metrics on Lie groups are fixed points of the Calabi flow and
consequently of the balanced flow.

To study the balanced flow on almost abelian Lie groups in the non-Kahler case, we apply the
bracket flow technique introduced by Lauret in [43] and already successfully applied in the study of
other Hermitian flows (see for example |6] for the case of the pluriclosed flow for SKT metrics).

On the vector space R?", fix the complex structure Jy given by Joe; = eani1-4, i = 1,...,n, and
standard scalar product (-,-) = Y7, (e’)?, where {e1, ..., €e2,} denotes the standard basis of R*".
Consider a 2n-dimensional Hermitian Lie algebra (g, J, g). Fixing a unitary basis {e1,...,ean},

Je; = eapy1-4, i = 1,...,n, for (g,J,g) is equivalent to identifying (g, J,g) with (R?", Jy, (-, -)).
The Hermitian structure is thus fully determined by the bracket operation u € Vo, = A?(R*")* @
R?" corresponding to the Lie bracket of g under this identification. We denote the corresponding
Hermitian Lie algebra by (u, Jo, (-,-)) and the induced simply connected Hermitian Lie group by
(G, u, Jo, {-,-)). When g is almost abelian, we further ask for the unitary basis to be adapted to the
splitting g = JE@n; @ € and we denote the corresponding bracket on R?" by u(a,v, A) to keep track
of the algebraic data determined by (Z.1)). We denote the induced splitting of R?>" with J¢®n; @ €
as well.

The Lie group GL(2n, Jo) of automorphisms of R?" preserving Jy acts transitively on the set of
Jo-Hermitian metrics via pullback, so that the balanced flow starting from a Hermitian structure
(110, Jo, (-, -)) yields a family (uo, Jo, h(t)* (-,-)), for some h(t) C GL(2n, Jo).

One then observes that

h(t): (ks Jo, h(t)" (-, ) — (h(t) - pro, Jo, ()

is an isomorphism of Hermitian structures, namely h(t) is a Lie algebra isomorphism which is both
orthogonal and biholomorphic. Here we denoted

hep= (") = hp(h™ ht).
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Let pu(t) = h(t) - po. Then, up to time-dependent biholomorphisms, the balanced flow starting from
(o, Jo, (-, -)) can be interpreted as a flow p(¢) on Vay,, such that u(t) € GL(2n, Jo) - po for all ¢. For
any Lie bracket u, denote by g, the restriction to A?TFR*™ = A%(R*")* of ¢(w,,), where w,, is the
left-invariant extension of Qg = (Jy-,-) on R?" according to the Lie group operation corresponding
to the bracket p (see [41, Section 2]).

The evolution of u(t) is given by the so-called bracket flow

(5.5) S =—m(Qu)p, p0) = po,
where

(5.6) Qu=—3%"q. € gly,
and

for any A € gly,,, p € Vo, X,Y € R*",

Proposition 5.1. For a balanced almost abelian Lie algebra (u(a,0,A), Jo,(-,-)), tr A = 0, the
endomorphism Q (a,0,4) 1S given by

o o

(57) Q,u(a,O,A) =

oo

0
P
0

3

in terms of the fized splitting g = J€ @ ny @ €, where p = p(a, A) is a homogeneous fourth order
polynomial in a and the entries of A and P = P(a, A) is a symmetric endomorphism of ny commuting
with Jy = J|n, whose entries are fourth order polynomials in a and the entries of A.

Proof. We start by showing that g, lies in € A J€* & A%n}. For simplicity, let us write w in place of
wy. Notice first that the balanced condition dw™™! = 0 implies

Apcw™ ™' = —(n — 1)1 00 * 0w = Wd(]d * dJdw.
Then, using that w € € A J&* @ A%n}, that dg* C € A J€* @ €* An} (which is a consequence of v = 0)
and that *(£ A JE* A A%n%) C A%2"~*n}, we may conclude that Agcw” ™! lies in £ A JE* A A2~ 4n7,
Analogously, and using Remark Bl we have i90 (pc A o.)) € £ A JE* A A" ~*n. Using the fact

that w" =2 € £ AJE* AAZ"~Ont @ A2~ 4n}, our claim follows by contraction with w™~2. With respect
to a unitary basis {e1, ..., e2,} adapted to the splitting J€ & ny; @ €, we thus have

g = —2pe’ A e —2w(P-, "),

for some p = p(a,A) € R and P = P(a, A) € gl(ny) which is symmetric and commutes with .Jj,
since both w and g,, are of type (1,1) with respect to J, so that the claim follows by recalling (5.6]).

Finally, the fact that p and the entries of P are homogeneous fourth order polynomials follows
from the fact that the equation of the balanced flow is a fourth order PDE. 0

In dimension six, an explicit computation yields
1 2 2
(5.8) p(a, A) = 3 ((tr(JA2)) —w(a, A) | AT ) ,

and
w(a, A)
32

3
(5.9) P(a, A) = (A, AY + %/ﬁ - g (A=, At A],
where A+ = %‘M and

(5.10) w(a, A) = —12a® + 4 ||A|* — (tr(JA))>.
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One can easily check that A is traceless and commutes with J; = Jo|s, if and only if its associated

matrix with respect to the basis {es, ..., e5} is of the form
A e
— 21 —A11 23 24
(511) A= —Azs —A23 —Aq1 Aoy |0
—A1g —A1z A1z An

for some A;; € R. For convenience, denote

by = A1, by = 3(A12 + Az), by =
by = %(Aw — Agy), b= %(Aw + Ag), bs =
Then, one can check that the following formulas hold:

w(a, A) = — 12a® + 16(b7 + b3 + b3 + b] + b2 + b2),

(A12 — Ag),

(5:12) (A1g — Ag3).

= N

3
p(a, A) :g(bf + b% + bi)aQ — 2(b% + b% + bi)2 — 2(b1b5 — b2b6)2
— 2(bybs + babg)? — 2(babs + babs)?.

As a consequence, we obtain w(0,A) > 0 and p(0,A) < 0. Moreover, w(0, A) is strictly positive
unless A = 0 (corresponding to the abelian Lie bracket), while

p(O,A) =0 A1 = 0, Ajp + Ao = 0, Az —Ay =0 Ac u(nl),
which corresponds to the Hermitian almost abelian Lie algebra (u(0,0, A), J, g) being K&hler.

Definition 5.2. A Lie group endowed with a left-invariant balanced structure (G, J, g) is a semi-

algebraic balanced soliton if the endomorphism @ = —iw~1q(w) € gl(g) satisfies

(5.13) Q=aldg+i(D+D"), a€cR,D e Der(g)Ngl(g,J)

and it is called algebraic balanced soliton if D satisfies [5.13] and is symmetric with respect to g, so
that one has @ = aldg + D. The soliton is called shrinking, steady or expanding if the cosmological
constant « satisfies a > 0, a = 0, a < 0, respectively.

The importance of the previous definition lies in the following result, whose proof is analogous to
the one of |6, Proposition 2.5].

Proposition 5.3. Let (G, J, go,wo) be a semi-algebraic balanced soliton. Then the solution to the
balanced flow on (G, J) with initial data wo is of the form

w(t) = c(t)pywo,

for ¢(t) C R and ¢; a one-parameter family of Lie automorphisms of G and biholomorphisms of

(G,J).
In our case, we may easily obtain the following characterization for algebraic balanced solitons.

Proposition 5.4. Let (J,w) be a left-invariant balanced structure on a non-nilpotent almost abelian
Lie group G, with associated algebraic data (a, A), tr A = 0, with respect to some fized adapted

unitary basis {e1,...,ean}t. Then (G, J,w) is an algebraic balanced soliton if and only if A commutes
with the symmetric endomorphism P = Quln, in &0). In particular, Q = —3w ™ q(w) € gl(g) is
given by (BI3), with

(5.14) a=p, D=P—pldy,

where p = (Qe2n, €2n)-

Proof. First, recall that a derivation of a non-nilpotent almost abelian Lie algebra is contained in
the nilradical n. Thus, if we wish to decompose (7)) as (513)), assuming D to be symmetric, one
has to set the cosmological constant « and the derivation D to be given by (&.14)).
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Now, an endomorphism D of n; is a derivation of g if and only if it commutes with the ad,,, -action
on ny: to see this, note that
D[€2n7X]:[DeQHaX]+[62n;DX]7 Xegv

holds for X = ey, ea, since both sides vanish (we are using that the balanced condition forces v = 0),
while, for X € ny, it reads DA(X) = AD(X). The claim follows by substituting D with P —pId,,,
and using that Id,, lies in the center of gl,,. O

An important consequence of PropositionB.lis that, for any almost abelian Lie bracket u(a, 0, A),
tr A = 0, the endomorphism Q,(4,0,4) preserves the decomposition Jt€@® ny @ €. In turn, this implies
that the bracket flow (.0 associated with the balanced flow preserves the set of brackets of the
form p(a,0, A) with respect to this decomposition, without the need to resort to a change of gauge.
It is then natural to study the bracket flow in terms of ODEs in the variables a and A.

Proposition 5.5. Let (u(ap,0, Ag), Jo, {-,-)), tr Ag = 0, be a balanced almost abelian Lie algebra.
Then the bracket flow (BH) starting from the bracket p(ag, 0, Ag) is equivalent to the ODE system

%a =pra, a(0) = ao,
LA=[APl+pA, A®)= A,

where p = p(a, A) and P = P(a, A) are as in Proposition [21l

(5.15)

Proof. Following |fl, Proposition 4.11] and looking at (&), one computes
% (adye2n) = adyez, = —adr(Q,)uf2n = —[Qu, adyean] + ady(Qpuezn),

which yields

R R [ A IR N G

Theorem 5.6. The maximal definition interval of the solution of the balanced flow starting from a
left-invariant balanced structure (J,wg) on a siz-dimensional unimodular almost abelian Lie group G
with associated bracket 11(0,0, Ag), tr Ag = 0, is of the form (Tinin, 00), for some Tinin € ReoU{—00}.
Moreover, wy is a fived solution of the balanced flow if and only if it is Kahler.

Proof. By the previous proposition, the balanced flow for left-invariant balanced metrics on uni-
modular almost abelian Lie groups is equivalent to the second equation in the ODE system (5.15)
for the associated algebraic datum A, since the other datum a vanishes identically. We remark that,
in a suitable basis for R*, the solution A(t) of the bracket flow is of the form (G.II)) for all ¢, with
time-dependent entries. With respect to the scalar product

(5.16) (M,N) = tr(M'N)

on matrices, we can compute

#lAN? =2(A, £A4) =2p||A|* +2(A,[A, P]).

Now, using the explicit expression for P in (B.9), we obtain
w(0, A
(5.17) (a1, = O (4 14,14, 2]
Now, using (5I0) and the fact that tr(MN) = tr(NM) for every pair of matrices M, N, it is easy
to see that (A, [A, A']) = 0 and (A4, [4, [A, A!]]) = —||[A, A!]||?, while an explicit computation using
a matrix A of the form (5.I1) shows that (A, [A,[A™, A'A]]) = 0. Thus, (5.I7) becomes
w(0, A
(.14, = -0 A 1 aype,
so that (0, 4)
w\Y,
dill A" = 2p(0, YA = == I[A, AP,
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which is non-positive, using that p(0, A) < 0 and w(0, A) > 0. Thus, we can conclude that the
solution to (B.I0)) remains inside a compact subset and is defined for all positive times. To prove the
second part of the claim, it suffices to note that the previous expression is strictly negative unless
A € u(ny), which corresponds to a Kahler metric. O

In the following proposition, we say that a one-parameter family of Hermitian Lie groups (G, Jt, g¢)
(with identity element denoted by e;) converges in the Cheeger-Gromov sense to a Hermitian Lie
group (Geo, Joo, goo) if there exist a subsequence {t}ren, a sequence of open subsets Uy of G,
which contain the identity element e, of G and exhaust G, and a sequence of smooth embed-
dings ¢p: Up — Gy, such that ¢i(esx) = ey, rd, = wo|u,, and 1 gt, converges to goo in C'°
topology uniformly over compact subsets.

Proposition 5.7. Let (J,wp) be a left-invariant balanced structure on a siz-dimensional unimodular
almost abelian Lie group G with associated bracket 1(0,0, Ag), tr Ag = 0. If the bracket flow ([GI5)
converges to a bracket 11(0,0, As), then As € u(ny). Moreover, the solution to the balanced flow
GID) converges in the Cheeger-Gromou sense to the flat Kdhler unimodular almost abelian Lie group

(G7 M(Ou 07 Aoo)u J07 <'7 >)
Proof. Let (0, A(t)) be the solution to (5IH) starting from (0, Ag): one can compute

1 _
Gl AT = 5 (HA+ A, A+ A7) = p|AT|* + ([A7, P], A"),

which an explicit computation using (5.8)—(512) shows to yield
1
LA =~ Z|\A+||6 — 16 ((bibs + babs)? + (b1bs — babg)® + (babs + babs)?)
- (3(bT + b3 + b3) + 2(b3 + b2 + b3)) — 4a”(bT + b3 + b3)°.
Thus, we have

1
4)|A% )2 < -5 ]14%

A comparison with the opE 4y = —213, y(0) = || A ||?, yields the a priori estimate
+ (412 44 ¢ E
lar ol < (1451 +3)

so that limg_,, AT(¢) = 0. Tt follows that A € u(ny), as claimed.

The second part of the claim follows by well-known results (see [42, Corollary 6.20] and [43,
Section 5.1]). The limit Kahler Lie group is Ricci-flat (hence flat, by [3]), as one can check using
formula (2.35]), for example. O

Example 5.8. We now study the balanced flow on the six-dimensional nilpotent almost abelian Lie
algebra (0,0,0,0, f12, f13) endowed with the complex structure determined by a basis of (1, 0)-forms
{al,a?, a3} satisfying

dat =da? =0, do® =ia'? +ia*
and the balanced Hermitian metric with fundamental form
wo = iatt + ia?? + a3,
Let us assume the solution to the balanced flow (5.2) is of the form
w(t) =gy ()l +iga(t)a®® + igs(t)a,
for some smooth functions g;(t), ¢;(0) =1, ¢ = 1,2,3. Then one can compute

2
Apow? = —200 % 90w = —8-T3_o1122
g192
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and ¢, (%ABcuﬂ), the unique 2-form whose wedge product with w gives %ABcuﬂ, is given by

1 2 9?% 1T 9?% 22 9?? 33
lw (s ABow?) = 2i—5a " + 2i—5>—a° — 2i—>>a°°,
« (2 ) 9195 9192 9193

so that the balanced flow is equivalent to

2
d g3
791 = )
dt 9195
2
d g3
792 =2-5—
at 9392
3
d g3
2193 = — )
dt 9193

defined on I = (—15, 00).

In terms of bracket flow, we can see that this is in fact an expanding algebraic soliton. Let
(€1,...,eq) be the unitary basis of g for (J,wp), such that a! = @(el +ieb), a? = \/75(62 + ie),
a’ = @(63 + ie4), Je; = e7—;, i = 1,2,3. The corresponding data (a,0, A) and endomorphism

Qu(a,0,4) are

~10000 0
5%88 8 0 100 0 0
_ _ _ | 0o o100 o0
a=0 A= v Quaoay=10 0010 0
0 88%? 0 000-10
0 0000 —1
We have Q(a,0,4) = aldg + D, with
200000
i
a=-3, D=[9358959] € Der(u(a,0,A))N Syms.
000020
000002

In contrast with Proposition [5.4] which holds for non-nilpotent almost abelian Lie algebras, we have
[A, P] # 0, with P = Q,,(4,0,4)|n,, M1 = span (e, €3, €4, €5).

6. ANOMALY FLOW

Another important geometric flow in (conformally) balanced geometry is the so-called anomaly
flow, introduced in |49, [50].

Consider a complex manifold X of complex dimension 3, endowed with a nowhere vanishing closed
(3,0)-form ¥, and a holomorphic vector bundle E over X. The anomaly flow can be written as the
coupled flow for (w(t), H(t)), Hermitian metrics respectively on X and on the fibers of E,

2 (IWlluo)?) = i0Bo(t) — © (tr(R A R7) — te(FF AFY)) . 10(0) = o,
H(t) 'S H(t) = H(0) = Ho,

where R] and Ff are the curvatures of the Gauduchon connections V7 and V* of (X,w(t)) and
(E, H(t)) respectively, o' € R is the so-called slope parameter and the norm of ¥ is defined by

WA = |2 W
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The anomaly flow arises in relation to the Hull-Strominger system |39, [54],
FFAw? =0,
(Fn)2,0 _ (Fn)0,2 _ O7

/
00w = % (tr(R™ A R™) — tr(F" A FY)),
d(||¥].w?) =0,

which follows from imposing the supersymmetry conditions for the internal space of heterotic string
theory in ten dimensions.

Since its introduction, the anomaly flow has been studied on some classes of complex manifolds,
see for example [51, 19, 153]. In [50], a simplified version of the anomaly flow was introduced, given
by the flow of Hermitian metrics

(6.1) 5 (1 lyw(t)?) = i0dw(t) — %tr(RZ AR[),  w(0) = wo.

The flow (61 is equivalent to the flow for w(t) = ||\If|\é(t)w(t),

/

- D — «a . . 5 1
(6.2) FOt)? = || l|55) 1000 (t) — - BIARD),  ©(0) = [[¥][dowo,

or equivalently

/

~ 1 - ;0 ~ @ T T ~ 3
2o(t) = §H\I/||w(2t)L‘;,(t) (1000(t)) — O (tr(Rf AR])), ®(0)=T|Z,wo.

Let (g(a,v, A), J, g) be a Hermitian almost abelian Lie algebra, with fixed unitary basis {e1, ..., e, }
adapted to the splitting g = J¢Eny L.

We proceed by discussing the curvature term in (6I). First, we examine the case of the Chern
connection for generic Hermitian almost abelian Lie algebras. Then, we go back to the generic
Gauduchon connection for balanced and LCK almost abelian Lie algebras.

Recalling the expression (ILT)) for the connections in the Gauduchon line, by a direct computation
we first obtain the next result (cf. [25, Lemma 4.1] for the case 7 = —1).

Proposition 6.1. The canonical Hermitian connection V™ of a Hermitian almost abelian Lie algebra
(9(a, v, A), J,g) is given by

1
vZ1€1 = aezp + Z TJ’Uv
. 1+7 n
VIY = T (—g(Jv,Y)er + g(v,Y)ea,) + TATJY,
- 1+7
Vele2n = —aej; — 1 v,
- 1—7, 1
el = 5 (A JX—|—g(v,X)egn) ,
1
Y = —TT (9(ATTX,Y)er — g(AT X, Y)ean)
- 1—7 4
x€on = — 5 (g(v,X)el—l—A X),
- 1+7
ve2nel = 4 )
1 1
Ve, Y = —%g(v, Y)e, + A7Y — + Tg(Jv, X)ean,
1
V7 eo, = +TJ’U,

€2n

4
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where X, Y € ny and {e1,...,ean} denotes the fized adapted unitary basis. In particular, for the
Chern connection (7 = 1) one has V§ = 0, for all X € n;.

The fact that V§ = 0, for all X € ny, also follows directly from (IZI]), by exploiting the fact that
ady|n, is J-invariant for all Y € g: indeed, if X € ny, Y, Z € g, recalling the Koszul formula (2.2])
we have

CX,Y,Z)=—-dw(JX,Y,Z)=g(J[JX,Y],Z)— g(J][JX,Z],Y)+ g(J]Y, Z], JX)
= —g([X,Y], Z2) + g([X, Z],Y) + g([Y, Z], X) = —29(V&Y. Z),
so that
o(VS ) = gV ) + 500X, =0, X
The connection 1-forms (07)} € g* and the curvature 2-forms (Q7)%, i,5 = 1,...,2n, are defined
respectively by
L =(0N)(X) ¢ e,
R (X,Y) = (Q)(X,Y) e ®e;,

for X,Y € g, with respect to a fixed orthonormal frame {e1, ..., ea,},. The latter are related to the
former by the Cartan structure relations

(6.3) Q)5 = d(07); + (07)i A (07)}-
We can define
(6.4) tr(RTART) =Y Qi A Q.
i<j
An immediate consequence of Proposition is the following fact, which provides a great sim-
plification of the anomaly flow equations, when 7 = 1.

Corollary 6.2. The curvature RC of the Chern connection of a Hermitian almost abelian Lie algebra
(a(a,v, A), J,g) satisfies RE(X,Y) =0 for all X €ny, Y € g, that is,

RY € ¢ A JE* ® End(g),

where £ =nt9. As a consequence,

R ARY =0.
Proof. Following the splitting g = J¢ ® ny P ¢, inducing

A?g* =€ A JE @AM @i AE @l A JE,
the first part of the claim follows by
RY(X,Y)=V§VY —VEVE = Vixy =0, Xen,Yeg,
where we have used V§ = 0 and the fact that [X,Y] € n;. Then,
R ARY € AY(t @ J€)* @ End(g) = 0. O

When 7 # 1, there is no guarantee that the flow (GI]) is well-defined, since the right-hand side
might fail to be a (2,2)-form. In [20], it was proven that, for unimodular complex Lie groups (that
is, unimodular real Lie groups with bi-invariant complex structures), this is never a problem and the
aforementioned trace term is always of type (2,2). Recently, in [53], the analogous result was shown
to hold for 2-step nilpotent Lie groups with first Betti number b; > 4 endowed with left-invariant
Hermitian structures.

In the almost abelian case, instead, tr(R”™ A R”) is not a (2,2)-form, in general, for 7 # 1. It
is, though, under more restrictive hypotheses on the Hermitian structure one is considering. Recall
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that, combining Propositions 2.4 and B} a Hermitian almost abelian Lie algebra (g(a, v, A), J, g) is
balanced and admits a closed (n,0)-form if and only if

v=0, a=trA=trJA=0.
In particular, the Lie algebra g is decomposable and unimodular.

Lemma 6.3. Let (g(0,0,A4),J,g), tr A =0, be a siz-dimensional balanced almost abelian Lie algebra
admitting a closed (3,0)-form. Then, for any T € R, one has

tr(R™ A R™) € A*?g*.
More precisely,
tr(RTAR™) =wA (w(L-,+)),

where L = L(A, 1) is a symmetric endomorphism of g commuting with J, given by

) 1Atz o 0
L= gT(1 — 7)) AT 0 —[A, AY] 0 ,
0 0 | A*]?

with respect to the fized adapted unitary basis. In particular,
ltr(RTART) =w(L-,-) € € A JE © A%n},

Proof. Using Proposition [6.1] and formula (6.3)), one can compute the curvature 2-forms

; b .
Q} :éT(l—T)HA"'HQelJ—|—%(1—7‘)((2(A+)2—[A,At]) Jej) AeS, j=2,...,5,
O =51 =) A*wln,,
. 1,1
Qi =Lrw ([A, Ales, ;) !0 — 1(1 — 7)2 ((A*ei)b A (A+ej)b) , i,j=2,...,5

O =ir(1—7)|AT|2e A Jel = (1 =) ((2(AF)2 = [4,4) &) A B, i=2,....5

where a!'! := 1(a + Ja), a € A%g*. One can use these to find tr(R™ A R™) via (64) and directly
verify the claim. |

As a consequence, we obtain the following

Theorem 6.4. The anomaly flow [G.1I) on almost abelian Lie groups preserves the balanced condition
for all values of the parameters T, € R, in the left-invariant case.

Proof. From the previous proposition, together with the fact that ¢, (i00w) belongs to € A JE* ©A%n}
(see the proof of Proposition 5], we readily obtain that the solution &(t) to the flow ([622) preserves
the orthogonal splitting g = J€ @& n; & ¢ induced by the initial data. Therefore, a suitable adapted
unitary basis for (J,&(¢)) will induce algebraic data (a(t),v(t), A(t)) satisfying a(t) = 0, v(t) = 0,
tr A(t) = tr f(t)A(0) = 0 (for some smooth function f(t)), implying that (J,@(t)) is balanced for all
t. The claim follows from the fact that the solutions to ([G1]) and (€2)) differ only by time-dependent
rescalings. O

Remark 6.5. The results of Theorem[G.4] as well as Proposition[Z.4land Theorem [3.1] were obtained
independently by M. Pujia [52], using different methods.

In the LCK case, instead, we have the following much stronger fact.

Theorem 6.6. Left-invariant LCK metrics on almost abelian Lie groups endowed with a left-
invariant complex structure are fized points of the anomaly flow ([61), namely they provide constant
solutions of (6.10), for all values of the parameters 7, € R.
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Proof. Let (g(a,v, A), J,g) be a LCK almost abelian Lie algebra of complex dimension 3 admitting
closed (3,0)-forms and let {ey,...,eq} denote the fixed adapted unitary basis. Then, as shown in
Proposition 2.5 the LCK structure is SKT and the algebraic data satisfies

v =0, A:—%Idnl—l—U, Ueu(nl,Jl,g).

We need to prove that the right hand side of (6.1 vanishes. The first summand is clearly zero by
definition of SKT metric, so that we are left with the curvature term. Using Proposition [6.1] the
only non-zero components of R”, up to symmetries, can be summarized as follows:

g(RT(eluX)elay) = __a’ (T + 2)(1 - T)g(X7 Y)u

g(R™(e1,e6)e1,e6) = a”,

g(R™(e1,e6)X,Y) = —% 2rw(JX,Y),

9(R™(X, €)Y, e6) = 3a°(1 = 1)g(X,Y),

g(RT(X,Y)X,Y) = 5a*(1 = 7)* (1 + w(X,Y)? = g(X,Y)?),

g( ( ) )61566)7_% 2(1 ) w(va)a
with X, Y € nq, || X]|| = ||Y]| = 1, yielding curvature 2-forms

Qf = 1a*(r+2)(1 —7)e" + §a*(1 —7) Je/ A€, j=2,...,5,
0 = —a2616 +2a*(1 = 7)°wln,,
Q) = La’tw(e;, e5)e'® — La*(1— 1) (e”)", 1,7 =2,...,5,
6= —ta*(1-7)e® —L2a*(1—7)(r+2)e' AJ€e', i=2,...,5,
which one can use to explicitly compute tr(R™ A R™) = 0, concluding the proof. O
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