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ABSTRACT. We examine Hermitian metrics on unimodular Lie algebras which contains a J-
invariant abelian ideal of codimension two, and give a classification for all Bismut K&hler-like
and all Bismut torsion-parallel metrics on such Lie algebras.
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1. INTRODUCTION AND STATEMENT OF RESULTS

A major difficulty in the study of differential geometry of Hermitian manifolds is the algebraic
complexity of the curvature tensor, which lack of symmetry due to the presence of torsion. When
the universal cover of the manifold is a Lie group, the situation is much simpler in the sense
that every point looks like every other point. But even in this case the torsion and curvature
of the Hermitian metric already present rich and interesting algebraic complexity, which could
serve as good sample spaces as well as provide guidance towards the study of the general case.
For this reason, it makes sense to study Hermitian geometry of Lie groups.

Recall that a Lie-Hermitian manifold is a compact Hermitian manifold (M™, g) whose uni-
versal cover is (G, J, g), where G is an even-dimensional (connected and simply-connected) Lie
group, equipped with a left-invariant complex structure J and a left-invariant Riemannian metric
g compatible with J. The compactness of M forces G to be unimodular.

In the past decades, Lie-Hermitian manifolds were studied from various angles by A. Gray,
S. Salamon, L. Ugarte, A. Fino, L. Vezzoni, F. Podesta, D. Angella, A. Andrada, and others.
There is a vast amount of literature on this topic, here we will just mention a small sample: [6],
[13], [16], [20], [24], [26], [32], [39], [43], [45], and interested readers could start their exploration
there. For more general discussions on non-Kéhler Hermitian geometry, see for example [1], [5],
[29], [41], [42] and the references therein.

The cases when G is nilpotent or when dim G < 6 are relatively well-understood, while the
non-nilpotent and general dimensional cases are less clear. One exception is perhaps the case of
almost abelian groups, where the Lie algebra g of G has an abelian ideal of codimension one. A
number of interesting results were obtained about this special type, see for instance [2], [7], [9],
[12], [19], [21], [36], [37], [43] and the references therein for more details.
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Another special types of Lie-Hermitian manifolds are quotients of 2-step solvable Lie groups.
In the beautiful recent papers [27],[28], Freibert and Swann studied the Hermitian geometry of
such Lie groups, especially on balanced and pluriclosed (namely, SKT) structures.

The purpose of this article is two fold: on one hand we would like to demonstrate the
convenience of using complex coordinates in the study of Hermitian structures on Lie algebras,
and we would like to illustrate this point by summarizing some of the existing results about
almost abelian Lie algebras, and give hopefully somewhat simplified computation and argument
there. This will be treated in §3, where we will collect some known results on almost abelian
Lie algebras and also prove a couple of new ones, regarding Bismut torsion-parallel metrics and
astheno-Kdahler metrics. The second purpose is to push this complex coordinate computation to
another very special type of Lie algebras: those which contain an abelian ideal of codimension
two. Note that such a Lie algebra is always solvable of step at most 3, but in general it will not
be solvable of step 2.

Let a be an abelian ideal of codimension 2 in a Lie algebra g of real dimension 2n. If J
is an integrable almost complex structure on g, then the J-invariant subspace a; := an Ja
has codimension either 2 or 4 in g, and it is of codimension 2 if and only if Ja = a. In this
article we will focus on this simpler case, and mimic the study on almost abelian Lie algebras
to characterize some special types of Hermitian structures on such Lie algebras. This will be
carried out in §4. The main result is Proposition 5 below, which gives a description of all Bismut
torsion-parallel metrics on such Lie algebras.

We will prove the following statements regarding almost abelian Lie algebras or Lie algebras
with J-invariant abelian ideals of codimension 2. For an almost abelian Lie algebra g equipped
with a Hermitian structure (J, g), there always exists a unitary basis {e1, ..., e,} of the complex
vector space g'* = {z —v/=1Jz | o € g} so that the structure equation of g takes the form

dS"l = _)\Q01 /\ala

1 _ v _ ,
o dpi = —Tip1 AP+ Y Aij (o1 +P1) Ay, 2<i<n.

Jj=2

Here ¢ is the unitary coframe dual to e, A € R, v € C*"~! and A is a complex (n — 1) x (n —1)
matrix. Such a frame will be called admissible for the Hermitian almost abelian Lie algebra.

Recall that a Hermitian metric is said to be Bismut torsion-parallel (BTP in short) if its
Bismut connection has parallel torsion tensor. It is called Bismut Kdhler-like (BKL in short) if
the curvature tensor of the Bismut connection obeys all Kéhler symmetries. An equivalent form
of a conjecture proposed by Angella, Otal, Ugarte, Villacampa in [3] states that BKL metrics
are always BTP. This was confirmed by Zhao and the second named author in [49].

Proposition 1. Let (g,J,g) be a Hermitian structure on an almost abelian Lie algebra. Then
g is Bismut torsion-parallel if and only if it is Bismut Kdahler-like if and only if A4+ A* =0 and
Av = 0 under any admissible frame.

Here and from now on A* stands for conjugate transpose ‘A. Note that g is unimodular if
and only if A\ 4 tr(A4) 4+ tr(A) = 0. So when g is unimodular, the skew-Hermitian property of A
implies that A\ = 0, and one can choose a unitary frame e so that A is diagonal.

Recall that a Hermitian manifold (M™, g) is said to be astheno-Kdhler [33], if 99(w™2) = 0,
where w is the Kahler form of g. For almost abelian Lie algebras, we have the following

Proposition 2. Let (g,J,g) be a Hermitian structure on a unimodular almost abelian Lie
algebra. Assume that the complex dimension n > 4. Then g is astheno-Kahler if and only if g
is pluriclosed if and only if [A*, A] = 0 and one of the eigenvalue of A has real part equal to —%
while the other eigenvalues have real part equal to 0.

The characterization for pluriclosed metrics on almost abelian Lie algebras were obtained by
Arroyo and Lafuente [7]. Note that when n = 3 the astheno-Kéhler and pluriclosed conditions
coincide, so the above statement holds automatically.
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If one drops the assumption that g is unimodular, then from the proof of Proposition 2 we
know that g is astheno-Kéhler if and only if [A*, A] = 0 and the real part of the eigenvalues of
A satisfy the following condition:

There exists an integer 0 < k < n—1 such that k of them equal to — ("717];))\ while the other

2(n—2
k—1)
2((n72) A

In the unimodular case, k is necessarily 1, so the real part of one eigenvalue of A equals —%
while the real part of the other eigenvalues of A all equal to 0.

We remark that, the simplicity of the structure equation (1) enables one to explore Hermitian
properties on almost abelian Lie algebras with relative ease, and the above two propositions were
intended to serve as an illustration.

Next, let g be a Lie algebra equipped with a Hermitian structure (J,g), and let a C g be
a J-invariant abelian ideal of codimension 2. Then there always exists unitary frame e under
which the structure equation becomes

dp1 = —Ap19y,
dp = —p1 P10 — 1" Xo+P.Yo— 01 Z.

n—1—k of them equal to

(2)

Here we wrote ¢ = {¢2,...,¢,) as a column vector, while A > 0, v € C""! and X, Y, Z are
complex (n — 1) x (n — 1) matrices satisfying

{)\(X*—i- Y)+[X*Y]-ZZ =0,

(3) \Z : _
—(Z'X +YZ) = 0.

Such a unitary frame e will be called an admissible frame. Note that the algebraic data involves
three matrices satisfying a system of matrix equations and are tangled up, unlike the almost
abelian case. Also, when \ # 0, g is not 2-step solvable in general, although it is always 3-step
solvable.

Proposition 3. Let (g,J,g) be a Lie algebra with Hermitian structure and let a C g be a
J-invariant abelian ideal of codimension 2. Then under any admissible frame,
(i) g is unimodular if and only if X — tr(X) + tr(Y) =0,
(i) g s balanced if and only if tr(X) = tr(Y) and v =0,
(iii) g 4s Kdhler if and only if v =0, 7 = Z, and X =Y. When g is unimodular, g is
Kahler if and only if \=0,v=0, Z =0, and X =Y is normal. In this case there is
a unitary frame under which the structure equation becomes

dpr =0, dp;=(a;p, —aip1)pi, 2<i<n.

where as, ..., a, are arbitrary complex numbers.
(iv) g is pluriclosed (SKT) if and only if it satisfies (3) and the equation below:
(4) XX*-YX*+'ZZ-ZZ+Y*Y - Y*X+\NY - X)=0.

From items (ii) and (iv) above, one can write down explicit examples of balanced metrics or
pluriclosed metrics on such g. See §4 for more details. Similar to the almost abelian case, one
could also analyze the behavior of the Chern and Bismut curvature of g. In particular, one has
the following

Proposition 4. Let (g,J,g) be a Lie algebra with Hermitian structure and a be a J-invariant
abelian ideal of codimension 2. Then the Chern curvature satisfies the following

(i) g is Chern flat if and only if \=0,v =0, Z =0, [Y,Y*] =0, and [Y,X*] = 0. In this
case one can choose unitary frame so that'Y is diagonal and X is block-diagonal in the
form (5) below;

(ii) The rank of the first Chern Ricci Ric™") is at most 1, and it has the same sign with the
Chern scalar curvature s. In particular, Ric) =0 <= s=0 <= A=0or A =
—Re{tr(Y)};

(iii) If the second Chern Ricci Ric'® >0, then R = 0;
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(iv) For the (first) Bismut Ricci curvature Ric®, its (2,0)-part has rank 2 or 0, and its
(1,1)-part has rank at most 1 if v =0 and has rank at most 3 in general. g is Bismut
Ricci flat if and only if Xv =0, Y*v + 'Z0 = 0, and s* = 0, where the Bismut scalar
curvature s° is given by (6) below. In particular, g is Bismut Ricci flat when v =0 and
A =0, or when v =0 and A\ = Re{tr(X) — 2tr(Y)}.

In the Chern flat case, since Y is normal and [X*,Y] = 0, we can choose a unitary frame e
so that Y is diagonal and X is block-diagonal in the following way:

Aln, X1
(5) Y = , X = ,
Ard, X,
where ny + -+ n,. =n—1and \,..., A\, are distinct, while each X, is an arbitrary n; x n;
matrix. The Bismut scalar curvature in (iv) above is given by
(6) & = —2u|? — A (2A+2tr(Y)+2W—tr(X) —m).

A Hermitian metric g with zero Bismut (first) Ricci curvature is said to be Calabi-Yau with
torsion, or CYT in short. In [21, Theorem 3.1], Fino and Paradiso characterized CYT metrics
on almost abelian Lie algebras, and item (iv) above is just analogous to their result.

Also analogous to the almost abelian case, for g with J-invariant abelian ideal of codimension
2, one could also ask when will the metric be Bismut torsion-parallel or Bismut Kahler-like. The
following is the main result of this article:

Proposition 5. Let (g,J,9) be a unimodular Lie algebra with Hermitian structure and a be a
J-invariant abelian ideal of codimension 2. Then g is Bismut Kdhler-like if and only if there
exists a unitary frame under which the structure equation is given by (7) below. g is Bismut
torsion-parallel if and only if there exists a unitary frame under which the structure equation is

given by (7), or (8), or (9).

dp1 =0,
(7) dps = —v201P1,
do; = (@) — aip1)ps, 3 <i<mn;
where v5 > 0 and as, ..., a, are complex numbers.
dpr = dps = 0,
(8) dpz = —v2017; +p (P13 — L1P3),
dp; = (@ip, — aip1)pi, 4<i<n.
where vy > 0, p > 0, and ay, . . ., a, are complex numbers.
dpr =0,
r+1
dgoiz)\i¢1g0i—/\igole—ijgoj, 2<i<r+1,
(9) =
dp; =0, r+2<i<2r+1,
dp; = (0,0, — aip1)pi, 2r+2<i<n.

where r is an integer with 1 < r < "7_2, each a; is a complex number, S = diag{\a,..., Ap41} >0
and W is any unitary symmetric r X r matrix satisfying W.S = SW.

Note that (7) and (8) are not balanced, while (9) is balanced. Analogous to the almost
abelian case, one could show that, for any unimodular Lie algebra with J-invariant abelian ideal
of codimension 2, if the metric is Chern Kahler-like, then it must be Chern flat. So again
there is no non-trivial example of compact Chern K&hler-like manifolds amongst this type of
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Lie algebras. Also analogous to the almost abelian case, for unimodular g with J-invariant
abelian ideal of codimension 2, when the complex dimension n > 4, then one can write down
explicitly the matrix equation for the metric to be astheno-Kéhler, in the form P = ul where
P is a matrix involving X, Y, Z and p is a constant. The computation is strictly analogous but
slightly more tedious, and we will skip it here.

The article is organized as follows. In §2 we will set up notations and collect some basic
formula for Lie-Hermitian manifolds. In §3 we will recall some known properties about almost
abelian groups and also prove a couple of new ones: Propositions 1 and 2 stated above. In §4,
we will turn our attention to Lie algebras with J-invariant abelian ideals of codimension 2, and
prove a number of properties including Propositions 3 - 5 stated above.

2. PRELIMINARY ON LIE-HERMITIAN MANIFOLDS

In this section, we will collect some basic formula for Lie-Hermitian manifolds that will be
used later. We will follow the notations in [44].

Let (M™, g) be a Lie-Hermitian manifold, with universal cover (G, J, g) where G is an even-
dimensional Lie group and J is a left-invariant complex structure on GG, while ¢ is a left-invariant
Riemannian metric on G compatible with J. As we mention before, the compactness of M forces
G to be unimodular.

Denote by g the Lie algebra of G, and use the same letter J or g = (,) to denote respectively
the almost complex structure or inner product on g corresponding to that of G. As is well
known, the integrability of J is characterized by the property

(10) [z,y] — [Jo, Jy] + J[Jz,y] + J[z, Jy] =0, Vx,y€g.

Denote by g€ the complexification of g, and by g*% = {x —+/—1Jz | € g} C g®. The condition
(10) simply says that g*? is a complex Lie subalgebra of g*. Extend g = (,) bi-linearly over C,
and let e = {ey,...,e,} be a unitary basis of g':?. Following [44], we will use

Czjk = <[eivek]7éj>7 ka = <[Ej=e/€]7ei>

to denote the structure constants, or equivalently, under the unitary frame e we have

(11) leivej] =Y Cler,  leingl =Y (Djer— Diex).
k

k

Note that g is unimodular if and only if tr(ad,) = 0 for any = € g, which is equivalent to

(12) g is unimodular <= Z (Cr;i+ D) =0, Vi
K

We should note that two Lie-Hermitian manifolds could be holomorphically isometric to
each other, while their universal covers are not isomorphic as Lie groups. For instance, there
are Lie-Hermitian manifold M™ with non-abelian G whose metric turns out to be Kéhler and
flat, thus forcing M™ to be a quotient of the abelian group C". In general it would be an
interesting question to determine when will two non-isomorphic Lie groups be holomorphically
isometric as Hermitian manifolds, but since our goal is primarily to find examples of Hermitian
manifolds satisfying special geometric conditions, we will ignore this more subtle issue of group
isomorphism here.

Next, let us denote by V the Chern connection, and by 7', R its torsion and curvature tensor.
Then one has

Vei= Oiej, 0= (Then—TiPi), T =D,
j P

where {¢1,..., s} is the coframe dual to e. The torsion tensor T' of V has components

(13) T(ei,;) =0, Tleie;) =Y Ther, T4 =—Ci =Dl +Di,.
k
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The only possibly non-zero components of R are R57 = (Re,e, €k, €¢), which are equal to

Denote by w = /=13, ¢; AP, the Kéhler form of the metric. Recall that Gauduchon’s torsion
1-form 1 ([30]) is defined by dw™ ! = —n A w"~ 1. Its components are

(15) n= stﬁi, i = ZT:z = ZD;‘7

where the last equality holds when g is unimodular (12). The structure equation takes the form:
1 - — _
(16) d%‘:—520;1@%/\801«—2ka%/\%¢
J:k Jik
Differentiate the above, we get the first Bianchi identity, which is equivalent to the Jacobi
identity in this case:

(17) > (CCh + CpCl + CLCYy) = 0,
(18) Z ( iTkDfr + Djr'inik - D;kDfii) =0,
(19) > (C}Dy, — ¢4,.Di, + Cl,DE, — DL,DY + DiyDi ) = 0.

T

Next, denote by V? the Bismut connection of g, and let I‘fi = (ng ei,€j) be the connection
coefficients under the frame e. We have
T3 =T + Tj, = —Cj + Dj,.
More generally, for any t € R, denote by V) = (1-— %)V + %Vb the t-Gauduchon connection
([31]). Its connection coefficients are given by
. , o t t , 4

FEI?J =T + §Tijk =(1- §)ka + 5( —Ch+ Diz)
The following observation should be well-known to experts, and we give a proof here for readers’
convenience.

Lemma 1. Let g be a unimodular Lie algebra with a Hermitian structure (J,g), then g is always
Gauduchon, namely, 00w™ ! = 0. Here w is the Kdhler form of g.

Proof. By the defining equation of 7, one gets
DOt = (@On+nAT) Aw"h

So g is Gauduchon if and only if x = ||?>, where [5|* = 3, [n;|* and x = >, 7,; under any
unitary frame. Here and from now on the index after comma stands for covariant derivatives
with respect to the Chern connection V. Since I'), = DJ, and g is unimodular, by (15) we have

X=Y mi=y_nli, =Y niy=n
[ 7,7 T
Therefore g is always Gauduchon. O

Now let us discuss the geometric meaning of the constants C' and D. Note that J makes g
a complex Lie algebra when and only when D = 0, so the tensor D in a way measures how far
(g,J) is deviated from being a complex Lie algebra. When D = 0, we know from (14) that g is
Chern flat. Note that the converse of this not true: if the Hermitian manifold (G, J, g) is Chern
flat, then D might not be identically zero.

For the tensor C, C' = 0 means [Jz, Jy| = [z,y] for any z,y € g. In this case J is called an
abelian complez structure, representing a rather special type of Lie-Hermitian manifolds. The
condition D = —C' is equivalent to g being a bi-invariant metric on G, and in this case the
Bismut connection V? ([8]) has coefficients T'® = 0, hence g is Bismut flat. A beautiful recent
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result of Lafuente and Stanfield [34], settling a question raised in [47], states that for any ¢ # 0, 2
if a Hermitian manifold has flat t-Gauduchon connection V®*), then g must be Kéhler. In the
special case of Lie-Hermitian manifolds, their result implies that

Proposition 6 ([34]). For anyt #0,2, if (g, J g) satisfies T) =0, then g is Kahler, namely,
= 0. In other words, if t # 0,2, Dzk =-Dj,, and C = 2(1 t)D then C'= D = 0 thus g s

abelzan.

Note that for Lie-Hermitian manifolds, 7" = 0 does not imply g is abelian in general, as we
mentioned before. But in this particular case, since T'= —C -~ D+ D = —C —2D as 'D = — D,
so when T = 0 we get C = —2D = —2(1 — 1)D, which leads to D = 0 hence C' = 0. We
remark that, the result of Lafuente and Stanfield is highly non-trivial even in the special case
of Lie-Hermitian manifolds.

Recall that a Hermitian metric g is called pluriclosed (also called strong Kdhler with torsion,
or SKT in short in some literature), if its Kéhler form w satisfies 0w = 0. For Lie-Hermitian
manifolds, one has

Lemma 2. Let (g,J,g) be any Lie algebra with a Hermitian structure. It holds that
V=100w =Y Z( 5 TG — T} D}, + T}, D: )sozsokcpjw
i,,k,0 T
In particular, g is pluriclosed if and only if
Irald i Y C i )
(20) Z (_ ikcjé TJ Dk + Tlg Dré + ﬂTij - TkrDrj) =0
foranyl<i<k<nandanyl <j<l<n.
Proof. From the structure equation (16), we have

V —10w = Z kSDzSDk(pJ

i,5,k

—d(v/—10w) ZTka ( (pir))>'p; + SDiSDk(dSDj)2’O)

1,5,k

V—=190w

1—4
= > T (Z P orPk + D 0ion) BB — D §C£q<pi<pk¢p¢q>

.5,k Pyq P:q
= > Z< 3T C — T D, +T},D] )wzwk%w
i,k T
1 i
= 52> (— #Cy, — T),DF, + T}, D}, + T/, D}, - T}, D} )%sﬁk%w
i,5,k, 4 T
This completes the proof of the lemma. O

Let us denote by ¢; = >, DJ, under any unitary frame e. When g is unimodular, we also
have ; = — >, CJ,. Define ¢ = . (is, where ¢ is the coframe dual to e, then clearly ( is
independent of the choice of e, hence is a globally defined left-invariant (1,0)-form on G. By
the structure equation (16), a straight-forward computation leads to

Lemma 3. Let (G, J,g) be the universal cover of a Lie-Hermitian manifold. Then one has

d(p1p2pn) =CAprpa- - pn.

where ¢ is a unitary coframe of left-invariant (1,0)-forms. So when ¢ = 0, the global (n,0)-form
V192 - pn 1S a nowhere zero holomorphic n-form, hence g is Chern Ricci flat.

Conversely, if G admits a global nowhere zero holomorphic n-form, then ( = df for some
smooth function f on G, namely, ( is J-exact.
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By taking trace of the Chern curvature tensor R (see (14)) in three different ways, one gets
the first, second, and third Chern Ricci curvature tensors:

(22) Rlcg) = Z Rr?i; = Z (DzrsD—;s - DisD—;s) o Z (nT‘D—;’r + ﬁngr)7

From the first equation, we could also see that ¢ = 0 implies Ric(*) = 0. In the second and
third line, we assumed that g is unimodular, so n; = Y Dj . By taking trace again on these
Ricci tensors, one gets the Chern scalar curvature s and altered scalar curvature §:

(24) s = Y Ricd = S Ric? = =" (¢ + ).,

K2

(25)

>
|

Riel{ =~ DI, DL, ~ [l
7 r,s,t
Note that on any Hermitian manifolds, § = s — x always holds, and § and y are both real. For
Lie-Hermitian manifolds, we have |n|? = x, and by (19) one gets
Y DiDL =% (¢:Di;+C.DL), Vi

T

Thus § = s — x holds, and s = — ", ., D! D! . This last equality leads to the following

Lemma 4. If a Lie-Hermitian manifold M™ has symmetric D tensor, namely, D{k = Dii for
any i,j,k, then s = =5 |DLJ* <0, and s < 0 unless D = 0. Similarly, if D is skew-

symmetric: D), = —Di. then s =Y. _,|DL|? >0, and s > 0 unless D = 0. Note that when
s > 0 the Kodaira dimension of M™ is necessarily —oo.

Finally, let us close this section by recalling the covariant differentiation formula for Chern
torsion:
(26) The = S (-Tli = 1905 + T3l

T

(27) T, = Y (TATr + ToTE, - T,

for any 1 <1, j, k,¢ < n, where index after comma stands for covariant derivatives with respect
to the Chern connection V. Of course when V is replaced by another Hermitian connection,
then the same differentiation formula holds when I" is replaced by the connection coefficients of
that connection.

3. ALMOST ABELIAN LIE ALGEBRAS

In this section let us specialize to Lie-Hermitian manifolds where g is an almost abelian Lie
algebra, namely, when g is non-abelian but contains an abelian ideal of codimension one.

An equivalent definition for this is a non-abelian Lie algebra g which contains an abelian
subalgebra of codimension one. In this case, g always contains an abelian ideal of codimension
one by [10, Prop. 3.1].

Let g be an almost abelian Lie algebra, with a C g an abelian ideal of codimension one.
Assume that (J, ¢) is an Hermitian structure on g, with dim g = 2n. Since a; := aN Ja is the
intersection of two hyperplanes and is J-invariant, it is necessarily of codimension 2 in g. Thus
we can choose a unitary basis {ej,...,e,} of g"¥ so that a is spanned by

a= spanR{\/—_l(el —21); (e; +7€), \/—_1(ei —%); 2<i<n}.
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We will call such a unitary basis an admissible frame, and we will choose e to be admissible
from now on. Since a is abelian, we get
[ei,ej]: [ei,éj]:[el—él,ei] :0, V2S’L,]§n
From this and (11) we deduce that
Ch =Dl =Dy =Cfi+D.,, =0, V2<ij<n
together, we know that the only possibly non-trivial components of C' and D are

(28) DL =XeR, DL =wv,e€C, DI =4 Cl =-4; 2<i,j<n.

Since a is an ideal, [e; + &,a] C a, which leads to CJ, = 0 and D}, = DI,. Putting these

So the only algebraic data for the structure constants are A € R, a complex column vector
v € C" !, and a complex (n — 1) x (n — 1) matrix A = (A;;)2<i j<n. In terms of the dual
coframe ¢, the structure equation (16) now takes the following form:

Lemma 5. Let g be an almost abelian Lie algebra with a Hermitian structure (J, g). Then there
exists a unitary coframe ¢ under which the structure equation is

ngl = _)‘901 A@lu

n
dgﬁi:—Eigﬁl/\al—FZAij(@l"'@l)/\(Pjv 2<i<n.
=2

This is well-known to experts studying almost abelian Lie algebras and is stated as (1) in §1.
Clearly, d*p1 = d*>¢; = 0, so (17) - (19) do not impose further restriction on A, v, or A. These
three terms are not all zero, as g is assumed to be non-abelian.

The following properties about Hermitian structures on almost abelian Lie algebras are dis-
covered by various people and we summarize into a proposition, and include a proof here for
readers’ convenience. Item (iii) was discovered by Lauret and Will [36], item (iv) was studied
extensively by Fino and Paradiso [19], [21], and item (v) was proved by Arroyo and Lafuente
[7].

Proposition 7. Let g be an almost abelian Lie algebra with Hermitian structure (J,g). Then

there exists unitary coframe with structure equation (1) and the following holds:
(i) g is nilpotent <= X =0 and A1 =0;
(ii) g is unimodular <= A+ tr(A) + tr(A) = 0;
(iil) g s Kdhler <= v =0 and A+ A* =0.
(iv) g is balanced <= v =0 and tr(A) + tr(A) = 0.
(v) g is pluriclosed <= NA+ A*)+(A+A*)? +[A*,A]=0 <= [A A*] =0 and the
A

real part of each eigenvalue of A is either 0 or —3.

Proof. Let e be an admissible frame. The components of C' and D are given by the real constant
A, complex column vector v, and complex square matrix A, with structure equation as (1). Since
ade, 47, corresponds to the matrix

~ A0

i { r o ] |

we know that g will be nilpotent if and only if A = 0 and A is nilpotent (i.e., A»~! = 0). For
any i > 1, we have Y " (CT, + DI,) = 0, while

n

> (Ch 4+ Dpy) = A+ tr(A) + tr(4),
r=1

so g is unimodular if and only if X\ + tr(A4) + tr(A) = 0. By (13), the Chern torsion components
are given by

(29) Ty =0, Tf=uv, T,=A;+4; 2<ij<n.
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Thus the metric is Kéahler if and only if v = 0 and A* = —A. Asn, =) T/, we have n; = v;
for i > 1 and 91 = —(tr(A) + tr(A)). So the metric g is balanced if and only if v = 0 and
tr(A) + tr(A) = 0. For (v), the metric g is pluriclosed if and only if equation (20) holds for any
1 <i<k<mnandany1<j<{<n. Since D}, =T, = D}, = 0 for any p,q > 1, one just

needs to check the j =1 and ¢ = 1 case of (20), which is

= "1 CY, + > T{.DE, — T Dl = {T, Dl + DE T} + AT}, =0, Yk (>1.
r>1 r>1 r>1

In other words, the metric g is pluriclosed if and only if
(30) (A+AA+A(A+A)+ANA+A")=0
This is discovered by Arroyo and Lafuente in [7] and they also showed that it is equivalent to:

A
(31) [A, A*] =0, and the real part of each eigenvalue of A is either 0 or — 3

To see this equivalence, write X = A + A*, then (30) says that [4, X] = AX + X2. Since X is
Hermitian, one can take a unitary basis change of {es,...,e,} to make it into a real diagonal
matrix. Group the same diagonal values into blocks, then the equation implies that A is block-
diagonal, and within each block, X is a constant multiple (say A;) of the identity. By taking
trace in this block, we know that the constant A; must be either 0 or —\, and [A, X] = 0. Thus
[A, A*] = 0 which means A is normal hence diagonalizable by unitary similarity. Note that \;
is twice the real part of an eigenvalue of A, so the assertion (31) holds. Thus (30) implies (31).
The converse is certainly true as well. This establishes the equivalence of (v). O

From the above, we see that unimodular plus balanced means that A = 0, v = 0, while A can
be any complex matrix with trace in /R. By Schur’s triangulation theorem, A is unitary similar
to an upper triangular matrix. Analogously, unimodular plus pluriclosed means that the real
part of only one eigenvalue of A is —% while the others are zero, so after unitary similarity, A is
equal to a diagonal matrix with diagonal entries {iba, ..., b, 1, b, — %}, with all b; € R, while
A € R and v € C™! are arbitrary.

In [37], Paradiso characterized all Hermitian almost abelian Lie algebra that are locally con-
formally balanced, and in [15], Djebbar, Ferreira, Fino, and Youcef give characterization of all
locally conformally pluriclosed ones.

Note that since we are primarily interested in compact examples, we need the Lie group G
to admit a co-compact lattice which might be difficult to find for general solvable groups. But
in the almost ableian case there is a nice sufficient condition given by Bock [9, Prop 2.1] (see
also §4 of [15] and [2], [12]).

Next let us look at the Chern curvature of an almost abelian Lie algebra. By (14) and (28),
we deduce that R;z+z = 0 and

Ripit = =20 — |v]?,  (Ryp1) = —A™, (Ri155) = vv* + [A, A" = M(A + AY),
for any 4,7 > 1. By (25) and (28), we get
§= =N —[n> = =N = |of? = (tr(A) + tr(A))*.
From these formula we conclude that

Lemma 6. Let g be an almost abelian Lie algebra with a Hermitian structure (J,g). Then it is
Chern flat if and only if A =0, v =0, and [A, A*] = 0. It has altered scalar curvature § = 0 if
and only if A =10, v =0 and tr(A) + tr(A) = 0. In the latter case g is necessarily unimodular.

Using the definition of three Ricci curvatures, a direct calculation leads to the following:

Lemma 7. Assume that g is as in Lemma 6 and is unimodular, namely, A+ tr(A)+ tr(A) = 0.
Then the following holds:
=-A2<0, ands=0 < Ric) =0 < \=0;

® S
e 5=-2X—|p?<0, and =0 <= Ric® =0 <= A=0,v=0;
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e RicD =0 «—= R=0 < A=0,v=0, [A, A*] = 0.

Next let us consider the Chern Kdhler-like condition (cf. [46], [3]), which means a Hermitian
manifold whose Chern curvature tensor obeys the symmetry R,z = Ryj,7. As is well-known,
the first Bianchi identity implies that

Tfk,j = Rkﬁz - Rijk@

for any indices, where index after comma denotes covariant derivatives with respect to the Chern
connection V. So the Chern Kahler-like condition simply means that V1 = 0 for any type
(1,0) tangent vector X. Chern flat metrics are certainly Chern Kéhler-like, and it would be
very interesting to find examples of compact Chern Kéahler-like manifolds that are not Chern
flat. In [50], it was shown that amongst all complex nilmanifolds, Chern Kéhler-like ones are all

Chern flat. For almost abelian ones, the phenomenon continues:

Lemma 8. Let g be a unimodular almost abelian Lie algebra with a Hermitian structure (J, g).

Then g is Chern Kdihler-like if and only if it is Chern flat.

Proof. Assume that g is Chern Kéhler-like. Then we have Tfkj = 0 for any 1, j, k,¢. By (27),
this means that

> (T3Ti, + TITE, — TETT,) =o.

Take i = ¢ =1 < k, since I' = D, while T and D are given by (29) and (28), we get from the
j =1 case that A*v =0, and from the j > 1 case that

AMA+ A") + [A* Al —vov* =0.
Taking trace, we get —A\% — |v|? = 0, hence A = 0, v = 0, and [4, A*] = 0. Thus R = 0. O

Next we mention the result by Fino and Paradiso [21, Theorem 3.1] which characterize CYT
metrics on almost abelian Lie algebras. Recall that a Hermitian metric is called Calabi- Yau
with torsion, or C'YT for short, if the first Ricci curvature of the Bismut connection vanishes.
Denote by 6°, ©° the connection and curvature matrix of V® under an admissible frame. Then
one has

tr(0%) = d(tr(0®)) = d (tr(9) +n —7) = d(a — @),
where o = (A — tr(A))p1 + Sr_, vy, By the structure equation (1), and assuming that g is
unimodular, then one gets

t1(0) = d(a —@) = —(2[v]* + 3\)¢1 B, + (01 +B1) Y {Aijvi; — AiTi; -
i,j=2

Therefore it holds that

Proposition 8 ([21]). For any unimodular almost abelian Lie algebra g with Hermitian structure
(J,g), it is CYT if and only if A =0, v =0, and tr(A) + tr(A) = 0. In particular, it is CYT
when and only when it is balanced.

Next let us prove Proposition 1 stated in the introduction, which describes all Bismut torsion-
parallel or Bismut Kéahler-like metrics on almost abelian Lie algebras.

Proof of Proposition 1: Let (g, J,g) be an almost abelian Lie algebra with Hermitian struc-
ture. Assume that g is Bismut torsion-parallel (BTP), namely, V®T = 0. The expression of the
covariant derivatives of Chern torsion 7' with respect to the Bismut connection V° are given by
formula (26) and (27) with I' = D replaced by I'* =T'+ T = D + T. So we know that BTP is
equivalent to

(32) > (~T9(Diy + Th) = TY(Diy + Tiy) + T (Dl + T) ) =0,
(33) >~ (T4(Df, + T) + T5,(DF, + TF) = Th(D}, + T) ) = 0

T
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for any 1 <i < k < n and any j,¢. Now by (28), (29), and by taking i = j =1 < k, £ in (33),
we get

Z Ty, Ty, = 0,

r>1
which means that (n — 1) x (n — 1) matrix X = (T7,) = A + A* satisfies X X* = 0, hence
X = 0. That is, the BTP assumption implies A + A* = 0 for almost abelian Lie algebras. With
A being skew-Hermitian, by (29) we know that the only possibly non-zero torsion components
are Tj; = v;. Letting i = j = (=1 < k in (32), we get Av = 0.

Conversely, when A+ A* = 0 and Av = 0, the only possibly non-zero torsion components are
Tl = v;, and it is easy to check that both (32) and (33) are satisfied. Thus for almost ableian
Lie algebra, the BTP condition is equivalent to A + A* = 0 and Av = 0. This establishes the
first statement in Proposition 1.

Now we check the BKL condition for almost abelian Lie algebra. By [49], we know that
a Hermitian metric g is BKL if and only if it is both BTP and pluriclosed. Now by Arroyo-
Lafuente’s result, (v) of Proposition 7, we know that an almost abelian Lie algebra will be
pluriclosed when and only when A is normal and whose eigenvalues have real part equal to
either 0 or —%. But this condition is automatically satisfied when A is skew-Hermitian. So for
almost abelian Lie algebras, the BKL condition and the BTP conditions coincide. Note that
the Lie algebra will be unimodular in this case if and only if A = 0. This completes the proof of
Proposition 1. O

On general Hermitian manifolds, BKL and BTP metrics were studied by several authors in
recent years, for more discussions on such special Hermitian structures, we refer the readers to
(3], [4], [22], [23], [34], [46], [48], [49], [50], [51], [52], [53] and the references therein.

Astheno-Kéahler metrics were introduced by Jost-Yau in [33], as a relaxation to the K&hler
condition. It is defined by 99(w"2) = 0 where w is the Kihler form and n is the complex
dimension of the manifold. This special type of Hermitian metrics has seen a number of recent
development, and we refer the readers to [11], [14], [17], [18], [25], [35], [38], [40] for instance.

Proof of Proposition 2: Let (g, .J, g) be a an almost abelian Lie algebra with Hermitian struc-
ture. Then there exists a unitary frame e so that the structure equation takes the form of (1),
namely, dp1 = —Ap1P;, dp; = —U;p1P; + Zj Aij(p1+9,)¢p;. Here and below we set the index
range to be 2 < i, j, k,¢ < n. The Kéhler form w is given by w = /=1 (1%, + >, ¢i®;). Let
us write H = A+ A*. Since H is Hermitian, by a unitary change of e we may assume that H
is diagonal, say H = diag{hs,...,h,}. We have

—V-1low = —p1p, Z Vipi + 1 Z Hijpip; = —¢1%, Z vipi + 41 Z hiei®;,

2%

— _ _ 2 _ _ _
dwNdw = —p15( Z hipi®;)” = —p1Py Z hih; 000505 ,
i i
A /_185(0 = _901¢1 Z Lij@i@j;
2%
where L = \H+ A*H+ HA = AH + H?+[A*, A]. Now assume that n > 4. The astheno-Kiihler
condition means that
1

(34) —

DOW"™ ™% = 0w Aw™ ™3 + (n — 3)0w A dw Aw"™* = 0.

For any 2 <1 < j < n, if we wedge the above equality with ¢;5;, then the second term on the
right hand side produce zero, while the first term gives us L;; = 0, Vi # j. So L, hence [A*, 4],
is diagonal. On the other hand, the diagonal entries

[A*, Al = [H, Alsi = hiAii — Aijihy =0,
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so we conclude that [A*, A] = 0. Thus L = \H + H?. Now if we fix any 7 and wedge the equality
(34) with ;p;, we get

0 = D L+ > hihy

JFi J7#k; g kA
= tr(L) — L + (Z hj)2 - Z h?
JFi J#i

= tr(L) = Lii+ (h— hi)* = Y b3 + 13
J

= M+ tr(H?) — My — hi + h® — 2hh; + hi — tr(H?) + h?
= (Ah+h?) — (A+2h)h; +h?
= (A+h—="h)(h—hi),
where h stands for tr(H). Therefore each h; is equal to either h or A + h. Suppose there are

k entries amongst ho through h, that equals to h, while the other (n — 1 — k) entries equal to
A+ h, then we have h = ha + -+ h,, = kh + (n — 1 — k)(A + h), therefore,

(35) (n—1—k)A+ (n—2)h=0.

To summarize, if (J,g) is a Hermitian structure on an almost abelian Lie algebra g and g is
astheno-Kéhler, then [A*, A] =0, so A is unitary similar to a diagonal matrix diag{As,..., A}
where \; are eigenvalues of A. Furthermore, twice of the real part of )\; is equal to either A 4+ h
or h, where h is the sum of 2Re()\;) for all 2 < ¢ < n. If we denote by k the number of these
eigenvalues with 2Re()\;) = h, then k and h obeys the equation (35). Equivalently, A can be
described in the following way: there exists a unitary (n — 1) x (n — 1) matrix U such that

A2 2Re(A2)
UAU* = : = | M
An 2Re(A)
where k is an integer in the range 0 < k < n — 1 and h is determined by k and X via (35).

Note that h = tr(A) + tr(A), so g is unimodular if and only if A + h = 0. In this case (35)
becomes (1 — k)A = 0, thus for the real part of eigenvalues of A, one of them equal to —% while
the other n — 2 of them are equal to 0. By part (ii) and (v) of Proposition 7, we know that this

is exactly the condition for g to be pluriclosed. This completes the proof of Proposition 2. [

AN+ h) 1k

4. LIE ALGEBRAS WITH J-INVARIANT ABELIAN IDEAL OF CODIMENSION 2

Now let us consider Lie algebras with codimension 2 abelian ideals. Let g be a Lie algebra
and a C g be an abelian ideal of codimension 2. Note that such g will always be solvable of step
at most 3, but in general it will not be of 2-step solvable.

Suppose (J,g) is a Hermitian structure on g. Then the codimension of a; := a N a is either
2 or 4, and it is 2 if and only if Ja = a. In this article we will focus on this case, and leave the
other case to a future project.

Analogous to the almost ableian case, we may take a unitary basis {e1,...,e,} of g"¥ so that

a = spang{e; + &, vV—1(e; —€); 2<i<n}.
We will again call such a basis an admissible frame. Since a is abelian and is an ideal, we have
C;, =D, =Cl =Di,=D;;=0, V2<ij<n.
So the only possibly non-zero components of C' and D are
(36) C{i:Xijv Dh:)‘v Dglzyijv Dz'lj:Zija Dillzviu 2<4,5<mn,

where A > 0, v € C"! is a column vector and X, Y, Z are (n — 1) x (n — 1) complex matrices.
Here and from now on we have rotated the angle of e; to assume that D}, > 0. Note that when
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{ea,...,en} is changed to {é3,...,€,} by a unitary matrix U, then v is changed to Uv, X and
Y are changed to UXU* and UY U* respectively, while Z is changed to UZ 'U. For convenience,
let us write ¢ for the column vector (s, ..., ¢, ), then the structure equation (16) becomes (2)
stated in §1:

dspl = _)\901@17

dp = —p1 5T — o1 X+ 5, Yo — 01 Z%.
By the Bianchi equation (17) - (19), or equivalently, by d?>¢ = 0, we get the system of matrix
equations (3) stated in §1:

MX*+Y)+[X*Y]-ZZ = 0,
N —(Z'X+YZ) = 0.

By (13), we know that the possibly non-zero components of the Chern torsion are:

(37) Tlli = V;, Tllj = Zji — Zij, lez = Yvij — Xij, 2 S i,j S n.

Proof of Proposition 3: Let g be a Lie algebra with an abelian ideal a of codimension 2 and
with a Hermitian structure (J, g), and assume that Ja = a. By our discussion above, there exists
a unitary frame under which the structure equation is given by (2), where A > 0, v € C*! is
a column vector and X, Y, Z are complex (n — 1) X (n — 1) matrices satisfying (3). By (12),
we know that g is unimodular if and only if > ", (C, 4+ D) = 0 for each 1 < i < n. By
(36), we see that this number is 0 when ¢ > 1 and is A + tr(Y) — tr(X) when ¢ = 1. So (i)
holds. Similarly, Gauduchon’s torsion 1-form 7 has components n; = »__, T7,. By (37), we get
m = tr(X) — tr(Y) and n; = v; for ¢ > 1, so (ii) holds. Also by (37), we know that 7" = 0 if
and only if v = 0 plus X =Y and Z = Z. Now assuming that g is unimodular. Then by (i)
we get A = 0, hence the first equation of (3) reads [X*, X] = ZZ = ZZ*. Taking trace on both
sides, we get tr(ZZ*) = 0 thus Z = 0 and X is normal. So by a unitary change of {es,...,e,}
if necessary, we may assume that X is diagonal. This leads to the structure equation stated in
case (iii) of the proposition.

For part (iv), by Lemma 2 we know that ¢g will be pluriclosed if and only if equation (20) is
satisfied. When i or j is 1, the equation (20) automatically holds. Take i = j = 1 < k, £ in (20),
by (36) and (37) we get

> ((Xkr = Yir) Xor + (Zok = Zrr) Zrt + (Yoo — Xot) Yo + A(Yie — Xie)) = 0.
r>1
That is,
XX*-YX*"+"ZZ-ZZ+Y*'Y - Y* X+ A\Y - X) =0,
namely (4) holds. So g is pluriclosed if and only if equations (3) and (4) hold. This proves part
(iv) thus we have completed the proof of Proposition 3. O

Note that if we take the trace of (4), we would get
IX = Y2+ |Z|? = tr(ZZ) + AMtr(X) — tr(Y)) = A(tr(X) + tr(X)),
where the last equality is from taking trace on the first equation of (3). When A = 0 or when
tr(X) + tr(X) = 0, we would have Z = 0 and X =Y. If g is unimodular, then A = 0 and

[X,X*] =0, so X is unitary similar to a diagonal matrix. That is, when g is unimodular and
A = 0, pluriclosed metrics admit unitary frame under which the structure equation becomes:

dp1 =0, dp; = —0;p1P; + (@1 — aipr)ps, 1> 1.
Note that when v # 0, the above metric is neither balanced nor Chern flat. Also, there are

plenty of solutions to equations (3) and (4) with A > 0. For instance, for any positive constant
A >0, if we let

A
Z =0, X=—Y=§diag{1,0,...,0},

and let v be arbitrary, then g would be unimodular and equations (3) and (4) are satisfied, hence
g is pluriclosed.
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Proof of Proposition 4: Let (g, J, g) be a Hermitian structure on a Lie algebra which contains
a J-invariant abelian ideal of codimension 2. First let us examine the behavior of the Chern
curvature tensor. By (14), (36), and (21) - (23), we have

RicM = (S)’ 8 } ) where s = —A(2\+tr(Y) + tr(Y)),
(38) Ric® — [ =([o]? +12]% +22%), —(WZ* +v*Y)
| —(Zo+Y), ot ZZF+ [V Y =AY + YY) |0
C
Ric® = _;;U 5}2 ] . where §=—[v|> = A2A + tr(Y) + tr(X)).

In the last line we used the fact that tr(ZZ) = A(tr(Y) + tr(X)) by taking trace on the first
equation of (3). Now if R = 0, then by Ricﬁ) =0,weget A\=0,v=0and Z=0. Thus the
only possibly non-zero components of D are D}, = Y;; for i,j > 1. By (14), for 2 < k,¢ < n,
we have

(Riggg) =YY" =YY

So Y is normal and can be diagonalizable via unitary similarity. On the other hand, when A = 0
and Z = 0, the first equation of (3) says that [X*,Y] =0, so if we write

Allnl
Y = )
Arlnr

where ny + -+ +n, =n—1and \,..., A\, are distinct, then X would be block-diagonal
X1
X

where X; is any n; X n; complex matrix, 1 < ¢ < r. Therefore if R = 0, then A\ = 0, v = 0,
Z =0, Y is normal, and [X*,Y] = 0. By a unitary change of the frame, Y can be made
diagonal while X is block-diagonal as above. The converse is certainly true, namely, in this case
the only possibly non-zero components of D are D} = Y;;, and by (14) one easily checks that
R = 0. This establishes (i). Part (ii) is immediate from the above formula for the first Chern
Ricci Ric™)) and Chern scalar curvature s. For part (iii), assume that the second Chern Ricci is
non-neagtive. By looking at the component Ricﬁ) in (38), we know that we must have A = 0,
v =0, Z = 0. The lower right corner of (38) now says that [Y,Y*] > 0. But the matrix has zero
trace, so it must be identically zero, and we end up in the R = 0 situation.

For part (iv), note that Gauduchon’s torsion 1-form 7 has components 7; = tr(Y — X)) and

n; = v; for ¢ > 1. So by (36), (2) and (37) we obtain the following

dy = A neer) = mdpr— > v, <5r801¢1 + Y {Xiro10i + Y ritpiy +7m'<P1@}>

r>1 i>1

= _()\771 + |’U|2)501¢1 - Z Uy (Xirspl(pi + 77‘1’()01'@1 +77‘i§01¢i)

i,r>1
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Since the trace of the connection matrices for Chern and Bismut are related by tr(6°) = tr(8) +
1 — 1, so the Bismut Ricci form is given by

tr(0%) = tr(0)+dn—di = spiP, +dn—di
= = (21l + M2x + 26(Y) + 26(7) - tx(X) — 6 (X)}) 1, +

+ Z (5TX—1'T¢1@ - ’UTXiTSDISDi) - Z (UT‘Z’I‘i +E7‘Yvri) Pv19P;

i1 i,r>1
— Z (0. Yri +0:215) 050y
i,r>1
That is,
1 0 t tX
.20 L
(Ric”) ~ 9 |: 0 :| ’
(39) wZ
ch W+ v2)
*v —|— tZU) 0 7

where the Bismut scalar curvature s® is given by (6) as follows:

s' = —2v)? = A2\ + 2tr(Y) 4 2tr(Y) — tr(X) — tr(X)).

When g is unimodular, A = tr(X) — tr(Y), and s* = —2[v|? — A(tr(Y) + tr(Y)). By (39), we
know that the rank of the (2,0)-part of Ric’ is either 2 or 0 (when Xv = 0), while the (1, 1)-part
of Ric’ has rank at most 3, or at most 1 when Y*v + Z% = 0. The entire Ric’ = 0 if and
only if s* = 0 and Xv = 0, Y*v + 'Z% = 0. This proves part (iv) and completes the proof of
Proposition 4. O

The remaining part of the article is devoted to the proof of Proposition 5, where we want
to characterize Bismut torsion-parallel (BTP) and Bismut Kéhler-like (BKL) metrics on Lie
algebras with J-invariant abelian ideal of codimension 2. Since BKL means BTP plus pluriclosed
[49], we will just focus on the BTP condition.

Proof of Proposition 5: Again let (g,J,g) be a Hermitian structure on a unimodular Lie
algebra with a J-invariant abelian ideal of codimension 2. Assume that g is BTP. This means
that both (32) and (33) are satisfied, which now takes the form

) (Trkr + 1)1 Tika‘iz) =0,

Z (T PZ + ﬂrrrf zrkf‘_gf) =0

T

(40)

for any indices 1 < i < k < n and any 1 < j, { < n, where ' = D+ T are the connection
coeflicients for the Bismut connection. For simplicity, let us denote by

A:tZ—Z, B:Y—X
Then the only possibly non-zero components of 7" and I are
T =vi, Tj=Ay Ti;=By;
Th=XA Th=w, I}=2%; I=X; Ti=B58y,
where 2 < 4, j < n. We remark that when the basis {es,...,e,} is changed to {é3,...,€,} by
a unitary matrix U € U(n — 1), the matrix A is changed into UAW, just like Z, while B is

changed to UBU™, just like X or Y. So strictly speaking we should denote the entries of B as

B, I or B;j, but for the sake of simplicity we will just write it as Bi;.
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Note that for both 7" and T', the components are zero unless at least one of the indices is 1.
If we take ¢, 7, k,¢ > 1 in (40), then only the r = 1 terms survive, and we get

(41) By Zy — BijZo, — AigBey = 0,
(42) ByjBii — BijBuy, — A Ze; = 0,

where 2 < 4,7, k, £ < n. Write tg = tr(B) and tz = tr(Z). By letting k = j and summing up,
or k = ¢ and summing up, or j = ¢ and summing up, we get

tgZ —Z'B+BA=0
(43) =
tgB—B'B+7ZA=0
‘7B—t;B—AB =0
(44) - _
B*B—1gB—AZ =0
BZ - 'Z'B+tgA=0
(45) _ R
BB -B*'B+1;A=0

Next we consider the cases where at least one of the four indices is 1. If i = j = £ =1, then by
the fact that 'ty =T}, =0 for any i > 1, (40) yields

(46) Xv=X"v=0.

Similarly, when exactly one of the indices is 1, the £ = 1 case of (40) automatically holds, while
the j =1 and ¢ = 1 cases lead to

Ve — ViZop — VA = 0,

(47) — - V2<ikt<n;
VB — viBor — g, = 0,
UgBkj — Ukng = 0,

(48) o 7 V2< k<.
UgBkj — ’Ungj = 0,

Now consider the cases when exactly two of the four indices are 1, (40) yields the following

(49) BA=27'B, ZA=DB'B,

(50) [B,X]=[B,X"] = \B;

(51) XA+ A'X = X*A+ AX = \A.
Of course the Lie algebra g will be unimodular if and only if

(52) A+tp=0.

The metric g will be BTP when and only when (3) and (41) — (52) are all satisfied. When v # 0,
it is easy to find out all the solutions to this system of matrix equations. By a unitary change of
{ea, ..., ey} if necessary, we may assume that vo > 0 and v = -+ = v, = 0. By (47) and (48),
we know all rows except the first of Z are zero, and B = Z. The other equations now imply

that .
0 0 0 %
/\_O’X_[O Xl}’ Z_[O O}’

and X1z = Xz =0, [X1, X]] = 0. So depending on whether z = 0 or not, we end up in one of
the two cases for BTP metrics with v # 0 on unimodular g: there exists unitary frame so that
the structure equation takes the form:

dp1 =0,
dpa = —v20191,
dp; = (@P, — aip1)pi, 3 <i<m
dp1 = dps = 0,

or dpa = —v20171 +p (P13 — ©1P3),
dpi = (@p; — aip1)pi, 4<i<n.
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They are respectively (7) and (8) stated in §1 before. Here vy > 0, p > 0, and «a,; are arbitrary
complex numbers.

Next we consider the v = 0 case. First we claim that A\ must zero. Assume otherwise, then
by comparing (43) with (49), we see that B and Z must be zero, which forces A = —tp = 0
since g is unimodular. So A must be zero. Next we claim that BZ = 0. Since tg = 0, by the
first line of (45), we know that BZ is symmetric. On the other hand, by the first equation of
(49), we get

“(BA)=B'72 =B(A+ Z)= BA+ BZ.
Hence BZ is skew-symmetric. Therefore, we must have BZ = 0 and the claim is proved. So for
unimodular g with BTP metric and with v = 0, the equations (3) and (41) — (52) become

A=tp=0, v=0, BZ=0, XA, X*A, BA= B'Z are symmetric,
(53) [B,X]=[B,X*|=0, [X*,X|=2Z, Z'X+XZ=0,
ZA=B'B, AZ=DB*B, ZB=1zB, BB)- BB =17A.

Since B*B = AZ = 'ZZ 77 = 'ZZ —[X*, X], by taking trace we get |B|?> = |Z|?. Therefore,
if B=0or Z=0,weget B=2Z=A=0 and the metric g will be Kéhler and flat. Similarly,
if A =0, then by B'B = ZA we get B =0 hence Z = 0. So in the following let us assume that
A, Z, B are all non-trivial.

Since BZ = 0, Z must be singular. Denote by r its rank, we have 1 < r < n — 1. Choose
unitary basis {ez,...,e,} so that the first r rows of Z are linearly independent while the other
rows are all zero, and write B in the same block form:

Ty 0 u
=[5 8] -0 ]
where z is an r x r matrix, and the first column blocks of B vanish because BZ = 0. Since
ZA = B'B, the lower right corner gives us ww = 0 hence w = 0. Therefore B has only the
upper right corner thus BB = 0, which leads to 774 = 0. Therefore we must have tz = 0 as A
is assumed to be non-trivial.

Now we claim that the block x must also be zero. Since w = 0, by comparing the upper
left corner of AZ = B*B, we get (r — 2)T = 0, so tr(zZ) = |z|?>. On the other hand, since
ZZ = [X*, X], we have tr(2T) = tr(ZZ) = 0, hence x = 0.

Note that the r x (n — 1 — r) matrix y has rank r, so after a unitary change in the last
(n — 1 —r) elements of e;, we may assume that y = (z,0), where z is an r X r non-singular
matrix. Write u = (b, ¢) where b is r X r, then by AZ = B*B we know that we must have ¢ = 0,
hence the matrices now take the form

0 z O 0 —z 0 0 b 0
Z={0 00}, A={% 0 0|, B=[{0 0 0,
0 0 0 0O 0 0 0 0 0
where z and b are r x r matrices with z non-singular. The equations in (53) implies that
(54) Zl2=0b%, %“Z=10%, bl2=2",
and via the non-singularity of b that
0 0 0
X=]00 0/, [z"a]=0.
0 0 =z

All the solutions to the system of matrix equations (54) are given by the following elementary
lemma, and we include its proof here for readers convenience:

Lemma 9. Two non-singular square matrices z and b satisfy (54) if and only if
b=USV* 2=USWY,
where S > 0 is diagonal, U, V., W are unitary, with W =W and WS = SW.
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Proof of Lemma 9: Since Z% = b is positive definite, it equals to US2U* for some unitary
matrix U and a positive definite diagonal matrix S. This means that V* = S~'U~'b and
Q = S~'U~'z are both unitary. Plug b= US%W and z = USQ into the other two equations of
(54), we see that the unitary matrix W = QV is symmetric and commutes with S2, hence with
S. This completes the proof of the lemma. O

Now let us continue with the proof of Proposition 5. If we group S into blocks with equal
diagonal values, then W is block-diagonal, with each block being symmetric and unitary. Write
Sij = Xibij, 2 <14,j <r+ 1. Clearly, we can choose the unitary basis e so that

0 SW o0 0 0 O 0 S 0
Y=X+B=|0 0 O
0 0 =«

Z=10 0 0], X=[0 0 0|,
0 0 0 0 0 =
where z is diagonal. The structure equation now takes the form

dpr =0,
r+1

dgai:)\iﬁlgai—/\igplzw—ijgpj, 2<i<r—+1,
j=2

dp; =0, r+2<i<2r+1,

de; = (@@, — aip1)es, 2r+2<i¢<n,

which is (9) given in §1 before. Here each a; is complex, S = diag{A2,..., Ar 31} > 0 and
W is any unitary symmetric » X r matrix satisfying WS = SW. This completes the proof of
Proposition 5. O

Note that all three cases in Proposition 5 are non-Kéahler and not Chern flat, with the first
two cases being not balanced while the third case being balanced. Also, since a Hermitian metric
is Bismut Kéahler-like if and only if it is both BTP and pluriclosed by [49], so from (4) we see
that (7) is pluriclosed hence is Bismut Ké&hler-like, while (8) and (9) are not plurilcosed hence
not Bismut Kéhler-like.
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