HERMITIAN MANIFOLDS WITH FLAT GAUDUCHON CONNECTIONS
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ABSTRACT. We complete the classification of compact Hermitian manifolds admitting a flat Gauduchon
connection. In particular, we establish a conjecture of Yang and Zheng, showing that apart from the cases
of a flat Chern or Bismut connection, such manifolds are Kéhler. More generally, we prove the same result
holds when the flatness assumption is replaced by the so-called Kéhler-like condition, proving a conjecture
of Angella, Otal, Ugarte and Villacampa. We also treat the non-compact case.

1. INTRODUCTION

Let (M, J,g) be a Hermitian manifold. Unless g is Kéhler, the complex structure J is not parallel with
respect to the Levi—Civita connection. It is therefore more natural to consider Hermitian connections: those
for which g and J are parallel. In general, Hermitian connections form an infinite dimensional affine space.
However, by imposing natural representation-theoretic constraints on the torsion, Gauduchon identified in
[8] a distinguished line of “canonical” Hermitian connections, which we will call Gauduchon connections,
given by

(1) {(Vi=(1-%)V+5V" : seR}.

Here, V¢ = V° and V® = V2 are respectively the Chern and Strominger-Bismut [3] connections of (M, J, g).
Recall that the Chern connection is the unique Hermitian connection for which the (1, 1)-part of the torsion
vanishes, and the Bismut connection is the unique Hermitian connection with totally skew-symmetric torsion.

When (M, J,g) is Kéhler, all Gauduchon connections coincide with the Levi-Civita connection V%C.
On the other hand, they are pairwise distinct on non-Kéhler Hermitian manifolds. Remarkably, Gaudu-
chon’s line also includes other distinguished connections, such as the Lichnerowicz connection [11] V! =
é (VLC — JVECT ), the Hermitian part of the Levi-Civita connection (sometimes also called the first canon-
ical, or associated connection); Libermann’s conformal connection [10] V2 whose torsion satisfies the Bianchi
identity; and the minimal connection Vi [8], whose torsion has minimal norm among all Hermitian connec-
tions.

A fundamental question in non-Kéhler Hermitian geometry due to S.T. Yau [I7, Problem 87], asks whether
one can say something nontrivial about a compact Hermitian manifold whose holonomy is a proper subgroup
of U(n). Yau remarks that the problem is that the connection need not be the Levi-Civita connection. It
seems natural to consider this problem for Gauduchon connections. In this direction, our main result answers
Yau’s question in the case of a discrete holonomy group:

Theorem A. Any compact Hermitian manifold with a flat Gauduchon connection V* is Kdhler, unless
s=0 or2.

This also yields an affirmative answer to a conjecture by Yang and Zheng ([16, Conjecture 1.1]). Moreover,
our proof only uses the so-called Kdhler-like condition (see and below) and thus establishes a much
more general conjecture proposed by Angella, Otal, Ugarte and Villacampa (|2, Conjecture 2]), see Theorem
for the precise statement. Recall that the cases s = 0,2 are well-understood. By a classical result of
Boothby [] a compact Chern-flat Hermitian manifold is covered by a simply-connected complex Lie group
with left-invariant Hermitian metric. On the other hand, Wang, Yang and Zheng showed in [15] that the
universal cover of a Bismut-flat Hermitian manifold is an open complex submanifold of a Samelson space,
that is, a Lie group with left-invariant complex structure and bi-invariant metric.

Theorem [A] was previously known when n = 2 ([16, Theorem 1.5]), and for arbitrary dimension under the
additional assumption that s ¢ (4 —2v/3,1) U (1,4 + 2v/3) ([16, Theorem 1.6] and [I8, Theorem 1]; see also
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[6, Corollary 1.5]). It was also essentially known when g is locally conformally Kahler [I6, Theorem 1.7],
or balanced [16, Proposition 1.8]. Hermitian manifolds with flat Lichnerowicz connection were previously
studied in [T} [7].

It is worthwhile mentioning that the flatness assumption cannot be relaxed to the vanishing of the (first)
Ricci form: for each s € R there exist non-Kéahler Hermitian manifolds with Ricci-flat Gauduchon connection
V#. Indeed, by [13], on a balanced Hermitian nilmanifold the Ricci form of V* vanishes for all s. Some
explicit examples in complex dimension 3 are provided in [5]. Note that in general, different contractions
of the curvature of V* give rise to different Ricci-type tensors. It would be interesting to find non-Kahler
examples of Hermitian manifolds for which these other Ricci curvatures vanish.

Regarding compactness, recall that Boothby’s result [4] for Chern-flat manifolds does not extend to
the non-compact case. Thus, it is natural to ask whether there exist non-compact, non-Kéhler Hermitian
manifolds with flat Gauduchon connections V*, s ¢ {0,2}. In this direction, we first remark that our proof of
Theorem [A] only uses compactness to guarantee the existence of a maximum for a certain natural real-valued
function on M (see the discussion of the proof below). Thus, we immediately deduce an analogous statement
to Theorem [A] for non-compact homogeneous Hermitian manifolds, and more generally for manifolds where
the group of biholomorphic isometries has a compact fundamental domain: see Corollary[3.2] This generalises
the main result in [I4], where the authors assume homogeneity and the fact that V* has parallel torsion.

Even more generally, without any symmetry assumptions, our main result in the non-compact case is:

Theorem B. Any non-compact Hermitian manifold with a flat Gauduchon connection V* with s ¢ {0, %, %, 2}
is Kdhler.

As with Theorem Theorem [B| holds when flatness is replaced by the Ké&hler-like assumption (again,
see Theorem [3.1)). Regarding the remaining possible exceptions for s, we remind the reader that V?/3 is the
minimal connection. On the other hand, we are not aware of any geometric significance for V4/°. Tt would
be interesting to find non-Kéahler examples of Hermitian manifolds on which either of these connections is
flat (or Kéhler-like). Moreover, Hermitian connections beyond the Gauduchon line could also be of interest
(see [10]).

We now briefly summarise the main ideas involved in the proof of Theorems [A] and Let T be the
torsion tensor of the Chern connection and 7 € QV°(M) the torsion (1,0)-form given (up to scaling) by
the (1,0) part of the trace of T. As observed in [I6, [I8], flatness (or more generally Kéahler-likeness) of V*
together with the general Bianchi identity imply that V*T = Q4(T'), where Q4(T) is a quadratic expression
in the torsion depending on s. Denoting by R® = [V*,V?] — V[Sw] the curvature of V*, it follows that
R3(-,-)T = C4(T) is a tensor which is cubic in the torsion. We then consider four C-valued functions on M:
(02, 1), A,B,C: M — C, where A, B and C are contractions of T ® T ® T ® T (see: Equation ) The
condition R* = 0 (or R® Kéahler-like) applied to contractions of the tensor R*(-,-)T ® 7 yields four identities,
linear in A, B,C and (d|n|?,7). The linear system formed is non-singular for s ¢ {0,1/2,2/3,4/5,1,2},
and for such cases we find in particular that C' = 0 which is enough to conclude that g is Kahler. The
cases s € {1/2,1} are dealt with in a straightforward manner and in fact were treated in [I8]. This proves
Theorem [B} Theorem [A] follows by considering a point p € M where the function |5|? attains a maximum.
At such a point, (9|n|%,7) = 0 and so the previously formed linear system is overdetermined, which forces
C =0 at p. It follows that n = 0, which is again enough to conclude that T'= 0 and hence g is Kéahler.

Acknowledgements. The first-named author was supported by an Australian Research Council DECRA
fellowship (project ID DE190101063). The second named author was supported by an Australian Government
Research Training Program (RTP) Scholarship.

2. PRELIMINARIES

In this section we fix our notation and recall some important results. Let (M?",.J,g) be a Hermitian
manifold and for each s € R, let V* denote the s-Gauduchon canonical connection defined in . Denote
by w := g(J-,-) the fundamental form associated to the Hermitian structure. Suppose U C M is open
and {e;}"_, C T(U, T*°M) is a local unitary (1,0)-frame, and let {e‘}?_, C Q1%(U) be the associated dual
frame. In the rest of the article, we adopt Einstein’s summation convention over repeated indices. A comma
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followed by an index will always denote covariant differentiation with respect to V*® in the direction of the
corresponding basis vector.

Let T%(X,Y) := V&Y — V5 X — [X,Y] be the torsion of V*. We reserve the notation 7' := T for the
torsion of the Chern connection. In our fixed local unitary frame, T is given by

T(ei,e;) = 2Tker,  T(e, &) = 2T er.
where the functions TZ; : U — C are defined via

1 _ .
Ti’; = §<T(ei,ej),ek>: U — C; 1<4,5,k<n.
(The 1/2 factor reflects our wedge product convention: a A =a® 8 — ® «.) The Lee form of (M, J, g)
is the 1-form § € Q' (M) defined via
dw" P =60 AW
Inspired by [I2], but following the sign conventions in [I6], we define the torsion (1,0)-form n := —36%,
which in terms of the unitary frame is given by

n= r]jej = T,fjej c Qo
By viewing the torsion as a T'M-valued 2-form, J induces on it a type decomposition as usual:
7% = (T%)20 4 (T*)1! 4+ (T7%)02,
Since the (0, 2)-part of the torsion of any Hermitian connection is the Nijenhuis tensor [8], we have (7%)%2 = 0

for all s € R. Moreover, from the well-known facts (T9)1! = (T1)20 = 0, T? € Q*M [§], we may compute
T¢ in terms of T' = T°:

Lemma 2.1. The torsion T of V° may be recovered from T by
T%(ei,e5) =2(1 — s)Ti’}ek, T°(€;,e5) = sTTJkek - sT;k@, 1<i4,7<n.

Proof. By definition, V¢ = (1 — 5/2)V° + (5/2)V? = (1 — s) V? + sV, From (T1)*° = 0 we deduce
(T%)%% = (1 — s)T, which proves the first claim.
For the second part, we use TV! = 0 and the fact that T? is totally skew-symmetric to get

s s §—— —
(T (65, 3),7F) = 5(T3(€5, ), 7F) = — 5 (T(@5,2F),e5) = 5 (Tler, ex), ) = 5T,
as claimed. O

Following [2], we call a Gauduchon connection V® Kdhler-like if its curvature tensor R® has the same
symmetries as in the K&hler case. Namely, it satisfies the (torsion-less) first Bianchi identity

(2) R(X,Y)Z+ R*(Y,Z)X + R*(Z,X)Y =0, for all X,Y,Z € TM,
and the so-called type condition
(3) R°(JX,JY)=R(X,Y), for all X,Y € TM.

Equivalently, V* is K&hler-like if R*(Z,W,-,-) = R*(-,-,Z,W) =0 and R*(Z,-,W,-) = R*(W,-, Z,-) for all
Z,W € T'OM (here R%(-,-,-,-) = g(R*(-,-)-,+)). Notice that a flat connection is trivially Kihler-like.

The starting point for our computations is the following set of formulas for the covariant derivatives of T,
which may be found in [I8, Lemmas 2, 3 & 5] (notice that, in that article, the parameter r for the Gauduchon
line is related to ours via r = 1 — s) and [14], Lemma 3.1]. Since our assumptions here are sligthly weaker,
for convenience of the reader we indicate how the proof goes, referring to the afforementioned articles for
details.

Lemma 2.2 ([I8 14]). Let (M?",J,g) be a Hermitian manifold with Gauduchon connection V*, s # 0,
satisfying the torsion-less Bianchi identity , Then, in any local unitary frame {e;}7_, we have:

1) Tk, = —(s—2)TrTF
7,0

7 7o rl

(2) 0= (s = 1) (T3 TL + TLTL + THTL )
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forall 1 <4 j,k,l <n. Here a comma denotes covariant differentiation with respect to V*®, and
a=a(s):=—4s(s —1)?, b=10b(s):= —s(5s*> — 105 +4), c=c(s):=4(s—1)(2s—1).

Proof. Any connection satisfies a Bianchi identity, which in general involves the torsion (see e.g. [9, Ch. III,
Thm. 5.3]). Together with the torsion-less Bianchi assumption this yields

Y (THT(X,Y), 2) + (VXT*) (Y, 2)) = Y R*(X,Y)Z =0,

where the sum is over a cyclic permutation of (X,Y, Z). This identity extends naturally to the complexified
tangent space. We first evaluate it on three (1,0) frame vectors e;, e;, e, and use Lemma to get

(4) S (T, +20 ) T5TE) = 0.
cye(inj,!)

On the other hand, evaluating on e;, e;, € and equating the (1,0)-parts gives

(5) —s (Tﬁ,i + Tllfg) = (25— 5%) iZ‘Tfl — 57 Z ﬂngz’
cye(ijsh)

while the (0, 1) part is

6)  2s— 0T, g+ (T);—Ti2) = 2501 o) (TLTG + THT], — TUT,) + 5 (TH T — TATS)

Using for cyclic permutation of the indices (i, j,1) and adding all up we obtain
25 »  TEy =2s(2s-1) Y TLTh
cyc(ij,)) cyc(i,j,))
Combining with this immediately implies Items (1) and (2). Item (3) follows from (6) by using the
algebraic trick explained in the proof of [14, Lemma 3.1]. O
Taking traces in Lemma yields the following useful identities for #:

Corollary 2.3. Under the assumptions of Lemma[2.3, for all 1 < i,k,j,1 <n we have that:
(1) Moy = —(s = 2)T;, T},
(2) 0= (s — 1) Tiy, B B
(3) N1 = (a—0b) Tlfj T+ bnp lep +5° (Tlip Tlgp a Talp%>’
(4) 2(2s = 1) ny = s> [T|* + 5(2 = 3s) In|?,
(5) en; i = (a—b) Tzfj Ty ;-
In particular, if in addition (M?",J, g) is balanced (i.e. n = 0) then it must be Kdhler.
Proof. The first three items come from taking a trace of items (1)-(3) in Lemma Item (4) is just the

trace of (3). Item (5) comes from multiplying (3) by 7; and applying (1). Finally, the last assertion follows
from Item [] and the fact that s # 0. O

In order to obtain more algebraic identities using the K&hler-like condition on R®, we will make use of
the C-linear extension of the second-covariant derivative operator. For a complex tensor bundle £ — M
associated to TMC, this is defined by

(V)2 :=V5oV:E-T"M®FE -T*"MT*M @ E.
For a (1,0)-vector field X = X'e; € I'(U, THOU), the frame expression for (V*)?X is given by
(VPX =Xjehodwe+ X fode+ Xiphoe e,
Similar frame expressions for other tensors may be obtained analogously. This operator is related to the

curvature and torsion of V¢ by the following formula:

Lemma 2.4. For all X,Y € TM, (V*)%y — (V*)3 x = R*(X,Y) — Vi (x,v)-
4



Proof. By the Leibniz rule for covariant derivatives, we have that
(V)%y = Vi (V) (V) = VX(VY () = Vi v
The result now follows from the definitions of R® and 7. O

By Lemma this yields:
Corollary 2.5. For all indices 1 <i,j < n,
Ro(eiej) = (V)2 o, — (V)2 o, +2(1 = 8) THVE

€i,€j €er?
and,
R (e,85) = (V)2 &5 = (V)3 = s T Vi, + 5 Th Vi

€i,€j €5,€;

3. GAUDUCHON CONNECTIONS WITH s # 2/3,4/5

Our aim in this section is to prove

Theorem 3.1. Let (M, J,g) be a Hermitian manifold. Assume that V*° is Kdhler-like for some s # 0,2,

and that either |n|? attains a mazimum, or s # %, %. Then, (M, J,g) is Kdahler.

Theorem [A] immediately follows from Theorem by compactness. More generally, we yield the same
rigidity when the manifold admits a cocompact group of symmetries.

Corollary 3.2. Let (M, J,g) be a Hermitian manifold with V* Kdihler-like for some s # 0,2. If the group
of biholomorphic isometries has compact fundamental domain, then (M, J,g) is Kdhler.

Our proof of Theorem [3:1] will require computing second covariant derivatives of the torsion in order
to obtain new algebraic identities. Let us introduce some convenient notation in order to aid in these
computations. We define first the following contractions of T ®@ T € T°M @ T M = T1OM @ AVOM as:

1 — 1 _— 1 _
U = §T(-,nﬁ), V= 1<T(ek, ), T(ek, ), W .= ZT(ek,el) ® T(eg,er).

Recall that for a co-vector a € T*MC, of € TMC is the vector satisfying o = (-,a#). The components of
U,V and W in a local unitary frame are respectively given by

i oio— _ _pr ij . i
UJ - jk’r}ka ‘/1 - iijkv wH = Tlekl'

Notice that V5 = @ and W% = Wi, Moreover, by Corollary
(7) emyg=(a— bV +bUf +5° (W9 U},

for all 1 < j,1 < n. Next, we define four complex-valued functions on (M, J, g), contractions of T@TRT®T,
that will play a central role in our computations:

A=VigUy,  A=WFUp,  B=UN!=t(U?,  C:=Vm=UUF=|UP
Equivalently, using the definition of U,V and W, we have:
(8) A= TijTng&ﬁja A= T,IszI:jTTQW B = T;ijfmmm C= TfjﬁjTiIZﬂw

A direct application of Item 2] of Lemma [2.2] yields the following algebraic and first-order relations between
the above contractions:

Lemma 3.3. If V® satisfies the torsion-less Bianchi identity and s ¢ {0,1}, then the following hold:
(1) A=2A;
(2) cO|T1>,m) =2(a—b—c(s —2))A=—-2(s —2)(7s*> — 125 + 4) A;
(3) c{@mn*,7) = —c(s = 2) B+ (a =) C.
5



Proof. Ttem (1] follows immediately from Lemma Item [2f (using that s # 1).
Regarding Item [2| we compute directly in a local unitary frame {e;}?_,, using Lemma Corollary
and Ttem [ above:

c(OIT1>, ) = e (THETE) i
=—c(s—2) zZTrleT]W
+ 1 (TG + 0 (TET], - TH, ) + 8* (ThT, ~ T4, ) ) m
= (—c(s —2)+a)A —bA—bA
=—2¢(s —2)A+2(a—b)A
= —2(s —2)(7s* — 125 + 4) A.
Finally, for Item [3] we use again Corollary [2.3] repeatedly:

(@nl*,m) = ¢ ()75 = cmi Ty + e, 57 75

= —c(s — DTLTETT + (a — Y TLTLTT = —c(s — 2)B + (a - b)C.

1T

O

We now move on to our second order computations. To start, we collect V*-covariant derivatives of the
tensors U,V and W. Again, to make the expressions more compact, let us introduce tensors X, Y, and Z
defined in a local unitary frame by

X), =T THTT

i . mkar ol
i) ol = TT.Tka-

i .k il
il ligs Zp = TipTee T

Straightforward observations yield:

Lemma 3.4. The contractions of X @7, Y @7 and Z @7 are given by,
(1) X}, = A, Xim = 2A;

(2) Yyl = B, Yl =0;

(3) Zimp = A, Zhm = 0.
This notation now allows us to succinctly express the covariant derivatives of U,V and W.

Lemma 3.5. If V* satisfies the torsion-less Bianchi identity and s ¢ {0,1}, then the following hold for
all indices 1 < i, k,p,q < n:

(1) U?, = —c(s — 2)THUL + TP, ((a — B)Vir + DU + 3T — 53@) ;
(2) UY; = aUJ T}, — bUFT), — s*ULT), — e(s = 2)Y;
(3) ch;&: Vig1 = (a—c(s —2)) X;;l — leip — bV T, — s3Ypil + S3Z;l;

(4) W' = WP = aWPTTy, — 2025, — 25° Zf) — e(s — 2)W T,

Proof. For each item, we repeatedly apply Lemma and Corollary To compute item (1), we use
Equation (7)) to get
Uy =Ty iy + Ty = —c(s = 2)T 105 + Ty ((a - bV + U7 + $PWIt — 33@) ,
as required. The second item follows similarly. Indeed,
cUi’fz = cTi];,jn*j + CTZ—];W
= (aT‘zZTIQ +b (Tz]f«TTJr - Tfrﬁ) +5° (TierTgr - TgerTir)> m; — (s — 2)@’;%
=aU[ T, + 0 — bUST), + 0 — s°UMTY, — e(s — 2)TET T,
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which gives (2). Once again, to see (3), we have

— k k k k
Vi = T Tp; + L5 Tp50
— (o + 0 (TET), ~ THTL) + 5 (TLT], — TLT, ) ) Ty — els = 2TE T Th
= CLX;)I - leip - b@T:l - SSYpil + 53Z;)l —c(s—2) ;l'
Finally, to see (4), we have
. _
W™ = T T + cTETY
— (aT5m +0 (TET), ~ TET; ) + 5 (TLTY, — TL T, ) ) T — e(s — 2)TET, T
= aWPTT], = bZh —bZF, — 370, — 320, — (s — 2)W'F TP,
as was to be shown. O

We now move on to computing certain contractions of ((V5)2T) ®n:

Lemma 3.6. If V* satisfies the torsion-less Bianchi identity and s ¢ {0,1}, then the following hold:
(1) ¢ num = (@ —0b)(—c(s —2)+a—2b+25%) —2as®) A+ (2b— a)s®B — (b* + bs® + s%) C ;
(2) ¢*n; 5 = i m = 2(a — b+ 8%)(a—b—c(s — 2)) A+ (b — s*)(0n|*, 7):
) CQW =((a—0b)(a—3b+s*—c(s—2)) —2s°(a+b+5%) A— ((a—b)s® + b)) B
+ (bla—b+s*) +s*(a+ ) C;
(4) c2Ti’;7i777;C =((a+s*)(—a—s*+c(s—2)) —s*(a—b+2s*)) A+ s3(a— b+ s*)B+ sC.
Proof. For the first item, using Lemma [3.5| and Lemma |3.4] we have
iy = ¢ ((a — b))V + U} + 5 (WY — Ugl‘)) 75
=cla—b)V;,
= (a—b) (aX,; — bX}, — V5Tl — Y} + $°Z — c(s — 2)X1,) p
+b (a7 Ty — WUETY — $°TITY, — ols — 2)Yii ) 7

mp + chl’fznk + csSWflker - csSU]l»,ﬂTj

+ 83 (aW”T,gl — oz, — 25378, — (s — 2)W’”ET,@) o
_§8 (—c(s —)TLUT + T, ((a — b)) Vi + bUT + $STWTT — s?ﬁ)) e
=a(a—b)A —2b(a —b)A+bla—b)C —s3(a—b)B+ (a—b)s*A —c(a—b)(s —2)A
—abC +0—bs’C+0
—2as°A+0—-2s54+0
+0+(a—b)s*A+bs>B +25°A — sC
= ((a—b)(—c(s —2) + a — 2b+ 25) — 2as®) A+ (2b — a)s* B — (b* + bs® + s°)C.
For Item (2), we first note that by Lemma [2.2]
2,5 = ela— b+ $9)TP + (b — %) .

This is real, which proves the first equality. To see the second, we compute another derivative and apply
Lemma [3.3] to yield,

CQ%‘J[W = <80277j737ﬁ>
=cla—b+s°)O|TP,7) + c(b— s*)(0|n|*,7)
= 2(a— b+ s¥)(a—b—cls — 2)A+c(b— )@l 7).
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For Ttem (3), we proceed similarly to the proof of Item (1). Indeed, we have

02773‘,17771 =c ((a - b))V + U7 + s (Wﬂ - @)) ; m
= (@ — b)cV; 7 + UL g + schffnTg - 530@777

= (a—b) (aXp; —bXj, — bV Ty — s°Yy +5° 2 — c(s — 2)X,,) 7
+b <fc(s — TR UT +TE, ((a — b) Vi + BU + $° WP — 53W)) T

TP 4
+ % (aWITTY, - 2028, — 25 2], — (s — 2)WNTE, ) 7

-5 (GWTgi — bUFT}; = s°UITy), — s — 2) fk) Mk
=a(a—b)A —2b(a —b)A+bla—b)C —s3(a—b)B+ s*(a —b)A — c(s — 2)(a — b)A
+0—0b(a—b)A—b*B —2bs* A+ bs*C
—2as°A+0—-2s54+0
+as’C 40+ s°C +0.
=((a—0b)(a—3b+s*—c(s—2)) —2s*(a+b+5%) A— ((a—b)s® +b*) B
+ (bla—b+s*)+s*(a+ %)) C.
Finally, to prove Item (4), we first note that

Th - = —(a+ 5%V + bW — UF) + U]

17,9

Thus,
T iy = (—(a +5%)WVs + bWIF —UF) + 53Ug)) G
’ J
= —cla+5°)V, 7y + beW ' — beU R + es*UP Ty
=—(a+s%) (aX}; = bX], = bVT}, — $*Y) + $°Z), — (s — 2) X)) Wp
+b (AW, - 2020, — 287 2], — (s — )W TE, ) 7

—b (aWTgi — bUFT}, — SUIT)y, — (s — 2)@) [

+s° (—c(s — TR UL + TP, ((a — bV + DU + SSTWTP — SSUT’?)) on
= —a(a+s*)A+2b(a+s*)A —bla+5>)C +5*(a+5*)B —s3(a+ A +c(s —2)(a+s*)A
—2abA+0—2bs*A + 0
+abC + 0+ bs’C + 0
+0—5%(a—b)A— s3bB — 25°A + s°C
=((a+s*)(—a—s*+c(s—2)—s’(a—b+25°)) A+ s*(a— b+ s*)B + s°C,
as required. O

Since we now have formulas for the second covariant derivatives of 7, we can use Kéahler-like condition to
derive new algebraic identities.

Lemma 3.7. If V?® is Kdhler-like and s ¢ {0,1}, then

0 c(s—2) (b—a) c A
1 To T3 —c(b—s?) B
9 =0
©) Y1 Y2 Y3 —c(b—s?) C ’
21 29 23 0 (@nl>,m)



where
T = — (a—b—|—2s3) (a+b+cs+s3);
xg :=2bc(1l — s) — (a — b)s® — b*;

z3:=bla—b+5%) +s3(a+ s> —2c(1 - s));

y1 == — (a—b+25%) (a — 2c(s — 1));

Yo 1= 52(2b — a — cs) + c2s(s — 2);

ys :=acs — b — bs> — s5;

2= — (a+ %) (a+s*+cs) — s3(a— b+ 25%);
29 :=5%(a — b+ s%);

23 :=55.

In particular, the determinant of this system is

0 ¢(s—2) (b—a) c

T T2 3 —c(b—s%) _ 8(c _9)3(q_ 1)3 —_1)3 —9)2 _
det " ” " —eb— %) =645°(s —2)°(s —1)°(2s — 1)°(3s — 2)*(5s — 4).

Z1 zZ9 z3 0

Proof. The first equation is precisely Lemma [3.3] Item 3] For the second row, we have by the type condition
and Corollary 2.5 that

0 = (R (e, 1), 5) = & (7575 — i1 + 201 — )T 3 )
Computing the first order term, we have
2 (1 — )T, = 262 (1 — 8)Tj,77, 70k
= 2¢(1 - 5T}, ((a — )V + bUT + 83 (W — F;)) T
=2(a —b)c(1 — 5)A + 2bc(1 — 5)B + 4c(1 — 8)s* A — 2¢s°(1 — 5)C
=2¢(1—s)(a—b+253) A+ 2bc(1 — 5)B — 2¢s3(1 — 5)C.
Thus, by Lemma [3.6]

0 = ¢, 50 — <1 5 + 262 (1 — )T, 7
=((a=b)(a—3b+s*—c(s—2)) —2s*(a+b+5%) A= ((a—b)s’ + b)) B
+ (bla—b+s*)+s*(a+s%)C
—2(a—b+8*)(a—b—c(s—2)A—c(b—s*){n*7)
+2¢(1 —s)(a—b+25%) A+ 2bc(1 — 8)B — 2¢cs*(1 — 5)C
=—(a—b+2s") (a+b+cs+5°) A+ (2bc(1—s) — (a—b)s® —b*) B
+ (bla—b+s*) +s*(a+5* —2¢(1 — 5))) C —c(b— s*)(O|n|*.7)
=21 A+ 29B + 13C — c(b—5*)(0|n], 7).
For the third row, we use the torsion-less Bianchi identity for R® and Corollary to get
0= (R (e, @), nf) — (R* (&) )

= ¢ (njjl — M0 — STkMjk + Sﬂknj,z) j

—c (nl,ij M1 Slef’?l,k + ST;knl,E) nj

= (nj,n - m,zj) j+c’s (nwj,z — T — T}km,z) it
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where in the last line, we used the fact that n,; = n;,; by Corollary Applying Corollary again, the
first order term is given by

s (nwj; — MeNj e — Tfkm,z) j = csny ((a — bV +bU] + 8° (Wh — U]l-)) N
+*s(s = QT T35
— esT}, ((a -b)Vi+ bUilj-F 53 (Wﬁ — UJZ)) T
=cs(a—b)C+0+0-0
+c*s(s —2)B
+ cs(a — b)A + besC + 2¢s*A — ¢s*B
= cs(a — b+ 25%) A+ cs(c(s — 2) — 8°) B + acsC.
Hence, substituting this back into the above equation and using Lemma we have
0= ((a—b)(—c(s —2)+a—2b+2s) —2as®) A+ (2b — a)s*B — (b* + bs® + s°) C
—2(a—b+8*)(a—b—c(s—2)A—c(b—s*){0n*7)
+cs(a—b+25*)A + es(c(s — 2) — s°)B + acsC
=—(a—b+2s") (a—2c(s —1)A+ (s*(2b —a—cs) + *s(s — 2)) B
+ (acs — b* — bs® — s%) O — c(b— s*)(9|n|?, )
=y A+ y2B+y3C — (b — s°)(0n*,7m)

Finally, to establish the last equation, we again use the type condition: for all 1 < ¢,57 < n it holds
that R°(e;,e;) = 0. In particular, the same is true when applying R® to the torsion tensor T'. Thus, by
Corollary and Lemma

0=c’n((R*(g,e)T)(eir €5))

C2

— 2 (7k _ Uk _\7—
_Q(Tijw 11”2—&—2(1 S)TT>

= ng 1+ (s — 1)Tl Tk L

=((a+s*)(—a—s*+c(s—2)—s’(a—b+25°)) A+ s*°(a—b+s*)B+ s°C

+e(s — 1T (aTTTMer(T.kT;;—ﬁT;;)jLs (Tl T, T T,W))

=((a+s*)(a—s*+c(s—2)—s*(a—b+25%)) A+ s*(a—b+s*)B+s°C
—2ac(s —1)A+0+0—cs®(s —1)A —cs®*(s — 1)A
—((a+s*)(a+s*+cs)+s°(a—b+25°)) A+ s*(a—b+s*)B +s°C

= 21A+ 29B + 23C,

as required. O

Proof of Theorem[3.1} First notice that thanks to Corollary [2:3] it suffices to show that n = 0. Moreover,
to prove that 7 vanishes at a point p € M, it is in turn enough to show C' = 0 at p. Indeed, since C' = |U|?,
it follows that U = 0 and thus |n|?> = tr U = 0.

We divide the proof into cases according to the different values of s. First recall that the case s = 1/2 was
established in [I8, Lemma 3] (alternatively, for s = 1/2 the first equation in (9)) becomes C' = 0). Regarding
s =1, by [I8 Proposition 1] we have 7] = 0 and thus we are done as well.

Next, we assume that s ¢ {0, ;, g, £,1,2}. For these values of s, the determinant of the system @ is
non-zero, thus C' = 0 everywhere and the result follows.

Finally, we deal with the cases s = 2/3,4/5 assuming that |n|? attains its maximum at p € M. Then
at p, the system @ becomes overdetermined, with 4 equations for 3 unknowns A, B,C. For s = 4/5 the
system has rank 3, from which C' = 0 at p. As above, this implies that |n|? = 0 at p, and since this was the

10



maximum, we deduce 7 = 0. For s = 2/3, the rank is 2, but still by looking at the first and third equations,
they respectively become (up to scaling)

B+C=0, B-C=0,

hence C' = 0 at p and we may argue as in the previous case. The theorem follows. O
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