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Abstract. Let (M, g, J) be a closed Kihler manifold with negative sectional curvature
and complex dimension m := dim¢c M > 2. In this article, we study the unitary frame
flow, that is, the restriction of the frame flow to the principal U(m)-bundle FcM of
unitary frames. We show that if m > 6 is even and m # 28, there exists A(m) € (0, 1)
such that if (M, g) has negative A(m)-pinched holomorphic sectional curvature, then the
unitary frame flow is ergodic and mixing. The constants A(m) satisfy A(6) = 0.9330...,
limy,—s 400 A(m) = 11/12 = 0.9166..., and m +— A(m) is decreasing. This extends to the
even-dimensional case the results of Brin and Gromov [On the ergodicity of frame flows.
Invent. Math. 60(1) (1980), 1-7] who proved ergodicity of the unitary frame flow on
negatively curved compact Kihler manifolds of odd complex dimension.
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1. Introduction

1.1. Ergodicity and mixing of unitary frame flows. Let (M, g, J) be a smooth closed
(compact, without boundary) Kihler manifold with negative sectional curvature and
complex dimension m > 2. Let SM — M be the unit tangent bundle and let FcM — M
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be the principal U(m)-bundle of unitary bases over M. A point w € FcM over x € M
is the data of an orthonormal basis (v, e, ..., e,) of (T'M, hy), where h,(-,-) =
gx(, ) +igy(-, Jy-) is the canonical Hermitian inner product on the fibres of 7M.
Equivalently, we will see FcM as a principal U(m — 1)-bundle over SM by the projection
map p : FcM — SM defined as p(v, ez, ..., e,) =v.

The geodesic flow (¢;);er on SM is defined as ¢, (v) := y,(t), where t > y,(t) € M
is the geodesic generated by v € SM. The unitary frame flow on FcM is then defined as

q)l(v’ €, ..., em) = ((Pt(v)» P]/v(t) €, ..., P)/U(I) em)’

where P, ) : TyM — T,,(nM is the parallel transport along y, with respect to the
Levi-Civita connection.

Recall that a flow (®;),cr on a compact metric space M is said to be ergodic with
respect to an invariant probability measure g if any flow-invariant function f € L?(u) is
constant. It is said to be mixing if for all fi, f, € LZ(M, m,

lim / f1-<f2o<1>t)du=/ fldM'/ f2 du.
1=>+00 Jpm M M

The geodesic flow (¢;);cr of any negatively curved compact Riemannian manifold is
well known to be ergodic [Ano67, Hop36] with respect to the Liouville measure on SM.
However, for extensions of the geodesic flow to principal bundles, ergodicity is a more
subtle question since these flows are only partially hyperbolic, not uniformly hyperbolic.
The unitary frame flow (®;);cr defined above is such an extension of (¢;);er to FcM;
it preserves a natural flow-invariant smooth measure w induced by the Liouville measure
and the Haar measure on the group U(m — 1). The purpose of this paper is to investigate
ergodicity of (®;),cr with respect to w. It was proved by Brin and Gromov [BG80] that
this flow is ergodic whenever m := dimc M is odd or m = 2 but the even-dimensional
case when m > 4 has remained open so far. Our aim is to bring a first positive answer when
m > 61s even and m # 28, under some pinching hypothesis for the sectional curvature.

Recall that the holomorphic sectional curvature of (M, g, J) is defined as

H(X):=R(X,JX,JX, X)

for all unit vectors X € T M, where R is the Riemann curvature tensor of (M, g). The
manifold is said to be holomorphically A-pinched, for some A € (0, 1], if there exists a
constant C > 0 such that

—C < H(X) < —Ch

for every unit vector X. The manifold is said to be strictly holomorphically A-pinched if the
above inequalities are strict.
To state our main result, we introduce the function m — A(m), defined for even numbers

m > 6 by
308 131
am) 1= oom + DL
336m + 105
The function m +— A(m) is decreasing, A(6) = 0.9330... and lim,;,— 400 A(m) = 11/12 =
0.9166....
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We will prove that the following theorem holds.

THEOREM 1.1. Let (M, g,J) be a closed connected Kihler manifold of complex

dimension m > 2, with negative sectional curvature. The unitary frame flow (®;)icr

on FcM is ergodic and mixing with respect to the smooth measure w if:

(i) the complex dimension m is odd or m = 2 [BG80];

(1) the complex dimension m > 6 is even, m # 28, and the manifold is strictly holomor-
phically A(m)-pinched.

We will actually show that the unitary frame flow is ergodic if and only if it is mixing.
We believe that ergodicity should hold without any pinching condition but it is clear
from the proofs that our method only works with a pinching condition close to 1. As a
comparison, Brin conjectured that the real frame flow should be ergodic on negatively
curved manifolds with 0.25-pinched real sectional curvature (see [Bri82, Conjecture 2.6]).
(In the literature, the word ‘frame flow’ usually refers to what we call here the ‘real frame
flow’, that is, the parallel transport of all bases regardless of any almost-complex structure.
We added the word ‘unitary’ in the Kéhler case and ‘real’ in the Riemannian case to make
a distinction.)

In the case of constant holomorphic curvature H = —1 (that is, on compact quotients
'\CH" of the complex hyperbolic space), the ergodicity of unitary frame flow was shown
by Howe and Moore [HM79]. In non-constant holomorphic curvature, besides [BG80]
in odd complex dimensions and m = 2, Theorem 1.1 seems to be the first result proving
ergodicity of unitary frame flows on negatively curved Kihler manifolds of even complex
dimensions m > 6.

As indicated in Theorem 1.1, it also seems that our technique does not apply in
complex dimensions m = 4 and m = 28. The former case is related to the fact that S’
is parallelizable, whereas the latter case is connected to an open problem in algebraic
topology which is to classify reductions of the structure group of the unitary frame bundle
Fc S over the sphere $3°. More precisely, we are unable to rule out the possible existence
of a special Eg-structure on S>> and this eventually turns out to be problematic to run our
argument, see §3 where this is further discussed.

The structure of the argument, described in more detail in §1.2, is somewhat similar
to our previous article [CLMS21] proving ergodicity of real frame flows on negatively
curved compact Riemannian manifolds of even real dimensions with nearly 0.25-pinched
(real) sectional curvature, thus almost answering the long-standing [Bri82, Conjecture 2.6]
of Brin mentioned above. Nevertheless, the present article is not a mere adaptation of
[CLMS21] as we had to develop new techniques to take into account the specificities of
the Kéhler setting, see Theorem 3.1, §3.2 or §5.3 for instance. Although it is meant to
be self-contained, we encourage the reader to consult [CLMS21, CLMS22, Lef23] as we
build here on the framework developed in these articles.

Prior to [CLMS21], the real frame flow was known to be ergodic on negatively curved
Riemannian manifolds of odd dimension # 7 by Brin and Gromov [BG80, Bri75b], and
in even dimensions (and in dimension 7) for manifolds with a pinching close to 1 by Brin
and Karcher [BK84] and Burns and Pollicott [BP03].
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The real frame flows are historically important examples of partially hyperbolic flows
studied in the aftermath of Anosov’s seminal work on hyperbolic flows [Ano67] by Brin
and Pesin [BP74, Bri75b, Bri75a]. The field of partially hyperbolic dynamical systems is
now a well-established and active field of dynamical systems, see [HP06] for instance for
an introduction to this topic.

Finally, let us mention that, similarly to the real case where ergodicity of the real frame
flow was shown to determine the high-energy behaviour of eigenfunctions of Dirac-type
operators [JS07], the ergodicity of the unitary frame flow on Kéhler manifolds determines
the high-energy behaviour of eigenfunctions of Dolbeault Laplacians and Spin® Dirac
operators [JSZ08].

1.2. Proofideas. Letus summarize the argument which, as mentioned above, is similar

to that developed in [CLLMS21] and consists of three steps.

(1) Hyperbolic dynamics. Following Brin’s ideas [Bri75b] (see also [Lef23] for a more
recent approach), the non-ergodicity of the unitary frame flow is described by means
of a subgroup H < U(m — 1) called the transitivity group, see §2.3. In particular,
there exists a smooth flow-invariant principal H-subbundle Q C FcM over SM,
such that the restriction of (®;);cr to Q is ergodic.

(i) Algebraic topology. The group H thus provides a reduction of the structure group
of FcM from U(m — 1) to H. In particular, restricting to a point xg € M and
identifying Sy M =~ §?m=1 the unitary frame bundle FcS>~! — §2~1 must
admit a reduction of its structure group to H. In §3, we classify such reductions
and show that for m # 4, 28, H must act reducibly on cm-1,

(iii) Riemannian geometry. Using the non-Abelian LivSic theorem of [CL22],
we then deduce that there exists a smooth flow-invariant complex vector bundle
vV — SM which is a subbundle V C n*TM (where 7 :SM — M 1is the
projection) satisfying certain algebraic properties. In turn, using the twisted Pestov
identity (see Lemma 2.1), we rule out the existence of such an object under a certain
pinching condition A > A(m) in §§4 and 5.

1.3. Structure of the article. In §2, we recall standard facts from Riemannian and
complex geometry, and (partially) hyperbolic dynamical systems needed in the rest of the
article. In §3, we study the possible reductions of the structure group of the unitary frame
bundle over the sphere, and deduce the existence of non-zero flow-invariant projectors
whenever the frame flow is not ergodic. In §4, we derive, using the twisted Pestov identity,
an inequality that must be satisfied by such an invariant object. In §5, we complete the
proof of Theorem 1.1.

2. Preliminaries
2.1. Riemannian geometry of the unit tangent bundle. Let (M, g) be a closed connected
Riemannian manifold of real dimension n. Denote by

SM:={veTM| v, =1}

the unit tangent bundle of (M, g) and by w : SM — M the projection map.
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2.1.1. Tangent bundle of SM. Let (¢;);cr be the geodesic flow on SM with generating
vector field X € C*°(SM, T(SM)). The tangent bundle 7 (SM) splits as

T(SM)=VaH® RX, 2.1

where V := ker dr is the vertical bundle, and H is the horizontal bundle defined by means
of the Levi-Civita connection, see [Pat99, Ch. 1]. The metric g induces a canonical metric
on T (SM) called the Sasaki metric such that the splitting equation (2.1) is orthogonal.

If f € C*°(SM) is a smooth function, its gradient V f € C*°(SM, T(SM)) computed
with respect to the Sasaki metric splits according to equation (2.1) as

Vf=Vvf+Vuf+XNHX,

where Vy f € C®°(SM,V) is the vertical gradient and Vi f € C*°(SM,H) is the
horizontal gradient. The L?-norm on SM is defined using the Liouville measure i1 on SM
which is the Riemannian measure induced by the Sasaki metric. Note that the Liouville
measure is invariant by the geodesic flow.

The vertical Laplacian Ay is then defined as Ay := V§;Vy, where Vg, denotes the
L?-adjoint. Equivalently, given f € C*®(SM) and x € M, denoting the Laplacian of the
restriction of g, to Sy M by Ag u,

AvF@) = As y(fls,m)(v) forallv € ScM. (2.2)

2.1.2. Fourier decomposition in the fibres. ~Since w : SM — M is a sphere bundle, any
smooth function f € C*°(SM) can be decomposed into a sum of spherical harmonics on
the sphere S, M ~ §"~! above each point x € M. In other words, we can write

+00
f=Y fio
k=0

where fi € C°°(SM) is a spherical harmonic of degree k > 0, that is, it satisfies the
eigenvalue equation

Ay fe =k(n+k—2) fi,

where Ay is the vertical Laplacian on each sphere S, M (for x € M) introduced in
equation (2.2). The space of spherical harmonics of degree k over M defines a vector
bundle 2y — M which can be naturally identified with the vector bundle of trace-free
symmetric k-tensors S{;TM — M via the map (here we identify 7*M and T M by using
the metric g)

i SSTM —> Q,  wff(v) = fi(v,...,v) forallve S M. (2.3)

More generally, let (E, h) — M be a Hermitian (or Euclidean) vector bundle over M
equipped with a unitary (or orthogonal) connection V£, by which we mean that

Yhie,f) = h(VEe, f)+h(e, VEf) foralle, feC®(M, E), forall Y eC>®(M, T M).
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Denoting by (&, V®) := (7*E, 7*VF) the pullback of (E, VE) to SM, any section
f € C*®(SM, &) can be uniquely decomposed into a sum of twisted spherical harmonics
over each point x € M, that is,

+00
f=Y fo (2.4)
k=0

where f; € C*°(SM, &) is a spherical harmonic of degree k (with values in &). Note that,
with respect to an orthonormal basis (ey) on E defined locally over U C M, any section
feC®(SM, &) canbe written as f|ly =Y, fu €, Where fo € C*°(SM|y). Then, the
vertical Laplacian is defined as

AG =) (Avfa) €,

where Ay was introduced in equation (2.2). The sections f; € C*°(SM, &) then satisfy
the eigenvalue equation

AL fi = k(n +k = 2) fr.

Equivalently, f; is a smooth section of the bundle 2; ® E over M and this can be identified
via equation (2.3) to an element S{;TM ® E. We say that a section f € C*°(SM, &) has
even (respectively odd) Fourier degree if the decomposition of equation (2.4) only involves
spherical harmonics of even (respectively odd) degree.

We define the operator X := V%, where X is the geodesic vector field on SM. This is the
infinitesimal generator of the parallel transport of sections of E along geodesic flow-lines.
It has the mapping property

X:C®M, QU QE) > C®(M, %_1 Q E)®C®M, Q1 Q E), (2.5)

and therefore splits as a sum X := X_ + X, where each term corresponds to the two
summands in equation (2.5).
There is a natural L? scalar product on sections f, f' € C*®°(SM, &) given by

(fs e 1=/ () (f (), f'(v)) dp,
SM

where u is the Liouville measure on SM, and £ is the Hermitian (or Euclidean) metric
on E.

2.1.3. Twisted Pestov identity. This identity will play a fundamental role in our proof of
Theorem 1.1. In the non-twisted case, it was first discovered in some particular cases by
Mukhometov [Muk75, Muk81] and Amirov [Ami86], and then in its classical shape by
Pestov and Sharafutdinov [PS88, Sha94]. Eventually, it was reformulated and described in
a general coordinate-free way in [GPSU16, PSU15]. It takes the following form.

LEMMA 2.1. (Twisted Pestov identity) Let (M, g) be a closed n-dimensional Riemannian
manifold and let (E, h) be a Hermitian (or Euclidean) vector bundle over M equipped with

https://doi.org/10.1017/etds.2023.72 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2023.72

On the ergodicity of unitary frame flows on Kdhler manifolds 2149

unitary (or orthogonal) connection VE. The following identity holds for all k € Z>¢ and
ueC®M,2%QE):

nm+k—2)(n+2k—4) ’ k(n + 2k) 2 ’
P — IX—ullfe = = Xl + 12Ol
= (RVEu, VEu) 2 + (Ffu, VEu) (2.6)

where:

e Zis a first-order differential operator which we do not make explicit;
e the term involving R takes the form

RVEu. Ve = [ 5 RO Tyt Vs, v) o,
M Is,m

where R is the Riemann curvature tensor, |dv| is the Lebesgue measure on the sphere
SyM (induced by gx) and |dx| is the Riemannian measure, u = Za Uy €y With
(ex)act an orthonormal frame at the point x € M of E;

e the term involving FE takes the form

(FEu, vgum:/ / > Re(v. Vytg, u, €4) |dvf|dx], @7
MJIsm

where R is the curvature tensor of E and we use the convention:
Re(X,Y,w,n) :=h(Rg(X,Y)w,n) forall X,Y €e TM forallw,ne€E,
and h is the Euclidean (or Hermitian) metric on the bundle E.
2

The operator Z is not made explicit as we will only need to use ||Z(u)]| 2= 0 in
equation (2.6). We refer to [GPSU16, Proposition 3.5] for a proof.

2.2. Complex geometry. We use [KN96, Ch. IX] as basic reference for complex
geometry.

2.2.1. Curvature tensors. Let (V, g) be a Euclidean vector space of dimension n. We
will usually identify V with its dual V* and A2V with the space of skew-symmetric
endomorphisms of V using the metric g. We denote by SV the symmetric p-tensors on
V, S(’; V the trace-free symmetric tensors and A”V the pth exterior power. The space V ®2
splits as

VO —Rg @ S5V @ A%V, (2.8)

where each summand is invariant under the O(n)-action, and S?V = Rg @ S&V. The
space V®2 ~ End V is equipped with the norm

(u, v) = Tr(u " v), (2.9)

where | denotes the transpose operator and the decomposition given in equation (2.8) is
orthogonal with respect to the metric defined in equation (2.9) so that SV and A%V both
inherit the metric from equation (2.9).
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A curvature tensor R is an element R € S?(A2V) satisfying the Bianchi identity
RX,Y,Z, W)+ R(Z, X, Y, W)+ R(Y,Z,X,W)=0 forallX,Y,Z, WeV.
The sectional curvature associated to R is the quadratic map R : SV — R defined by
R(X,Y):=R(X,Y,Y,X), X,YeV.

For every X,Y € V, we can see R(X,Y, -, ) as a skew-symmetric endomorphism
R(X,Y) as follows:

(R(X,Y)Z, W) :=R(X,Y, Z, W). (2.10)

This skew-symmetric endomorphism extends as a derivation to skew-symmetric endo-
morphisms of the exterior, symmetric and tensor algebras of V, denoted respectively by
Rar(X,Y), Rsp(X,Y) and Ryep (X, Y). In particular, it can be easily checked that

Ry (X, Y)u =[R(X,Y), u] (2.11)

for every u € V®2 = End(V). The action equation (2.11) is diagonal with respect to the
decomposition V@2 — 2y ¢ A2V.For X,Y € V and w, n e APV, we set

Rarv(X, Y, w,n) == (Rary(X, V), n),
where APV is equipped with the canonical inner product. We use the analogous notation
for SPV.
2.2.2. Curvature and pinching. If (M, g) is a Riemannian manifold, we introduce the
(4, 0)-tensor g ® g by
gOgX, Y, Z, W) :=g(X,2)g(Y, W) —g(X, W)g(Y, Z)

forall X,Y,Z, W € TM. This is precisely the curvature tensor when (M, g) is the real
hyperbolic space H”, whereas if (M, g, J) is the complex hyperbolic space CH", its
curvature tensor G takes the form:

46X, Y, Z,W)=¢gDgX, Y, Z,W)+gDgX,Y,JZ,JW)
+2g(X, JY)g(Z, JW), (2.12)

see [KN96, §7, Ch. IX]. Equivalently, equation (2.12) can be rewritten using equation
(2.10) as

AGX,Y)=XAY +IXAJY —2(X,JY)J, (2.13)

where X AY is the skew-symmetric endomorphism of T M defined by (X A Y)(Z) :=
gX,2)Y —g(Y,Z)X forall Z e TM.

If (M, g, J) is any Kéhler manifold, the holomorphic sectional curvature is defined for
a unit vector X € TM by

H(X):=R(X,JX)=R(X,JX,JX,X).
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It can be easily checked that the holomorphic curvature of the complex hyperbolic space
is —1, that is,

Hepn (X) = G(X, JX, JX, X) = —1

for | X| = 1. By analogy with the real case, we introduce the notion of pinching of the
holomorphic curvature (that we recall was also briefly introduced in the introduction).

Definition 2.2. (Pinched holomorphic sectional curvature) We say that a Kéhler manifold
(M?", g, J) is negatively holomorphically i-pinched (for some A € (0, 1]) if there exists
a constant C > 0 such that for all unit vectors X € TM,

—C<HX) <—-Chx.

The manifold is said to be strictly negatively holomorphically A-pinched if the above
inequalities are strict.

Similarly, one can talk about the real (or sectional) 8-pinching of the manifold (M>", g)
by requiring the above inequalities to hold with A being replaced by 4, and H (X) being
replaced by the sectional curvature R(X, Y) (for all pairs of orthogonal unit vectors X, ¥
T M). There exist relations between holomorphic and real pinchings, see [Ber60a, Ber60b,
BG63].

As in the real case, it is a well-known result that negative holomorphic 1-pinching
implies that (M>", g, J) is holomorphically isometric to a compact quotient I'\CH",
where I is a discrete subgroup of Isom(CH™). In what follows, we will always assume
that (M?", g, J) is negatively A-holomorphically pinched and, without loss of generality,
we rescale the metric such that C = 1.

The following lemma proved in [BG63, Proposition 4.2] will be useful.

LEMMA 2.3. (Bishop and Goldberg 1963) Assume (M?",g,J) is a closed Kihler
manifold which is negatively holomorphically A-pinched. Consider unit vectors X, Y €
TM such that g(X,Y) =0and g(X, JY) = cos 6. Then,

—(1—3x1sin? 0) < R(X,Y) < —1(3(1 + cos® H)a — 2). (2.14)

In particular,

3x-2

1 <R(X,Y)<—

for all orthogonal unit vectors X,Y € TM. If » >2/3, then (M*",g) is negatively
8-pinched for the sectional curvature with § = (3A — 2) /4.

‘We now set
14+ X
R =Ry + TG, (2.15)

where G is the curvature tensor defined in equation (2.12). The following holds.
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LEMMA 2.4. Assume that —1 < H(X) < —A\ for all unit vectors X € T M. Then, for all
unitvectors X,Y, Z, W e TM,

|Ro(X, Y, Z, W)| < 3(1 — ). (2.16)

More generally, for all unit vectors X, Y € TM, and for all unit o,n € APTM or SPTM,

4
[(Ro)artm (X, Y, 0, )|, [(R)srrm (X, Y, w, n)| < ?p(l —A). (2.17)

Proof. Let X, Y be unit vectors such that g(X, Y) = 0 and g(X, JY) = cos 6. Then,

_ _ 1+A— _ 1+ 3,
Ro(X. V) =R(X.Y) = —=G(X.¥) = RX.¥) + —= (1~ T sin’ 0 ).

Inserting equation (2.14) in the previous equation,

1—2 1+3 in? 0 ) < Ro(X Y)<1_’\ 23— 3 sin2g
5 4sm < Ro(X, = 451 .

In particular, the previous inequalities yield
[Ro(X,Y)| <1~

Like in the proof of [BK78, Lemma 3.7], the previous inequality then implies equation
(2.16) by writing Ro(X, Y, Z, W) as a sum of terms only involving two vectors in the
arguments. The general bound of equation (2.17) follows immediately from equation (2.16)
by diagonalizing over C the skew-symmetric endomorphism Ry(X, ¥). O

2.3. Isometric extensions of the geodesic flow. The unitary frame bundle 7 : FcM —
SM is a principal U(m — 1)-bundle over SM. Given a € U(m — 1), we denote by R, :
FcM — FcM the fibrewise right-action by a. The unitary frame flow (®;);cr is an
extension of the geodesic flow to a principal bundle in the sense that it satisfies

Tod, =¢p,om, R0d = ;0R,

forallt € R, a € U(m — 1). We will denote by X gy its infinitesimal generator.

Initiated by the work of Brin [Bri75b, Bri75a], there is now an established theory
describing the ergodic components of such an extension flow (®;),cr. This is achieved
via the introduction of a closed subgroup H < U(m — 1), called the transitivity group, and
defined by means of dynamical holonomies. We refer to [Lef23] for a modern construction
of the transitivity group H. It has the following properties.

THEOREM 2.5. (Brin 1975, [Lef23]) The following hold:
(1) there exists a natural isomorphism
ev i ker;2(y) Xpem —> LA2(H\U(m — 1)); (2.18)

(1) there exists a principal H-subbundle Q C FcM over SM which is invariant by
(®;)rer such that (®;|g)ser is ergodic (with respect to the induced measure on Q).
In particular, the unitary frame flow is ergodic if and only if H = U(m — 1).
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We refer to [Lef23, Corollary 3.10] for further details. Obviously, by the first item, the
only possibility for ker;> X .y to be reduced to the constants is that H = U(m — 1). The
isomorphism in equation (2.18) is simply defined by taking an arbitrary point z, € SM and
setting for f € ker;2 X,

ev(f) == flrem, -

Such a function turns out to be in L>(FcM,,) ~ L?>(U(m — 1)) (it is not clear a priori that
such an evaluation map is well defined, so its definition is also part of Theorem 2.5) and is
invariant by the action of H so it yields an element in L?(H\U(m — 1)). The second item
in Theorem 2.5 is already a strong topological constraint on the bundle Fc M and is called
a reduction of the structure group, see §3 where this is further discussed.

We introduce N — SM, the normal bundle, to be the Euclidean bundle over SM
defined for v € S, M as

N(v) := Span(v, Jv)J‘,

where L denotes the orthogonal complement with respect to the Euclidean metric g,. Note
that N is equipped with the complex structure J. Observe that

a*TM =N&®Rv®RJv, (2.19)

so that NV can be seen as a subbundle of the pullback bundle 7*7 M. Parallel transport
with respect to the Levi-Civita connection VIC of sections of A along geodesic flow-lines
is well defined and generated by a first-order differential operator

X := (7*VO) g : C®(SM, N) = C®(SM, N),

which is formally skew-adjoint and commutes with J.

Other than describing the ergodic components of the unitary frame flow, the group
H allows to construct smooth flow-invariant objects. In what follows, we denote by Vect
the category of finite-dimensional Euclidean vector spaces and call o : Vect — Vect an
operation on this category if o is obtained as a finite composition of the following
basic operations: tensor powers V®™ of a vector space V, symmetric powers S™V and
exterior powers A" V. Obviously, for any such operation o, 0(N) — SM is a well-defined
Euclidean bundle still equipped with an induced generator X (for simplicity, we do not
introduce any new notation for the generator on this bundle).

The following theorem holds.

THEOREM 2.6. (Non-Abelian LivSic theorem, [CL22, Theorem 3.5]) Let
0 : Vect — Vect
be any operation on Vect. Then, there exists an isomorphism

ker X N C®(SM, o(N)) —> {f € o(R*™ D) | hf = f forallh € H}.

The isomorphism map is nothing but evaluation at an arbitrary point of SM (similarly
to Theorem 2.5(i)). In other words, flow-invariant smooth sections of tensor products
of the normal bundle correspond exactly to algebraic H-invariant objects on R~
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Theorem 2.6 will allow us to generate smooth flow-invariant sections when the unitary
frame flow is not ergodic. For instance, if one can show that H < U(m — 1 — p) x
U(p) S U(m — 1), that is, H acts reducibly on R~ ~ C™~1 then H fixes an orthog-
onal projector 7 € SZR?("~D onto a complex (that is, J-invariant) space V C R?"~D In
turn, Theorem 2.6 implies that there exists a flow-invariant complex vector bundle V C N
which is the same as the existence of an orthogonal projector 7 € C®(SM, S?N) N
ker X commuting with J.

3. Topological reductions and flow-invariant sections
In what follows, we assume that the complex dimension of M is even and larger than 2,
and we write itasdimg M =m =: 2p + 2, with p > 1.

3.1. Topological reductions. By Theorem 2.5, if the unitary frame flow on FcM is not
ergodic, its transitivity group is a strict subgroup H < U(2p + 1) and there exists a strict
principal H-subbundle Q C FcM. This is known as a reduction of the structure group of
FcM to H. Since Fc M admits a reduction to H, the same holds true for the restriction of
the unitary frame bundle to any sphere Sy, M for xo € M. In turn, as SyyM =~ §4r+3 this
implies that the unitary frame bundle FcS*?*3 admits a reduction of its structure group
fromU2p 4+ 1) to H.

Note that U(2p + 2) and SU(2p + 2) act transitively on S*7*+3 with isotropy groups
U@2p + 1) and SUQ2p + 1), respectively, so we can write

§4P+3 = SUQ2p 4+2)/SURp + 1) = UQR2p +2)/URp + 1).

The unitary frame bundle FcS*P+3 can be identified with U(2p + 2). Thus, the subgroup
SUR2p +2) of U2p +2), seen as a principal SU(2p + 1)-bundle Fc,SUS4p+3 over
§4P+3 is a reduction of FcS*713 to SUQ2p + 1).

The aim of this section is to examine the possible further reductions of F@,SUS41’+3.
Note that as far as the spheres S*7*! are concerned (for p > 1), it was proved in
[Leo71] that their special unitary frame bundle FcsyS*?*+! — $*7*! does not admit any
reduction.

THEOREM 3.1. Let p > 1. Assume that the principal SUQ2p + 1)-bundle F@,SUS41’+3
over S*P13 admits a reduction of its structure group to a strict connected subgroup
Hy < SUQ2p + 1). Then one of the following holds:

(i) either the representation of Hy on C*P+1 is reducible;

(i) or p =1, and Hy is contained in SO(3) < SU(3),
(iii) or p =13, and Hy is contained in Es < SU(27).

Proof. Let Hy be a maximal strict subgroup of SU(2p + 1) containing Hp. Clearly
the principal bundle Py = SUQ2p +2) — $*?*3 also reduces to Hy. Then [Leo71,
Theorem 3] applied (with the notation of [Leo71]) to G2p41 := SU2p + 1) shows that
Hpis a simple Lie group.
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If Hy is a classical simple Lie group and p > 2, by [CC06, Theorem 2.1, (D) and (E)]
applied to G = Hy, we immediately obtain that the representation of Hy (and thus also
that of H) on C?P*! is reducible. The above result does not hold for p = 1 (when the
corresponding sphere S7 is parallelizable), but it is easy to check that the only simple
Lie group strictly contained in SU(3) whose representation on C? is irreducible is SO(3),
embedded in SU(3) via the complexification of its standard representation on R3. This
corresponds to case (ii) of Theorem 3.1.

It remains to study the case where I:Io is (a finite quotient of) one of the five exceptional
simple compact Lie groups.

First of all, it suffices to look at complex irreducible representations of the exceptional
Lie groups of odd dimension 2p + 1. Moreover, by [CCoe6, Proposition 3.1], writing
4p 4+ 3 = dim I:IO + k + 1 for some integer k, there must exist at least k£ vector fields on
the sphere §4P1+3 50 the Radon—Hurwitz number p(n) (defined by the fact that p(n) — 1
is the maximal number of linearly independent vector fields on S"~1) satisfies

p(4p +4) > 4p + 3 — dim H.

For all p > 3, we have p(4p +4) <2p + 3. Since no exceptional Lie group has an
irreducible complex representation of dimension less than 7, it follows that 2p + 1 has
to be the dimension of an irreducible complex representation of an exceptional Lie group
Hy, with

7<2p+1<dimHy+ 1. (3.1)

Denoting by E the Lie algebra of Ho, it turns out that there is no complex odd-dimensional
irreducible representation of an exceptional Lie group Hy satisfying equation (3.1) except
in the following two cases.

Case 1. E = ¢, dimE = 78. There are two 27-dimensional irreducible representations
of ¢¢ satisfying equation (3.1). This case corresponds to a (theoretical) reduction of the
structure group SUQ27) of Fc, suS> to a subgroup of Eg (case (iii) of Theorem 3.1).

Case 2. b = g, dim [') = 14. The only complex odd-dimensional irreducible represen-
tation of g, satisfying equation (3.1) is the complexification of the real 7-dimensional
representation p7 : Go — SO(7) given by the embedding G, C SO(7) for p =3.
However, we will show that F¢ suS 15 does not admit any reduction to G».

Indeed, if such a reduction Pg, exists, then the tangent bundle T'S 15 is isomorphic to
the direct sum R @ (C ® F7), where F7 := Pg, X, R7 is a real vector bundle of rank 7
over 1.

Now, to each rank k real vector bundle E over S'°, one can associate an element o(E)
in the homotopy group m14(SO(k)), namely, the homotopy class of its clutching function
at the equator S < S5 For k < [, let fi; : SO(k) — SO(I) be the standard embedding
and denote by g, : m14(SO(k)) — m14(SO(!)) the group morphisms induced by fi; in
homotopy. If E and F have ranks k and [, respectively, clearly

a(E®F) = griti(a(E)) + g pri(a(F)).
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In our situation, since C ® F is topologically isomorphic to F; @ F7, T S" is isomorphic
to R @ F7 @ F7, so we can write

a(TSP) = guu1s(@(Fr & F7))
= g14,15(287,14(@(F7))) = 2g14,15(g7,14(@ (F7))) = 0,

because w14(SO(15)) = Z,. This is a contradiction since the tangent bundle of S5 s
non-trivial. Therefore, the case h) = g, is impossible, thus finishing the proof. O

Combined with Theorems 2.5 and 2.6, Theorem 3.1 yields the following corollary.

COROLLARY 3.2. Let (M, g,J) be a closed connected Kdihler manifold with even
complex dimension m and non-ergodic unitary frame flow. Then, if m # 4,28, there
exists a finite cover (M , 8 f) of (M, g,J) and a flow-invariant orthogonal projector
Ty € C°°(SA7I, S%N) onto a complex subbundle 'V C N ofrank 1 <r < m/2 — 1 of even
Fourier degree.

Note that by equation (2.19), N is a subbundle of the pullback bundle #*T M so it
makes sense to talk about the decomposition of a section f € C*°(SM, S2N) as a sum of
spherical harmonics as in equation (2.4). The fact that V is complex is equivalent to the
commutation relation [, J] = 0.

Proof of Corollary 3.2. Up to replacing M by a finite covering if necessary, we can assume
that the transitivity group H < U(m — 1) is connected, see [CLMS21, Lemma 3.3]. In
what follows, to keep notation simple, we will still denote this finite cover by M.

The representation p : H — U(m — 1) induces a representation det p : H — U(1)
whose image is either U(1) or {1} (by connectedness of H). Following an argument of
Brin and Gromov [BG80], we first show that (det p)(H) = U(1).

Indeed, assume that (det p)(H) = {1}. As (det p)(H) is the transitivity group of the
frame flow of the complex line bundle A" 0N/, we get by the non-Abelian Livsic
Theorem 2.6 that A" 19N is trivial. Now, using that

AN S A" TM, o oA (—iJv)
is an isomorphism, the triviality of A” O implies that
(A" T M) = 7*c (A"’ TM) = 0 € H*(SM, 7).

However, it can be easily checked using the Gysin sequence [BT82, Proposition 14.33]
(and the fact that the dimension of M is n > 4) that

n*: H*(M,Z) — H*(SM,7Z)

is injective, so ¢ (A™OT M) = 0 = —c{(Kp), where Ky = A™OT*M is the canonical
line bundle. This is impossible since (M, g) has negative sectional curvature. Hence,
(det p)(H) = U(D).

We will now show that the H-representation p on C”~! is reducible. Assume for a
contradiction that p is irreducible. By the Schur lemma, the center C (H) of H is contained
in the set U(1) of scalar matrices. However, the fact that (det p)(H) = U(1) shows that H
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is not semi-simple, so its centre is at least one-dimensional. We thus obtain the equality
C(H) = U(1), that is, H contains the set of scalar matrices.

We now fix an arbitrary point xo € M, restrict the unitary frame bundle FcM to a
bundle over Sy, M and identify Sy, M =~ §4r+3_ As the structure group of Fc M reduces to
H by Theorem 2.5, we obtain by restriction to any fibre of SM — M that the structure
group of FcS*PT3 also reduces to H, that is, there exists a principal H-bundle Py C
Fr§*P+3. We claim that FcS*P*3 admits a further reduction to Hy := H N SUR2p + 1).
Indeed, the principal SU(2p + 1)-bundle Fc syS*7*3 is already a reduction of FgS*P+3
to SU2p + 1) and for every v € S*?13, the intersection of the fibres Fc syS*”*3(v) N
Py (v) is non-empty: if u € Pgy(v) C FcS*P13(v), there exists z € U(1) such that uz €
Fc,SUS4”+3(v), and since U(1) C H (that is, H contains scalar matrices), we also have
uz € Pyg(v), so uz € F@,SUS41’+3(v) N Py (v). It is then straightforward to check that
FesuS*13 N Py is a principal bundle over S*7*3 with group Hy.

As m # 4,28 by assumption, we can apply case (i) of Theorem 3.1 to deduce that
Hp < SU(m — 1) acts reducibly on C™~!. However, as H was assumed to act irreducibly
on C"~!, Hy = H N SU(m — 1) also acts irreducibly on C”~! and this is a contradiction.
Therefore, H acts reducibly on C" 1.

We can then conclude the following using the non-Abelian LivSic Theorem 2.6: by
the remark after Theorem 2.6, there exists a smooth (non-zero) flow-invariant orthogonal
projector 7y € C*®(SM, S*N) onto a flow-invariant smooth complex bundle V' C N.
Following [CLMS21, Lemma 3.10], one can find a (possibly different) smooth non-zero
flow-invariant orthogonal projector 7y € C*®(SM, S*N) of even Fourier degree onto a
flow-invariant smooth complex bundle V C N of complexrank 1 <r <m/2 — 1. O

3.2. Complex normal twisted conformal Killing tensors. If m # 4, 28 and the unitary
frame flow is not ergodic, we know by Corollary 3.2 that there exists a flow-invariant
orthogonal projector 7y € C*(SM, S?N) of even Fourier degree and commuting with J.
The flow-invariance condition is equivalent to Xmq, = 0. A crucial step then is to show
that such a flow-invariant section has finite Fourier degree, that is, the decomposition of
equation (2.4) only involves a finite number of terms. This is the content of the following
lemma.

LEMMA 3.3. For any operation o : Vect — Vect, a section f € C*(SM, o(N)) satisfy-
ing Xf = 0 has finite Fourier degree.

The proof of Lemma 3.3 uses the fact that the sectional curvature of (M, g) is negative
and relies on the twisted Pestov identity in equation (2.6). Lemma 3.3 was first obtained
in [GPSU16, Theorem 4.1], see also [CLLMS22, Corollary 4.2] for a short self-contained
proof. As a consequence, we can decompose

Ty = Ug + Ug—2 + - - -+ uz + uo, (3.2)

where k > Oiseven,u; € C°(M, Q; ® SZTM) and uy # 0. Moreover, since J has degree
0 (that is, it does not depend on the velocity variable v), the commutation relation
[y, J] = Oyields [u;, J] =0foralli € {0, ...,k}.
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We now set
u:i=uy € C¥°(M, Q ® S’TM),

the spherical harmonic of highest degree in the decomposition of equation (3.2) of mq.
Using the mapping property in equation (2.5) of X, the equation Xmq, = 0 then gives
X;u = 0. Such a section u is called a twisted conformal Killing tensor in the literature.
Moreover, since (7 := v = 0 (because YV is orthogonal to the span of v and Jv) and
ty has the mapping properties

b U STM — (o1 @ TM) ® (s @ TM),

we obtain that t,u € C°(M, Q—1 ® TM) is of degree k — 1. The same argument also
shows that tj,u € C°(M, Q1 @ TM).

Using similarly that ¢y, my = (myv, v) =0, a refined algebraic argument allows
to show that tytyu = tyytyjou € C°(M, Qo) is of degree k —2, see [CLMS2I1,
Lemma 4.2] for a proof. Furthermore, we have t,¢j,u = tjyt,u = 0, using that u is
symmetric and J is skew-symmetric, and [u, J] = 0.

A section u € C®°(M, Q; ® S?T M) satisfying

X4u =0, uhasdegreek — 1, ,t,u hasdegree k — 2, (3.3)

was called in [CLMS21, §4.1] a normal twisted conformal Killing tensor. (The adjective
normal refers to the conditions on t,u and ¢,t,u.) Here, the section u satisfies the extra
condition [u, J] = 0. It is thus worth introducing the following terminology.

Definition 3.4. A section u € C®(M, % ® S2TM) satisfying equation (3.3) and
[u, J] = 0 is called a complex normal twisted conformal Killing tensor.

By Corollary 3.2 and the discussion above, we obtain the following corollary.

COROLLARY 3.5. Let (M, g,J) be a closed connected Kdihler manifold with even
complex dimension m and non-ergodic unitary frame flow. Then, if m # 4, 28, there exists
a non-zero complex normal twisted conformal Killing tensor u of even degree k > 2.

Proof. Corollary 3.5 follows immediately from Corollary 3.2 and the above discussion,
except for the point that £ > 2 which we now prove. If k = 0, then w9 = u = ug is of
degree 0 and thus 7, can be identified with a section in C*°(M, S2TM ). However, we
must also have (,7qy = 0 for all v € T M by equation (3.3), so m«y = 0, which contradicts
the non-vanishing of 7. O

The aim of the remaining sections is now to rule out the existence of such a non-zero
complex twisted conformal Killing tensor of even degree k > 2 under a holomorphic
pinching condition A > A(m).

4. Bounding the terms in the twisted Pestov identity

Throughout this section, (M, g, J) is a negatively curved compact Kéihler manifold of real
dimension n = 2m with A-pinched holomorphic curvature, and u € C®(M, Q; @ S*TM)
is a complex normal twisted conformal Killing tensor of even degree k > 2.
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Our aim is to bound from above the terms appearing on the right-hand side of the

. . . . . 2 2
twisted Pestov identity in equation (2.6), namely, the first term (RV@ ™y, Vg, ™yy s

and the second term (75 TMy, Vg,zTM u); 2, and to bound from below the term || X_u ||%2
on the left-hand side. Sometimes, it will be convenient to consider general vector bundles
E — M rather than the specific bundle ST M.

To simplify notation, we will drop the volume forms in the integrands. The reader
should keep in mind that integrals over spheres S, M (for x € M) are always computed
with respect to the round measure |dv| on the sphere, while integrals over M are computed
with respect to the Riemannian measure |dx| induced by the metric g. Moreover, we will
often work with expressions involving a local orthonormal basis of a vector bundle E,
usually denoted by (ey)y; for the simplicity of notation, when we write sums over o, we
will mean that the sums are pointwise (and the basis might change from point to point).
We also introduce the following constants:

dng =k +k—2), By = (k(n +k —2)(n — 1))1/2,
n+k—2)n+2k—4k
= Sk i= 2k — 4.
L Y T v s S

4.1. Bounding the first term in the right-hand side. Let E — M be a Euclidean vector
bundle equipped with an orthogonal connection V. Then, the following lemma holds.

LEMMA 4.1. Forall f € C*°(M, 2, ® E),

30—-2
(RVE £, e < =2 anknfan——// Dt Vs

where we write locally f =", fu €q for (€y)acr a local orthonormal basis of E.

Proof. Using the upper bound in equation (2.14) on the sectional curvature from
Lemma 2.3,

VS VENe= [ [ Y ROVELE )
M JIsm

=2 .o 3 )
5—T||vvf||L2—7// TR

30 =2
SRS VR o B A AT

=Pkt k- z>||f||L2——f /SMZ” IV fu)?

Since o,k := k(n 4+ k — 2), this completes the proof. O

4.2. Bounding the second term on the right-hand side. Assume now that E = APTM
or E = SPTM for some p > 1. Using the decomposition of the Riemannian curvature
tensor R = Ry + (1 + 1)/2G in equation (2.15), we can write the second term on the
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right-hand side of the Pestov identity in equation (2.6) as
E E L+A k. GE
(FES VG D2 = (FG £ Vg Pz + —— G f, Vi Fre. (CRY)

More precisely, ‘Fg and GF are defined from Ry and G, respectively, by extending the
latter to E as in §2.2.1 and using equation (2.7). We now study separately the two terms in
equation (4.1). We start with the following lemma.

LEMMA 4.2. If E = APTM or E = SPTM, then forall f € C®°(M, Q2 ® E),
FE E 4p 2
HFo f> Vy el < ?(1 = M) Buil fI72-

Lemma 4.2 will be applied with E = TM and E = ST M.

Proof. The proof is the same as [CLMS21, Lemma 4.5] by inserting the bound in equation
(2.17). O

We now study the second term in equation (4.1).

LEMMA 4.3. Let f € C®°(M, Qi ® E) suchthat 1, f, tjy f are of degree k — 1. Then, the
Jfollowing hold:
i) FE=TM,

1
G 1IN e = 8kl FIZ2 + e f172) + 3117

1
+3 fM fM Xajw, IV fa) (fs J €q);

(i) ifE=S*TMand[J, f]1=0,
2 2
G5 VG ) 2 = Sualu 172 + 1£113.

Proof. We start with the proof for E = T M. Note that this equality is an integral equality
over SM. We will actually prove the integral equality over S, M for every x € M, and then
it suffices to integrate over x € M to obtain the result. Recall that G is defined in equation
(2.12). Using the expressions in equations (2.7) and (2.13),

43 G, VW fur fre) = ) (VA VY fa) f, ea)

H (oA TVy fo) frea) +2(v, IVy fo)(f, T €d)). (4.2)

The integral over S, M of the first term on the right-hand side can be immediately
computed using [CLMS21, Lemma 4.6] (in the A? case with p = 1; we warn the reader
that, in the notation of [CLMS21], G denotes the curvature tensor of the real hyperbolic
space, that is, G = g ® g. The term ) _, fSYM(v, IV fa, €a) — (v, eq)(Vy fu, f) thus
corresponds exactly to the term computed in [CLMS21, Equation after (4.14)] with p = 1)
since ¢, f is of degree k — 1 and yields
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/sm DA ATf ) = /| (Z(v, U fur ) = (0, €0) (Vo o f>)

X o
= (1 2% = Dl f ags,yy + 1 Basrny

where we use the notation
£ 172500 = fs B @L ), lew FI32 5,00y = /S . [0

We claim that the integral over S, M of the second term in equation (4.2) is equal to

(n+2k — 4)||L‘]Uf||iz(SXM) + ”f”iz(SxM)' Indeed, observe first that for each «,

(JoAIVY ) fsea) = (VA VY fa)If, T eq).

Now, since fo = (f, eq) = (Jf, J ey), changing the basis (e,) by (J ey), we see that
the second term in equation (4.2) is the same as the first term with f replaced by Jf.
Using t,J f = —tjy f, the result now follows from the previous computation. Inserting the
previous equality in equation (4.2) gives the desired result (after integration over M) since
Spp =n+2k—4.

We now deal with the case E = S2T M. As before, using the expressions in equations
(2.7), (2.11) and (2.13),

4 Goru. Vo far frea) = D (LA Vy fo). f1. €)

+ ([(JvATVy fa), f1, ea) = 2(v, JVy fo) (], [, €a)),
4.3)

where (ey)y is a local orthonormal basis of S27 M. The integral over Sy M of the first term
can be computed using [CLMS21, Lemma 4.6] (case of symmetric 2-tensors) since ¢, f is
of degree k — 1 and yields

/S . D (@AY o), f1e) =200+ 2k = Dlew f o5 4y + 20 f 1 005,00y @9

The third term vanishes in equation (4.3) since [J, f] = 0 by assumption.
We now claim that the integral over S, M of the second term in equation (4.3) is also

equal to 2(n + 2k — 4) ”L“f”iZ(SXM) + ZHf”iz(SXM)’ which will finish the proof. Indeed,

observethat JX A JY = —J o (X AY)o J forany X, Y € T M, and therefore using also
[J, f]1 =0, we get for each «,

JvAJIVY fo, fl= =T o[vAVyfy, floJ.
Consequently, we can rewrite

([JovAJIVY fu, fl.ea) = (=T o[VA Vy fo, floJ,ey) = ([VA Vyfy, fl,—J o€y oJ).

Note that (—J o ey 0J)g is also an orthonormal basis of S2T'M, and since f = —J o f o
J=—->, faJoeyol,

fa=(f,ea)=(f,—JoeaoJ),
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The claim thus follows from equation (4.4). O

4.3. Bounding from below the left-hand side. ~Going back to the case E = S?T M, we
now bound from below the term || X_u ||%2 appearing on the left-hand side of the twisted
Pestov identity in equation (2.6).

LEMMA 4.4. Let u € C®(M, Q% ® S2TM) be a complex normal twisted conformal
Killing tensor in the sense of Definition 3.4. Then, for k > 0, the following inequality holds:
(k—1(n+2k—-2)

k

30 —2 8(1 — A) 291 4+24) 142
> ( k-1 — Tﬂn,kq T 5n,kl)”lvu”iz'

2
IX_ul2,

The proof of Lemma 4.4 requires an additional step and is postponed to the end of this
paragraph.

LEMMA 4.5. Let f € C*(M, Q @ TM) such that v, f, 1y, f are of degree k — 1, and
assume A € [2/3, 1]. Then, the following holds:

k(n + 2k) . [3n-2 41— 1) 201 + 1)
k+—1”X+f”L2 2( gk~ T,Bn,k 9—>||f||L2
1+
-5 o k(e f172 + s F132)-

Proof. Using the twisted Pestov identity in equation (2.6) with £ = T M, and applying
the bounds provided by Lemmas 4.1, 4.2 and 4.3,

k(n + 2k) 2
—IX
1K

_< TMf VTMsz— 7’-TMf VTMf)LZ
ank||f||L2+—/ / Z (w, 79y £ — 22 )ﬁnknfan

1+ A

1
_ T(Zgn,k(nt,,fngz e f122) + §||f||iz

+%/M fXM Z (0. Ty fa) I Jea>|>.

‘We now use the estimate

: /. / Dot IV fllf S ) < LI+ [ /XM S (o, IV )2,

which holds for all € > 0, to deduce that

k(n + 2k) 3h—2 3\
— X4 fl7 = il flZ2 + 7 fM/ . > (. TV fu)?
x o

k+1 4

41 —
— %ﬂmkufniz
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1+A1/1 1 1
—~ T(an,muvfniz + e f1I32) + (5 + E)nfniz

£ 2
— , JVy fo .
+4foSXM;<v Vf>>

Taking the specific value ¢ := 61 /(1 4+ 1), we see that the coefficients in front of the
term f M Za f s, w v, JVy fat)2 cancel out. Moreover, since by assumption A € [2/3, 1],
we have the lower bound ¢ = 61/(1 + 1) > 12/5 and this eventually yields the result. [J

Remark 4.6. In the last paragraph of the proof of Lemma 4.5, one could decide to keep
using the exact value ¢ = 61/(1 + 1) in the estimate. However, the benefit of doing so
would be minor in the final result so, for simplicity, we decided to use the trivial lower
bound ¢ > 12/5.

We can now prove Lemma 4.4.

Proof of Lemma 4.4. Using the equality X(tyu) = (,Xu = ,X_u and the fact that
tjoX_u = J (1 X_u),

IX_ull?, = lewXoul7s + loXoul?, = 2[0X ul?,
= 2| X ()32 = 2 X4 (i) I3 2 + 21X (i)]|3
> 2| X4 (u) |72,
where in the second line, we used that ¢,u and ¢;,u are of degree kK — 1 and the mapping
property in equation (2.5). By assumption, u# is a complex normal twisted conformal
Killing tensor, so this implies that ¢yt u = tjytyu = 0 and ytyu = tyytgu is of degree
k — 2. As a consequence, we can apply Lemma 4.5 with f :=(,u (which is of degree
k — 1). Using the fact that ¢ ;,, f = 0, together with the fact that

2 2 2
lew fllg2 = Newtwullys < lewuellyo,
L L L

we obtain the announced result. ]

5. Pinching estimates
In this section, we prove our main result, Theorem 1.1.

5.1. Computations. We start with the following lemma.

LEMMA 5.1. Ifu € C®(M, Qi ® ST M) is a complex normal twisted conformal Killing
tensor, the following inequality holds:

Bui)lull} 2 + Cok W [loul7, <0, (5.1)

where
31—
4

14+

2 s — S (1= 2P (52)
Un k 3 n.,k ) .

By (A) =
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and
3L—2 8(1—2) 29(1 4+ A) 1+
Cor(A) = - — 1 — — Sn k—
nk(A) Vn,k( 5 nk—l 3 1.k 13 7 Onk 1)
1+ A
- Sk (5.3)

Proof. Straightforward computation, inserting in the twisted Pestov identity in equation
(2.6) the lower bound for | X_u||> (Lemma 4.4), the upper bounds for the terms on the
right-hand side (Lemmas 4.1 and 4.2 applied to f = u, and Lemma 4.3(ii)), as well as

using the facts that Xy u = 0 (by the definition in equation (3.3)) and || Z(u) ||i2 >0. O

Recall that n = 2m is the real dimension of M. The end of the proof of Theorem 1.1 then
consists in finding a pinching condition A > A(m) for which the left-hand side of equation
(5.1) is non-negative, thus forcing the complex normal twisted conformal Killing tensor
u to be zero, which then contradicts Corollary 3.2. More precisely, we have the following
lemma.

LEMMA 5.2. If the inequalities
Buy() >0 and B,x(\) + 3Cur(0) > 0 (5.4)

hold, then equation (5.1) implies u = 0.

Proof. If C,x(A) >0, this is immediate from the first part of equation (5.4). If

Coi(3) <0, using that ul)?, > lleul2, + lsvul?, = 2[ltoull?,. we get by equation
(5.1):

(Bui () + 3Cu i O ull?, <0,
so u = 0 by the second part of equation (5.4). O

Moreover, the following lemma holds.

LEMMA 5.3. Assumen >4 andk > 2. One has B,y > 0 <= A > A1(n, k), where

A, k) = 6an,k + 32,311,k +6
N Sk + 32Bui — 6

and By, x + %Cn,k >0 < A > Ao(n, k), where

ho (1. k) = 60tk 4+ 32Bn i + 6 + Yk (60 k1 + 168, 4—1 +29/8 4+ 3/28, k—1) + 36,k
’ ' 9an,k + 32/3n,k -6+ Vn,k(gan,kfl + 16,3n,k71 - 29/8 - 3/28n,k71) - 38n,k ’

Proof. Follows immediately from equations (5.2) and (5.3), as the expressions of B, x and
Cp x are affine functions in A. O]

Before proving Theorem 1.1, we need to study the variations of the sequences
k> A(n, k)and k — Ar(n, k).

LEMMA 5.4. For n > 4, the sequences k +— A1(n, k) and k +— Ay(n, k) are decreasing
fork = 2.
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Proof. Tt is straightforward to check that both sequences are positive for k > 2 and n > 4.
Using that o, = ,B,f’k /(n — 1), we can write

1 Ve 3 — 12/ i
M k) 6k + 3280k + 6 643200 — 1)/Buj + 6/

Since «, and B, are positive and increasing in k, the numerator in the right-hand
term is increasing in k, whereas the denominator is positive and decreasing in k. Thus,
k — Xi1(n, k) is decreasing.

Consider now the expression Ao (n, k). Again it is easy to check that Ay(n, k) > 0 for
k>2andn > 4, and

1
-1
A2 (n, k)

_ 3an,k — 12+ Yk (3an,k71 —29/4 — 38n,k71) - 68n,k

60k 4 32Buk + 6 4 Yk 6ni—1 + 16Bu—1 +29/8 +3/28, k1) + 38k

_ 3 = 12/0tnk + Yuk/0n e Batng—1 —29/4 — 38 k—1) — 68n i/ ctnk

B 6+ 32ﬂn,k/an,k + 6/an,k + Vn,k/an,k (6an,k71 + 16/3n,k71 + 29/8 + 3/Z‘Sn,k—l) + 35n,k/an,k '

Let us denote this last expression by E;, x/F;, . We claim that E, x is increasing in k and
F, k is decreasing in k.
Using the fact that y,, x/on i = (n + 2k — 4)/((n + 2k — 2)otn j—1),

12 + 66 29
E,p =3+ 3 Yk Opj—1 — LA Onk D nk 3m8n,k—l
Op .k Up .k 4 On.k On.k
n+2k—3 n+2k—2 29 Yk Vnk
= - - — —3—8nk—1
n+2k-—2 On k 4 o Un k
6 6 6 ik 5
- 2> 3k 2% —4)+ > ).
nt2k—2 k ntk—2 an,k((”Jr )+12)

n+2k—4 /Sn,k—l Snk—1

an,kﬂn’k_l - n+2k -2, 51 - n+2k—-2"

where we denote s, x 1= (n + 2k — 2) Bn i /otn k- A straightforward computation similar to
that for E, x shows that

nE2%—2  n+2k—4 3y 5

For =6+3 =1, 2%k —4) + >

mk =0+ n+2k—2 2an,k<("+ )+12>
+32 Sn.k +16 Snk—1

n+2k—2 n+2k -2

To prove our claim, it is thus enough to remark that

Yok (n + 2k — 4)?
2%k — 4k
A s T G- Dtk 2k —2)
n—4 1 n 1 4

_n—2.k—1+n—2-n+k—3+(k—1)(n+k—3)(n+2k—2)
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is decreasing in k (and thus y, /o, k is decreasing in k too);

- N (n—2)2
Sk = (04 2k = )T T _\/(n_l)(4+k(n+k—2))

is decreasing in k, and

n+2k—2 2n+2k—4:2+ n+2k—2 _ 4
Opk n+2k—2 kn+k—-2) n+2k—-2
(n—2)*
k(i +k—2)(n+2k—2)
is decreasing in k. O

5.2. Proof of ergodicity. We can now conclude the proof of the ergodicity statement in
Theorem 1.1.

Proof of ergodicity in Theorem 1.1. We need to show that under the pinching condition
A > A(m) of Theorem 1.1, the unitary frame flow is ergodic. If the frame flow is not
ergodic, and m # 4,28, we know by Corollary 3.2 that there exists a flow-invariant
orthogonal projector 7y € C®(SM, S?N) of even Fourier degree onto a complex vector
bundle V C Nofrank 1 <r <m/2 — 1.

By Corollary 3.5 and Lemma 5.1, this yields the existence of a non-zero complex normal
twisted conformal Killing tensor u € C*°(M, Q; ® S2T*M ) of even degree k > 2 which
satisfies the inequality in equation (5.1). We distinguish two cases.

Case 1. If k >4, Lemmas 5.3 and 5.4 show that if the holomorphic pinching A
satisfies A > max(A(n, 4), A2(n, 4)), we then have B, x > O and B, x + %Cn,k > (0 which
by Lemma 5.2 implies that u = 0.

Case 2. If k = 2, let <y be the projector given by Corollary 3.2, whose complex rank r
satisfies 1 <r <m/2 — 1. By [CLMS21, Lemma 4.2], one can then show that 7, must
be of the form

2r
Ty = FILTM +u,

withu € C®°(M, Q, ® S?>T*M) as above. In particular, since 17y is parallel, this implies
Xu = 0, that is, Xtu = 0. Moreover, a quick algebraic computation (see [CLMS21, p.

38]) gives
2
lepull?, = mnuniz, (5.5)
and since 2r <m —2=n/2 — 2,
n—4
leuell3, < mnuniz. (5.6)

Applying the twisted Pestov identity in equation (2.6) to u for k = 2, using that X, u = 0
(the bound of Lemma 4.4 is therefore useless), and the upper bounds of Lemmas 4.1, 4.2
and 4.3, we find that
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I+
2

2
nlleull?, < 0.

30—2 8(1—2) 14+ A
( TR <2n<n—1)>”2—7>||u||iz—

Inserting equation (5.5) in the previous inequality, then

( s =5 G — ) = — = il < 0.

This shows that # = 0 when k = 2, as soon as the holomorphic pinching X satisfies
6n + 16Q2n(n — 1)'2 +6n/(n+4)
On +16Q2n(n — 1)1/2 —6n/(n +4)°

Summarizing the two cases kK > 4 and k = 2, we have obtained that the the unitary
frame flow is ergodic as soon as the holomorphic pinching A satisfies

A > A3(n) =

A > max(A;(2m, 4), Ay(2m, 4), A3(2m)) =: Ao(m).

Using a formal computing tool, it can be easily checked that Aog(m) = Ax(2m) for m > 6.
However, for practical reasons, we will give a bound which is slightly less accurate, but
much easier to compute.
Namely, using the obvious inequality ((n + 2)(n — 1Y% < n + 1/2, we can write
1 = 34 — 12 . 12(n+2)—12
A (n, 4) 604+ 32Bua+ 6 24(n+2)+324(n +2)(n — 1)1/2+6
12n + 12 6n +6
> = .
88n + 86  44n +43
Similarly, since 16+/2 < 68/3,
1 {— 3n—12n/(n +4) . 3—12/(n+4)
3(n) T en+16Q2nn —1))12 +6n/(n+4) 6+ 1620 —1)/n)/24+6/(n +4)
3—-12/(n+4) 9n
> = .
6+68/3+6/(n+4) 86n 4362

Finally, using the calculation in the proof of Lemma 5.4 together with the obvious
inequalities 64/+/3 < 37 and

4 dn+2)(n+4) 4n
= > Y4 = > foralln > 3,
3 T 3n+D(n+6) 3n+1)
we obtain
1 30‘;1,4 - 12+ Vn,4(3an,3 —29/4 — 38n,3) - 68n,4

Aa(n,4) = 60tpa + 32Bn4 + 6+ Yna(6ay3 + 168,13 +29/8 +3/28,3) + 38p.4
1200 +2) — 12+ 4n/3(n + 1O + 1) — 29/4 — 3(n + 2)) — 6(n + 4)
T 24(n+2) + 641 + 1/2) + 6 1 4/3(18(n + 1) + 16530 1 29/8 1 3/2(n + 2)) + 3(n + 4)
l4n — 77/3 14n — 26
T (17 1 64/Bm + 126 +29/6  154n + 131

It is straightforward to check that

6n +6 9n 14n — 26
> >
44n +43  86m +362  154n + 131

foralln > 0,
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which implies 1/xg(m) — 1 > (14n — 26)/(154n + 131), so eventually

154n + 131 308m + 131
1687 + 105 ~ 336m + 105

thus proving the ergodicity statement of Theorem 1.1. [

lo(m) <

A(m),

We conclude this paragraph by a remark on the remaining cases m = 4, 28.

Remark 5.5. In the case m = 28, one can check (using the LiE program for instance)
that Eg fixes an element of S3C?’. As we saw in the proof of Corollary 3.2, the transitivity
group is never semi-simple as it always contains the scalar matrices: Theorem 3.1 therefore
does not exclude that subgroups of E¢ x U(1) S U(27) occur as transitivity groups in
complex dimension m = 28. In this case, the transitivity group would fix an orthogonal
projector of End(S3C?”). Nevertheless, the argument given below involving the twisted
Pestov identity does not carry over to End(S3C?’) because this vector space involves
tensorial powers of too high degree. In other words, the argument would result in a pinching
condition A > A(28) for some A(28) > 1 so the statement would be empty. A similar
remark holds for the case m = 4. This should be compared with [CLMS21, Theorem 3.8]
where we only deal with elements of o(N) with o € {id, $2, A2, A3}. The worse pinching
estimate in [CLMS21, Theorem 1.2] comes from the exterior power A3N.

5.3. Proof of mixing. It now remains to show the mixing property of Theorem 1.1, which
is implied by the following result.

PROPOSITION 5.6. The unitary frame flow on a negatively curved Kdhler manifold (M, g)
is ergodic if and only if it is mixing.

Proof. Mixing implies ergodicity so it remains to show that ergodicity implies mixing in
this setting. By [Lef23, Proof of Lemma 3.7], it suffices to show that the equation

Xpemu =iru, *eR\{0}, ue L*(FcM) (5.7)

implies that u = 0. Letu € L?(FcM) be a solution to equation (5.7). Since FcM — SM
is a principal U(m — 1)-bundle over SM, the space L*(FcM) splits as

+00
L>(FecM) = @ L>(SM, ©y), (5.8)
k=0

where Oy is the vector bundle over SM whose fibre over v € SM is the eigenspace of
the Casimir operator of U(m — 1) acting on functions of the fibre (FcM),, associated
to the eigenvalue py > 0 (and py # u; for k # j). Since Xy preserves the splitting
equation (5.8) (because the frame flow (®;);cg commutes with the right-action of
U(m — 1)), we deduce that for each k > 0, the component u; € L2(SM, ©) of some

function u = Zk Uy € ea;fng(SM , O) satisfying equation (5.7) must satisfy

XFCMuk = i)\.uk.
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Since @9 = C is trivial over SM, the equation X rpuo = idug reads Xug = idlug,
where ug € L>(SM) and X is the geodesic vector field. However, the geodesic flow is
mixing as (M, g) has negative curvature, so we deduce that ug = 0.

For k # 0, [Lef23, Proposition 2.7] based on microlocal analysis shows that
ug € L2(SM, 0 is actually smooth, that is, u; € C*°(SM, ©). Moreover,
X pemluk |2 = 0, so using the ergodicity assumption on the frame flow (®;);cr, we get that
|ug| is constant on Fc M. If uy # 0, then up to rescaling, we obtain that uy : FcM — U(1)
is a well-defined smooth map. To simplify the notation, we will drop the index k from now
on and simply write u instead of u, and p instead of pi.

Denote by P the unit circle bundle of the complex line bundle A” 9N — SM. Now,
observe that there is a natural surjective bundle map v : FcM — P given by

vi(v,e, ..., e, — (v, %(ez —iJe)A...A %(em —iJ em)).

There is a natural unitary parallel transport along geodesic flow-lines of sections of
AN 5o there is a flow (QDIP )ter On P with generator X p extending the geodesic
flow (¢:)rer as in §2.3, that is, writing 7 : P — SM for the projection map, one has
T o CD,P = ¢; o for all t € R. Moreover, i intertwines the frame flow on FcM and the
flow on P, that is

ooy =y od,. (5.9)
We claim that the following holds.

CLAIM 5.7. There exists a smooth function w € C*°(P) such thatu = ¥*w and Xpw =
iAW.

Note that, once we know that u = {*w for some function w, the relation X pw = iAw
is immediate using equation (5.9) and X popyu = iAu.

Proof. We show that u = y*w for some w € C*(P). We fix an arbitrary point vg € SM
and wg € (FcM)y,. There is then a commutative diagram

v
(F(CM)UO > on (5.10)

~ ~

Uim — 1) 2> u)

where the downward arrows are isometries. Hence, by restricting u to the fibre (FrM)y,
and identifying isometrically (FcM),, = U(m — 1), we get amap F := u(vp) such that

F:FcM>~U(@m—1) - UQ),

and Ay—1)F = nF with u # 0 since u takes values in ®; for k # 0. In other words,
F is an eigenfunction of the Casimir operator on U(m — 1) associated to the eigenvalue
i # 0 and of constant modulus.

Now, recall that U(m — 1) is a split group extension of the circle group U(1) by the
special unitary group SU(m — 1), that is, det : U(m — 1) — U(1) is a fibre bundle with
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fibres isometric to SU(m — 1). We claim that such a function F must then necessarily be
constant on the SU(m — 1)-fibres of the bundle U(m — 1), that is, F = det* f for some
f € C®(U(1)), u = j? for some integer j > 0 and f is an eigenfunction of Ay with
eigenvalue j2.

Indeed, since U(m — 1) = SU@m — 1) xz, , U(1), there is a Z,,_;-bundle map p :
SU(m — 1) x U(1) - Um — 1), p(w,z) = wz, and this map is locally a Rieman-
nian isometry. (The Z,,_j-action on SU(m — 1) x U(1) is simply given by (w, z) —
(wo ™k, ofz) for (w,z) € SUm — 1) x U(1), k € {0, ..., m — 2} and @ := Z7/(m=D)
As a consequence, we get that Asyen—1)xu)P*F = p p*F. As SU(m — 1) x U(1) is a
Riemannian product, its eigenfunctions are obtained as sums of products of eigenfunctions
on each factor and the eigenvalues are sums of the eigenvalues on each factor. Hence, we
can write

N N
P'F(w,z) = Z aj(w)b;(z) = Z aj(w)zkf
j=1

j=1

for some finite number N > 0, where (w, z) € SU(m — 1) x U(1), k; € Z and k;j; # kj,
for ji # j2, a; # 0 is an eigenfunction of Asy,—1) associated to the eigenvalue A; and
Aj+ ka. = u > 0. However, we also know that p* F has constant modulus (equal to 1).
Freezing an arbitrary point w € SU(m — 1) and looking at |p*F |*(w, z) as a function
of z € S, we easily get that N must be equal to 1, that is, p*F (w, z) = a(w)zF for some
k € Z.Hence,a € C*°(SU(m — 1)) satisfies |a| = 1 and Asyn—1)a = Aa for some A > 0
(with k2 4+ 1 = p).

We claim that A =0, that is, a is constant, and F is thus constant along the
SU(m — 1)-fibres. Indeed, if A # 0, using

0 = Asum-nlal* = (Asum-1)a)a + a(Asym-1ya) — 2Va - Va
=21 —2|Val%,

we get that [Va| is a non-zero constant. Since SU(m — 1) is simply connected, the map
a lifts to the universal cover of U(1), so there exists a map 8 : SU(m — 1) — R such that
a = ¢'?. At a critical point of 6, we thus get Va = 0, which is absurd.

As a consequence, A = 0 and this shows that F is constant along SU(m — 1)-fibres of
the bundle map det : U(m — 1) — U(1). In turn, as equation (5.10) commutes, we get that
u is constant on the preimages of the map ¥ : FcM — P so u = y*w for some smooth
w € C®(P). O

We thus have just shown that if there is a non-zero solution to equation (5.7), then there
is also a non-zero solution to

Xpw =irw, *eR\{0},we CP(P). (5.11)

Hence, it remains to show that equation (5.11) has no non-zero solutions, and we will
actually show it for w € L2(P).
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Assume that w € L%(P) is a solution to equation (5.11). As above, using that P is a
principal U(1)-bundle, we can decompose

L*(P) = @ L%(SM, Ly), (5.12)
keZ

where the sections of Ly are given by functions f € L?(P) satisfying Vf = ikf, where V
is the infinitesimal generator of the U(1)-action on the fibres of P. Observe that Ly = L®
for k € Z where L := L1 and L1 ~ A" 0N, Now, using the splitting equation (5.12),
the equation Xpw = iAw reads Xpwy = ilwy for all k € Z, where wy € LZ(SM, Lyp)
(similarly to equation (5.8) and the subsequent argument). By [Lef23, Proposition 2.7], we
also have that wy is smooth, that is, wy € C®°(SM, Li). Moreover, X|wk|2 = 0, where
lwie|2(v) := va lwi (v, u)|?> du and u € P, is the variable in the U(1)-fibre, so |wy| is
constant by ergodicity of the flow (¢;);er. If Kk =0, Ly = C is trivial over SM so the
mixing of the geodesic flow (¢;);cr then implies that wo = 0. If k # 0 and wi # 0,
then we obtain a smooth nowhere vanishing section wy € C*°(SM, L), so L is trivial.
However, in turn, this implies that the first Chern class of L| = A" 19N s torsion. From
the proof of Corollary 3.2, we obtain that the canonical bundle Kj; of M has torsion first
Chern class so the image of ¢ (K ) in H 2(M, R) vanishes. This is a contradiction since
this image is equal to [—1/(2m) p] where p is the Ricci form of M, which is not exact since
M has negative definite Ricci tensor. Hence, any solution to equation (5.11) is trivial, and
thus, so is any solution to equation (5.7). This finishes the proof of Proposition 5.6. O
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