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We study the geodesic motion planning problem for complete Riemannian manifolds
and investigate their geodesic complexity, an integer-valued isometry invariant intro-
duced by D Recio-Mitter. Using methods from Riemannian geometry, we establish
new lower and upper bounds on geodesic complexity and compute its value for certain
classes of examples with a focus on homogeneous Riemannian manifolds. To achieve
this, we study properties of stratifications of cut loci and use results on their structures
for certain homogeneous manifolds obtained by T Sakai and others.
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1 Introduction

A topological abstraction of the motion planning problem in robotics was introduced
by M Farber [12]. The fopological complexity of a path-connected space X is denoted
by TC(X) and intuitively given by the minimal number of open sets needed to cover
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X x X such that, on each of the open sets, there exists a continuous motion planner.
Here, a continuous motion planner is a map associating with each pair of points a
continuous path from the first point to the second point which varies continuously with
the endpoints. Such maps are interpreted as algorithms telling an autonomous robot in
the workspace X how it is supposed to move from its position to a desired endpoint.
Unfortunately, the topological complexity of a space does not tell us anything about the
feasibility or efficiency of the paths taken by motion planners having TC(X) domains
of continuity; see the discussion of Z Btaszczyk and J Carrasquel-Vera [3, Introduction].
For example, the explicitly constructed motion planners for configuration spaces of
Euclidean spaces by H Mas-Ku and E Torres-Giese [29] and Farber [16, Section 8]
require few domains of continuity, but have paths among their values which are far
from being length-minimizing. Considering a general metric space, paths taken by
the motion planners might become arbitrarily long and thus be unsuited for practical
motion planning problems.

Recently, D Recio-Mitter [34] has introduced the notion of geodesic complexity of metric
spaces. There, the paths taken by motion planners are additionally required to be length-
minimizing between their endpoints. Intuitively, this is seen as the complexity of efficient
motion planning in metric spaces. Recio-Mitter’s seminal article has already triggered
research in geodesic complexity, especially computations of geodesic complexity for
interesting classes of examples; see Davis, Harrison and Recio-Mitter [8; 9; 10].

In this article we study the geodesic complexity of complete Riemannian manifolds
and derive new lower and upper bounds for their geodesic complexities by methods
from Riemannian geometry.

Before continuing, we recall the definition of geodesic complexity of geodesic spaces
from [34, Definition 1.7] for the special case of a complete Riemannian manifold. Let
(M, g) be a complete connected Riemannian manifold and let PM := C°([0, 1], M)
be equipped with the compact—open topology. We recall that a geodesic segment
y:[0,1] = M is called minimal if it minimizes the length compared to all rectifiable
paths from y(0) to y(1). For simplicity, we shall call a minimal geodesic segment
simply a minimal geodesic. Consider

GM :={y € PM | y is a minimal geodesic in (M, g)}
as a subspace of PM and let

7:GM - M xM, n(y)=(y(0),y()).
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By standard results from Riemannian geometry, 7 is surjective since (M, g) is complete;
see Petersen [33, Corollary 5.8.5]. The geodesic complexity of (M, g) is given by
GC(M, g) = r, where r € N is the smallest integer with the following property:
there are r pairwise disjoint locally compact subsets Eq,..., E, C M x M with
Uf=1 Ei = M x M such that, for each i € {1,2,...,r}, there exists a continuous geo-
desic motion planner s; : E; — GM, ie a continuous local section of the map . If there
is no such r, we let GC(M, g) = +o00. Since it is not at all evident how to compute this
number explicitly, one is interested in establishing lower and upper bounds for GC(M, g).
This approach is also common in studies of Lusternik—Schnirelmann category or, more
generally, sectional categories of fibrations. Given a fibration p: E — B, the sectional
category of p is given by secat(p) =k, where k € N is the minimal number with the fol-
lowing property: there exists an open cover of B consisting of k open subsets such that
p admits a continuous local section over each of these sets. This notion was introduced
under the name genus of a fibration by A Schwarz [39]. The topological complexity
of a topological space X is for example given as the sectional category of the fibration

PX - X xX, y+ (y(0),y()).

Schwarz worked out several ways of obtaining lower and upper bounds for sectional
categories which have direct consequences for topological complexity; see eg Farber
[14; 15, Chapter 4] for an overview.

However, the restriction w: GM — M x M of this fibration to minimal geodesics
is in general not a fibration. For example, if M = S” is an n—sphere with n € N,
equipped with a round metric, then 71 ({(p, g)}) consists of one element if ¢ # —p,
while it is homeomorphic to S”~1 if ¢ = —p. In particular, not all preimages are
homotopy-equivalent, so r is not a fibration in this case. Therefore, Schwarz’s results
are not applicable to the setting of geodesic complexity. Instead we will derive several
lower and upper bounds for the geodesic complexity of Riemannian manifolds using
methods from Riemannian geometry. By [34, Remark 1.9], every complete Riemannian
manifold satisfies TC(M) < GC(M, g). This formalizes the observation that requiring
the paths a robot takes to be as short as possible can increase the complexity of the
problem. For example, as shown in [34, Theorem 1.11], for each n > 3 there exists a
Riemannian metric g, on the sphere S” for which GC(S”, g,) —TC(S") >n—3.In
practical applications, a person designing robotic systems that are supposed to move
autonomously might not mind a higher complexity. In fact, such a person might accept
more instabilities in the motions of robots as a downside if the upside is that the robots
move fast and efficiently.
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An important observation is that the difficulties of geodesic motion planning lie in
the cut loci of (M, g), as was pointed out by Recio-Mitter [34, page 144] in the more
general framework of metric spaces. Let Cut, (M) denote the cut locus of p € M in
(M, g). We refer to Lee [27, page 308], Petersen [33, page 219] or Definition 2.5 below
for its definition. If A C M x M satisfies g ¢ Cut, (M) for each (p, q) € A, then there is
a unique minimal geodesic from p to g for each (p, g) € A. The corresponding geodesic
motion planner A — GM is continuous; see also the observations of Blaszczyk and
Carrasquel-Vera [3]. Thus, to compute the geodesic complexity of a manifold, we need
to understand its cut loci. While the cut locus of a point in a Riemannian manifold is
always closed and of measure zero — see [27, Theorem 10.34(a)] — little else is known
about cut loci in general.

In [34, Corollary 3.14], Recio-Mitter establishes a lower bound on the geodesic com-
plexity of metric spaces given in terms of the structure of their cut loci. He considers
cut loci which possess stratifications admitting finite coverings. For this purpose, Recio-
Mitter introduces the notion of a levelwise stratified covering in [34, Definition 3.8].
He then defines a notion of inconsistency, which is roughly a condition on the relations
between the coverings of the different strata of cut loci by minimal geodesics. It
formalizes certain incompatibility properties of families of geodesics connecting a
point with points in its cut locus.

Focusing on complete Riemannian manifolds, we will use Riemannian exponential
maps to establish a similar inconsistency condition on cut loci, which is more concise
than the one from [34]. Given a complete Riemannian manifold M and a point p € M
for which Cut, (M) admits a stratification, we study the preimages of the different
strata of Cut, (M) under the Riemannian exponential map exp,: 7, M — M. Assume
that some x € M lies in the closure of multiple connected components of the same
stratum of Cut,(M). We then study the closures of the preimages of all of these
components under exp,, as subsets of 7, M. The inconsistency condition demands that
these closures have no point in common that is mapped to x by exp,. We will see that
this condition excludes the existence of an open neighborhood U of x with a single
continuous geodesic motion planner which connects p to all points of Cut, (M) that
lie in U.

Note that our definition is only applicable to Riemannian manifolds and not to arbitrary
geodesic spaces. One of its benefits in the Riemannian setting is the fact that we can
deduce an easier condition than the one introduced by Recio-Mitter. More precisely,
we do not require anymore that any point in a cut locus of another point is connected
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to that point by only finitely many minimal geodesics. Moreover, our inconsistency
condition is explicitly stated as an intersection condition on certain subsets of a tangent
cut locus, instead of using the notion of levelwise stratified coverings as in [34].

Our main result on inconsistent stratifications is the following theorem. This result is
similar to [34, Corollary 3.14] and our proof is inspired by Recio-Mitter’s proof as
well.

Theorem 4.8 Let (M, g) be a closed Riemannian manifold. Assume that there exists
a point p € M for which Cut, (M) admits an inconsistent stratification of depth N € N.
Then

GC(M)=> N +1.

There is more to say about cut loci of homogeneous Riemannian manifolds, ie Rie-
mannian manifolds (M, g) whose isometry groups act transitively on M. An isometry
¢: M — M maps the cut locus of p € M onto that of ¢(p). Hence, the cut locus of a
point is identified with that of another point by an isometry. This translation property
of the cut loci allows us to estimate the geodesic complexity of M from above, once
we understand how we can decompose one single cut locus into domains of continuous
geodesic motion planners. The following result provides an upper bound for geodesic
complexity in terms of a sectional category and the subspace geodesic complexities
of considerably smaller subsets of M x M. Here, the subspace geodesic complexity
of A C M x M is defined in terms of covers of 4 by domains of continuous geodesic
motion planners.

Corollary 5.8 Let (M,g) be a homogeneous Riemannian manifold with isome-
try group Isom(M, g). Let p € M and assume that Cut,(M) has a stratification

(S1,...,Sk) ofdepth k. Then
k
GC(M) < t(evy: Isom(M, g) — M) - max GC,(Z;)+1,
(M) = secat(evy: Isom(M, g) — M) l.:le,-ems» »(Zi)
where ev,(¢) = ¢(p) for all ¢ € Isom(M, g) and where GC,(Z;) is the subspace
geodesic complexity of {p} x Z; C M x M.

In the case of compact, simply connected, irreducible symmetric spaces, we are able to
further estimate this upper bound from above in terms of certain sectional categories.
This means that for such symmetric spaces we obtain an upper bound on GC(M ) which
does not involve any geodesic complexities.
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Note that this result produces the first upper bound for geodesic complexity in terms of
categorical invariants. Indeed, the only previously known upper bounds were derived by
Recio-Mitter [34] either from explicit constructions of geodesic motion planners or from
the existence of particularly simple coverings of cut loci. We pick up Recio-Mitter’s
so-called trivially covered stratifications in this article in the setting of Riemannian
manifolds as well.

In addition to establishing new lower and upper bounds for geodesic complexity,
we compute the geodesic complexities of some Riemannian manifolds whose cut
loci are well understood. We will show that every three-dimensional Berger sphere
(S3, go) satisfies GC(S3, gy) = 2 and that GC(Tz,gf) = 3 for every flat metric
gr on the two-dimensional torus. This extends the two-dimensional case of Recio-
Mitter’s computation of the geodesic complexity of the standard flat n—torus from [34,
Theorem 4.4].

The article is structured as follows: In Section 2 we introduce some additional termi-
nology and recall elementary facts about geodesic complexity and cut loci. Section 3
contains some basic nonexistence results on continuous geodesic motion planners.
These results illustrate the difficulties for motion planning that cut loci can create.
In Section 4 we establish lower bounds on geodesic complexity by two different
approaches. On the one hand, this is done in terms of principal bundles over the
manifold and the topological complexities of their total spaces. On the other hand, we
study manifolds with stratified cut loci whose stratifications satisfy the above-mentioned
inconsistency property. We focus on homogeneous Riemannian manifolds in Section 5.
More precisely, we show that their geodesic complexities can be estimated from above
in terms of the subspace complexities of a single cut locus. In Section 6 we consider
Riemannian manifolds whose cut loci admit trivially covered stratifications. For such
stratifications the relations between a cut locus and its corresponding tangent cut
locus are particularly simple. Section 7 deals with examples of geodesic complexities.
Combining results from the previous sections with new observations, we reobtain
Recio-Mitter’s computation of geodesic complexity of the standard flat n—torus and
determine the geodesic complexity of arbitrary flat 2—tori. As another class of examples,
we explicitly compute the geodesic complexity of three-dimensional Berger spheres.
In the final Section 8 we consider consequences of the previous results for compact
simply connected symmetric spaces. In both situations, the considered cut loci have
been studied by T Sakai. Using the estimates from Section 5, we derive an upper
bound for geodesic complexity that is given in terms of the Lie groups from which the
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symmetric space is built. We further make explicit computations for two examples of
symmetric spaces.
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Throughout this article we assume all manifolds to be smooth and connected and all
Riemannian metrics to be smooth.

2 Basic notions and definitions

We begin by introducing subspace versions of geodesic complexity for Riemannian
manifolds. Afterwards, we recall some basic computations from [34] and several facts
about cut loci in Riemannian manifolds.

Definition 2.1 Let (M, g) be a complete Riemannian manifold and 7: GM — M x M,
7(y)=(y(0), y(1)). Let GM be equipped with the subspace topology of C°([0, 1], M)
with the compact—open topology.

(a) Let X C M x M. A geodesic motion planner on X is a section s: X — GM
of .

(b) Given A C M x M we let GC(p7,¢)(A) be the minimum r € N for which there
are r pairwise disjoint locally compact subsets Eq,..., E C M x M such
that 4 C Ul-r=1 E; and, for each i € {1,2,...,r}, there exists a continuous
geodesic motion planner s;: E; — GM. If no such r exists, then we put
GC(m,g)(A) := +o00. We call GC(py,4)(A) the subspace geodesic complexity
of A.

We recall that the map 7 is surjective for complete Riemannian manifolds. This is a
consequence of the Hopf—Rinow theorem; see [33, Corollary 5.8.5].

Remarks 2.2 (1) If it is obvious which Riemannian metric we are referring to, we
occasionally suppress it from the notation and write

GC(M):=GC(M,g) and GCp(A):=GCp,)(A).
Note that, in particular, GC(M) = GCpr (M x M).
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(2) Given p € M and B C M, we further put

GCp(B) := GC(ar.)({p} X B).

(3) Our definition differs from Recio-Mitter’s original definition by 1 in the sense
that for us GC({pt}) = 1, while it would be 0 in the sense of [34, Definition 1.7].

Examples 2.3 (1) As proven in [34, Proposition 4.1], if g, is a round metric on the
sphere S” with n € N, then
2 if n is odd,

GC(S™,g,) =TC(S™) = o
3 if n is even.

(2) Let gf be the standard flat metric on T2 and let Zemb denote the metric induced
by the standard embedding 72 < R and the Euclidean metric on R3. By [34,
Theorems 4.4 and 5.1],

GC(T?.gf) =3, GC(T?, gemb) = 4.

(3) It was further shown in [34, Theorem 1.11] that, for each k € N with k > 3,
there exists a Riemannian metric gz on S¥ with GC(S¥, gx) > k.

Remarks 2.4 Let (M, g) be a complete Riemannian manifold.

(1) Forall A C M x M, it holds that TCyps(A) < GCpr(A), where TCps(A) is the
relative topological complexity of A in M x M ; see [15, Section 4.3]. Here, we
made use of the characterization of topological complexity by locally compact
subsets shown in [15, Proposition 4.9].

(2) Itis easy to see that
2-1) GCy(AUB) <GCp(A)+GCpy(B) forall A,BC M xM.

This is shown in analogy with [15, Proposition 4.24].

As pointed out by Recio-Mitter, the crucial ingredients for the discussion of geodesic
complexity are the cut loci of points in the space under consideration. The notions of
cut loci in metric and in Riemannian geometry are slightly different from each other.
While Recio-Mitter used the former notion in his work — see [34, Definition 3.1] — we
will use the latter throughout this manuscript. We next recall the notion of cut loci from
Riemannian geometry. The relation between the two will be discussed in Remark 2.7(3)
below. See also [27, page 308] or [33, page 219] for the following definition:
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Definition 2.5 Let (M, g) be a complete Riemannian manifold and let p € M.
(a) Lety:[0,400) — M be a unit-speed geodesic with y(0) = p and y(0) € T, M.
The cut time of y is given by
feu(y) = sup{t > 0: y|[o,] is minimal}.
If tou(y) is finite, then 7y (y)y(0) € T, M is a tangent cut point of p and
y(teut(v)) € M is a cut point of p along y. Note that
)/(tcut()/)) = epr ([Cut(V)V(O))

(b) The set of all cut points of p is called the cut locus of p and denoted by Cut, (M).
The set of all tangent cut points of p is called the tangent cut locus of p and
denoted by Cut,(M).

(¢c) The total cut locus of M is given by

Cut(M) := |_J ({p} x Cuty(M)) C M x M.
PEM

Example 2.6 Letn € N and let g be a round metric on the sphere S”. Then, by [27,
Example 10.30(a)], Cut, (S") = {—p} for every p € S™.

Further examples of cut loci will appear in the upcoming sections.

Remarks 2.7 Let (M, g) be a complete Riemannian manifold.

(1) In general, Cut, (M) does not need to be a submanifold of M. H Gluck and D
Singer [20, Theorem A] have shown that, if dim M > 2, then there exists a Rie-
mannian metric on M and a point p € M for which Cut, (M )is not triangulable.

(2) By [34, Theorem 3.3], there exists a continuous geodesic motion planner
(M xM)~Cut(M) - GM,

from which Recio-Mitter derived that GC(M) = 1 if Cut(M) = @. By [3,
Lemma 4.2], (M x M)~ Cut(M) is open and therefore locally compact. Using
(2-1), this shows that

GC(M, g) < GCps (Cut(M)) + 1.

(3) Let p € M. By [2, page 133], the set of points ¢ € M such that there is more
than one minimal geodesic from p to g is a dense subset of Cut, (M ). This set
is also called the ordinary cut locus of p. In metric geometry — in particular in
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[34, Definition 3.1] — the ordinary cut locus of a point is called its cut locus.
The reader should thus keep in mind that the cut locus of a point, as considered
in [34], is not the cut locus of a point in the sense of this article, but a dense
subset of the cut locus.

3 Nonexistence results for geodesic motion planners

We begin our study by discussing two nonexistence results showing that certain subsets
of a Riemannian manifold never admit continuous geodesic motion planners. First, we
will study complete oriented Riemannian manifolds and see that the Euler class obstructs
the existence of some geodesic motion planners. Then we will show that a complete
Riemannian manifold (M, g) has the following property: if a subset A C M x M
contains an element of the total cut locus in its interior, then there will be no continuous
geodesic motion planner on A. Before doing so, we first want to establish a technical
proposition that we will make frequent use of throughout the article.

Definition 3.1 Let (M, g) be a complete Riemannian manifold. We call the map
v:GM - TM, v(y)=y(0),
the velocity map of GM .

Proposition 3.2 Let (M, g) be a complete Riemannian manifold. The velocity map
v:GM — TM is continuous.

Proof Let (y,),eN be a convergent sequence in GM and let y := lim, o0 Y € GM.
By our choice of topology on GM, this means that
(3-1) lim y,(t) =y() forall ¢ €]0,1].
n—>oo
We need to show that limy, 00 v(yn) = v(y). Let Lz : GM — R denote the length of

a minimal geodesic with respect to g. From the minimality property of the curves, we
derive that

Jim Lg(yn) = lm dar (72(0). ya (1)) = dar (y(0), (1)) = Lg (v).

where dps: M x M — R is the distance function induced by g. Let |-|: TM — R
denote the fiberwise norm induced by g. Since Lg(a) = |&(0)| = |v(er)| for each
o € GM, it follows that

(3-2) JimJu(yn)| = o).
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To show the continuity of v, we need to derive that lim, o v(y,) = v(y). Let
Exp: TM — M x M, Exp(p,v) = (p,exp,(v)),

be the extended exponential map. Let K C M be a compact neighborhood of y(0) and
let
po :=sup{r > 0 :exp,|p, (o) is injective for all x € K},

where B, (0) denotes the open n—ball around the origin in the respective tangent space.
Since K is compact, pg > 0 by [27, Lemma 6.16]. For r € (0, pg) we put

D;K:={(p.v)eTM | peK, |v|=ri

ie D, K is the closed disk bundle over K of radius r. Then Exp maps D, K diffeo-
morphically onto its image

VrK :=Exp(D;K) ={(p,q) € KxM |dpm(p,q) <r}.

Let Expg : D K — V; K be the corresponding restriction of Exp. Since Expg: D, K —
V; K is a diffeomorphism, its inverse Expl_{1 1V, K — D; K is a diffeomorphism as well.
Thus, if we choose and fix a distance function d7ps: TM x TM — R which induces
the topology of T'M, then Exp}1 : Vi K — D, K is locally Lipschitz-continuous with
respect to dps x dps and d7ps. We further observe that, for all « € GM with «¢(0) € K
and dps («(0), «(1)) <,

Expg' (@(0), (1)) = v(@).
‘We consider two different cases:

Case 1 Assume that |v(y)| < r. This implies that (y(0), y(1)) € V; K. Then, by (3-2),
there exists ng € N with

v,(0) € K and |v(yn)| <r forall n>ng.

Thus, (y,(0), y»(1)) € VK for all n > ng. Let C be a local Lipschitz constant for
Exp}1 in a neighborhood of (y(0), y(1)). Then, for sufficiently bign € N,

dra (v(yn), v(¥)) = dras (Bxpg! (v (0), ya (1)), Expg' (7(0), ¥(1)))
< C(dp (¥ (0), y(0)) + dps (ya (1), y(1))).
By (3-1), this yields limy o0 d7ar (v(¥n), v(y)) = 0, which we wanted to show.

Case 2 Consider the case that |v(y)| > r. By (3-2), there exists n1 € N such that

vn(0)e K and |v(yn)| <|v(y)|+1 forall n>nj.
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Letc:=r/(Jv(y)|+1) € (0,1) and put &, := c-v(y,) foreachn € N and & :=c-v(y).
Then £ € D, K and &, € D, K for all n > ny. If we define

Vo V0011 > M, yn(t) :=yn(ct), Y(@):=y(cr) forall 1 €[0,1],

then ¥,7, € GM with v(y) = & and v(y,) = &, for each n > n;. Since (Vn)neN
converges to y in the C%—topology, it easily follows that lim,, o0 7 = ¥ in the C°—
topology as well. Thus, it follows from Case 1 that lim, .« &, = &, which obviously
yields lim, o0 v(y5) = v(y). ad

In the following proposition, we observe that the Euler class of an oriented manifold
can obstruct the existence of geodesic motion planners:

Proposition 3.3 Let (M, g) be a complete, oriented Riemannian manifold whose
Euler class is nonvanishing. Let f: M — M be a continuous map with f(p) # p
forall pe M. If A C M x M satisfies graph f C A, then there will be no continuous
geodesic motion planner on A.

Proof Assume by contradiction that there exists a continuous geodesic motion planner
s: A — GM. Then, by Proposition 3.2, the map

g:M—>TM, g(p)=(vos)(p, f(p)),

is a continuous vector field, where v is the velocity map. Since f(p) # p for each p,
the geodesic s(p, f(p)) is nonconstant for all p € M. Hence, g(p) # 0 for all p € M.
But such a vector field cannot exist since the Euler class of M is nonvanishing. O

Corollary 3.4 Let (M, g) be a complete, oriented manifold whose Euler class is
nonvanishing. Let f: M — M be continuous and fixed-point-free. Then, for every
Riemannian metric g on M, there exists p € M with f(p) € Cut,(M, g).

Proof Assume by contradiction that there is such a metric g for which f(p) ¢
Cut, (M, g) for all p € M. Then graph f lies in (M x M) ~ Cut(M, g). But, since
there exists a continuous geodesic motion planner on (M x M) ~ Cut(M, g) —see
Remark 2.7(3) — this contradicts Proposition 3.3. Hence, such a metric does not exist. O

Corollary 3.5 Let n € N. For every Riemannian metric g on S>" there exists p € S?",
such that —p € Cut,(S?", g).

Proof Apply Corollary 3.4 to the case of M = 2" and f(x) = —x. O

Remark 3.6 Our Corollary 3.4 is complementary to results of M Frumosu and S
Rosenberg from [17, page 338], who studied far-point sets, ie sets of points mapped
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to their cut loci under self-maps of a Riemannian manifold, in a very general way.
Frumosu and Rosenberg focused on self-maps whose far-point sets are infinite and
established connections to the Lefschetz numbers of such maps.

In [34, Remark 3.17], Recio-Mitter mentioned that, whenever a subset of M x M
contains a point of the total cut locus in its interior, there is no continuous geodesic
motion planner defined on that subset. For the sake of completeness, we report here a
proof in the case of Riemannian manifolds.

Proposition 3.7 Let (M, g) be a complete Riemannian manifold, p € M, g € Cut, (M)
and let U C M be an open neighborhood of q. Then there is no continuous geodesic
motion planner on {p} x U.

Proof As discussed in Remark 2.7(3), the set of points r € M for which there is
more than one minimal geodesic from p to r is dense in Cut, (M ). Hence, U contains
a point g such that there are at least two minimal geodesics from p to gg. In the
following, we thus assume without loss of generality that g itself has this property.
Assume that a continuous geodesic motion planner s: {p} x U — GM existed. By our
choice of g, there are y1, y» € GM with

1#v2. y1(0)=y2000=p and yi (1) =y2(l) =g.

Let (t4)neN be a sequence in (0, 1) with lim,—o0 t, = 1 and y1(2,), y2(tn) € U for
all n € N. One checks without difficulties that y;(¢) # y2(¢) for all ¢ € (0, 1), so that,
in particular, y1(t,) # y2(t,) for all n € N.

By definition of a cut locus, it follows for all » € (0, 1) and i € {1,2} that
Yier €GM,  yi () :=yi(rt),
is the unique minimal geodesic from p to y; (r). In particular, this shows that necessarily
(3-3) s(p,vi(tn)) = viy, forall neN,ie{l, 2}.
Let v: GM — TM be the velocity map. It follows from Proposition 3.2 that
vos:{p}xU—>TM

is continuous. Since y1 # Y2, there are &1, &> € T, M with &1 # &> such that y;(¢) =
exp, (t€1) and y2(7) = exp,(t§2) for all 7 € [0,1]. By (3-3) and the fact that the
differential of exp, in 0 is id7, psr, we thus obtain that

lim (vos)(p.yi(ty)) = lim y;., (0) = lim 1,§ =§;.
n—>oo n—>o0 n—>o0
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In particular, limy— o0 (v 0 5)(p, ¥1(fn)) # liMp—o0(v 0 5)(p, y2(fn)). This contradicts
the continuity of s, since by assumption (v o s)(p, y1(1)) = (vos)(p, y2(1)). Thus,
such a continuous s does not exist. m|

This proposition has an immediate consequence in terms of geodesic complexity.

Corollary 3.8 Let (M, g) be a complete Riemannian manifold and let A C M x M
be a locally compact subset with

int(A) NCut(M) # @,

where int(A) is the interior of A as a subset of M x M. Then GCps(A) > 2.

Proof Assume that there was a continuous geodesic motion planner s: A — GM.
Let (p,q) € int(A) N Cut(M). By definition of the product topology, there are open
neighborhoods U of p and V of ¢ with U x V' C int(A), so, in particular, s|{pyxy
would be a continuous geodesic motion planner. Since ¢ € Cut, (M), this contradicts
Proposition 3.7, so there is no such motion planner. This shows that GCps(A) > 2. O

Remark 3.9 There is another connection between cut loci and another numerical
invariant, namely the Lusternik—Schnirelmann category of a Riemannian manifold M,
which we denote by cat(M). Here, we use the convention that cat(X) = 1 if X is
contractible. One observes that M ~ Cut, (M) is contractible for all p € M, which
follows from [27, Theorem 10.34(c)]. If py.. ... px € M satisty (\*_, Cut,, (M) = @,
then

{M ~Cuty,(M),...,M ~Cuty, (M)}

will be an open cover of M by contractible subsets, and hence cat(M) < k. By
contraposition this shows that, if cat(M) > k + 1 for some k € N, then, for every
choice of py1,..., pr € M,

k
() Cuty, (M) # 2.

i=1
4 Lower bounds for geodesic complexity

Lower bounds on topological complexity are mostly derived from the cohomology
rings of a space. In this section, we derive lower bounds on geodesic complexity
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from the Riemannian structures of manifolds. We first establish a result involving a
principal bundle over the manifold under consideration. By explicitly constructing
motion planners, we will establish a lower bound on geodesic complexity in terms
of categorical invariants of total space and fiber of the bundle. Afterwards, we will
establish the notion of inconsistent stratification that we lined out in the introduction.
Then we will go on to prove the second theorem stated in that introduction.

We first establish a technical lemma, whose proof follows that of [14, Theorem 13.1].

Lemma 4.1 Let E and X be topological spaces, let p: E — X be a fibration with
r 1= secat(p) < +oo and assume that X is normal. Then there are pairwise disjoint
locally compact subsets Ay,...,Ar C X with X = U;=1 A; such that, for each
i €{1,2,...,r}, there exists a continuous local section A; — E of p.

Proof Let {Uy,...,U,} be an open cover of X such that, for eachi € {1,2,...,r},
there exists a continuous local section s; : U; — E of p. Since X is normal, there exists
a partition of unity { f1, ..., fr} subordinate to this finite open cover by Theorem 36.1
of [30]. Let c1,...,cr € (0,+00) withc; +---+ ¢ = 1. Foreachi € {1,2,...,r},
we put

Ai={xeX| filx)>c¢, fi(x) <cj forall j <i}.

Each A; is the intersection of a closed and an open subset of X, and hence is locally
compact. One checks without difficulties that the A; are pairwise disjoint and that
X = Ule Aj;. Moreover, A; C U; for each i, so s;|4; : Ai — E is a continuous local
section of p foreachi € {1,2,...,r}. O

The following proposition establishes a lower bound on GC(M, g) in terms of a principal
G-bundle over M that is a Riemannian submersion. This submersion property will
be used in its proof to ensure the existence of horizontal lifts of curves. For each
orientable M, its orthonormal frame bundle is an example of such a bundle with
G = SO(dim M); see eg [25, Example 1.5.7].

Proposition 4.2 Let (M, g) be a complete Riemannian manifold and let w: E — M
be a smooth principal G—bundle, where G is a connected Lie group. Assume that E is
equipped with a Riemannian metric for which  is a Riemannian submersion. Then

TC(E)
cat(G)’

GC(M. g) =
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Proof Let GC(M) = k and choose pairwise disjoint and locally compact subsets
Aq,..., A C M x M with U?=1Ai = M x M such that, foreachi € {1,2,...,k},
there exists a continuous geodesic motion planner s;: 4; — GM. Letv: GM — TM
be the velocity map and put

vi:Ai > TM, wv;:=vos; forall ie{l,2,...,k}.
The v; are continuous by Proposition 3.2. For each i we put
B; := (w xid) "V (4;) ={(u,q) € E x M | ((u), q) € A;}.

Clearly the B; are again pairwise disjoint with Uf.;l Bi =ExM. LetHor(E) CTE
denote the horizontal subbundle with respect to 7. Since d 7 |yor(g): Hor(E) — TM
maps Hory, (E) isomorphically onto Ty ,,) M for each u € E, we obtain continuous lifts
of the v; by

w; : B; — Hor(E), wi(u,q)=(dn|H0ru(E))_1v,~(n(u),q) forall i €{1,2,...,k}.

For each u € E we letexp,,: Ty, E — E be the exponential map of the given Riemannian
metric on E. With PE = C°([0, 1], E), we define continuous maps

ni: Bi > PE
by
(i (u, q))(t) = exp, (tw;(u,q)) forall (u,q) € Bi,1€[0,1],i €{1,2,... k}.

Each n; induces a continuous map

@:Bi > ExE, ai(u,q)= (i@ q)0). 0w q)1) = (u,exp,(wi(u.q))).

Since horizontal geodesics in E project to geodesics in M, we compute that

(id x 7) (eti (u, ) = (id x 70) (u, i (u, ¢) (1)) = (u, (s: (w (), q)) (D)) = (. q)

for all (u, q) € B;. Here we used that 7 (n; (u, q)) = s; (u, q) for all (u, g) € B;. Hence,
foreachi € {1,2,...,k}, the map ¢; is a continuous local section of idx 7: E x E —
E x M, which is again a principal G—bundle. The right G—action on E x E is given
by EXEXxG — E X E, (u,v, h) — (u,vh), where we consider the right G—action
on E given by the bundle structure. Thus, we get a local trivialization of id x & over
each B;, given explicitly by the homeomorphism

®;:BixG —> ExEl|p, ®i(u,q.h)=cau qh=u,exp,(w(uq)h).
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Put / = cat(G). Let e € G be the unit, P,G ={y € PG | y(0) = e} and

q: P.G— G, q(y)=y(Q).

Since PG is contractible, by [39, Theorem 18], cat(G) = secat(q: P.G — G). By
Lemma 4.1, there are pairwise disjoint and locally compact subsets Cy,...,C; C G
with U§=1 C; = G such that, for each j € {1,2,...,/}, there is a continuous local
section r;j: C; — P.G of q.

Ifweput D; j:==®;(B;xC;)C ExE foralli€{l,2,...,k}and j €{1,2,...,/}, then
the D; ; are pairwise disjoint, locally compact and satisfy Uf-;l U§=1 D;;=EXE.
For all i and j we further consider the map

0i,j: BixCj — PE
given by

(07, (. q. ) (X) = (ni (u. @) (1) - (rj (R)(z)  forall (u,q) € B;, h € Cj.

Then
(01,j (U, q,1)(0) = (ni (4, ¢))(0) = u,

(01, (u, g, W)(1) = (i (u, q)) (1) (rj (h))(1) = exp,, (wi (u,g))h
and thus

(0i,j(u,q,h)(0),0,;(u,q,h)(1)) = ®;(u,q,h) forall (u,q) € B;, h€C;.

This shows that o; ; o ‘Di_l|D,-__,-3 D; ; — PE is a continuous motion planner for
alli € {1,2,...,k}and j € {1,2,...,]}. As a smooth manifold, E is a Euclidean
neighborhood retract (ENR). Since the D; ; are locally compact subsets of an ENR,
they are ENRs themselves. Hence, it follows from [13, Theorem 6.1] that

TC(E) <k -1 = GC(M) - cat(G),

which proves the claimed inequality. a

Remark 4.3 Since GC(M) > TC(M) for all complete Riemannian manifolds M, the

lower bound from Proposition 4.2 improves this basic inequality if and only if
TC(E)
cat(G)

where we used [13, Lemma 8.2]. Note that the assumption on the bundle to be principal

>TC(M) <> TC(E) > cat(G) TC(M) = TC(G) TC(M),

in the previous result is necessary, as the following example shows. Consider the Klein
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bottle K, which is given as a fiber bundle over S! with fiber S! and satisfies TC(K) =5
by [5], while TC(S!) = 2. Since the round metric g, on S! satisfies
_ TU(K)
cat(S1)
by [34, Proposition 4.1], the inequality from Proposition 4.2 would indeed be false in this

GC(St. g =TC(SH)=2<2

situation. However, K is not given as a principal S'-bundle over S, so Proposition 4.2
is not applicable to this setting. By the classification theorem for principal bundles —
see [11, Theorem 14.4.1]— the set of isomorphism classes of principal S!-bundles
over S is in bijection with the set of homotopy classes [S!, BS!] = [S!, CP*°]. But
CP® is simply connected, so it follows that [S!, CP°°] has only one element. Thus,
every principal S!-bundle over S! is trivial. Since 71 (K) % Z? = w1 (S! x S1), the
bundle K is a nontrivial S'-bundle. Hence, it cannot be principal.

Our next aim is to derive a lower bound on geodesic complexity from the structure of
the cut locus of a point in the manifold. We first introduce the notion of stratification
that we are using.

Definition 4.4 Let M be a manifold and let B C M be a subset. A stratification of B
of depth N € N is a family (S, ..., Sy) of locally closed and pairwise disjoint subsets
of M such that the following conditions hold:

() B=UNL,S and §; =¥, S; foralli € {1,2,...,N}.

(i) Leti,j €{1,2,...,N}. If Z; is a connected component of S; and Z; is a
connected component of S; with Z; N Zi # @, then Z; C Zi.

Example 4.5 Let M = R? and let B = [—1, 1]?. Consider
S1=(-L1)x(=11),
S2 = (=1, D) x{-L1HU(E-11} x(=1,1)),
S3={(-1,-1).(-=1.1).(1,=1). (1, D}.

One checks without difficulties that (S1, S, S3) has properties (i) and (ii) from
Definition 4.4. Hence, (S1, S2, S3) is a stratification of B.

Given a stratification of the cut locus of a point, we want to introduce an additional

condition on those parts of the corresponding tangent cut locus that are mapped to
the same stratum. This will be the crucial step for finding a lower bound for geodesic
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complexity. The following notion is an analogue of [34, Definition 3.10]; see our
introduction and Remark 4.7(2) below for a comparison of the two notions. The terms
from Riemannian geometry that are used are to be found, for example, in [27, page 310].

Definition 4.6 Let (M, g) be a complete Riemannian manifold, p € M and let S =
(S1,...,Sn) be a stratification of Cut,(M). Let K C T, M denote the union of the
tangent cut locus Cut, (M) with the domain of injectivity of exp,, and let

(4-1) expg ‘=exp,|x: K - M

denote the restriction. We call S inconsistent if, foralli € {2,3,..., N} and x € S;, there
exists an open neighborhood U C M of x with the following property: Let Z, ..., Z;
be the connected components of U N S;—1. Then x € Zj forall j € {1,2,...,s} and

Cut, (M) Nexp, ' ({x}) N [ expgl(Z)) = 2.
j=1

In Section 7.1, we will encounter explicit examples of inconsistent stratifications when
we consider flat tori. Examples for cut loci with nontrivial stratifications which are not
inconsistent are Berger spheres, as we shall see in Section 7.2.

Remarks 4.7 Let (M, g) be a complete Riemannian manifold.

(1) If M is aclosed manifold, then the set K from Definition 4.6 will be homeomorphic
to a closed ball—see [27, Corollary 10.35]—and the map expg from (4-1) is a
surjection. As an example, consider the round n—dimensional sphere S” of radius 1. If
p € 8" is a point, then the domain of injectivity of exp,, is an open ball of radius 7
in the tangent space 7, S". The tangent cut locus Cut,(S") is the (n—1)—sphere of
radius 7 in T, M. Consequently, the set K in this example is the closed ball of radius 7
in T, M.

(2) Recio-Mitter [34, Definition 3.8] introduced the concept of a levelwise stratified
covering for arbitrary surjective maps. He then applied this concept to the restriction
of the path fibration

7:GX - X xX,

where X is a geodesic space and GX is the space of geodesic paths in X.

To work with this notion, one must study a stratification of the total cut locus of X
and explore covering properties of the restrictions of 7 to its preimage. In contrast,
the above Definition 4.6 for Riemannian manifolds only requires a stratification of the
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cut locus of a single point p in a Riemannian manifold M as well as properties of
the Riemannian exponential map exp,. Thus, for complete Riemannian manifolds the
above definition seems easier to verify than the corresponding notion from [34].

The following result is an analogue of the corresponding result of Recio-Mitter; see [34,
Corollary 3.14]. The proof requires M to be compact, since we will use the property
mentioned in Remark 4.7(1). We recall the notation GC(A4) = GCpr ({p} x A) for all
ACM.

Theorem 4.8 Let (M, g) be a closed Riemannian manifold. Assume that there exists
p € M for which Cut, (M) admits an inconsistent stratification of depth N € N. Then

GC(M) > GCp(M) > N +1.

Proof Let (S1,...,Sy) be an inconsistent stratification of Cut,(M). Assume that
there are pairwise disjoint locally compact sets E1, Ea, ..., E, CM with | J/_,; Ei =M
such that, for each i € {1,2,...,r}, there exists a continuous geodesic motion planner
si:{p}x Ei > GM.

We want to show by induction that, for all k € {1,2,..., N} and all x € S,
(4-2) #lie{l,2,....r}|x€E;}>k+1.

Consider the base case of kK = 1 and assume by contradiction that there is an i €
{1,2,...,r} with x € E;,but x ¢ E; forall j # i. Then x has an open neighborhood
U C M such that U C E; and the restriction s; | 53y iS a continuous geodesic motion
planner on {p} x U. But, since x € Cut, (M), this contradicts Proposition 3.7. Hence,
#{i e{l,2,...,r}|x¢€ E,‘} > 2, which we wanted to show.

Assume as induction hypothesis that, for some k € {2, 3, ..., N}, we have shown that
#{ie{l,2,....r}|y€E;} >k forall yeSg_.

Let x € S. Assume that (4-2) is false and assume up to reordering that x ¢ E; for
all i > k. Then there exists an open neighborhood U of x with U C Uf;l E;. By the
induction hypothesis, this yields

(4-3) UNSg_y CE; forallief{l,2, ... k}.

We assume without loss of generality that U is chosen as in Definition 4.6, since this
can be achieved by shrinking U. We further assume that x € Ey. Let Zy,..., Zs be
the connected components of U N Si_1, where s € N is suitably chosen.
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Let j €{1,2,...,s} and let (a,),eN be a sequence in Z; with limy, o @, = x, which
exists by our choice of U. For all n € N it further holds by (4-3) that a, € E . Thus,
for each n, there exists a sequence (b)},)men in U N Eq with limy, o b)), = ap. Put

v1: E1—>TyM, vi(y):=@os)(p,y),

where v is the velocity map. By Proposition 3.2, v; is continuous. Let expg: K — M
be given as in (4-1). The set K is homeomorphic to a closed ball in T, M see
Remark 4.7(1). By construction, vi(y) € K for each y € Eq; hence, (v1(}},))meN is
a sequence in K for each n € N. Since K is compact, it has a convergent subsequence
(v1 (b, ))ken foreach n € N. Put &, :=limg_, o0 v1(bp, ) for all n € N. By continuity
of the exponential map,

expg (§n) = exp, (§n) = kli?;o exp, (v1(by,, ) = klgr;o by, =an forall n € N.

Thus,
EneK ﬂexpl}l({an}) CKn epr_(l(Zj) for all n € N.

Now (&,)reN is a sequence in K, so it has a convergent subsequence (§,);en. With
o :=lim;_, o, §n,, We obtain

epr(EO) = ll_l)n;o epr(sn[) = ll_l)n;o ap, = X.

In particular, it follows from x € Cut, (M) that &y € (:Tft,, (M). Since &, € expl_<1 (an})
for each n € N, we conclude that

£o € Cuty (M) Nexpy, ' ({x}) Nexpg (Z)).

Note that £y depends on the choice of j. To conclude, we still need to show that the
same &gy can be chosen for each j € {1,2,...,s}. We will do so by showing next that
&0 = v1(x), which does not depend on j.

Letdps: M x M — R be the distance function induced by the Riemannian metric. By
definition of the §,,, for each / € N there exists k; € N such that

1 1
dM(an,,b;’jk)<7 and ||§n,—v1(b,’1’1’k)||<7 for all k > k;.

We can further choose the k; in such a way that lim;_, o, k; = 0o. By a diagonal
argument, lim; _, o, b,';,’kl = x. This in particular shows, by continuity of vy, that

o = lim &, = lim vi(by! )= v1(x).
[—o00 |—o0 l

Algebraic € Geometric Topology, Volume 23 (2023)



2242 Stephan Mescher and Maximilian Stegemeyer

Thus, vi(x) € exp;l (xhHn exp}1 (Z;). Since j was chosen arbitrarily, it follows that

s
vi(x) € Cut,(M) N exp;l({x}) N ﬂ expl}1 (Z)).
j=1
This contradicts the inconsistency of the stratification (S, ..., Sy). Hence, there is
no such U, which concludes the proof of the induction step. For k = N, it in particular
follows from (4-2) that r > N + 1. Thus, GC,(M) > N + 1. O

We will see in Section 7.1 that flat tori are indeed examples for Riemannian manifolds
whose cut loci admit inconsistent stratifications. Next we will discuss a more tangible
criterion on a cut locus that implies the existence of an inconsistent stratification. For
this purpose, we will use results and constructions of J-I Itoh and Sakai [24]. Large
parts of these methods are extensions of those applied by V Ozols [32].

Definition 4.9 [24, page 68 and Definition 2.1] Let (M, g) be a complete Riemannian
manifold and let p € M.

(a) We say that ¢ € Cut, (M) is of order k 4 1, where k € N, if there are precisely
k + 1 minimal geodesics Yo, Y1, ..., Yk € GM with y; # y; if i # j and with
yi(0) = p and y;(1) =¢g foralli € {0,1,2,...,k}.

(b) We call g nondegenerate if the vectors yo(1), y1(1),...,yx(1) € TyM are in
general position, ie if {)'/i(l) —yo(D) i e{l,2,... ,k}} is linearly independent.

As carried out by Itoh and Sakai [24, Remark 2.2], a large class of two-dimensional
flat tori provides an example for manifolds with nondegenerate cut points. However,
our study of flat tori in Section 7.1 will not rely on this notion of nondegeneracy, but
will employ the above inconsistency condition directly.

We recall that a conjugate point of a point p in a Riemannian manifold (M, g) is a
point ¢ € M such that there is a geodesic segment from p to g along which there exists
a nontrivial Jacobi field which vanishes in p and g; see [27, page 298].

Remarks 4.10 (1) As shown by A Weinstein [40, page 29], every closed manifold
M with dim M > 2 and not homeomorphic to S? admits a Riemannian metric
for which there exists p € M such that Cut, (M) does not contain any conjugate
points. Itoh and Sakai conjectured in [24, Remark 2.9] that the set of all such
metrics on M contains as a dense subset the set of those metrics for which all
points in Cut, (M) are nondegenerate.
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(2) It is evident from the definition of nondegeneracy that the order of a non-
degenerate cut point is at most dim M + 1.

Theorem 4.11 Let (M, g) be a closed Riemannian manifold and assume that there
exists p € M for which Cut, (M) does not contain any conjugate points of p and for
which all points in Cut, (M) are nondegenerate. Let

N :=max{k € N | there is g € Cut,(M) of order k + 1}.

Then Cut, (M) admits an inconsistent stratification of depth N.

Proof LetC:=(Cy,...,Cy) be given by
Cr:={qeCuty,(M)|qgisoforder k +1} forall k €{l,2,...,N}.

It is shown in [24, Proposition 2.4] that, under the nondegeneracy assumption on
the points in Cut, (M), C is a Whitney stratification of Cut, (M), as defined in [21,
page 37]. Hence, C is in particular an .”—decomposition in the sense of Goresky
and MacPherson; see [21, page 36]. One checks immediately that the two conditions
defining such an .”—decomposition imply that C is a stratification of Cut, (M) in the
sense of Definition 4.4, It remains to show that C is inconsistent. Fix k € {1,2,..., N},
let ¢ € Ci and let yo, y1,...,Yk:[0,1] = M be geodesics from p to ¢ with y; # y;
whenever i # j. Foreachi €{0,1,...,k}, put v; := y;(0) € T, M, so that

Cuty (M) Nexp,, ' ({g}) = {vo. v, vg}.

Choose an open neighborhood U of ¢ such that U N Cy is connected and such that

k
(4-4) Cut,(M)NU = JCinU.
i=1
Such a neighborhood exists by the stratification properties. As discussed in [24, page 68],
since ¢ is nondegenerate, we can choose an open neighborhood V; C T, M of v; for
eachi € {0,1,...,k} such that exp, maps V; diffeomorphically onto U. Put F; :=
(exp |Vi)_1 :U — V;. As explained in [32, pages 220-221], up to shrinking U we can
assume that every minimal geodesic y from p to an element of U has y(0) € Uf-czo Vi.
We further assume that V; N V; = & whenever i # j. Fori € {1,2,...,k}, we define

fi:U—=>R, filx) = [F )] = [[Fo(x)].
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where | - || denotes the norm on 7, M defined by the Riemannian metric. With
f:U > RK f=(f.f.....fr), it follows that f~1({0}) = Cx NU. Fori €
{1,2,...,k} we further let

&i: U_>Rk_1’ 8i :(fl,w-’fi—lvfi-i-lv---vfk)
and put
go:U — RFT

go(x) = (IF2() | = I F1 )L 1 F3 ) = I F1 (). - I Fe Ol = 1 Fr (0)]]).-

Then, by assumption on U,

k k
CeNU =g @ohp~Ce = J g doh ~ £ ({0},
i=0 i=0

The connected components of Cy_; N U are the sets Zy, Z1, ..., Zj, where

Zi =gt oy N f710,+00) forall i €{1,2,...,k},

Zo:= gy (0D N fi ' (—00,0).
By construction of the sets,

Cuty(M) Nexp, (Zi) c | JV; forall i €{0.1,....k}.

J#i

A closer investigation, using that EVutp (M)n exp;1 ({g}) = {vo, v1,...,vr} and that
the closures of the V; are pairwise disjoint, shows that

Cuty (M) Nexp, " ({g}) Nexpy 1 (Zi) = (V0. Vi Vi1 Vi1, V)

foralli €{0,1,...,k}. This implies

k
Cut, (M) Nexp, ' ({gh) N () exp; '(Zi) = 2.
i=0
Since k and g were chosen arbitrarily, this shows the inconsistency of C. O

Combining the previous theorem with our lower bound from Theorem 4.8 yields:

Corollary 4.12 Let (M, g) be a closed Riemannian manifold and assume that there
exists p € M such that Cut, (M) does not contain any conjugate points of p and such
that all points in Cut, (M) are nondegenerate. If Cut, (M) contains a point of order
k + 1, where k € N, then

GC(M,g) =k + 1.
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S An upper bound for homogeneous Riemannian manifolds

From this section on, we will mostly consider homogeneous Riemannian manifolds
and exploit their symmetry properties. Given a Riemannian manifold (M, g), we let
Isom(M) := Isom(M, g) denote its group of isometries and consider it as a subspace
of C%(M, M) with the compact—open topology. We recall that (M, g) is called homo-
geneous if Isom(M) acts transitively on M. Note that every homogeneous Riemannian
manifold is necessarily complete; see [25, Theorem 1V.4.5].

Having derived lower bounds for geodesic complexity in the previous section, we
next want to find upper bounds. After some preparatory lemmas, we will establish
an upper bound on GC(M) for a homogeneous Riemannian manifold M in terms of
the subspace complexity GCps ({p} x Cut,(M)) and a categorical invariant determined
by its isometry action. Intuitively, the transitivity of the isometry action implies that
continuous geodesic motion planners on subsets of cut loci of single points can be
continuously extended to larger subsets of the total cut locus. We will then go on to
study further upper bounds on GC(M ) in the case that Cut, (M) admits a stratification.
The following is a folklore result from Riemannian geometry:

Lemma 5.1 Let (M, g) be a homogeneous Riemannian manifold and let p € M. Then
evp:Isom(M) — M, evy(¢) =¢(p),

is a principal Isom, (M )-bundle, where Isom, (M) denotes the isotropy group of the
isometry action on M in p.

Proof By [26, Theorem 21.17], ev, induces an Isom(M )—equivariant diffeomor-
phism f: Isom(M)/Isom,(M) — M. Moreover, the projection ¢: Isom(M) —
Isom(M)/Isom, (M) is a principal Isom, (M )-bundle by [25, Example 1.5.1]. One
easily shows that ev, = f oq, which implies that ev,, is a principal Isom, (M )-bundle
as well. O

Example 5.2 Given a Lie group G with a left-invariant Riemannian metric, the left
multiplication lg: G — G, lg(h) = gh, is an isometry for each g € G. Withe € G
denoting the unit, one further derives from /4 (e) = g for each g € G that the map
5: G — Isom(G), s(g) = lg, is a continuous section of the bundle ev, : Isom(G) — G.

Lemma 5.3 Let A, B C M and p € M. Assume that there are a continuous geodesic
motion planner og: {p} x B — GM and a continuous local section s: A — Isom(M)
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of evy. Then there exists a continuous geodesic motion planner o : F — GM, where

F:={(x,y)eMxM|xeA,yes(x):B}.
Proof We define o: F — GM by

o(x,y)=s(x)oop(p,s(x)"t-y) forall (x,y)eF.

By construction, og(p, s(x)~! - y) is a minimal geodesic from p to s(x)~!-y. Since
s(x) is an isometry for each x, o(x, y) is indeed a minimal geodesic from

s()-p=evp(s(x) =x to s(x)-(s(x)7"-y)=y.
So o is a geodesic motion planner and it only remains to show its continuity.

Let p: Isom(M) x M — M denote the action of the isometry group by evaluation and
again let PM = C°([0, 1], M). By [4, Theorem VII.2.10], the composition map

@: CO(M,M)x PM — PM, o(f.y)= foy,
is continuous with respect to the compact—open topologies. Thus, the restriction of ¢ to
Isom(M)x GM c C%(M, M) x PM
defines a continuous action
p:Isom(M) x GM — GM,  p = ¢lisom(M)xGM -

The inversion i : Isom(M) — Isom(M), i(g) = g~ !, is continuous since Isom(M) is
a topological group. We can express o as

o(x,y)= ﬁ(s(x), UB(p, p(i(s(x)), y))) for all (x,y) € F.
All maps on the right-hand side are continuous, so ¢ is continuous as well. |
The previous lemma allows us to make a useful estimate between the subspace geodesic

complexity of the total cut locus and that of one single cut locus in the homogeneous
case.

Theorem 5.4 Let (M, g) be a homogeneous Riemannian manifold and let p € M.
Then
GC(M) < secat(evp: Isom(M) — M) - GCp(Cut,(M)) + 1.

Proof As seen in Remark 2.7(2), it holds that GC(M) < GCys (Cut(M)) + 1, so it
suffices to show that

GCp (Cut(M)) < secat(evp) - GCp(Cuty(M)).
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Let k :=secat(ev,) and 7 := GC,, (Cut, (M )). By Lemma 4.1, there are pairwise disjoint
locally compact A1, ..., Ax C M with M = Uf-;l A; for which there is a continuous
local section s; : A; — Isom(M) of ev,, foreachi € {1,2,... ,k}. Let By,..., B, CM
be pairwise disjoint and locally compact with Cut, (M) C U;=1 Bj; such that, for each j,
there exists a continuous geodesic motion planner o;: {p} x B; — GM. Put

Fij:={(x,y)eMxM|xeA;,yesi(x) Bj}
foralli € {1,2,...,k}and j € {1,2,...,r}. By construction, the elements of
{Fijlie{l,2,... .k}, je{l.2,....r}}
are pairwise disjoint. Furthermore, foralli € {1,2,...,k}and j € {1,2,...,1},

Vij: Aix Bj — Fij, Vi j(x,y)=(x,s:(x)-y),

is a homeomorphism. Consequently, the F; ; are locally compact. If (x, y) € Cut(M),
then x € A; for some i € {1,2,...,k}. Since s;(x)~! is an isometry, it holds that
si(x)7!-y € Cuty(M). Hence, thereis a j € {1,2,...,r} with s;(x)"!-y € B; and
therefore (x, y) € F; ; by definition. This shows that

k r
cutM) c | J | F;j.

i=1j=1
Moreover, by Lemma 5.3 we can find a continuous geodesic motion planner F; ; — GM
of p forall i and j. Thus, GCps(Cut(M)) < kr, which shows the claim. ad

The previous upper bound has a particularly strong consequence for connected Lie
groups.

Corollary 5.5 Let G be a connected Lie group equipped with a left-invariant Rie-
mannian metric and let e € G denote the unit element. Then
GC(G) < GCe(Cute (G)) + 1.

Proof This is an immediate consequence of Theorem 5.4. Since eve : [som(G) — G
admits a continuous section — see Example 5.2 — it follows that secat(eve) = 1. 0O

Sectional categories of fibrations are in general hard to compute. A common way of
estimating their values from above is by the Lusternik—Schnirelmann categories of
their base spaces using [39, Theorem 18]. In our situation, this leads to the following
estimate:

Algebraic € Geometric Topology, Volume 23 (2023)



2248 Stephan Mescher and Maximilian Stegemeyer

Corollary 5.6 Let (M, g) be a homogeneous Riemannian manifold and let p € M.
Then

GC(M) < cat(M) - GC,(Cuty(M)) + 1.

Proof This is an immediate consequence of Theorem 5.4 and the fact that every
fibration p: E — B satisfies secat(p) < cat(B) by [39, Theorem 18]. a

We want to further estimate geodesic complexity from above by finding upper bounds
for subspace geodesic complexities of cut loci. When Cut, (M) admits a stratification,
we can compare GC,(Cut,(M)) to the subspace geodesic complexities of its strata.

Proposition 5.7 Let (M, g) be a complete Riemannian manifold, let p € M and
assume that Cut, (M) has a stratification (Sy, ..., Sx) of depth k. Then

k

GCp(Cut,(M)) < max GC,(Z;),
p(Cuty ))—;zien()(si) »(Zi)

where (X)) denotes the set of connected components of a space X.

Proof Since Cut,(M) = S§1U---U Sy, it follows from Remark 2.2(3) that

k
GCp(Cuty(M)) <Y~ GCp(S)).

i=1
Now fixi € {1,2,...,k} and let Zq,..., Z, be the connected components of S;. Put

s;i:= max GC,(Z;).
LT 1,20 »(Z))

For each j € {1,2,...,r}, let AL Agi C Z; be pairwise disjoint and locally
compact, such that, for each j € {1,2,...,r}and/ € {1,2,...,s;}, either A{ =0
or there exists a continuous geodesic motion planner o;;: {p} x A{ — GM. Put
Aj = U;=1 Alj for each [ € {1,2,...,s;}. Then the A; are pairwise disjoint and
locally compact with S; = U;’z 1 A1 Moreover, since, by definition of a stratification,
Z;NZ;j = forall i # j, the maps

o;:{p}xA; - GM, o;(p.x)=o0;;(p,x) forall xeAl, je{l,2,...,r},

are well-defined continuous geodesic motion planners. This shows GC,(S;) < s; for
eachi € {1,2,...,k}, which implies the claim. O
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Corollary 5.8 Let (M, g) be a homogeneous Riemannian manitold, let p € M and
assume that Cut, (M) has a stratification (S, ..., Sx) of depth k. Then

k
GC(M) < secat(evp:Isom(M) — M)-> " max  GCp(Z;) + 1.
Z
i=1

i €m0(S;)

Proof This follows from Theorem 5.4 and Proposition 5.7. O

6 Trivially covered stratifications

Recio-Mitter [34] considered total cut loci with stratifications whose strata are finitely
covered by the path fibration. As a part of [34, Corollary 3.14], he showed that, if such
a stratification is inconsistent and trivially covered, this knowledge about the total cut
locus suffices to compute the geodesic complexity of the space.

In this section, we will revisit the notion of trivially covered stratifications in the setting
of Riemannian manifolds, but, in contrast to [34], we will put a covering condition on
the cut locus of a single point instead of the total cut locus. We will then derive an upper
bound for the numbers GC, (M) that we have studied in the previous section. From this
estimate we will derive an upper bound for the geodesic complexity of homogeneous
Riemannian manifolds for which the cut locus of a point admits a trivially covered
stratification.

Definition 6.1 Let M be a complete Riemannian manifold, let p € M and let S =
(S1,...,Sn) be a stratification of Cut,(M). We call S trivially covered if, for all
ke€{l,2,..., N} and for all connected components Z of Sy, the restriction

- Cut -1
expp|&tp(M)neXp;1(Z). Cuty(M) Nexp, (Z2) > Z
is a trivial covering. Here, a trivial covering is understood to be a covering g: X — Y

for which there is a discrete set D and a homeomorphism f: X — Y x D such that
g =pro f, where pr: Y x D — Y is the projection onto the first factor.

Theorem 6.2 Let M be a complete Riemannian manifold, let p € M and assume that

Cut, (M) admits a trivially covered stratification of depth N € N. Then
GCp(Cuty(M)) < N.

Proof Let S = (S1,...,Sy) be a trivially covered stratification of Cut,(M). We

want to show that {p} x S admits a continuous geodesic motion planner for each
ke{l,2,...,N}. For a fixed k € {1,2,...,N}, let Zy,...,Z, be the connected
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components of Sy for suitable » € N. Fori € {1,2,...,r}, let B; be an arbitrary sheet
of the trivial covering

eXPp|€1Itp(M)mexp;‘(Z,~)3 Cut,(M) N exp;l(Z,-) —Z;.

Then exp, |, : Bi — Z; is a homeomorphism. With ¢; := (expp|3i)_1 :Z; — Bj, one
checks without difficulties that

si{pyx Zi = GM,  (si(p,q)(t) = exp,(1¢; ' (),

is a continuous geodesic motion planner and thus GC,(Z;) = 1. Since k €{1,2,..., N}
was chosen arbitrarily, the claim follows from Proposition 5.7. O

With the additional hypotheses that M is compact and that the stratification in Theorem
6.2 is inconsistent, one can derive an equality from Theorem 6.2. The following result
is analogous to the corresponding part of [34, Corollary 3.14]:

Corollary 6.3 Let M be a closed Riemannian manifold, let p € M and assume that
Cut, (M) admits a trivially covered inconsistent stratification of depth N € N. Then
GCp(M)=N +1.

Proof By restricting the motion planner from Remark 2.7(2), one obtains a continuous
geodesic motion planner on {p} x (M ~ Cut,(M)). It follows from Theorem 6.2 that
GCp(M) < GCp(Cuty(M))+1 <N +1.

But, by Theorem 4.8, it also holds that GC, (M) > N + 1, which proves the equality. O

Corollary 6.4 Let G be a compact connected Lie group equipped with a left-invariant
Riemannian metric and let e € G denote the unit element. If Cut,(G) admits a trivially
covered inconsistent stratification of depth N, then

GC(G)=N + 1.
Proof Combining Theorem 6.2 with Corollary 5.5 yields
GC(G) < GCe(Cute(G))+1 <N +1.
But, by Theorem 4.8, GC(G) > N + 1 as well, so the claim follows. O

7 Examples: flat tori and Berger spheres

We want to use the results of Sections 5 and 6 to compute the geodesic complexities of
two classes of examples: two-dimensional flat tori and three-dimensional Berger spheres.
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The cut loci of points in such spaces are well understood and admit stratifications of a
well-behaved kind.

7.1 Geodesic complexity of flat tori

Recio-Mitter has computed the geodesic complexity of a standard flat n—dimensional
torus in [34, Theorem 4.4]. More precisely, he has shown that the standard flat metric g ¢
on the n—torus T" satisfies GC(T", gr) =n + 1 foreach n € N.

In the course of this subsection, we will extend the two-dimensional case of Recio-
Mitter’s result to arbitrary flat metrics on two-dimensional tori. The cut loci of such
metrics are well understood.

Before we do so, we will reobtain Recio-Mitter’s computation for standard flat tori
using the methods of this article. This example is particularly instructive and illustrates
the use of inconsistent stratifications. Moreover, in contrast to [34, Theorem 4.4],
we only need to consider the cut locus of a single point, while in the proof of [34,
Theorem 4.4] a stratification of T" x T" is required and the structure of the space of
geodesic paths in 7" needs to be examined.

Example 7.1 Letn € N and consider the n—torus 7" with the standard flat metric g,
ie the quotient metric induced by the standard metric on R” and by identifying 7" =
R™/(27Z)". Equivalently, T" is obtained from R” by collapsing the lattice defined by
an arbitrary family of n pairwise orthogonal vectors of length two. Let 7: R"” — T"
be the projection and put 0 := 7(0) and M := (T", gr). We identify R" with 7, M in
the obvious way.

Note that 7" is isometric to the Riemannian product (R/(2Z))". For N :=R/(27)
let pr: R — N be the obvious Riemannian covering and put pg := pr(0) € N. Then
Cutp,(N) = {pr(1)} and the tangent cut locus is given by

Cutyy (N) = {1, 1}
under the identification T, N = R.

Given the Riemannian product of two Riemannian manifolds (M1, g1) and (M>, g2),
the cut locus of a point (p1, p2) € M1 x M5 is easily seen to be

Cut(pl,pz)(Ml X Mp) = (Cutp1 (M1) x M) U (M; x Cutpz(Mz));

see [7, page 328]. For i € {1,2}, let K; be the union of the injectivity domain in 7, M;
with the tangent cut locus Cut,, (M;). Similar to the cut locus, the tangent cut locus of
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(p1, p2) is given by
Cut(p,.pp) (M1 x Mz) = (Cutp, (My) x K2) U (K x Cuty, (M2))

under the identification T(p, ,,)(M1x M2) == Ty, M1 x Tp, M>. For products of finitely
many manifolds, one iteratively derives analogous results for cut loci and tangent cut
loci.

We conclude that, if /™ := [—1, 1], then the tangent cut locus of 0 in M = (T", is
g 8f
Cut,(M) = oI".

See also [19, page 107] for the case n = 2. The boundary d/" admits a stratification
" = UZ=1 Ay of depth n, given as follows: For each k € {1,2,...,n}, we put

Je :={(i1,....ix) eNF |1 <ij <---<ip <n).
Then each Ay is given as the disjoint union Ax = U, i )es; Air,..ix» Where
Aiy i =1 xp) €I xg | = 1if L €{ivuin,. ik h x| < Vif [ ¢{in.. . ik}

For (i1,...,ix) € Jr and j1,..., jr € {—1,1}, we put

Al o1 i
= {(xl,...,xn) e R" D Xiy =j1,...,x,'k = Jk, |xl| < 1ifl §é {il,...,ik}}.
Then the sets A;,.....ix, j1,....jx» Where ji, ..., jr € {—1, 1}, are precisely the connected

components of A;, ..

Put By := exp, (Ag). We claim that (By, ..., By) is a trivially covered stratification of
Cut,(M). One checks that the connected components of each of the By, are precisely

the sets
Bil,...,ik = eXpo(Ail,...,ik) for (i], cee lk) € Jk'
Moreover, for all (iy,...,i;) € J and all jy,..., jr € {—1, 1}, the restriction
eXPo 4, ... ixitoin - Al vesitdtsendc = Bt

is a homeomorphism. From the explicit description of the A;, ... ;. , one derives that

(B1,...,Bpy) is a stratification. It further follows from the above observations that
eXpO|A,l ..... i Aiy,ix = Biy ik
is a trivial covering map for all (i1, ...,ig) € Ji. Since k € {1,2,...,n} was chosen

arbitrarily, this shows that (B, ..., By) is trivially covered.
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We now want to prove that (By,...,B,) is indeed an inconsistent stratification of
Cuty(M). For this purpose, let k € {2,3,...,n}, (i1,...,ix) € Jy and x € Bj, i, -
We assume without loss of generality that (i1,i2,...,ix) = (1,2,...,k). Then there
are yi,..., Yp—k € (—1, 1) such that

x=exp,(1,1,....Ly1,.... Vn—k)-
It further holds that

(7-1)  expg' (X)) = {(1o -+ ko V1o Vak) € ToM | jio- ok € =1 1},
where K := I" and expg := exp,|x: K — M, which is a special case of the map
defined in (4-1). Leti € {1,2,...,k} and let B; := By__;_1,i41...x C Bx_1. Given

e >0, put
n—k

U := eXpo((1—8,1+5)kx H(yj—s,yj —I—e)) C M.

Jj=1
Then Uy is an open neighborhood of x and, for sufficiently small & > 0, it holds that
B; NU, has two components Cl-+ and C;~. With I :=(1—¢, 1) and /- := (-1, -1+¢),
we put, for all jq,..., ji—1, Ji+1,-..» Jk € {—1,1},

+
Ajl,---,jifl,jiJrl,---,jk
n—k

= (jl,---,ji—l,l,ji+1,---,jksCI))IEIi,qe H(yl—&yl-l-E)}-
I=1

The two components C l.+ and C; then satisfy
—1 +\ _ +
expg (C) = U Ajl ----- Ji—1sJid1smesJk”
jla"'a.jl.fl9ji+1=-"5jke{_151}
Combining this observation with (7-1) yields
Cuto (M) Nexp, ' ({x}) Nexpg! (C)

In particular, exp, ! ({x})N expl_(1 (Cl.+) N expl_(1 (C;) = 2, implying that (B1, ..., By)
satisfies the inconsistency condition at x. Since x € Cut, (M) was chosen arbitrarily,
this shows that (By, ..., By) is inconsistent. Note that in general B;_; N Ug has more
connected components than Cl.Jr and C;”, but considering these two components is
sufficient for proving the inconsistency condition.

Since 7" is a Lie group and g is left-invariant, it follows from Corollary 6.4 that

GC(T",gr) =n—+1.
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Next we will compute the geodesic complexity of arbitrary two-dimensional flat tori.
The reader should note that, in general, the geodesic complexity of (72, g) will vary
with the metric g; see Example 2.3(2). For arbitrary flat tori of higher dimensions, the
cut loci of points are not as well understood as in the two-dimensional case. While it
might be possible to extend our result to flat tori of higher dimensions, we are not aware
of any systematic study of cut loci of flat higher-dimensional tori in the literature.

For p,q € R?, welet [p,q] = {(1—1t)p +1tq € R? |t €[0, 1]} denote the line segment
from p to q.

Theorem 7.2 Let g be an arbitrary flat metric on T?. Then GC(T?, g) = 3.

Proof By elementary Riemannian geometry, (72, g) is isometric to 72 with a quotient
metric induced by the standard metric on R? and a projection 7: R? — R?/T" = T2,
where I' C R? is a lattice. We thus assume that g itself is such a quotient metric. Put
0 :=m(0,0). We are going to describe (:Tﬁ,,(ﬂ), following [19, page 108]. The case
that I" is generated by two orthogonal vectors is covered in Example 7.1, so we assume
in the following that I" is generated by two vectors a1, as € R? such that the angle
between a and a5 is acute.

If we identify T, M with R?, then E:Tﬁo (M) is given by a hexagon whose construction
we will describe next. Consider the perpendicular bisectors of the line segments

[0,a1], [0,a2], [0,—a1]., [0,—a2], [0,a1—az], [0,a2—ai].

These perpendicular bisectors enclose a hexagon in R?; see Figure 1. The tangent
cut locus é\uato (M) consists of the boundary curve of the hexagon, while the domain
of injectivity of exp,, is given by the interior of the hexagon. Let the segments and
the corner points of the hexagon be labeled as in Figure 1. Then there are p,q € M

with p # g such that p = exp,(p1) = exp,(p2) = exp,(p3) and ¢ = exp,(q1) =
€XPo (q2) = €XPo (Q3)

For x,y € R? we put [x, y]] := [x,y] ~ {x,y}. With p and ¢ as above, the set
Cuty (M) ~{p, g} has three connected components

Ay = exp, ([p1. q1]) = exp, ([g2. p3]).

Az i=exp, ([91. p2ID) = exp,([p3. 431D,

Az = exp, ([ p2. g2])) = exp,(llg3. p1])-
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ap—daz

Figure 1: Tangent cut loci of flat two-dimensional tori.

More precisely, exp, maps both [p1, 1] and [g2, p3]] homeomorphically onto Ay,
both [[¢1, p2]] and [ p3, ¢3]] homeomorphically onto A,, and both [[ p2, ¢2]] and [¢3, p1]l
homeomorphically onto As.

Let S» :={p,q} and S; := A1 U A» U A3. By construction, (S, S») is a trivially
covered stratification of Cut, (7>, g). We want to show that (S1, S») is inconsistent as
well. Let K C T,T? denote the union of ajto(Tz, g) with the domain of injectivity
of exp, and let expg : K — T2 be the restriction of exp,, to K. This is again a special
case of the map defined in (4-1). Let U C T2 be an open neighborhood of p and put
Zi:=A;NU foralli € {1,2,3}. If U is chosen sufficiently small, then, by the above
description of (’j\u/to(Tz, g), there are x1 € [p1,¢1] and x| € [[g2, p3] such that

expx (Z1) =[x}, p3l U [p1, x1].
Analogously, one shows that there are
x2 € [q1. p2ll. x5 €[[p3.q3]l. x3€[p2.q2l and xj € [lg3, p1]l
such that
expg' (Z2) = [x2. p2l U [p3. x5].  expg' (Z3) = [x5, p1] U [p2. x3].
Since expl_{1 {pY) = {p1, p2, p3}, this shows that
expx’ ({P}) Nexp' (Z1) = {p2. p3},
expx' ({p}) Nexp' (Z2) = {p1. p3},
expg’ ({p}) Nexpg' (Z3) = {p1. p2}.
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Consequently,

3
Cuto(T?) Nexp, ' ({p}) N [ expg! (Z1) = @,
i=1
which shows that (S, S>) satisfies the inconsistency condition at p. In complete
analogy, one shows that the condition is satisfied at ¢ as well, implying that (S, S2) is
inconsistent. Since g is, by construction, left-invariant, it follows from Corollary 6.4
that GC(T?, g) = 3. i

7.2 Geodesic complexity of Berger spheres

In this subsection we consider a class of homogeneous Riemannian manifolds whose
geodesic complexity can be computed explicitly without making use of the upper and
lower bounds we previously studied. In [1], M Berger has constructed a one-parameter
family of homogeneous metrics g4 for 0 < a < 7 on the three-dimensional sphere S 3,
whose cut loci have been described by Sakai [38].

In the following, we will first recall a particularly interesting class of homogeneous
Riemannian manifolds, namely naturally reductive spaces. Berger spheres are special
cases of them and we will outline the construction of Berger’s metrics following [38].

Given a Lie group G, we always let e € G denote its unit element. Let g denote
the Lie algebra of G and assume that H is a closed subgroup of G. Then the Lie
algebra h of the Lie group H is a Lie subalgebra of g. If there is an Ady—invariant
subspace m of the Lie algebra g which is complementary to fj then there is a bijective
correspondence between Adgy—invariant inner products on m and G—invariant metrics
on the homogeneous space G/H. See [31, Proposition 11.22(2)] for details.

Definition 7.3 [31, page 317] Let G be a Lie group with a closed subgroup H. Let g
be the Lie algebra of G and § be the Lie algebra of H. Assume that there is a subspace
m C g which is complementary to h and such that Adg (m) C m, where Adg denotes
the adjoint representation of H. Suppose there is an Adg—invariant inner product -, -)
on m such that

([X.Y]m. Z) = (X.[Y, Z]w)

for all X,Y, Z € m, where the subscript m of an element of g denotes its projection
onto m. Then G/H together with the G—invariant Riemannian metric corresponding
to this inner product is called a naturally reductive space.
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Example 7.4 All symmetric spaces are examples of naturally reductive spaces as
discussed in [31, page 317]. The real Stiefel manifolds V (R”) forn >4 and 2 < k <
n — 2 are examples of naturally reductive spaces which are not symmetric spaces; see
[18, page 748].

For our purposes, the crucial property of naturally reductive spaces is the observation
made in the following proposition. We refer to [31, Proposition 11.25] for its proof.

Proposition 7.5 Let G be a Lie group and H C G be a closed subgroup. It M = G/H
is a naturally reductive space and w: G — M is the projection, then the geodesics
starting at o = 7 (e) are precisely the curves of the form y(t) = w(exp(t€)) for &£ e m,
where exp: g — G is the Lie group exponential of G.

We proceed by constructing Berger spheres as naturally reductive spaces following the
exposition of [38]. Let G = SU(2) xR and let g = su(2) ® R be its Lie algebra. We
consider the Adg—invariant inner product on g given by

((A,x),(B,y)) = —% Tr(AB) +xy forall (4,x),(B,y)€g.

For o € (0 z ], we define a linear subspace of g as

» 2
il cosa 0 )
ha={(( 0 —ilcosa)’lsma)eg‘IER}'

Consider the closed subgroup Hy C G, H, = exp(hy), where exp again denotes the
Lie group exponential of G. Explicitly, H,, is given as

il cosa
0 .
Ha:{((e 0 e_ilcosa),lsmoe)‘le]R}.

One checks that G/ H,, is diffeomorphic to S3. The orthogonal complement to by in g
with respect to (-, ) is the space

irsina a-+ib
my = } .. ,—F CoS eg‘a,b,reR .
—a+ib —irsina

A direct computation shows that mg, is Adgy,—invariant. The restriction of the inner
product (-, -) to my X my defines an Adg,—invariant inner product on my. We equip
the homogeneous space G/H, with the G-invariant metric that is defined by this inner
product and the abovementioned correspondence between G—invariant Riemannian
metrics on G/Hy and Adg,—invariant inner products on mg,.
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Since my L hy by construction, the space M, = G/H, equipped with the described
homogeneous metric is a naturally reductive space; see [18, Proposition 23.29]. Thus,
by Proposition 7.5, the geodesics in My emanating from o are precisely the images of
the one-parameter groups in G under 7 of elements of my. For o = 7, one further
observes that G/H,, is isometric to the round sphere S3 of sectional curvature one; see

[28, page 77].
The following observation gives us a strong upper bound on GC(My ). We refer to [28,

Section 3] for its proof.

Proposition 7.6 For each o € (O, %) the Berger sphere M, is isometric to SU(2)
equipped with a left-invariant metric.

Combining Proposition 7.6 with Corollary 5.5 yields
(7-2) GC(My) < GCo(Cutp(My)) + 1,

where 0 = m(1). To compute GC,(Cut,(My)), we will outline the results from [38]

about the cut loci of M. For a = 7,

Examples 2.3(1). Thus, in the following we fix « € (0, %).

we already know that GC(My/,) = 2; see

Let S C m, denote the unit sphere in m, with respect to the norm induced by (-, -)
and let D, : g — T, M, denote the differential of 7 in the unit e € G. Consider the
isometric isomorphism of vector spaces

@ = Dre|my,: My => TyMy.

Then ¢ maps S to the unit sphere in T, My. Let ¢ : T,My — T, M, be the radial
homeomorphism which maps the unit sphere homeomorphically onto the tangent cut
locus afto(Ma) of 0 in M,. Then the map F: S — afto(Ma), F:=vyogp|sisa
homeomorphism. We consider e, e; € my given by

a=(22)) =)

Let U := spang ({e1.e2}) and let ryy : my — my denote the reflection through U. Let
m; and m, denote the two components of my ~U and put D; := S Nm; fori € {1, 2}.
By the results of [38, page 151]:

e Cuty(My) = (exp, o F)(S).
* exp,o F|p, and exp, oF|p, are injective.

e (exp,o F)(v) = (exp, oF)(ry(v)) forall ve Dy U Ds.
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Hence, the map exp,, o F| D, 1s a bijective continuous map from a closed disk onto the
cut locus Cut, (My,). Since the disk is compact and Cut, (M) is a Hausdorff space, this
shows that Cut, (M) is homeomorphic to a closed disk. Moreover, exp, o F| D, D; —
M, is an embedding of D; onto Cut,(My) fori € {1,2}.

Theorem 7.7 Forall « € (0, Z], it holds that GC(My) = 2.

Proof Fora = % ie the case of a round metric, this is observed in [34, Proposition 4.1],
so we will only consider the case of « € (O, %) In the notation from above, we put
E := F(Dy) and let f: Cut,(My) — E, f := (exp, o F|g)~!. Define

s:{o} x Cuty(My) - GMy, (s(0,9))(t) =exp,(t- f(g)) forall t€[0,]1].
By Proposition 7.5, the map s is a continuous geodesic motion planner, which shows
GCo(Cuto(My)) =1

and thus GC(My) < 2 by (7-2). Since GC(My) > TC(S3) = 2, this shows the claim. O

Remarks 7.8 (1) As Recio-Mitter has shown [34, Example 2.4], there exists a
Riemannian metric g, on S3 for which GC(S3, g,,) = 3. This shows that also in the
case of S3, the value of GC depends on the chosen metric.

(2) The cut locus of a point in the Berger sphere M, for 0 < a < 7 is a closed
disk. It therefore seems tempting to determine the geodesic complexity of M, via
a stratification of this cut locus similarly to what we have done in previous sections.
More precisely, an obvious stratification of a closed disk is given by taking one stratum
as its interior and another stratum as its boundary. However, this is not an inconsistent
stratification as in Definition 4.6 since we would then obtain GC(M,) > 3, whereas we

have shown that GC(My) = 2.

(3) As this example is particularly instructive, we want to sketch briefly how to show
directly that the stratification from the previous paragraph is not inconsistent. Let
K C T, M, be the union of the injectivity domain with the tangent cut locus (fil/ta (My).
Using the same notation as in the exposition above, put

Sy := (exp, o F)(D1) C Cuto(My) and Sy := (exp, o F)(3D1) C Cuto(My).

Under the identification of Cut,(My) and a closed disk, this is the decomposition from
part (2) of this remark. Evidently, this is a stratification in the sense of Definition 4.4.
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Let x € S3 and let U C My be a neighborhood of x. For sufficiently small U, the
intersection U N S has only one connected component, which we call Z. We claim
that

Cuto (My) Nexp, ' ({x}) Nexpx! (Z) # 2.

By the above discussion of Cut, (My), the intersection Cut, (My)Nexp, ! ({x}) consists
of a single point v € T, M. By choosing a sequence in Z converging to x and recalling
that exp, o F| p, 18 a homeomorphism for i € {1, 2}, we see that

NS expl_<1 (2).
This shows that

Cuto(Ma) Nexp, ' (x}) Nexpr! (Z) = (v} # &.

Hence, the stratification (S1, Sz) of Cut, (M) is not inconsistent.

8 Explicit upper bounds for symmetric spaces

In [36, Theorem 5.3], Sakai has determined the cut loci of compact simply connected
irreducible symmetric spaces. He showed that their cut loci always allow for strati-
fications for which each stratum is a submanifold. Since every symmetric space is a
Riemannian product of irreducible symmetric spaces, Sakai’s results are enough to
determine the cut loci of compact simply connected symmetric spaces in general; see
our explanations on cut loci of product manifolds in Example 7.1.

In this section, we will first apply the results from Section 5 to find an upper bound
for the geodesic complexity of a compact, simply connected, irreducible symmetric
space. From Sakai’s results, in particular [36, Proposition 4.10], we will further derive
estimates on the subspace geodesic complexities of the strata of a cut locus. These
numbers appeared on the right-hand side of the inequality in Corollary 5.8 and we
will show that they can be estimated from above by certain sectional categories. As a
result, we will obtain an upper bound for the geodesic complexity of compact, simply
connected, irreducible symmetric spaces given purely in terms of categorical invariants.

We begin by summarizing the main results of [36], stated here in the form of [37,
Section 4]. We assume basic knowledge on symmetric spaces that is provided by
textbooks in Riemannian geometry like [23] or [33]. In the following, we always let
Df denote the differential of a differentiable map f in the point x.
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Let M = G/K be a compact, simply connected and irreducible symmetric space,
where (G, K) is a Riemannian symmetric pair. Explicitly, G is a compact, connected
Lie group, K is a closed, connected Lie subgroup of G and G admits an involutive
automorphism o: G — G whose fixed-point set satisfies (Fix(0))o C K C Fix(0),
where (Fix(0))o is the identity component of Fix (o).

Let m: G — M denote the orbit space projection, let ¢ € G denote the unit element
and put 0 := 7(e) € M. Let g and ¢ denote the Lie algebras of G and K, respectively,
and let m C g be the —1 eigenspace of Do.. Then, since £ is the +1 eigenspace
of Do, there is a vector space decomposition g = £ @ m. Furthermore, the restriction
Dre|m: m — Ty M is a linear isomorphism; see [23, Theorem TV.3.3].

In the following we give a concise overview of the most important notions related to
root systems of symmetric spaces:

e Let gc denote the complexification of g. By [23, page 284], there exists a Cartan
subalgebra ) C gc. We recall that a root o of the Lie algebra g¢ is an element of the
dual space h* such that there is a nonzero vector X € g¢ satisfying

[H,X]=a(H)X forall Heb.
The set of nonzero roots of the Lie algebra g¢ will be called R.

¢ Let a be a maximal abelian subalgebra of m, which again exists by [23, page 284].
We will call a a Cartan subalgebra of (G, K).

A root @ € R with a|, # 0 will be called a root of the symmetric pair (G, K). The set
of roots of the symmetric pair (G, K) will be denoted by R(G, K).

e By choosing a certain real subspace hg of the Cartan subalgebra h) and defining a
lexicographic ordering on hg, one defines an ordering on the set of roots R; see [23,
page 173]. This defines a set of positive roots RT C R of gc. The set of positive roots
of (G, K) is then defined as

R(G,K)t := R"NR(G, K).

There is a maximal element of R(G, K)* with respect to this ordering, which we
denote by ¢ and call the highest root of (G, K).

e Let k be the rank of the symmetric space M = G/ K. A simple root of (G, K) is a
positive root o which cannot be written as a sum & = 8+ y with 8,y € R(G, K)™.
There are precisely k simple roots and one finds that every positive root can be written

Algebraic € Geometric Topology, Volume 23 (2023)



2262 Stephan Mescher and Maximilian Stegemeyer

as a linear combination of the simple roots with nonnegative integer coefficients; see
[23, Theorem VII.2.19]. Denote the system of simple roots of (G, K) by 7(G, K).

¢ By virtue of the chosen Adg—invariant inner product on g, we will from now on
consider the roots to be vectors in a in order to follow [36, Section 2].

Based on this terminology, we next recall Sakai’s results on the structure of cut loci of
symmetric spaces. In the case that there are two or more positive roots of (G, K), we
define a subset D of the power set of 7(G, K) by

D:={ACn(GK)|A#3,8¢A).

If there is only one positive root y, which is therefore also the only simple root and
also the highest root, define

D:={{r}.

Let (-,-) denote the chosen Adg—invariant inner product on g and consider the Weyl
chamber of 7 (G, K) that is given by

W:={Xeal|(y,X)>0forall y e n(G, K)}.

See [23, Section VIL.2] for further details on Weyl chambers and their connection to
root systems. If there is more than one positive root, let

SA =
(XeW|(y,X)>0forallye A, (y,X)=0forall y e n(G,K)~A,2(8, X)=1}
for each A € D. If there is just one positive root y, then set
Sy =1X €al2(y. X)=1}.
Since a is one-dimensional in that case, Sy, consists of a single point.
Let exp: g — G be the exponential map of G and put

Exp:m —> M, Exp:=moexp|m.
For A € D, we let

Da: K xSp =M, ®ak,X)=Exp(Ad(k)(X)),

and put Za :={k € K | Exp(Ad(k)(X)) = Exp(X) for all X € Sa}. One checks with-
out difficulties that Z A is a closed subgroup of K. As shown in [36, Proposition 4.10],
each @ induces a differentiable embedding

CI)AIK/ZAXSA—>M.
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Put Ca :=im @A for each A € D. By [36, Theorem 5.3], the cut locus of M at o is

then given by
Cuto(M) = | J Ca

AeD
and the Cp satisfy
CANCpAr =90 forall A,A'eD, A# N,
(8-1) Cp = U Car forall A eD.

A'CA
Let k be the rank of M. Fori € {1,2,...,k}, we put
Di:={AeD|#A=i} and C;:= [ ] Ca.
A€eD;

It follows from (8-1) that (Cy, Cx—_1, ..., C1) is a stratification of Cut, (M) and that
the Ca for A € D; are precisely the connected components of C;. Since M is a
homogeneous Riemannian manifold, we thus obtain from Corollary 5.8 that

k
(8-2) GC(M) < secat(ev,: Isom(M) — M)- Y~ max GC,(Ca) + 1.
pat A€D;

It remains to find upper bounds on the numbers GC,(CA).
Proposition 8.1 For each A € D, it holds that
GCy(Cp) <secat(ga: K — K/Zp),
where g denotes the orbit space projection.
Proof Letr:=secat(ga). Then, by Lemma 4.1, there are pairwise disjoint and locally

compact subsets By,..., B C K/Z A such that, for eachi € {1,2,...,r}, there is a
continuous local section s; : B; — K of ga. Using these s;, we define

0i: {0} X ®A(B;i x Sp) = GM, (0 (0, Pa(x, X)))(r) = Exp(r - Ad(s; (x)) (X)),

forevery i € {1,2,...,r}. By construction, each o; is continuous and o; (0, Pa (x, X))
is a geodesic segment for all (x, X) € B; x Sa and eachi € {1,2,...,r}. Moreover,
(0i (0, @a(x, X)))(0) = Exp(0) = o,
(0i (0, @A (x, X)))(1) = Exp(Ad(s(x)) (X)) = Pa(x, X),
by definition of ® . Thus, the o; are continuous geodesic motion planners. Since the

sets DA (B1 X SA), ..., Pa(Br x Sp) are pairwise disjoint, locally compact and cover
O(K/Z A x SA) = Ca, this shows that GC,(Cp) <. O
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Combining Proposition 8.1 with (8-2) yields the following upper bound:

Theorem 8.2 Let (G, K) be a Riemannian symmetric pair and let M = G/ K be the
corresponding symmetric space. Assume that M is compact, simply connected and
irreducible. Then, with D; and Z a given as above,
k(M)
GC(M) < secat(evy: Isom(M) — M) - Z znezgg secat(ga: K — K/ZA) + 1,
i=1 !

where rk(M') denotes the rank of M.

Corollary 8.3 Let (G, K) be a Riemannian symmetric pair and let M = G/K be the
corresponding symmetric space. Assume that M is compact, simply connected and
irreducible. Then, with D; and Z a given as above,
k(M)
GC(M) <cat(M)- Y max cat(K/Zp) + 1.
=1 A€D;

Proof This is an immediate consequence of Theorem 8.2 and [39, Theorem 18]. O

We want to conclude by applying the upper bounds to two examples of compact
symmetric spaces whose cut loci have already been discussed in the works of Sakai,
more precisely in [36, Example 5.4; 35, Section 4.2].

Example 8.4 Consider the complex projective space CP" =Un+1)/(U(1) xU(n))
with the Fubini—Study metric. This is a compact and simply connected symmetric space
of rank one. Its cut locus is studied in detail in [36, Example 5.4]. Let G = U(n + 1),
let g =u(n + 1) be its Lie algebra and let K = U(1) x U(n). Let g = €@ m denote the
decomposition of g with respect to the symmetric pair (G, K). By the same methods
as in [23, page 452], which treats the Lie algebra of SU(#n), one computes that

E:{(ig g)|aeR,§€u(n)} and m:{(_g QOT)‘ueC”}.

Then a = spang ({Ho}) is a Cartan subalgebra of (G, K), where Ho = (h;;) € g is

iven b
given by i3, j)=(Ln+1),

if(i,j)=m+1,1),
0 otherwise.

E
2
— /1

In particular, every system of simple roots of (G, K) consists of a unique element. Let
o be the equivalence class of the neutral element of G in G/ K = CP". Then Cut,(M)
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consists of a unique submanifold, given by

Cuto (M) = {Exp(Ad(k)(Ho)) | k € U(1) x U(n)}.
Sakai further showed that

Zo:={k € U(1) xU(n) | Exp(Ad(k)(Ho)) = Exp(Ho))}

can be identified with Zy = U(1) x U(n — 1) x U(1). Hence, by Proposition 8.1,
(8-3) GCp(Cuty(M))

<secat(U(1) x U(n) — (U(1) x U(n))/(U(1) x U(n — 1) x U(1))).
One easily checks that the map
¢ (U) xUm)/(U1) x U —1)x U(1)) = Um)/(U(n —1) x U(1)) = CP" 1,

o([z. A]) = [A].

where (z, A) € U(1)xU(n), is a well-defined homeomorphism. Let p: U(n) — CP"~!
denote the principal U(1)-bundle over the homogeneous space CP"~!. Assume that
s:V — U(n) is a continuous local section of p over a subset V C CP"~!. Then we
obtain a continuous local section 5: V' — U(1) x U(n) of the principal fiber bundle

U)xUm) - U)xUm)/(UQ)xUm—1)xU(1))

by setting §(¢ 1 (p)) = (20, s(p)) for p € V, where zg € U(1) is a fixed element. This
shows that

secat(U(l)xU(n)—>(U(l)xU(n))/(U(l)xU(n—l)xU(l)))fsecat(U(n)—>CP”_1).
Hence, we derive from (8-3) that
GCo(Cuty(M)) < secat(U(n) — CP"* 1) < cat(CP" 1) = n,

where we used [39, Theorem 18] for the second inequality. The fact that cat(CP" 1) =
n is shown in [6, Example 1.51]. Eventually, by Theorem 5.4 and the same references,

GC(CP") <secat(U(n + 1) = CP"™) GCy(Cuty(M)) + 1
< cat(CP™)cat(CP" 1 + 1
=m+1n+1.

Since TC(CP™) = 2n + 1, as computed in [14, Lemma 28.1], we derive using
Remark 2.4(1) that

2n+1<GC(CP")<(m+1)n+1 forall neN.
For n = 2, this shows that GC(CP?) € {5,6,7}.
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Example 8.5 Consider the complex Grassmann manifold
G2(CH =U(#)/(UQR) x U(2)).

As a quotient of a compact Lie group by a closed subgroup, G»(C*) is compact. Let
V2 (C*#) be the corresponding complex Stiefel manifold. As shown in Example 4.54
of [22], Vo(C*#) is simply connected. Since the fiber U(2) of the fibration V,(C*) —
G2(C*) is connected, it follows from the long exact homotopy sequence of this fibration
that G (C*#) is simply connected as well. The cut loci of G,(C*#) are discussed in [35,
Section 4.2; 36, Example 5.5]. The corresponding decomposition of the Lie algebra
g=u(4) of G = U(4) is given by g = £ & m, where

e:{(g 2)(a,ﬁeu(2)} and m={(_gT g))geMz(C)}.

Here, ¢ is the Lie algebra of K = U(2) x U(2). A Cartan subalgebra a C m is spanned
by

0010 0 000

e L] 0000 1|0 001
27 [-1000 27 [0 000
0000 0-100

By [36, page 143], one can define positive roots and simple roots of (U(4), U(2) xU(2))
in such a way that 2e; = § is the highest root and that a system of simple roots is given

by
7w(G,K) ={y1,y2}, where y;:=2e3, y2 :=¢€1 —e3.

Thus, in the notation from above, D = {Ag, A1, Az}, where Ag = {y1, y2}, A1 = {y1}
and Ay = {y>}. With §; := Sx, fori € {0, 1,2}, one computes that

So={n%e1+ ez calre(0,7%)), S;={rxe1}, Sy={n%(e;1+e2)}

We further put Z; := Z,; for each i. By computing the corresponding matrix expo-
nentials, we obtain

7, ={diag(a,b,c,d) e URQ)xU2) |a,b,c,d € U(1)} = U(1)*.

Since U(2)/(U(1) x U(1)) is diffeomorphic to CP! = S2, it follows that K/Z =
S2 x S2. Hence, cat(K/Z1) = cat(S? x $2) < 3 by the product inequality for cat;
see [6, Theorem 1.37]. One further computes by matrix exponentials that Z, = K, so
K /Z, consists of a single point, which yields cat(K/Z,) = 1. By [36, Lemma 4.9],
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for every fixed X € Sp we obtain Zy = {k € K | Exp(Ad(k)(X)) = Exp(X)}. We
choose X = n%e; + %nzez and claim that

Zo = {diag(a,b,c,b) e UQR)xUQ) |a,b,c € U(1)}.

To see this, we compute that

0 010

o L oL

_ N AN
xp(X)=1_1 % 0%
1 1

The condition Exp(Ady (X)) = Exp(X) is equivalent to exp(—X )k exp(X) € K. One
then checks by an explicit computation that k € K satisfies this condition if and only if

k = diag(a,b,c,b) with a,b,c € U(1).

Hence, K — K/Zjq is a bundle with typical fiber U(1)3, where an inclusion of the
fiber is given by

U1} > UQR)xUQ), f(a,b,c)=diag(a,b,c,b).

We want to show that K/Zg is simply connected. By the long exact sequence of
homotopy groups of that bundle, it suffices to show that fi: 71 (U(1)3) — 71(U(2)?)
is surjective. Let y: [0, 1] — U(1), y(t) = e?™!. We observe that 71 (U(1)3) = Z3.
A set of generators of 71(U(1)3) is given by the homotopy classes of the loops
Y1.y2,v3: [0, 1] = U(1)3 defined as

)/1([)=()/(t),1,1), Vz(l)=(1,)/(f),1), )/3(l)=(1,1,)/(f))

We further observe that 71 (U(2)?) = Z?, where a set of generators is given by the
homotopy classes of

B1.P2:[0. 1] =>U@2)xU(2), 1) =diag(y(1).1,1.1), pa(r) =diag(l,1,y(z).1).

Here we used [4, Example VII.8.1]. One immediately sees that f o y; = f; and
f oy3 = B». This shows that the image fx contains a set of generators, and hence fx
is surjective. Thus, 771 (K /Z) is the trivial group, which implies by [6, Theorem 1.50]
that

cat(K/Zo) < 2dim(K/Zp)+1=3+1=1.

Since cat is integer-valued, we obtain cat(K/Zg) < 3. To employ Corollary 8.3, we
still need to estimate cat(G,(C*)) from above. Another use of [6, Theorem 1.50]

shows that
cat(G2(C*) < L dim(G2(C*) + 1 =5.
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Inserting the results of our computations into Corollary 8.3, we derive

GC(G2(C*)) < cat(G2(C*))(cat(K/Zo) + max{cat(K/Z1), cat(K/Z)}) + 1

<53+3)+1=3l

By [14, Lemma 28.1], it further holds that TC(G2(C#)) = dim(G>(C#*)) +1 = 9.
Thus, by the previous inequality and Remarks 2.4, we obtain

9 < GC(G2(CH) <31.
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