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NECESSARY AND SUFFICIENT CONDITIONS FOR A
TRIANGLE COMPARISON THEOREM

JAMES J. HEBDA AND YUTAKA IKEDA

ABSTRACT. We prove a version of Topogonov’s triangle comparison theorem with
surfaces of revolution as model spaces. Given a model surface and a Riemannian
manifold with a fixed base point, we give necessary and sufficient conditions under
which every geodesic triangle in the manifold with a vertex at the base point has
a corresponding Alexandrov triangle in the model. Under these conditions we
also prove a version of the Maximal Radius Theorem and a Grove—Shiohama type
Sphere Theorem.

1. INTRODUCTION

Let M be a simply connected, complete, 2—-dimensional Riemannain manifold
which is rotationally symmetric about its base point 0, and let M be a complete
Riemannian manifold with a fixed base point o. The generalized Toponogov com-
parison theorem asserts that, under appropriate hypotheses, geodesic triangles Aopq
in M have a corresponding geodesic triangle Aopq in M, whose corresponding sides
have the same lengths and whose corresponding angles have smaller measures. Dif-
ferent versions of this theorem have appeared in the literature under increasingly
more general hypotheses. For a sample of this literature, see [3] [, 10} 17, [I8] [19]
121 23], [15] [16], 22], 9]. Typical hypotheses include bounding the curvature of M from
below by that of M and imposing additional restrictions either on M or on the tri-
angles under consideration. In any case, the hypotheses assumed in these works are
stronger than needed. In [§], we proved a generalized Toponogov Theorem in which
the usual hypothesis on curvature was replaced by a weaker notion, called weaker ra-
dial attraction. However, in that paper M was required to have the special property
that the cut locus of every point p in M _is contained in the meridian opposite to p.
In this paper, we place no restriction on M, but instead require that the geodesics in
the space M do not have bad encounters with the cut loci in M. As it turns out, the
assumption of both weaker radial attraction and no bad encounters is a necessary
and sufficient condition for the existence of a comparison triangle Aopg in M for
every geodesic triangle Aopg in M. The condition of no bad encounters, which is
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defined in Section 4, is in the spirit of, but not equivalent to, a condition in [9] that
serves a similar purpose.
Before stating the main result, we introduce some notation and terminology.

Definition 1.1. If Aopq is a geodesic triangle in M, o will always denote the side
joining p to ¢, v the side joining o to ¢ and 7 the side joining o to p. (See Figure
1.) The corresponding sides in a corresponding geodesic triangle Adpg in M will be
denoted &, 4 and 7T respectively. We will say that Aopq is an Alexandrov triangle
corresponding to Aopq if the following three properties are satisfied:

(1) Equality of corresponding sides:
d(o,p) = d(0,p), d(o,q) = d(0,9), d(p,q) = d(p,q)-
(2) Alexandrov convexity from the base point:
d(o,0(t)) < d(o,o(t)) Vt €10,d(p,q)]-
(3) The angle comparisons:
4p < 4p, £q<4q.
Here d is the distance function in M and M.

Remark 1.2. If d(o, p) and d(o, q) are both strictly less than ¢ = SUP ¢ 57 d(0,q), then
(1) and (2) automatically imply (3) by [8, Lemma 4.6].

Theorem 1.3. Let (M, 0) be a complete pointed Riemannian manifold, and let (M, o)
be a simply connected, complete, 2—dimensional Riemannain manifold which is rota-
tionally symmetric about 6. Every geodesic triangle Aopq in M has a corresponding
Alezandrov triangle Aopg in M if and only if M has weaker radial attraction than
M and no minimizing geodesic in M has a bad encounter with the cut locus in M.

Furthermore, under these equivalent conditions, in addition to properties (1), (2),
and (3), the Alexandrov triangle A\opq corresponding to Nopq also satisfies:

(4) the angle comparison at the base:
Lo < Lo,

and
(5) the convezity conditions:

d(p,7(s)) < d(p,~(s)) Vs € [0,d(0,q)],
d(q,7(s)) < d(g,7(s)) Vs € [0,d(o,p)].

Remark 1.4. (i) The necessity of the weaker radial attraction hypothesis for the
existence of Alexandrov triangles was proved in [8, Proposition 4.13]. (ii) The angle

comparison at the base (5) was observed in [12] when M is a Von Mangoldt surface



3

that bounds the radial curvature of M from below. (iii) The convexity conditions (5)
in Theorem [[.3 seem not to have been noted in the previous literature. (iv) Theorem
generalizes the main theorem of [§] because the assumption made in [8] that the
cut loci of points in M are contained in the opposite meridian automatically entails
the hypothesis that there are no bad encounters.

When M has weaker radial attraction than M we prove an analog of the Rauch
Theorem that compares the lengths of Jacobi fields along radial geodesics in the two
manifolds. Consequently, if M is compact, then M is compact and max,ep d(o, ¢) <
¢ = max, 37 d(0,q) with equality holding if and only if the metric on M takes a
special form. This Maximal Radius Theorem generalizes a result in [I1].

Theorem 1.5 (Maximal Radius Theorem). Suppose (]\7 ,0) is a compact model sur-
face with radius { < oo, whose metric takes the form

dr? + y(r)*do?

in polar coordinates (r,0) about 6. Suppose that every geodesic triangle Nopq in M

has a corresponding Alexandrov triangle ANopq in M. If there is a point q in M with
d(o,q) =¥, then M is diffeomorphic to S™ and its metric takes the form

dr? + y(r)zdei_l

in geodesic coordinates about o where df>_, is the standard metric on the unit (n—1)
sphere.

This paper is organized as follows: In Section 2 we discuss the reference maps of
M and M. The reference maps have used in [9]. In this section we also give a suffi-
cient condition for the existence of an Alexandrov triangle corresponding to a given
geodesic triangle in terms of the slope field in the reference space of M. In Section
3 we discuss the notion of weaker radial attraction and draw some consequences. In
particular we prove an analog of the Rauch Theorem and deduce Theorem [l In
Section 4 we introduce the notion of geodesics in M having bad encounters with the
cut locus in M, and prove the necessity of the hypothesis of no bad encounters in
Theorem [L.3. We also investigate conditions that prevent bad encounters. In Section
5 we prove sufficiency of the conditions in Theorem [I.3. The examples in Section 6
illustrate the hypotheses of Theorem [I.3] Section 7 provides two topological appli-
cations of the main theorem including a Grove-Shiohama type Sphere Theorem. In
Section 8 we employ our methods to establish some of the results in [9]. Finally in

Section 9, we calculate the slope field in the reference space for M at cut points.
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2. THE REFERENCE MAP

Let M be a complete Riemannian manifold with base point o. Fix a point p € M
and fix a minimizing geodesic 7 from o to p. For any ¢ € M different from o and p, we
determine a geodesic triangle Aopg by choosing a minimizing geodesic ¢ joining p to
¢ and a minimizing geodesic v joining o to ¢. The notation Aopq can be ambiguous
when ¢ is in the cut locus of either p or o since the triangle depends on the choices
of o and v, but in what follows, the context will always make clear what geodesics
form the sides of the triangle Aopq. The reference map F : M — R? is defined by
F(q) = (d(p,q),d(o,q)). Clearly F' depends upon the base point o and on p. Setting
ro = d(0,p), the triangle inequality implies that the image of M under F' is contained
in a certain half infinite oblique strip in the plane, that is,

F(M)C{(z,y) eR*:x+y>rp,—19 <y—x <10}

F(q)

FIGURE 1. Aopg and F(Aopq).

Lemma 2.1. Given Nopq, F (o) lies in the rectangle with diagonal F(p)F(q), and
F(v) lies in the rectangle with diagonal F(0)F(q). See Figure[d.

Proof. Let ¢* be a point on o between p and ¢, and set

F(g") = (z,y) = (d(p,q"), d(0,q")).
Since o is a minimizing geodesic, one has x + d(q*, ¢) = d(p, q). Therefore, applying
the triangle inequality one obtains

d(o,p) T4y

<
< z+d(¢*,q)+d(g,o0)



= d(p,q) +d(o,q)
and

d(o,q) — d(p, q) d(o,q) — (d(q", q) + )
y—x
d(o, p).

See Figure 2l on the left. This proves the statement about F(¢). If ¢* is a point on

IAIA

FIGURE 2. Aopq with ¢* on o (left) and with ¢* on ~y (right).

v between o and ¢ and F'(¢*) = (z,y), then the statement about F'(y) is similarly
proved by showing that

d(o,p) < x4y < d(o,q) +d(p,q)
and
—d(o,p) <y —x < d(o,q) —d(p,q)

using the minimizing property of v and the triangle inequality. See Figure 2] on the
right. 0

One should observe that the image F'(o) is the graph of the function L, o o where
Lo(q) = d(0,9).

2.1. Model Surfaces. Let M be a complete surface which is rotationally symmetric
about the base point 0, and let (r, ) denote polar coordinates on M. Suppose that
ro < ¢ where £ € (0, 00| denotes the supremum of the distance function from 0. We
pick p to be the point with polar coordinates (r9,0). We have the corresponding

reference map F : M — R2 defined by F(§) = (d(p,q),d(5,G)). The meridian
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opposite p is defined by 6 = . Set M* to be the portion of M satisfying 0 <6 < 7.
Then F carries M+ homeomorphically onto F(M) [9]. The interior int(M*+) of M*
consists of the points satisfying 0 < r < ¢, and 0 < 0 < 7.

We collect here some known properties of the cut locus C(p) of p in a surface of
revolution. The structure of cut loci in surfaces is discussed in [7] and in [21].

(1) If M is compact, then C(p) is a tree. This means that the minimal connected
subset containing any given pair of points is homeomorphic to an interval
whose endpoints are the given pair. If M is not compact, the cut locus may
be disconnected, but still each connected component is a tree.

(2) We will call the portion of C(p) which is contained in the meridian opposite p
the trunk of C'(p). A maximal connected piece of C'(p 5)Nint(MT) will be called

a positive branch of the cut locus. When M is not compact, the branches
may not be attached to the trunk. It is possible that there are branches but
the trunk is empty. In these cases we say that the branch attaches to the
trunk at infinity.

(3) If ¢ is a point on a positive branch of C(p), then there will generally be at
least two minimizing geodesics joining p to ¢. If &1 and 79 are two minimizing
geodesics joining p to ¢, we say &1 is above 3 if d(0,51(t)) > d(0,52(t)) for
all 0 < t < d(p,G). Under the reference map the curve F(3;) lies above the
curve F/(65). There is always an uppermost 61 and a lowermost &* minimizing
geodesic joining p to . However, 6+ = &' in the case that ¢ is an endpoint of
the branch of C'(p) and there is a unique minimizing geodesic joining p to §.

(4) If g is a point on a positive branch of C(p), then there is an arc « in the
branch of C'(p) joining G to the trunk. The points on « are parameterized by
their distance from p. If a = d(p, ) and b is the distance of the point where
the branch attaches to the trunk, (which may be co), then a(a) = ¢ and the
point «(t) satisfies d(p, a(t)) =t for all @ <t < b. Moreover the right-hand
derivative (Ls o a)', (t) exists for all ¢ € [a,b) where Ls(—) = d(6,—). A
formula for (L; o )’ (t) is obtained in Lemma [3.2] below.

We define a slope field s : F(int(M*)) — R as follows: Let (x,y) € F(M).
Suppose that (z,y) = F(§) for some § € mt(M*). If ¢ ¢ C(p), then there exists
a unique minimizing geodesic ¢ emanating from p that passes through ¢. Thus
o(xz) = ¢, and we set s(x,y) = (Ls 0 )" (x). If ¢ is on a branch of C(p), then let
a be the arc in the cut locus joining g to the trunk of C(p). Then a(z) = ¢. Set

s(z,y) = (Lsoa)’ (x). The slope field s has discontinuities at points of F(C(p)) but
is smooth in the complement of F(C(5)). The integral curves of s away from the cut
points are the images under F of the geodesics emanating from p.



A formula for s is easily computed for a 2-sphere of constant curvature.

Proposition 2.2. Let ]\Aj,i be the 2-sphere of constant curvature k with base point o,

and let p € M with d(p,06) = ro. Then the reference space F(My) is the rectangle

(,y):ro<z+y< 2—7T — 719,10 <y—1x<

L,Y) - To > y_\/E To, = To > Y >To

and the slope field has the formula

cos(y/krg) — cos(y/ky) cos(y/kx)
sin(y/kz) sin(v/ky) '

Proof. In polar coordinates about 6, the unit speed geodesic (r(t),0(t)) with initial
conditions 7(0) = o and 7/(0) = 7 satisfies:

cos(vkr(t)) = cos(v/kt) cos(v/kro) — 7o sin(v/kt) sin(+/kro).

Since F(r(t),0(t)) = (t,7(t)) = (x,y), the image of this geodesic in the reference
space is the solution curve of the equation

(2.2) cos(vky) = cos(v/kx) cos(v/krg) — 7o sin(v/kx) sin(v/kro).
Differentiating equation (2.2)) implicitly gives

dy _ sin(y/kz) cos(V/kro) + 7o cos(y/kx) sin(y/kro)
dr sin(y/ky)
To obtain (2.1]), solve for 7 in (2.2), substitute the result into (2.3)) and simplify. [

(2.1) s(z,y) =

(2.3) s(z,y) =

Following equation (2.1), Figure B presents qualitative pictures of the slope field s
for the 2-sphere of constant curvature k for different values of rg .

Definition 2.3. Let ¢4 be the geodesic emanating from p making an angle ¢ with
the meridian y through p. Specifically, ¢ € [0,7] is the angle between &/,(0) and
—ug(p). Suppose that 4 meets the cut locus C(p) at parameter distance 74. If
G5(7y) is a cut point in the trunk of C(p), define ¢4(t) = G4(t) for 0 < t < 74, while
if 54(7,) is on a branch of C(p), let a be the arc in the cut locus joining ,(7y) to
the trunk, and define ¢, = 04 - @, that is, the concatenation of ¢, with a which is
equal to G4(t) for 0 <t <7, and to «a(t) for t > 7,.

By construction L; o ¢4 is a solution of the slope field s in the sense that its
right—hand derivative satisfies

(Ls 0 5s), (t) = s(F 0 4(t)).
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FIGURE 3. The sign of the slope field s and its nullclines s = 0 in
F(M+) for 0 <1y < 5z (upper left), ro = NG (upper right), and

5w <70 < 7= (lower center).

Lemma 2.4. Suppose f, which is continuous and has a finite right—-hand derivative
for all t, satisfies the differential inequality

(2.4) Fi(t) < s(t, f(1))

Fiz ¢o € (0,7), and let g(t) = Ls(sp,(t)) so that g (t) = s(t,g(t)). If for some
to > 0, f(to) < g(to), then f(t) < g(t) fort > to. In other words, the graph of f
cannot cross the graph of g from below to above.

Proof. Let (z,y) be a point in ﬁ(ﬁﬂ which is not in the image of C(p). Define
®(z,y) to be the angle ¢ which the minimizing geodesm joining p to q makes with
the meridian from  to 6, where § is the unique point in M* such that F (q) = (x,y).
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Thus ® is C™ in the complement of F(C(p)). By construction the level curves of
® are the images under F of minimizing geodesics emanating from p. Thus at all
points (¢, f(t)) not in F(C(p)), we have that the right-hand derivative of ®(¢, f(t))
is nonpositive because, by (2.4]), f’ (¢) is less than or equal to the slope of the level
curve of ® passing through (¢, f(¢)). Thus in those intervals where (¢, f(t)) does not
meet F(C(p)), ®(t, f(t)) is nonincreasing. In particular, the graph of f cannot cross
any of the level curves of ® from a lower to a higher value.

To prove the Lemma, suppose there exists a t; > to with f(t1) > g¢(t1). By
continuity of f and g there exists a t with ¢ty < ¢ such the g(t) = f(¢) and g(t) < f(t)
forall t <t < t;. If (¢, g(t)) = f(g%(f)) is not in F(C(p)), we would have by the
previous paragraph that ®(¢, f(¢)) was nonincreasing in an interval about ¢, and at
the same time ®(¢, f(t)) > ®(f, g(f)) = ¢ for t > £. Thus (£, g(f)) € F(C(p)).
Pick a t > £. Then ¢4, (t) = F~(t, g(t)) lies on the arc a in C(p) starting at ¢4 ().
Let ¢ € C(p) be the point such that F(§) = (¢, ¢(t)) and let 67 be the uppermost
minimizing geodesic joining p to §. Thus the angle ¢ that 6" makes with the meridian
through p satisfies ¢ > ¢. Thus Ls(57(¢)) > g(t) = f(¢) and Ls(57(¢)) = g(t) < f(¢).

Therefore the graph of f must cross the image of 67 at some £ < s < t, that is, it
crosses a level curve of ® from a lower to a higher value, contradicting the earlier

assertion. O

Sufficient conditions under which a given geodesic triangle Aopg has a correspond-
ing Alexandrov triangle Aopg in M can be described in terms of the reference space
and slope field s for M.

Proposition 2.5. Given Aopq in M, suppose F(q) € ﬁ(ﬂ) Let o be the minimiz-
ing geodesic joining p to q. Every geodesic triangle Aopo(t) fort € (0,d(p, q)], has an
Alezandrov triangle ANopg, in M if and only if o satisfies the differential inequality.

(Loo0),(t) < s(F(o(t)))
for all 0 <t < d(p,q).

Proof. By Lemma 2.1 F(o) C F(M). Thus every Aopo(t) has a corresponding
Aopg; in M where we take the lowermost minimizing geodesic joining p to ¢; for that
side.

First assume that for every ¢ the corresponding Aopg; in M is an Alexandrov
triangle corresponding to Aopo(t). Suppose the differential inequality is not satisfied
for some ty € (0,d(p,q)). Let ¢g be chosen so that ¢, restricted to [0,to] is the
lowermost minimizing geodesic joining p to ¢, that is, the side of the corresponding
Alexandrov triangle Aopgy,. Since we are supposing that

(Lo o o)’ (to) > s(F(o(to))),
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it follows that there exists € > 0 such that L,(o(t)) > Ls(ss,(t)) for all t € (¢g,to+€).
For any such ¢, let ¢; be chosen so that ¢,, restricted to [0, ?] 1s the lowermost mini-
mizing geodesm joining p to . Thus for such ¢, Ls(ss,(t)) = Lo(0(t)) > Ls(ss,(t))-
Hence we have ¢, > ¢, and therefore Ls(cy, (to)) > Ls(Spy(t0)) = Lo(o(to)) which
contradicts Alexandrov convexity for Aopo(t) and Aopg,. Therefore the differential
inequality is satisfied for all ¢.

Conversely assume that the differential inequality is satisfied for all 0 < t < d(p, q).
We must show that for any ¢, L,(o(s)) > Ls(ss,(s)) for all 0 < s < ¢. If this were
not so, there would exist a ¢ and a ty with 0 < ¢y < ¢ such that

Li(s4,, (t0)) = Lo(a(to)) < LSy (t0))-
Hence ¢, < ¢r and therefore L;(s,, (t)) < Ls(cy;(t)) = Lo(a(t)). On the other hand,
applying Lemma 2.4 with f(t) = L,(c(t)) leads to the contradiction L,(co(t)) <

Lol (1).
U

3. WEAKER RADIAL ATTRACTION

3.1. Definition and Equivalences. We introduced the notion of weaker radial
attraction in [8]. One may be regard it as an assumption comparing small hinges.
In this section we investigate several consequences of this condition.

Definition 3.1. The model surface (M,0) is said to have weaker radial attrac-
tion than the pointed complete Riemannian manifold (M, o), if, for any unit speed
geodesics 0, G in M, M respectively satisfying L,00(0) = L;06(0) < { = SUP 57 d(o0,p)
and (L, 0 0)/ (0) = (Ls 0 )',(0), then there exists an ¢ > 0 such that L, o o(t) <
Lsoa(t) for all 0 <t < e. Here L, and L; are the distance functions from o and 6
respectively.

Remark 3.2. (i) As pointed out in [8, Remark 4.2], if the radial curvature of M is
bounded from below by the curvature of M, then M has weaker radial attraction

than M but not conversely. (ii) The necessity of weaker radial attraction in Theorem
was proved in [8, Proposition 4.13].

The following theorem proved in [§] asserts that the condition of weaker radial
attraction is equivalent to two other conditions.

Theorem 3.3 (Theorem 5.3 [§]). The following are equivalent:

(1) The Hessian of Ls dominates the Hessian of L,.

(2) The principal curvatures of the geodesic spheres about o are bounded from
below by the curvature of the geodesic circles about 6 of the same radius.

(3) M has weaker radial attraction than M.



11

It will be convenient to reformulate condition (1) in terms of a certain tensor field
S in M. Suppose the metric of the model surface M takes the form
ds* = dr® +y(r)*d6?,
in polar cordinates about 0. Let g denote the Riemannian metric for M. We will
also write (—, —) = g(—, —). In the open set M\ (C(0)U{o}) we can define the radial
vector field & = grad(L,) and the symmetric (2,0) tensor field

/

y' oL, 2
= —dL,® dL L,.
S = yoL, (g ®dL,) —V

For vector fields X and Y, we have
oL,
*Zo ToUXY) = (X(,6) ~ (Vx& V),

The metrically equivalent symmetric operator S , that is, the (1, 1) tensor field, de-
fined by

S(X,Y) =

<§(X)’Y> = S(X> Y)>

is thus given by
/
~ L,
S(x) ==

L2~ (X.06) Ve
It is clear from these formulas that 5(¢) = 0.

Corollary 3.4. The model surface (]\7, 0) has weaker radial attraction than (M, o)
if and only if S(X,X) > 0 for all X, or equivalently, the eigenvalues of S are
nonnegative at every point p € M\(C(0) U{o}) with L,(p) < ¢.

Proof. Since V2L, is the Hessian of L, and %(d§2 — dr?) is the Hessian of L; [5],
Proposition 2.20], S(X,X) > 0 is exactly the condition that the Hessian of L;
dominates the Hessian of L,. The result follows from Theorem [3.3] O

Remark 3.5. We will prove in Corollary B.I4 that L,(p) < ¢ for all p € M. Thus S is
indeed defined in M\ (C'(0) U{o}) and not just in {p : L,(p) < £} N M\(C(0) U{o}).

3.2. Geodesic comparison.

Proposition 3.6. Suppose that (]TJ/, 0) has weaker radial attraction than (M, o).

Suppose that o : [a,b] — M and & : [a,b] — M are unit speed geodesics such that
Lsoa(t) < L,oa(t) for allt € [a,b]. If any one of the following three conditions
hold:

(1) (Looo)(a) = (L O{T)( a) and (L, 0 o)y (a) = (L 05)+ a).

(2) (Looo)(b) = (Lsoa)(b) and (L, o 0)”(b) :

(3) There exists ty € (a,b) with (L, o 0)(ty) =

AII
\_/
/—\
\_/
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then (Lyo0)(t) = (Ls o )(t) for all t € [a,b].

Proof. 1f (1) holds, then by hypothesis and by weaker radial attraction there exists
an € > 0 such that
(Lo 0 0)(t) < (Lo o 0)(t) < (Lso0)(t)

forall @ <t < a+e Hence (Lzod)(t) = (L,o0)(t) for a <t < a+ € and thus
(3) holds. Similarly if (2) holds so does (3). We may now assume that (3) holds.
Let £ = {t € (a,b) : (L,o0)(t) = (Lso0a)(t)}. By assumption E is nonempty. By
continuity E is closed. It is also open because if ¢, € F, then, using [8, Corollary
2.3] for the middle inequality,

(Lso ) (tg) > (Lyoo) (to) > (L, o U)/_F(to) > (Lgo ) (to).

Thus we have equality holding at all places. By weaker radial attraction, there exists
an € > 0 such that (L, o0 0)(t) < (Lsod)(t) for all t € (tg — €,tg + €). Combining
this with the assumption, (L, o 0)(t) = (Ls o &)(t) for all t € (to — €,t9 + €). This
shows that F is open. Thus by connectivity, £ = (a,b). By continuity this equality
extends to the endpoints as well. O

Lemma 3.7. Assume that (M, 0) has weaker radial attraction than (M,o). Let
q € M\(C(o)U{o}) with L,(q) =1 < {, and let X € T,M be linearly independent of

the radial vector &, at q. If §(X) = 0 then the sectional curvature K(X NE) = —y;((:)) .

This is the Gaussan curvature of M at distance r from o.

Proof. We may assume X is a unit vector perpendicular to £ at ¢. Since S (X)=0,it
follows that Vx& = %X . Let y(¢) for 0 < ¢t < r be the minimizing geodesic joining
o to ¢, and let J(t) be the Jacobi field along v satisfying J(0) = 0 and J(r) = X.

The function f(t) = S(J(t), J(t)) > 0 for all 0 < ¢t < r + € for some positive € and
f(r) = 0. Hence f attains its minimum at ¢ = r. Therefore after a straightforward

calculation, which uses V& = £ X we obtain

y(r)
_ oy 2 Y0
0=71r) y(r)

+ (R(X, )¢, X).

O

Suppose that o is a geodesic in M\(C(0) U {o}) and & a geodesic in M parame-
terized on the same interval such that L, oo = L; o 6. Because

V2L,(0',0") = (Lyoo)" = (Ls05)" = V*Ls(6',5"),

it follows that S (¢") = 0 at all points along 0. The preceding lemma implies that for
all t, K(o'(t) A €) equals the curvature of M at ().
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Proposition 3.8. Assume the geodesic o in M\(C(0) U {0}) satisfies S(c’) = 0.
Define the vector field £+ along o by

fJ_ — 5 o <£,0/>0/.
Then
yolL,oo

V&t = m«;”g)gl.

Proof. This is a straightforward calculation using V, 0’ = 0 and

B yolL,o0,, .
Vol =T {0 6)6)

which holds because 5(o") = 0. O
Corollary 3.9. Under the same hypothesis, the normalized vector field é—i‘ 18 parallel
along o, that is,

gJ_

Veg—=0
ISl

because the covariant derivative of £+ along o is a multiple of itself.
This shows that the 2-planes spanned by ¢’ and £ are parallel along o.

Corollary 3.10. Suppose the two geodesics o : [0,a] — M\(C(o) U{o}) and & :
[0,a] = M satisfy L,o o = Lz o &, and suppose that 6(a) is the first conjugate point
to (0) along 6. Then o is not free of conjugate points, and thus cannot minimize
past a.

Proof. We assume that o is free of conjugate points. By the Morse Index Lemma
[13, Corollary 3.2, p. 74], if V' is a vector field along ¢ which is perpendicular to o
and satisfies V(0) = 0 and V' (a) = 0, then

(V) = /0 a<v(,,v, Vo V) = (R(V, o), V)dt > 0

with equality holding if and only if V' is identically zero. We will construct a non—zero
vector field V' whose Morse index is 0 to obtain a contradiction.

Let k(r) = —y;((:)). Since &(a) is the first conjugate point to 6(0) along &, there
exists a non—zero Jacobi field along & which vanishes at 0 and a. Thus there is a

non-zero function f vanishing at 0 and a satisfying

f"+(koLsoa)f =0.
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Set V = f é—i‘ Then since f—i‘ is parallel along o we have, using Proposition [3.8 and

integration by parts,

1(v) = / O — (ko Ly o 8)f(1)dt

= PO - / ") + (w0 Ly o 6(0) £(0) £ ()t
= 0.

The proof of this corollary shows that more generally:

Proposition 3.11. Suppose that v is a geodesic in a Riemannian manifold and that
P is a parallel unit vector field along . Let k(t) = K(y' A P(t)) for 0 <t <a. If
there exists a nonzero solution f(t) of

"+ rf=0,
such that f(0) = f(a) =0, then v is not free of conjugate points on [0, a).

Remark 3.12. In light of this proposition, the conclusion of Corollary B.I0 is still
valid if either one or both of the endpoints of ¢ lie in C(0), as long as the interior
il
&+
along the interior of o extends to a parallel field P that satisfies K (o' AP) = koLz0d
on the closed interval [0, a.

of o is disjoint from C(0) U {o}. This is because by continuity the parallel field

3.3. Jacobi Fields. We prove an analog of the Rauch Comparison Theorem for
Jacobi fields along a pair of geodesics in two Riemannian manifolds under an as-
sumption on the Hessians of the distance functions, rather than under the usual
assumption on the sectional curvatures.

Theorem 3.13. Let M and M be two Riemannian manifolds. Let v : [0,a] — M
and 7 : [0,a] — M be normal geodesics in M and M respectively. Set o = v(0) and
0 =7%(0). Suppose that v(t) and ¥(t) are not conjugate to o and 6 respectively along
v and 7 respectively, and that the Hessians of L, and Ly satisfy V2L, < V2Ls at ~y(t)
and ¥(t) for every 0 <t < a. If J and J are Jacobi fields along v and 7 respectively,
that satisfy J(0) = 0, J(0) = 0, [J'(0)| = |J'(0)|, and (J'(0),7(0)) = (J'(0),7(0)),
then

[J(#)] < [J(1)]
for all 0 < t < a. Moreover, if equality holds for some ty € (0,a), then equality holds
for all 0 <t <ty, and if -

. [J(1)]

i L S/

e |TO)]
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then equality holds for all 0 <t < a.

Proof. We may suppose that (J'(0),~/(0)) = (J'(0),
perpendicular to v and 7y respectively. Let f(t) = (J(t
We must show f(t) < f(t). By two applications of I’

f
f) (), J(1) (J'(t),
J'(1),

’(0)) = 0 so that J and J are
J(t)) and f(t) = (J(1), J (1)).

,7
),
Hopital’s rule,

T (1) + ("0, J(8) _
J(0)+ (@), J @)

(B lim e = i e Ty T A

It thus suffices to prove

d (f(t)
(3.2) 7 (ﬁ) >0
or equivalently that ~
re) _ P
f&) = f(t)

for all ¢ € (0,a). (The no conjugacy condition implies that f and f do not vanish
anywhere in (0,a).) Fix tg € (0,a). Set

1 _ 1 -
Y(t) = J(t) and Y(t) = ——J(¢)
(o) (o)
so that Y and Y are Jacobi fields along v and 4 which are > perpendicular to the
geodesics and have the same norm at ty, that is, |Y(tg)| = |Y (to)| = 1. Therefore,

by the assumption on the Hessians,

Pt - . _ ['(to)
Tty = 2V LolY (10). Y (1)) < 2V7Lo(¥ (t0), ¥ (10)) = 7

This proves the inequality. In case equality holds at tg € (0, a), equations ([B]) and
(B2) imply that

70 )
for all t € (0,%9) and thus f(t) = f(t) whenever 0 <t < ;. Similarly f(¢) = f(¢) for
all 0 <t < aif limy_,,- f(gzl O

(t

Corollary 3.14. Assume the model surface (M,3) has weaker radial attraction than

the complete pointed Riemannian manifold (M, o). ]fM has a finite radius ¢, then
d(o,p) < ¥ for allp € M.

Proof. If not, there exists a geodesic 7 emanating from o which is conjugate free
on the interval [0,¢]. Let 4 be a geodesic emanating from 6. Then (¢) and 7(t)
are not conjugate to o and o respectively for all ¢ € (0,¢). Because of weaker radial
attraction, V2L, < V2L; at v(t) and 7(t) respectively for every 0 < ¢ < £. Let J be a
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nontrivial Jacobi field along 7 satisfying J(0) =0, |.J(0)] = 1, and (5(0), J'(0)) = 0.
Then J(¢) = 0. Let J be a Jacobi field along v satisfying J(0) =0, |J’(0)| = 1, and
(+(0),J'(0)) = 0. By Theorem [B.13],
[T < |J(0)] =0
which contradicts that 7 is conjugate free for ¢ € [0, £]. O
More can be said in the case of equality in Theorem

Proposition 3.15. Assume the hypothesis of Theorem [3.13. Suppose J and J are
Jacobi fields along v and 7 respectively which are perpendicular to the geodesics.
Assume )

[J(@B)] = 1J({)] = y(t) )
for all 0 < t < ty. Then there exist parallel unit vector fields P and P along v and

~ such that B B
J(t) =y(t)P and J(t) =y(t)P.

Proof. From the proof of Theorem we have
V2Lo(J(t), J(1) = V2Lo(J (1), I (1))

for all t € (0,1y). Since V2L, < V?L; at y(t) and (¢) for every 0 < ¢ < a, this shows
that J(t) is the eigenvector for the largest eigenvalue of V2L, while J(¢) is that for
the smallest eigenvalue of V?L; and those eigenvalues are equal for ¢ € (0,,). This
common eigenvalue can be denoted A(t) and is a continuous function of . What this
means is that

(3.3)  VEL,(J@),Y) = AXO{J(),Y) and V2Lo(J(t),Y) = At)(J(®),Y)

for every Y € T, M and Y € T:,(t)M . To compute the Hessians we can look in
geodesic coordinates about o and 0 to extend the velocity vector fields of the geodesics
to the radial fields 7" and T" and the Jacobi fields to J and J which commute with T’

and T respectively. Extend Y and Y, then a short computation shows that

(3.4) V2L (JY) = (VpJ,Y) and V2Ls(J,Y) = (VsJ,Y).
Thus along v amd %
(3.5) VrJ =XJ and VzJ = \J.
Therefore

Vr (ﬁ(]) =0 and Vg3 (ﬁj) =0
which shows that
(3.6) Plt)= ——J and P(t)= ——J
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are unit parallel vector fields along v and ¥ U

Remark 3.16. If J and J are not perpendicular Jacobi fields in Proposition B.15]
then we can write J(t) = ctT + Jo(t) and J(t) = ctT + Jo(t) where Jy and Jy
are perpendicular Jacobi Fields vanishing at 0. Then by same reasoning in the
proposition we conclude that Jy(t) = yo(t)P(t) and Jy(t) = yo(t)P(t), where P and
P are parallel unit fields and yo(t) = | Jo(t)| = | Jo(2)|.

Corollary 3.17. Assume the model surface (M, 0) has weaker radial attraction than
the complete pointed Riemannian manifold (M,o0), and let ® : T;M — T,M be

a linear isometric inclusion. Let X : [a,b] — TzM be a smooth curve such that
| X (s)| < £ and the geodesics 4(t) = exp,(tPX (s)) are cut point free for 0 <t <1
and for all s € [a,b]. Then

Length(exp, o® o X)) < Length(exp;oX).
Proof. Set 74(t) = exp;(tX(s)). Then ~, and 7, are variations through geodesics, and
hence their transverse fields are Jacobi fields J, and J, along 7, and 7, respectively
which satisfy J,(0) = 0, J,(0) = 0, J/(0) = ®(X'(s)) and J'(0) = X'(s). Since ® is
a linear isometric inclusion, the conditions on the initial conditions of J, and J, in
Theorem are satisfied. Thus

(D] < [Js(1)]

for all s € [a,b]. Therefore on integrating

b b
(3.7)  Length(exp,o® o X) = / |Js(1)]ds < / |Js(1)|ds = Length(expz; 0 X).

U

Remark 3.18. If equality holds in Corollary BI7, then we have |J,(1)| = |J,(1)| for
all s. Then by Theorem B3, |J,(t)| = |J(t)| for all s and t. We can then argue
that the surface S ruled by the geodesics 7, and the surface S ruled by the 7, have
isometric interiors.

3.4. Maximal Radius Theorem.

Proposition 3.19. Let M be a complete n—dimensional Riemannian manifold, and
let o be a fized point in M. Let M be a compact model surface with vertex 6 whose
metric in a normal polar coordinate system around o takes the form

dr* +y(r)?do*, 0<r <.

Assume that (]\7, 0) has weaker radial attraction than (M, o) and that the cut locus
of o in M is a single point q whose distance from o is £. Then M 1is diffeomorphic
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to a sphere S™ and its metric in geodesic coordinates about o is given by
dr® +y(r)do?

where y is the function defining the metric on M in polar coordinates and df?_, is
the standard Riemannian metric of constant curvature 1 on S™*.

Proof. By hypothesis, every minimizing geodesic emanating from o has length ¢ and
ends at the point ¢. Thus M is an Allamigeon—Warner manifold or a Blashke manifold
at o of the type that is homeomorphic to a sphere [2, Chapter 5]. Moreover, one may
define a smooth mapping ¥ from the unit sphere ¥, in 7, M to the unit sphere ¥, in
T,M by setting V(X ) = —v(¢) where yx is the geodesic emanating from o whose
initial tangent vector 7 (0) is equal to X € X,. Its differential W, : Tx X, — Ty(x)X,
can be calculated as follows: Given Y € Tx>,, regard Y as a vector in T, M which
is perpendicular to X. Let J be the Jacobi field along vy satisfying the initial
conditions J(0) = 0 and J'(0) =Y. Then J is an orthogonal Jacobi field along ~vx.
By hypothesis J(¢) = 0. Consequently J'(¢) is perpendicular to 7% (¢) and so may
be regarded as a tangent vector in Ty(x)X,. It is now clear that W.(Y) = —J'(¢).
(cf. the proof of [2, Lemma 5.27].)

The hypothesis that (M, o) has weaker radial attraction than (M, o) implies that
V. (V)| < |Y|forall Y € TxX,. To prove this, it will suffice to show that |V,.(Y)| < 1
when |Y| = 1. Let 5 : [0,¢] — M be a meridian of M emanating from 6, then the
Hessian comparison in the hypothesis of Theorem is satisfied along vx and
7 on the interval [0,¢]. Assume |Y| = 1 and let J be the Jacobi field along vx
satisfying J(0) = 0 and J'(0) = Y. Since y(r) is the norm of the corresponding
Jacobi field along 7, Theorem implies that |J(r)| < y(r) for all 0 < r < £. Set

f(r) = (J(r), J(r)) and f(r) = y(r)2. Then £3 < 1for 0 < r < £. Thus by two

applications of I’'Hopital’s rule,

F) 0T 0T 0) + I, 0)

B ngl@@(;f_}g y(r)y'(r) b= y'(r)? +y(r)y"(r)
ay = LOTOL_

because J(¢) =0, y(¢{) = 0 and y'(¢) = —1. Therefore |V, (Y)| = |J' (¢)] < 1.
The next step is to show that |V.(Y)| = 1 whenever |Y| = 1. To prove this we
proceed as follows: Let © and €2 be the volume (n — 1) forms on the respective unit

spheres Y, and ;. Then ¥*Q) = A} for some non-vanishing real valued function A
on X,. Note that if Y3, ...,Y,,_1 is an orthonormal basis for Tx >, then

M) = XY, Ya)| = [QWL(V), -, Ua (Vo))
< U)W (V)
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Consequently, [A\(X)| < 1forall X € ¥, and the inequality is strict at points X € ¥
where there exists a unit tangent vector Y with |W,(Y)| < 1. It follows from this
and the change of variables formula that

o z:q

(3.9)  Vol(S"!) = - = Vol(S™ ).

/ Q' > / )\Q' =
Consequently, equality holds in (3.9]), and we deduce that |\| = 1 everywhere. There-
fore |U,(Y)| = 1 whenever |Y| = 1. Hence, by (8.8) and Theorem B.13] for every

such Y, the Jacobi field J with J(0) = 0 and J'(0) = Y satisfies |J(r)| = y(r) for all
0 <r < (. By Proposition the metric on M takes the form

dr* +y(r)*do?

in polar coordinates about o. Moreover M must be diffeomorphic to S™ as the map
¥ is an isometry. U

3.5. Proof of Theorem [L.5l Suppose that every geodesic triangle Aopg has an
Alexandrov triangle Aopg in M and that there is a point ¢ € M with d(o,q) = ¢.
By Theorem [L.3] M has weaker radial attraction than M. Thus the distance of
every point of M from o is at most ¢ by Corollary B.I4l Let 7 be any minimizing
geodesic emanating from o to some point p. By hypothesis, the triangle Aopg has a
comparison triangle Aopg in M. Thus d(o, p)+d(p, q) = d(6,p)+d(p, §) = d(o,q) = L.
Hence 7 extends to a minimizing geodesic joining o to g. Since 7 was arbitrary, ¢
is the cut point along every geodesic emanating from o. Hence the cut locus of o is
the single point ¢q. Therefore the hypothesis of Proposition is satisfied, and the
result follows.

4. BAD ENCOUNTERS

In this section assume (M, 0) is a pointed complete Riemannian manifold and
(]Tj ,0) is a model surface of revolution about the point 6. We make no further
assumptions about the cut loci of points in M. For a given point p in M, let p be the
point on the zero meridian of M, such that d(3,) = d(o,p). Recall from Section 2
the reference map F : M+ — R? defined by F(§) = (L3(q), Ls(q)) and the similarly
defined reference map F : M — R2.

Definition 4.1. Let o : [0,]] — M be a minimizing geodesic in M emanating
from p € M. We say that o has an encounter with the cut locus at to € (0,1) if

F(o(ty)) Ef(C(ﬁ)ﬂz’nt(M*)). Suppose that ¢ is the unique point in C'(p)Nint(M™)
such that F(§) = F(o(ty)) and « is the arc in C'(p) joining ¢ to the trunk. The
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encounter at ty is a bad encounter if for every e > 0 there exists t* € (o, to + €) such
that L,(o(t*)) > Ls(a(t*)).

Proposition 4.2. Suppose the minimizing geodesic o : [0,1] — M has an encounter
with the cut locus at to € (0,1) and that there exists aty € (tg, 1] such that Ly(o(t1)) >
Ls(a(ty)). Then there is a bad encounter at some t € [to, ty).

Proof. Set t = sup{t € [to,t1) : Lo(c(t)) < Ls(a(t))}. Then ty < ¢ < t; and
L,(o(t*)) > Ls(a(t*)) for all t* € (¢,t). O

Proposition 4.3. Suppose the minimizing geodesic o : [0,1] — M emanating from
p has a bad encounter with the cut locus at to. Then choosing any t* € (tg, to + €) as
in Definition [{.1], the triangle Nopo(t*) does not satisfy Alexandrov convezity from
0.

Proof. Set ¢ = ﬁ_l(F@(to))). Since L,(o(t*)) > Ls(a(t*)), the minimizing geodesic
& joining p to ¢* = F~Y(F(o(t*))) passes above ¢, that is, Ls(d(tg)) > Ls(q) =
L,(o(to)), which violates Alexandrov convexity. O

This establishes the necessity of the assumption of no bad encounters in Theorem

L3l

4.1. Ensuring encounters with the cut locus are not bad. Let us assume that
o is a minimizing geodesic in M joining p to ¢g. Suppose that the reference curve
F oo is contained in F (M +) where as usual d(p,0) = d(p,0). Moreover suppose
that o encounters the cut locus at to for some 0 < tg < d(p,q). Set qo = o(to), set
do = F7(F(g)), and let a denote the arc in C(f) connecting G to the trunk of

C(p)-
Lemma 4.4. The encounter at qo is not bad if (L, 0 o) (to) < (Ls o o)’ (to).

Proof. Because L,(0(ty)) = Ls(a(to)), (Looo) (to) < (Lsoar) (to) 1mphes that there
exists an € > 0 such that for all t5 < t <ty + € we have L,(o(t)) < Ls(a(t)) which
shows the encounter is not bad. O

Remark 4.5. Conversely, it is clear that (L,o00)’ (to) < (Lsoa)’ (to) if the encounter
is not bad.

Let 6+ and &' be the lowermost and uppermost minimizing geodesics in M joining
p to the cut point ¢ € C(p). In particular this means that if & is any minimizing
geodesic joining p to go, then Ls(d+(t)) < Ls((t)) < Ls(6'(t)) for all ¢ € [0,0]. By
Lemma we have the following inequalities:

(4.1) (Ls o) (ty) < (Lsoa), (ty) < (Lsod") (to)
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where « is the arc joining ¢y to the trunk. Moreover the inequalities are strict when
ot # 5.

Note that generally 6+ # 6T, except in the case that gy is an endpoint of C(p),
and even then only if there is only one minimizing geodesic joining p to gp.

Lemma 4.6. Assume that there exists an € > 0 such that L,(o(t)) > Ls(6"(t)) for
all tg — e <t < ty. Suppose either

(1) 6+ # o', or

(2) 6t =6" and (Lo o o) (ty) < (Lsodl) (ty).
Then (Lo, o 0)' (to) < (Ls o @)’ (to) and the encounter at qo is not bad.

Proof. We have the following string of inequalities.
(4.2) (Lo o) (to) < (Looa)_(to) < (Ls05") (to) < (Ls o ) (to)-

For the first inequality see [8 Corollary 2.3]. The second is a consequence of the
assumption, and the third follows from equation (1) In case (1) the third inequality
is strict because of equation (ZIl), and in case (2) the second inequality is strict.
Hence ¢q is not a bad encounter by Lemma (.41 U

Definition 4.7. Say that o approaches go € C(p) from the far side of the cut locus
if there exists an € > 0 such that L,(co(t)) > Ls(q) for all ty — € < t < ty whenever
g € C(p) with d(p,q) = t and the arc in the cut locus connecting ¢ to the trunk
passes through ¢q.

Remark 4.8. Tt is vacuously true that if g is an endpoint of a branch of C'(p), then
o approaches ¢y from the far side of the cut locus. This definition is adapted from
the notion of “intersecting positively”in [9].

Lemma 4.9. Suppose that o approaches Gy from the far side of the cut locus, and
that for each 0 < t < ty, there exists a corresponding Alexandrov triangle for every
triangle Nopo(t). Then L,(co(t)) > Ls(51(t)) for all 0 < t < ty where ' is the
uppermost geodesic joining p to qo.

Proof. Because o approaches ¢o from the far side, the minimizing geodesics o' join-
ing p to F~1(F(o(t))) converge to 6" as t approaches t,. Moreover, L,(c(t)) =
Ls(5t(t)) > Ls(G"(t)) for each 0 < t < ty because of Alexandrov convexity. O

5. TRIANGLE COMPARISON

Here we will prove that if the model surface M has weaker radial attraction than
M and if every minimizing geodesic emanating from p has no bad encounters with

the cut locus of p in M, then for every ¢ € M and geodesic triangle Aopg in M,
there exists a corresponding geodesic triangle Aopg in M satisfying:
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(1) d(o,p) = d(6,p),d(0,q) = d(0,q),d(p,q) = d(p,q);
(2) d(0,5(t)) < d(o,o(t)) Vt € [0,d(p,q)];

(3) £p < 4p, 4G < Lg;

(4) 46 < <o;

(5) d(p,7(s)) < d(p,v(s)) Vs € [0,d(o,q)].
Remark 5.1. The point p is chosen on the 0—meridian so that d(o,p) = d(6,p) is
automatic. The point § € M~ satisfying (1) exists and is unique if and only if F(q)
lies in the image of E.

As in previous sections d(o,p) will be denoted by 9. The proof will be broken
down into a sequence of lemmas.

Lemma 5.2. Given a geodesic triangle Nopq in M with F(q) € F(M), suppose
the reference point F(q) = (x,y) lies on the boundary, that is, either x 4+ y = 7o,
y—x = —rg ory—x =rg. Then there exists a corresponding triangle Aopq satisfying
(1), (2), (3), (4) and (5).

Proof. Consider each case separately. Assume first that © +y = r5. Then o - 7y~
forms a minimizing geodesic joining p to o, and ¢ lies on 7 joining o0 to p. Hence
Ap =0 < &p, £6 = 0 < Lo, and £§ = m = Lq. Moreover, d(0,5(t)) = ro—t =
d(o,0(t)) and d(p,5(s)) = ro — s = d(p,7(s)).

Assume next that y = v — 79. Then 77! - v is a minimizing geodesic joining p
to ¢ and 0 lies on & joining p to ¢. Hence £p = 0 < Ap, L6 = ® = Lo, and
£G =0 < £q. Moreover, by the triangle inequality, d(6,5(t)) = |ro — t| < d(o,0(t))
and d(p,7(s)) = ro + s = d(p,7(s)).

Lastly assume y = x + 9. Thus 7 - ¢ is a minimizing geodesic joining o to ¢ and
p lies on 4 joining 0 to §. Hence £p =71 = Ap, £6 = 0 < Lo, and £ = 0 < 4q.
Moreover, by the triangle inequality, d(6,(t)) = ro+t = d(o,c(t)) and d(p,(s)) =
ro — s| < d(p,~(s)). N

Lemma 5.3. Given a geodesic triangle Nopq in M with F(q) = (z,y) € F(M),
suppose that F(o(t)) = (2/,y') such that either ' +vy' =ry ory—ao =y — ' for
somet € (0,d(p,q)). Then there exists a corresponding triangle A\opq satisfying (1),
(2), (3), (4) and (5).

Proof. We will show that the hypothesis implies that either x +y =rg, y —x = —rg
or y —x = rg and then apply Lemma B2 First suppose 2’ + 3’ = rg, that is,
d(p,o(t)) +d(o(t),0) = d(p,0). Then o(t) lies on a minimizing geodesic joining o to
p. Thus either q lies between p and o on this geodesic, that is, x4y = r¢, or o lies on o,
that is x—y = rg. Next suppose y—x = 3/ —a/, that is, d(o, ¢) = d(o,0(t))+d(o(t),q).
Then o(t) lies on a minimizing geodesic joining o to q. Thus either, p lies between o
and ¢ on this geodesic, that is, y — x = rg, or o lies on o, that is, x = rq + . O

1
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The two preceding lemmas treat the degenerate cases. They require neither the
hypothesis of weaker radial attraction nor that of no bad encounters. The following
lemma is where these hypotheses are employed.

Lemma 5.4. Assume that M has weaker radial attraction than M. Given a geodesic
triangle Nopq in M with F(q) € F(M), suppose that o has no bad encounters with
the cut locus of p. Then there exists a triangle ANopq in M satisfying (1), (2), and

(3).

Proof. Because F(q) € ﬁ(ﬂ), there exists a unique § € M* such that F(§) =
F(q) = (z0,y0). By Lemma [5.3] we may assume that for all ¢ € (0,d(p, q)),

(5.1) ¥4y >roand yo—a0 <y —

where F'(o(t)) = (2/, ).

Choose ¢ to be the unique minimizing geodesic joining p to ¢ if ¢ ¢ C(p) or
lowermost one if ¢ € C(p). Let 4 be the arc of the meridian joining 6 to ¢. These
choices determine the triangle Aopg. We must prove d(6,5(t)) < d(o,o(t)) for all
t € [0,d(p, q)].

Set f(t) = d(o,0(t)) for 0 < t < d(p,q), and define a family of functions f4(t)
for 0 <t < d(p,q) where 0 < ¢ < £p as follows: Given 0 < ¢ < £p, consider the
curve g, previously described in Definition 2.3l This curve initially emanates from p
travelling along the geodesic o4 until, if and when, it meets a cut point at ¢t = 7,
after which it travels along the arc of the cut locus joining that point to the trunk. By
construction, the lowermost geodesic & joining p to G, satisfies 6(t) = ¢¢5(t) = 045(t)
for 0 <t < d(p,q). Consequently, if 0 < ¢ < £p, then the curve F(sy) is below F(&)
on the interval [0,d(p,q)], so that there exists a parameter value i, € (0,d(p,q))

where F'(¢z) crosses the line y —z = yo — 29 = d(0, ¢) — d(p, ¢) in the reference space
F(M). This leads to the definition for each 0 < ¢ < Ap,

d(0,4(t)) if 0<t<{
Jo(t) = { t+ dgzbo, q) —d(o,p) if {5 <t< Zl(p, q).

Thus f4(t) is continuous in ¢ and ¢. Moreover f,;(t) = d(0,5(t)). Therefore our goal
is to prove fy;(t) < f(t) for 0 <t < d(p,q).

By equation (B.1I), we have that fo(t) < f(t) for 0 < t < d(p,q), f5(0) = -1 <
f/(0), and fu(t) < f(t) for {5 <t < d(p,q) and 0 < ¢ < Lp.

Set

¢ =sup{0 < ¢ < 4p: f,(0) < f(0) and fy(t) < f(t) for 0 <t <d(p,q)}.

If ¢ = &P, then f¢; < f which proves property (2). So suppose that ¢ < £p. Then
by continuity and compactness, f5(t) < f(t) for all ¢ and either f5(0) = f'(0) or



24 JAMES J. HEBDA AND YUTAKA IKEDA

there exists a 0 < t < d(p,q) such that fz(f) = f(f). Were such a  to exist, we
would have 0 < ¢ < {5 because of (5.I). Thus either ¢;(¢) is a cut point of C(p),
or it lies on 4. In the first case, o has an encounter with C(p) at the parameter t.
Because there are no bad encounters, f(t) < f5(t) for all ¢ < ¢t < {; by Proposition
which contradicts f(fz) > f5(f3). Thus ¢ must be a parameter value along 7.
But then applying Proposition B.6(3) with o and &y, it follows that f(t) = fz(t) for
all 0 <t < min(7y,%3). Depending upon which of 75 or #; is the smaller, this leads
either to an encounter with the cut locus at ¢ = 75 which leads to a contradiction
as above or to f(f5) = f3(f5) which is impossible. Hence there is no such ¢, and
we would have the case f5(0) = f'(0). But by Proposition B.6(1), this again leads
to f(t) = f3(t) for all 0 < ¢ < min(7s,%;) which we just saw was impossible. This
completes the proof of property (2).

The angle comparison (3) follows from Alexandrov convexity from o by [8, Lemma
4.6). O

Lemma 5.5. Given a geodesic triangle Nopq in M, let~ : [0,d(o, q)] — M be the side
joining o to q, and set qs = y(s). Consider the family of triangles of the form Aopgs
for s € (0,d(o,q)]. Suppose each such Nopqs has a corresponding triangle A\opqs
satisfying (1), (2), and (3). Then there exists a triangle AopqG in M satisfyling (1),
(2), (3), (4), and (5).

Remark 5.6. By Lemma @, _the hypothesis is satisfied if M has weaker radial at-
traction than M, F(qs) € F(M) for all s, and every minimizing geodesic emanating
from p has no bad encounters with the cut locus of p.

Proof. Set 6(s) = 6(F~*(F(g,))) where 6 is the coordinate on M*. It will be enough
to show that ¢ is a nonincreasing function. Since ¢ is continuous, this will be accom-
plished by showing that that the lower left Dini derivates of 6 satisfy D_6(s) < 0

~

for all 0 < s < d(o,q). We will show the assumption D_60(sg) = 2¢y > 0 for some s
leads to a contradiction. Observe that F'(gs,) does not lie on the upper left, or lower
left boundary lines of F (]\7 ) since then 5(50) = 0 which is the absolute minimum
value of @ which would imply that D_8(s;) < 0. Also F(gs,) does not lie on the
lower right boundary line, y = x + rg since then, by Lemma 21 we would have
F(s) lying on that line for all s < so. In other words 6(s) =  for all s < so which
would imply the D_g(so) = 0. This leaves two possibilities, F'(sg) = (o, yo) satisfies
—ro < Yo — To < ro and either (i) rog < zg + yo < 20 — ¢ or (ii) zo + yo = 20 — 1y
where ¢ € (0, 00] is the maximum radius of M.
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~

Now D_0(so) = 2¢o > 0 implies that

O(so — 1) — 0(s0)
“h

> Cp

~ ~

or equivalently 0(sg) — 0(sg — h) > ¢oh for all sufficiently small A > 0. Thus in case
(i), [8, Corollary 3.4] implies that there exists a C' > 0 such that

o~ o~

(5.2) Ly(p(so — h)) — L(d@so-n) = C(0(s0) — (so — 1)) = Ceoh

for all sufficiently small A > 0, where p is the meridian passing through ¢,,. On the
other hand, since u(sg) = Gs,, the left-hand side of (5.2) is equal to

Li(p(so = h)) = Lp(u(s0)) — (Lp(Gso—n) — Lip(Gso))
= Ly(u(so — ) — Lp(p(s0)) = (Lp(v(s0 — 1)) — Lp(7(s0)))
which combines with (5.2)) to obtain
Lpnlso = 1)) = Li(plso) _ Lp(r(so = ) = Ly(v(50))
—h —h - '
Thus taking the limit as h — 0% gives
(Ly o) (s0) — (Lpo7)_(s0) < —Ceo < 0.

which is equivalent to
cos(4qs,) — cos(£gs,) <0
contradicting £gs, < 4qs,, since cosine is strictly decreasing on [0, 7].

Case (ii) cannot occur. If it could, then ¢ would have to be finite. Thus we would
have 6(so) = 7 and for all sufficiently small h > 0, 8(so—h) < 8(so) = 7. Hence Gy,
would be in the interior of the reference space, but we have proved in case (i) that )
is a nonincreasing function at such points making it impossible for 9 to increase to
the value 7. 0

Lemma 5.7. Assume that M has weaker radial attraction than M, and that every
minimizing geodesic emanating from p has no bad encounters with the cut locus of

p- Suppose the geodesic triangle Nopq has Lo < . Then F(q) € f(]TJ/), and there
exists a triangle ANopq in M satisfyling (1), (2), (3), (4), and (5).

Proof. Let v be the side joining o to ¢. By Lemma it suffices to prove that
F(~(s)) = F(q,) € F(M) for all s € [0,d(0,q)]. If this is not true, let so = inf{s :
F(g,) ¢ F(M)}. By continuity of F, F(q,) € F(M) for 0 < s < so. By Remark
we may apply Lemma to~A£pqso to deduce that £0 < Lo < 7. It follows

that F'(gs,) is in the interior of F'(M). By continuity of F, there is an € > 0 such
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that F(gs) is in the interior of F (]\7 ) for |s — s,| < € which contradicts the choice of
S0- U

Lemma 5.8. Assume that M has weaker radial attraction than M, and that every
minimizing geodesic emanating from p has no bad encounters with the cut locus of

p. Then F(M) C F(M).

Proof. The set of ¢ € M such that there is a geodesic triangle of the form Aopq
with £o < 7 is dense in M. By Lemma [5.7] for all such ¢, F'(q) € F(M). Thus by

continuity of F' and the fact that F(M) is closed, F(M) C F(M). O

This completes the proof of Theorem except for the convexity condition about
7. But, by symmetry on interchanging the roles of p and ¢, it follows from the one
about ~.

6. EXAMPLES

6.1. The A—spheres M,. Faridi and Schucking [4] studied a one parameter family
of rotationally symmetric Riemannian metrics on the two dimensional sphere that,
in geodesic polar coordinates (r, ), take the form

.9
6.1 ds? = dr? L(T) 2
(6.1) oz e 1+ Asin?(r)

For A > —1, let M, denote the surface with the metric (61)). In particular M, is the
2-sphere of constant curvature 1. The M » make convenient model surfaces because
their geodesics have explicit formulas in terms of elementary functions.

According to [4], if o(t) = (r(t),0(t)) is the unit speed geodesic in M) starting at
0(0) = p = (19, 0) which is initially perpendicular to the meridian, then

r(t) = arccos(cos(rg) cos(tyo))

(6.2) 0(t) = tpoAsin(ry) + arctan (%)

1

where g = /THAsin? (ro)

More generally, one can verify that if the initial condition satisfies r(0) = ry € (0, 7)
and 7'(0) = ry € [—1, 1], then

and the branch of the inverse tangent is chosen appropriately.

(6.3) r(t) = arccos (cos(ro) cos(ty) — 7o sin(ry)

sin(typ) )

¥
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where ¢ = \/%m. Also by [] the Gaussian curvature of M, is given by the
formula
1+ 33X — 2\sin®(r)
6.4 G =
(64) ) = T )

The cut loci of points for a general class of surfaces of revolution, which include
the A-spheres for A > —2, are described in [22]. If A > 0, then C(p) is an arc
in the opposite meridian § = 7 containing the antipodal point (m — ro, 7), while if
—% < A < 0, then C(p) is an arc contained in the parallel » = 7m — ry containing
the antipodal point (7 — 7o, 7). The results of [22] fail to apply when —1 < A < —%
because the Gaussian curvature (6.4) in not a monotone function for 0 < r < %
whenever A is in this range. Fortunately, using (G.3]), it is still true that, for all
—1 < A < 0, C(p) is an arc contained in the parallel r = 7 — rq containing the
antipodal point (m — g, 7). In this case, the endpoints of C(p) are found where the
geodesic (6.2) starting at p perpendicularly to the meridian first meets the parallel

r = — 19. This means that r(t) = 7 — ry where tpy = 7. Hence solving for ¢, the
distance from p to the endpoints of C(p) is t = m1/1 + Asin?(r). Therefore, when
—1 < A <0, the reference space for M), is the rectangle

{(z,y):ro<x4+y <21 —7rg,—1o <y —a <10},

and the image of the cut locus of p in F (M ) is the horizontal line segment with
y=m—roand m\/1 + Asin®(ry) <z < 7 as pictured in Figure Hl

™ s

To

To

To m To s

FIGURE 4. F(M,) with cut locus for —1 < A < 0 for ry < % (left) and
ro > 5 (right).
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Using equation (6.1) to calculate the Hessian of the distance function L; from the
vertex o in M), one obtains

cos(r)
sin(r)(1 + Asin?(r))

in geodesic polar coordinates about o.

(6.5) V2L; = (ds3 — dr?)

6.2. Comparison of RP" with A\—spheres. Let RP" denote the real projective
n—space with its metric of constant sectional curvature 1. In a normal coordinate
system about a fixed origin o € RP", its metric takes the form dr? + sin(r)df?_, for
0 <r < %. Here d?_, denotes the standard metric on the unit (n — 1)-dimensional
sphere. If =1 <A <0 and 0 <r < Z, then 0 < 1 4+ Asin*(r) < 1. Thus

cos(r) cos(r)
sin(r) — sin(r)(1 + Asin®(r))’
With (6.5]), this demonstrates that the Hessian of L; dominates that of L,. Therefore

every A-sphere M. A with —1 < A < 0 has weaker radial attraction than RP".
Furthermore, none of the geodesics in RP" have bad encounters with the cut loci

of M, » when —1 < A < 0. The reason is simple. The distance of any point of RP"

to the origin o is never greater than 7. On the other hand the cut locus of any

point p = (r,0) in My with o < 7, being an arc in the co-parallel 7 = 7 — 1, is
at a distance m —ry > 7 from 0. Suppose that ¢ is a geodesic emanating from a
point p in RP" with d(p,0) = 70, then if 7y < 7, 0 cannot encounter any cut points,
while if ro = 7, the existence of a bad encounter would lead to the contradiction
5 < Lo(o(t*)) < % for some t*. This is clear from Figure Bl Thus Theorem [I3]
applies to the pair M = RP" and M = M,.

(6.6)

Remark 6.1. The preceding example is relevant to the version of the generalized
Toponogov theorem proved in the paper [9]: If the radial curvature of M is bounded

from below by that of the model surface M, then every geodesic triangle Aopg has
a corresponding Alexandrov triangle Aopg provided one also assumes the condition
that none of the local maxima of the distance function L, restricted to the “ellipsoids”

E(o,p;r) ={x € M : d(o,z) + d(p,x) = r}

for d(o,p) < r are mapped to a cut point of p under the reference map.
However, this condition is stronger than necessary. Let —1 < A < —%, then there

exists p, v € RIP" satisfying d(o,p) = d(o,z) = § and 71+ X < d(p,z) < . Hence

x maps to a cut point of p under the reference map and z is a local maximum of L,



29

VB

r
0 F(RP™) F(RP™)

To T

ol
3

FIGURE 5. F(RP") C F(M,) for ry < I (left) and ro = I (right).

restricted to the ellipsoid E(o, p;d(o, ) + d(p,x)). Indeed, = is a global maximum of
L, on RP". See Figure [ (right). Thus corresponding Alexandrov triangles exist on
account of Theorem [L.3] without the condition about the ellipsoids being satisfied.

6.3. Comparison of spheres of constant curvature x with the A—spheres.
Another interesting family of examples can be obtained where M, is a sphere of
constant curvature s.

Definition 6.2. Let 1 < x < 4. Define

cot(r) tan(v/kr) 1

N K
A(k) = max v 5
§<T<7E si-r

Proposition 6.3. Let 1 < k < 4. ]f/):(/{) < A <0, then the \—sphere MA has weaker
radial attraction that the n—sphere M, of constant sectional curvature k.

Proof. By comparing the Hessians of the distance functions, M, has weaker radial
attraction than M, if and only if

67) cos(v/kr) VR < cos(r)

sin(y/rr) V= sin(r)(1 + Asin?(r))
forall 0 <r < % However, assuming —1 < A < 0 and 1 < k < 4, it is automatic
that

(6.8) M\/ﬁ < cos(r) <

sin(y/kr) © T sin(r)

cos(r)
sin(r)(1 + Asin?(r))
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when —1 < A <0 and 1 <k < 4. Noting that cos(y/kr) is negative for § < r <
inequality (6.7)) can be rewritten

for 0 < r < 7. Consequently, inequality (6.7) only needs to hold for § < r < \if
=

cot(r) tan(v/kr) 1

NG
6.9 A >
(6.9) - sin?r
when 3 <71 < \f which concludes the proof. O
s s
VR v

ﬁ NN

. N
N y

To m To s

FIGURE 6. F(M,) C 13(]\7,\) with cut locus and the null curves s =0
represented by overlaymg Figure B on Figure @ F (C(p)) N F(M,) is
empty for ro < m— 7= (left) and contained in the region where s < 0

for § <o < (rlght)

The function X(H) is easily computed numerically. See Table [ for some approxi-
mate values.

Proposition 6.4. If1 <k <4 and X(KJ) < A <0, then minimizing geodesics in M,
do not have any bad encounters with the cut loci in M.

Proof. Let rq = d(p,0) with 0 < ¢ < %
fo<rg<m— %, then no minimizing geodesic emanating from p encounters the

cut locus because 7= < 7 — ro shows F(C(p)) is disjoint from F(M,). See Figure

on the left.

When 7 — T <71y < \f, the cut locus intersects F/(M,,) only if m4/1 + Asin?ry <

2T — 7, or equivalently, Asin’®ry < 4 — %. One may verify that A(k) < 2- % for

NG
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FIGURE 7. F(M,) C F(M,) with cut locus and the null curves s = 0

™

for m — = < ro < 3% (lower left), rp = m(upper middle), and

5w < To < % (lower right). F(C(p)) N F(M,) is always contained in

the region where s < 0.

all 1 < k < 4. (See Table ) Thus for every 1 < & < 4 and A(k) < X < 2 %,

some geodesics emanating from p will encounter the cut locus as long as rq is close
enough to 7. However, by Lemma [4.4] none of these encounters are bad because the
cut locus never extends far enough into F'(M,) to meet the region where the slope
field satisfies s > 0 and in fact remains in the region where s < 0. In order to see
this there are two cases to consider.

In the first case suppose m — % <1y < 5. There are three possible configurations

pictured in Figure [l Using (2.1]) to solve the equation s(z,y) = 0 for = with y =
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T — 79, one finds that the cut locus does not cross the null curve of s as long as

L cos™ ! cos(VATo) ™ sin? r
(010 72" (vt 2y < VIF A

Inequality (6.I0) may be rearranged into the equivalent inequality

2
( 1 _1< cos(v/kT0) )) -1
cos ™! (
(VE(ro—m)) <\

sin?(rg)

(6.11)

By setting /i(k) equal to the supremum of the left—hand side of inequality (G.11]) for
T — J= <719 < §, one can verify that f(k) < A(k) for all 1 < k < 4. (See Table[Il)

Since A(k) < A < 0, inequality (EIT) and hence ([GI0) will be satisfied.

In the second case, suppose 5 < rg < % Then every point of F (]\7,\) on the
horizontal line y = m — r( is contained in the region with s < 0. See the right part
of Figure [0l

O

TABLE 1. Values of A and [t rounded to 5 places.

VE| i) | AR |2 -2
1.0 0 0 0

1.1 | -.74446 | -.50881 | -.33058
1.2 || -.88571 | -.74151 | -.55556
1.3 || -.94333 | -.85889 | -.71006
1.4 -.97071]-.92212 | -.81633
1.5 | -.98480 | -.95764 | -.88889
1.6 || -.99238 | -.97803 | -.93750
1.7 | -.99651 | -.98968 | -.96886
1.8 || -.99869 | -.99607 | -.98765
1.9 | -.99972 | -.99914 | -.99723
2.0 -1 -1 -1

7. TOPOLOGICAL APPLICATIONS

7.1. A Sphere Theorem. In view of Theorem it seems reasonable to think
that if the maximal distance is close enough to ¢ then M should be homeomorphic
to a sphere. Such a result which generalized the Grove-Shiohama Sphere Theorem
is proved in [I4] under the assumption that the model surface is Von Mangoldt and
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bounds the radial curvature of M from below. This result can be adapted to our
situation. A preliminary lemma is needed to state this result.

Lemma 7.1. Let M be a compact model surface with metric ds® = dr? + y(r)*d6?,
for 0 <r </ < oo. Then there exist 0 < R < R* < { such that

(1) y(R) = y(R).

(2) y(r) > y(R) for R<r < R*.

(3) y is strictly increasing on [0, R] and strictly decreasing on [R*, ().

(4) If 0 < rog < R and v = (r(t),0(t)) is a geodesic starting at (ro,0) perpen-
dicularly to the meridian, then v eventually meets the parallel r = R* at a
parameter value ty with 0(ty) > 3.

Proof. Because y(0) = 0 =y(¢), y'(0) =1, ¥'({) = —1, and y(r) > 0 for 0 < r < ¢,
it clearly follows that if R is sufficiently close to 0, then there exists an R* close
to ¢ satisfying (1), (2) and (3). Assuming (1), (2) and (3), if 0 < rp < R and
v = (r(t),0(t)) is a geodesic starting at (7o, 0) perpendicularly to the meridian, then
r(t) increases until it reaches the value r; where y(ry) = y(ro). By (1), (2) and (3),
r1 > R*. Thus there exists a ty with r(fy) = R*. To complete the proof it suffices
to show how to pick R small enough so that 6(¢y) > 7 also holds. Observe that if R
approaches 0, then R* will approach /. -

Let o be the unit speed geodesic through the origin 6 of M whose trace is the
union of the two meridians # = 0 and = 7. Assume o is oriented so that (o (s))
is equal to 0 for s > 0 and to 7 for s < 0. Consider the one-parameter family of
geodesics 7, such that 75(0) = o(s) and ~.(0) is the unit vector perpendicular to o
that points into M™*. In particular, 7, is the meridian § = 5. The variation vector
field of this one-parameter family restricts to the Jacobi field Z along ~, satisfying
the initial conditions Z(0) = ¢'(0) and Z’(0) = 0. Thus Z is perpendicular to .
Let P(r) denote the parallel unit vector field perpendicular to vy along 7o of the form
P(r) = Tlr)% for 0 < r < £. Then Z(r) = z(r)P(r) for 0 < r < ¢, where z(r) is a
function satisfying z(0) = —1 and 2/(0) = 0. Because the first focal point of ¢ along
7o must occur before the first conjugate point of o(0), there exists an 0 < r; < ¢
such that z(r;) = 0. Since the zeros of a non-trivial Jacobi field are simple, it follows
that z(r) changes sign at r = ry. Therefore if ry is chosen a little bit larger than
r1, then for all sufficiently small s, the geodesics v will cross vy at some parameter
value 7 < ry. Thus there exists a small R > 0 so that the theta coordinates satisfy
0(7s(r2)) > 5 for all 0 < s < R, that is, 7, must cross the § = 7 meridian. Therefore
(4) is satisfied by choosing R small enough to ensure that ro < R*. O

Proposition 7.2. Let M be a compact model surface, and let R and R* be chosen
as in Lemma [7.1 Suppose that M has weaker radial attraction than M and that
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the geodesics in M have no bad encounters with the cut loci of M. If there exists a
point p € M with distance d(o,p) > R* such that o is a critical point for the distance
function from p, then M is homeomorphic to a sphere.

Proof. On account of Theorem [[5, we may assume L, attains its maximum value
Tmaz With R* < 1,4, < £. Because of Lemma[7.1l(3), y is strictly decreasing on [R*, /].
Hence for each R* < r </, the geodesic ball {z € M : d(6,x) > r} is strictly convex.
Therefore, the maximum of L, is attained at a unique point of M. For if it is attained
at two points x; and x,, then let AoZ1Z9 be the Alexandfrgv triangle corresponding
to Aoxyzy. Thus by the strict convexity of the ball {x € M : d(0, ) > rya.} and by
Alexandrov convexity, we obtain the contradiction

Pmae < d(6,6(t)) < d(0,0(1)) < Finaa

for 0 < t < d(z1,29) where o and & are the corresponding sides of Aoxjzy and
ANOT1T9 respectively. Therefore the maximum of L, is attained at a unique point
xo € M.

Now there are no critical points of L, in the set {x € M : d(o,x) > R*} other
than xq. If there were, let ¢ be another critical point. Let o be a minimizing
geodesic joining xy to ¢. Since xy and ¢ are critical points of L,, we may pick
minimizing geodesics 7 from o to g and v from o to ¢ so that Ly < 7 and £q < 7.
Consider the geodesic triangle Aoxgg and the corresponding Alexandrov triangle
NoxoG. Because R* < d(0,q) < d(0, %), the geodesic & is contained in the convex
disk {z € M : d(0,z) > d(0,q)}. Thus its tangent vector at ¢ points into the disk.
On the other hand 7 is a segment of the meridian starting at o0 and thus its tangent
vector points out of the ball at ¢ and is in fact perpendicular to the boundary of
the disk. Therefore £¢ > 7 which contradicts the top angle comparison £ < £q.

Therefore there are no critical points of L, in the set {x € M : d(6,x) > R*} other
than xzg.

Next we show that there are no critical points of L, in the geodesic ball {z € M :
d(o,x) < R*} other than o. Here we use the hypothesis that o is a critical point of
p. Suppose there exists a critical point ¢ of L, with 0 < d(o,q) < R*. We construct
a geodesic triangle Aopq in the following way. Let ¢ be any minimizing geodesic
joining p to q. Since ¢ is a critical point of L,, we may choose a minimizing geodesic
7 joining o to ¢ so that £q < 7. Finally since o is assumed to be a critical point of
the distance function from p, we may choose 7 joining o to p such that £o < 7. Let
AopqG be the Alexandrov triangle corresponding to Aopq. The geodesic ¢ joining p
to ¢ makes an angle £ < £q < 7 with the meridian ¥ joining 0 to ¢. Because &
starts at a point in {x € M : d(0,x) > R*}, by Lemma [T.1|(2), ¢ must enter the set
{r € M :d(6,x) < R} and attain a closest distance ry < R to 6 before reaching g.
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Thus ¢ contains a segment which is perpendicular to a meridian at distance ro < R
from 6 and extends to a point at distance R* from 6. Hence by Lemma [T1)(4), the
coordinate ¢ along ¢ increases by more than 7 along ¢. Therefore £6 > 7 which
contradicts the angle comparison at the base, £6 < Ao.

The non-existence of critical points of L, in {x € M : 0 < d(0, %) < Tynae} implies

that M is homeomorphic to a sphere by [6]. O

7.2. Topological Ends.

Proposition 7.3. Let M be a noncompact model surface with metric dr?+ y(r)2d6>

for 0 < r < oco. Suppose that M has weaker radial attraction than M and that mini-
mal geodesics in M have no bad encounters with cut loci in M. Ifliminf, v %,

then M has at most one end.

Proof. Assume that M has at least two ends. Then there exists a geodesic line
o : R — M, that is, d(o(t),o(s)) = |s — t| for all s, € R. We can assume that
o(0) is the closest point to o, and dy = d(0,0(0)). Let t > 0 and set o(—t) = p and
o(t) = q. Thus d(p,q) = 2t and by the triangle inequality we have

t—dy < do,p) <t+dy
t—dy < d(o,q) <t+dp.

Let Aopg denote the Alexandrov triangle corresponding to Aopg. Then 2t = d(p, §) <
2dg+my(t) if t > dy because p and ¢ can both be connected to a point on the parallel
r =t by a meridian segment of length at most dy, and the distance between these
two points on the parallel is at most half the length of the parallel, that is, 7y(t). In

other words, % < % + @ This leads to the contradiction: liminf;_, . @ > % O

Remark 7.4. Any condition that precludes the existence of a geodesic line in M , €.g.
positive total curvature, could also be used in Proposition [T.3l See [14].

8. GENERIC GEODESICS

Let M be a complete n—dimensional Riemannian manifold with base point o.
Recall that the cut locus C(0) of o is the union of a closed singular subset S, whose
Hausdorff (n—1)— dimensional measure is zero, and a relatively open regular subset R
which is a smooth (n—1)-dimensional submanifold of M. The elements of S are either
conjugate cut points or cut points joined to o by at least three minimizing geodesics,
while the elements of R are cut points joined to o by exactly two nonconjugate
minimizing geodesics. At a regular cut point, the tangent plane to R makes the
same angle with both of these geodesics.
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Definition 8.1. A minimizing geodesic ¢ from p € M to ¢ € M is generic if the
interior of ¢ is transverse to R and disjoint from S. This allows either endpoint p
or ¢ to be in C(0). A geodesic triangle Aopq is generic if the side o joining p to ¢ is
generic.

Proposition 8.2. The generic minimizing geodesics emanating from p are dense.

Proof. Let ¥, C T,M denote the (n — 1)-dimensional sphere of unit tangent vectors
at p. The map T : M\(C(p) U {p}) — ¥, defined by T(q) = 0,(0) where o, is
the unique minimizing geodesic joining p to ¢ ¢ C(p) U {p}, is smooth and hence
locally Lipschitz. Thus the Hausdorff (n — 1)-dimensional measure of T(S) is zero,
and, by Sard’s Theorem, the set of critical values of the restriction T|R has (n—1)-
dimensional measure zero as well. Clearly, if T(gq) is not a critical value of T|R, then
o, is transverse to R, and if also Y(¢q) ¢ Y(S) then o, is disjoint from S. The set
of all such ¢ have n—dimensional measure zero in M. Thus the generic minimizing
geodesics emanating from p are dense. U

Proposition 8.3. Let o : [0,l] — M be a generic minimizing geodesic emanating
from p. The two-sided derivative (L, o 0)'(t) exists for all 0 <t < I, if and only if
the interior of o is disjoint from C(0).

Proof. By [8, Corollary 2.3], the two-sided derivative (L, o ¢)’(t) exists if and only
if every minimizing geodesic from o to o(t) makes the same angle with the tangent
vector ¢’(t). Thus if o(t) ¢ C(0) then (L, o 0)'(t) exists because there is only one
minimizing geodesic from o to o(t). Conversely, if (L,00)'(t) exists and o(t) € C(o),
then, since o is generic, o(t) € R. Hence there are exactly two minimizing geodesics
from o to o(t), and they make the same angle with ¢’(¢). This implies that o’(t)
is tangent to R which contradicts the transversality condition in the definition of
generic geodesics. Therefore the existence of (L, o ¢)'(¢) implies o(t) ¢ C(0). O

Proposition 8.4. Let o : [0,l] — M be a generic minimizing geodesic emanating
from p. Then limHtg(Lo 00) (t) = (Lo o) (to) for all ty € (0,1).

Proof. 1f o(ty) € C(o0), then o(ty) is a regular cut point. In case o(tg) € C(o), let
7o be the minimizing geodesic joining o to o(ty) such that the tangent vectors o’ (to)
and ~y, point to opposite sides of R. Otherwise, let 7, be the unique minimizing
geodesic joining o to ¢(0). Thus the (L, o o)’ (ty) is equal to the cosine of the angle
between o and v,. Let t; be a decreasing sequence converging to ty as k — co, and
let v, be a minimizing geodesic joining o to o(t;) chosen so that the cosine of the
angle between o and 7 is equal to (L, 0 o)’ (tx). Then clearly, ) converges to v, as
k — oo. Therefore lim,_, .+ (L, 0 0), (1) = (Lo © o)’ (to)- O

Theorem 8.5. Let (M, 0) be a pointed Riemannian manifold and (M,6) a model
surface having weaker radial attraction than (M,o0). Let p € M and let p € M be
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the point on the O-meridiam with d(p,0) = d(p,0). Assume that every minimizing
geodesic emanating from p approaches the cut locus of C(p) from the far side. Then
for every geodesic triangle Aopq there exists a corresponding Alezandrov triangle
Aopq in M.

Proof. We first prove this for generic triangles. Given Aopq, suppose the side o
joining p to ¢ is generic. By Lemma [5.4] it suffices to show that ¢ has no bad
encounters with the cut locus. Let ¢y be the supremum of all ¢ such that o|[0, ]
has no bad encounters. Certainly, if 5 = d(p, ¢) then o has no bad encounters. Let
us assume tg < d(p, q) and deduce a contradiction. It follows that o must have an
encounter with the cut locus at tg, for otherwise would contradict the choice of .
Since o approaches C(p) from the far side, Lemma implies

Lo(c(t)) > Ls(5)(t)) forall 0 <t <t,
where 58 is the uppermost minimizing geodesic joining p to Go = F “1(F(o(tg))). Let
ag be the arc in the cut locus joining ¢y to the trunk. We claim

(8.1) (Loo o), (te) < (Ls o), (to).

There are two cases to consider. Let 63 denote the lowermost minimizing geodesic
from p to Go. If &) # &%, then (8I) follows from Lemma In case 6, = &¢,
equation (8] holds as well. Because if it didn’t, then ¢, would be conjugate to p

along 6y = &g = &é and we would have

(8.2) (Lo o 0)(to) = (Ls 0 ap)(to) = (Ls © 5,), (to)-

Consequently, by Proposition B.6, L,(c(t)) = Ls(d¢(t)) for all 0 < t < ty. Because
L; o &y is differentiable, so is L, o 0. Thus by Proposition B.3] the interior of o|[0, ]
is disjoint from C'(0). Hence by Corollary B.I0 with Remark B2l ¢|[0,to] is not
conjugate free and so does not minimize past tg. This contradicts ¢ minimizing to
distance d(p, q). This establishes equation (81]).

This also proves that the encounter at ty is not bad by Lemma 4 We will
next show that there exists an € > 0 such that there are no bad encounters at ¢
for tg < t < top + € which will contradict the choice of t, assuming ¢ty < d(p,q). If
no such € exists, then there is a decreasing sequence ¢y, k = 1,2,3,..., such that
limy .o tx = to and o has a bad encounter at ;. For each k set g, = F~Y(F(o(t1)))
and let oy be the arc in C(p) joining i to the trunk, and let &,I and &,ﬁ denote the
uppermost and lowermost minimizing geodesics joining p to ;. By Lemma 0.2 for

each k,

(8.3) (Lsoap), (ts) < (Lo o aw)(tr) < (Ls 0 57), (th)-
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Clearly, both &, and &y converge to &3, and by (83)

lim ((Lsoap) (ts) — (Loo o), (ty)) = (Lso&y),(to) — (Looa),(to)

> (Lo ag)(to) — (Lo 0 a)(to)
> 0.

Thus for large enough k, (Ls o ay), (tx) > (Lo 0 o)’ (tx) so that by Lemma [£.4] the
encounters at ¢;, are not bad after all. Thus there exists an € > 0 such that there are
no bad encounters at t for ty < t < ty + € contradicting the choice of t3. Therefore o
has no bad encounters with the cut locus.

Now consider the general case. Suppose that Aopq is a geodesic triangle in M.
Let o be the side joining p to q. By Proposition B2 there exists a sequence of generic
triangles Aopg; such that the sides o, joining p to ¢ converge to ¢ and are generic.
By the first part of the proof there exists a sequence of corresponding Alexandrov
triangles Aopg, in M. By choosing a subsequence if necessary, we may assume that
the sides 7}, joining p to ¢ converge to a geodesic & joining p to some point ¢. Thus
by Alexandrov convexity from the base

d(o,0(1)) = lim d(o,03(t)) > lim d(3,5(t)) = d(,5(1))

for all 0 < ¢t < d(p,q). Thus Adpq is an Alexandrov triangle corresponding to
Nopq. O

9. THE SLOPE FIELD AT CUT POINTS

Let M be a model surface rotationally symmetric about 0. Fix p € M, and let
do € C(p). Let a be the arc in C(p) joining Gy to the trunk. Let & denote «
reparameterized by arclength s from ¢o. For each s > 0 in the domain of &, let
ol and &} respectively denote the uppermost and lowermost minimizing geodesics
joining p to @(s). Note that if @(0) = ¢ is an endpoint of C(p), then it may happen
that 58 = 53 , but otherwise 6! # &} if s > 0 since a(s) for s > 0 is not an endpoint
of C(p). From the construction we have for every sy in the domain of & that

(9.1) lim 6! =6] and lim &) =57 .
S—)SS’ S—)SS’

(The analogous left-hand limit does not hold at branch points of the cut locus.)
Define () and ¢*(s) to be the respective angles that the respective tangent vectors
to o] and &} makes with the meridian u through a(s), specifically with +u/. Set

_ 1)+ M)

92) o(s) .
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These three angles may be equal for s = 0, if ¢y is an end point of the cut locus, but
if s > 0, then one has the strict inequality

(9.3) 0<YH(s) < o(s) <ol(s) <
By equations ([@.1)) and ([@.2), ¥, ¥" and ¢ are continuous on the right. On the open
dense set of parameters s where a(s) is a regular cut point, @(s) is smooth and ¢(s)
is the angle that the tangent vector &/(s) makes with the meridian through a(s)
because @/(s) makes the same angle with both 5] and &¢ by [20].

At parameter values s where a(s) is a regular cut point, the first variation formula
gives:

(9.4) (Lsoa)'(s) = cos ¢(s)

and
(Lyoa)(s) = cos(p(s)—1*(s)) = cos(¢(s) — ¢(s))

(9.5) = ¢ <M) > 0.

2
Likewise, with t = d(p, a(s)),
(9.6) (Lso&1)(t) = cost'(s) and (Lso&t)(t) = cosept(s).

The curve « is the curve & parameterized by the distance ¢ from the point p. Thus
4t — (Lyoa)'(s). Therefore by the chain rule and equations (3.4) and (@.5) we have

iy~ Leod)(s)  coso(s)
(9.7) (Lo o a)(t) = Loy (s) ~ o (W <s>;w¢<s>>‘

Lemma 9.1. If a(s) is a reqular cut point and t = d(p, a(s)), then

(Lsoal)'(t) < (Looa)(t) < (Ls 0 5y)(t).
Proof. The following trig identity is derived from the addition formula for the cosine:
(9.8) cos(A+ B) = cos(2B— (B —A)) = cos(2B) cos(B — A) +sin(2B) sin(B — A).
Thus,

(9.9) % = cos(2B) + sin(2B) tan(B — A).

On setting A = d’(s and B = , we have A+ B = ¢(s )andB—A:Ws)%M.
Therefore by (EQI)

010) ol y =) 4 ) (H ).

o8 (ws)gwi(s)
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Clearly the second term on the right is strictly positive since 1*(s) # ¢¥'(s) because
a(s), being a regular cut point, is not an end point. The inequality on the left now
follows from (9.10) on account of (@.3]), (9.6) and ([@.7). The inequality on the right
is proved similarly by setting A = @ and B = @ in (9.9) which leads to the
equation

Tla) _ ot
(9.11) cos(¢(s)) = cos(¢¥(s)) — sin(¢*(s)) tan <M) :
oS (Ws)—ww)) 2
2
O
The next Lemma calculates the value of the slope field s(z,y) at = ¢ and
y = La(a(t)).

Lemma 9.2. For every s in the domain of &, if t = d(p, a(s)), then the right-hand
derivative

Yi(s) — ¥H(s)
2

Yi(s) — ¥*(s)
)

(Looa) (t) = (Lsod))(t)+sin(¢'(s)) tan

= (Lso0&t)(t) —sin(yp(s)) tan <

In particular
(Ls0&y)/(t) = (Lo o ) (t) > (Lo &1)'(¢)
where both inequalities are strict if s > 0.

Proof. Since & is parameterized by arclength, it is a Lipschitz 1 curve. Thus Ljoa and
Lzoa are Lipschitz 1 functions. Hence they are absolutely continuous. Consequently,
the derivatives (Lzoa)'(s) and (Lso@)'(s) exist for almost all s. But for almost all s,
a(s) is a regular cut point, and at regular cut points, equations (@.4) and (@.5) hold.
Thus Lzo& and Lszoa are absolutely continuous functions whose derivatives are equal
almost everywhere to functions which are continuous on the right everywhere. In
other words, they are indefinite Lebesgue integrals of functions which are continuous
on the right at every point. Thus their right—hand derivatives exist everywhere and
satisfy

(9.12) (Lso @) (s) = cos ¢(s)

and

(9.13) (Lso @), (s) = cos (

SO P
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By the chain rule

(Ls o @)y (s)

(Ls o @)y (s)

The result now follows from equations (@.6), (.10), (.11, (@12), (@13) and (@©.14).
U

(9.14) (Lsoa),(t) =
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