Anrebpa u anaaus St. Petersburg Math. J.
Tom 29 (2017), Ne1 Vol. 29 (2018), No. 1, Pages 139-153
http://dx.doi.org/10.1090/spmj/1485

Article electronically published on December 27, 2017

ON THE TOTAL CURVATURE
OF MINIMIZING GEODESICS
ON CONVEX SURFACES

N. LEBEDEVA AND A. PETRUNIN

Dedicated to Yu. D. Burago
on the occasion of his 80th birthday

ABSTRACT. A universal upper bound is given for the total curvature of a minimizing
geodesic on a convex surface in the Euclidean space.

§1. INTRODUCTION

In this paper we give an affirmative answer to the question asked by Dmitry Burago;
the same question was also stated in [I], 2] and [3]. Namely, we prove the following.

1.1. Main theorem. The total curvature of a minimizing geodesic on a convex surface
in R cannot exceed 10001990,

The value 2 - 7 is the optimal bound for the analogous problem in the plane. The
total curvature of a minimizing geodesic on a convex surface in R3 can exceed 2 - 7 and
the optimal bound is expected to be slightly bigger than 2 - 7. The former example was
constructed by Bérdny, Kuperberg, and Zamfirescu in [3].

Let us list other related results.

e In [4], Liberman gave a bound on the total curvature of a short geodesic in terms
of the ratio diameter and inradius of K. In the proof he used an analog of
Lemma 3.1 discussed below.

e In [5], Usov gave an optimal bound for the total curvature of geodesics on the
graphs of ¢-Lipschitz convex function. Namely, he proved that if f: R?> — R is
£-Lipschitz and convex, then any geodesic in its graph

Ff: {(x,y,z)€R3|z:f(x,y)}

has total curvature of at most 2 - /. An amusing generalization of Usov’s result
was given by Berg in [6].

e In [7], Pogorelov conjectured that the spherical image of a geodesic on a convex
surface must be (locally) rectifiable. It is easy to check that the length of the
spherical image of a geodesic cannot be smaller than its total curvature, so this
conjecture (if true) would be stronger than Liberman’s theorem. Counterexam-
ples to various forms of this conjecture were found by Zalgaller in [8], Milka in [9],
and Usov in [I0]; these results were partly rediscovered later by Pach in [2].
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e In [3], Barany, Kuperberg, and Zamfirescu constructed a corkscrew minimizing
geodesic on a closed convex surface; that is, a minimizing geodesic that twists
around a given line arbitrarily many times. They also rediscovered the results of
Liberman and Usov mentioned above.

Idea of the proof. First we show that it suffices to estimate total curvature for the
minimizing geodesics with almost constant velocity vector, say %(t) ~ 1.
To estimate total curvature in this case it suffices to estimate the integral

/ Gi(t), ) - dt

for a vector j L 4. To understand the idea of this estimate, imagine that the surface is
lighten in the direction of j, so that it is divided into the dark and light sides by a curve
w. On the diagram you see different combinatorics in which v meets w.

In the first case the total curvature is estimated by the integral of the Gauss curvature
of the regions squeezed between v and w. This follows from the Tongue Lemma 4.2,
which is a heart of our proof.

The second case might look impossible, but the corkscrew geodesic constructed in [3]
can meet w in this order. Here we show that the total curvature of the twists grows
geometrically from a middle twist to the ends and at the ends the integral of the full
twists cannot be larger than 2 - 7. This suffices to estimate the total curvature of the
whole geodesic.

The last case is a mixture of the first two and it is done by mixing both techniques.

§2. PRELIMINARIES

Total curvature. Recall that the total curvature of a curve v: [0,] — R? (briefly
TotCurv ) is defined as the supremum of the sums of exterior angles for the polygonal
lines inscribed in ~.

Note that for a polygonal line o, its total curvature coincides with the sum of its
exterior angles.

If v is a smooth curve with unit-speed parametrization, then

¢
TotCurvy = / K(t) - dt,
0
where k(t) = |%(¢)| is the curvature of v at t.

2.1. Proposition. Assume v,: 1 — R? is a sequence of curves converging pointwise to
a curve Yoot I = R3. Then

lim inf TotCurv v, > TotCurv ve.

n— oo

Proof. Fix a polygonal line o, inscribed in yo. Let Yoo (o), - - -, Yoo (tx) be its vertices
as they appear on ... Consider the polygonal line o, inscribed in +, with the vertices
Yn(to)s - -, Yn(tr). Note that

TotCurv o,, = TotCurvo, as n — oo.
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By the definition of the total curvature,
TotCurv o,, < TotCurv,.

The statement follows because the broken line o, can be chosen in such a way that
TotCurv o4 is arbitrarily close to TotCurv vue. |

Convergence of sets. Given a closed set ¥ C R3, denote by disty; the distance function
from X, i.e.,

dists(z) = inf{|z —y| | y € T}.

We say that a sequence of closed sets ¥,, C R? converges to a closed set ¥, C R3 if
for any @ € R? we have disty, () — dists__(x) as n — oo.

Convex surfaces. By a conver surface ¥ in the Euclidean 3-space R3 we understand
the boundary of a closed convex set K with nonempty interior. If K is compact, we say
that the X is closed.

Assume ¥ is smooth. If at every point of ¥ the principle curvatures are positive, we
say that ¥ is strongly conver.

2.2. Proposition. Assume %, is a sequence of convexr surfaces that converge to a con-
ver surface Xo. Then for any minimizing geodesic Voo in Yoo there is a sequence of
minimizing geodesics v, in X, that converge pointwise to vy as n — oco.

Proof. Assume that v : [0,¢] — X is parametrized by its arc-length.

Fix a subinterval [a,b] C (0,¢). Set poo = Yoo(a) and geo = Yoo (b). Let pn, ¢n € Ty, be
two sequences of points that converge to p, and g, respectively.

Denote by 7, a minimizing geodesic from p,, to ¢, in 3,. Note that ~,, converges to
Yool[a,p] 88 T —+ 0C.

Taking the subinterval [a, b] closer and closer to [0, ] and applying diagonal procedure,
we get the result. (Il

§3. LIBERMAN’S LEMMA

In this section we give a slight generalization of the construction given by Liberman
in [4]; see also [I1].

Development. Let v: [0,/] — R? be a curve parametrized by arc-length, and suppose
a point p does not lie on ~.
Assume that 3,: [0,¢] — R? is a plane curve parametrized by arc-length and p is a
point in the plane such that
P=3®)] = lp— ()]
for any ¢ € [0, £]; moreover, the direction from p to ¥(¢) changes monotonically (clockwise
or counterclockwise). Then 7, is called the development of v with respect to p.

(1) ota) 0 h

p p

Convex development. Concave development.
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We say that the development 7, is conver (concave) in the interval [a,d] if the arc
Yplja,p) cuts a convex bounded (respectively, unbounded) domain from the solid an-

o D

We say that 7, is locally convex (concave) in the interval [a, b] if any point = € [a, b]
admits a closed neighborhood [a’, b'] in [a, b] such that 7, is convex (respectively, concave)
in the interval [d/, '].

If we pass to the limit of this construction as p moves to infinity along a half-line in
the direction of a unit vector w, then the limit curve is called the development of v in
the direction w and is denoted by 7,,.

We can define the development 7, directly: (1) the development 7, : [0,¢] — R? is
parametrized by arc-length, (2) for a fixed unit vector u € R?, we have

(w, Fu(t)) = (u,7(1))

for any ¢ € [0,¢], and (3) the projection of 7, (¢) to the line normal to @ is monotone in ¢.

We may assume that « is the vertical vector in the coordinate plane. In this case we
say that 7, is concave (convex) in the interval [a, b] if the lune bounded by arc 4y |[,;) and
the segment [Y,,(a)7(b)] is convex and lies above (respectively, below) the line segment

[ (@) ()]

Dark and light sides. Suppose ¥ C R? is a convex surface, p € ¥, and z # p.

We say that p lies on the dark (light) side of 3 from z if none of the points p+¢- (p— z)
lie inside of ¥ for ¢ > 0 (respectively, for ¢ < 0). The intersection of the dark and the
light side is called the horizon of z; it is denoted by w,.

Note that if z lies inside X, then all the points of ¥ lie on the dark side from z and
its horizon w, is empty.

If ¥ is smooth, we can define the outer normal vector v, to ¥ at p. In this case
p lies on the dark (light) side of ¥ from z if and only if (p — 2z,1,) > 0 (respectively,
(p—z,vp) <0). If in addition ¥ is closed and strongly convex, then the horizon is empty
for z inside ¥, and it is formed by a closed smooth curve for z outside X.

We could also define the light /dark sides and the horizon in the limit case, as p escapes
to infinity along a half-line in direction .

The last notions can be defined directly. We say that a point p € ¥ lies on the dark
(light) side for the unit vector w if none of the points p + wu - ¢ lie inside ¥ for ¢ > 0,
(respectively, ¢t < 0). As before, the intersection of the light and the dark side is called
the horizon of w and it is denoted by wy,.

In the smooth case, this definition means that (v,,u) > 0 (respectively, (v,,u) < 0).
If in addition ¥ is closed and strongly convex, then w,, is a closed smooth curve.

3.1. Liberman’s lemma. Assume v is a geodesic on a convex surface ¥ C R3. Then
for any point z ¢ ¥ the development 7, is locally convex (locally concave) if v lies on the
dark (respectively, light) side of ¥ from z.

Similarly, for any unit vector w, the development 7,, is locally convex (locally concave)
if v lies on the dark (respectively, light) side of ¥ for u.

Note that for any space curve v and any unit vector u we have
TotCurv 7, < TotCurv .

On the other hand, the total curvature of few developments gives an estimate for the
total curvature of the original curve. For example, if 4, j, k is the orthonormal basis, then

TotCurvy < TotCurvy; 4+ TotCurvy; + TotCurv .
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If 7 lies completely on the dark (or light) side for the direction u, then by Liberman’s
lemma we get
TotCurv v, < .

It follows that if v crosses the horizons w;, wj, and wy at most N times, then
TotCurvy < TotCurv7y; + TotCurvy; + TotCurvy, < (N +1) - .

Therefore, to violate Main Theorem, v must cross the horizons w;, wj;, and wy a huge
number of times.

§4. CURVATURE OF DEVELOPMENT

Let ¥ C R? be a closed smooth strongly convex surface and ~: [0,£] — ¥ a unit-speed
geodesic. Assume that for some unit vector u, the geodesic v crosses the horizon wy,
transversely at to < --- <tj. Set oy = £(§(t;),u) — § for each i. Note that |o;| < 3.

The values t; and «; will be called, respectively, the meeting moments and the meeting
angles of the geodesic v with the horizon wy,.

We introduce the new notation

TotCurv,, vy 4 TotCury Vs,
From Liberman’s Lemma 3.1, we get the following.
4.1. Corollary. Let ¥ C R? be a strongly convex smooth surface, v: [0,£] — 3 a unit-
speed geodesic, and u is a unit vector. Assume that v crosses the horizon w,, transversely

and tg < --- < t are its meeting moments and «y, ..., qx its meeting angles with the
horizon w,,. Then

TotCurv, vy <3-7m+2- ‘ao —aq + -+ (—1)k -ak’.
As you will see in what follows, in order to find the required estimate for the total
curvature of a geodesic, we will get an upper bound for the sum
‘Oéo — o —l—"'—i-(—l)k -Ozk’.

Finding such an upper bound is the most important ingredient in the proof of the Main
Theorem.

Proof. By Liberman’s lemma,
TotCurvu('y“chti]) = i(aifl - ai)v

where the sign is “+7 if vy, 4,, ) lies on the dark side and “~7 if it lies on the light side
from w. Summing all this up, we get
TotCurv,, ('Y|[to,tk,]) = ‘ao —2- a4+ (=D)L 2 + (—1)k . ak’.
By Liberman’s lemma, we also have
TotCurv,, (’y|[0’t0]),TotCurvu (’}/htk’g]) <.

Since ap, a < 7, the statement follows. |

If ¥ is a surface in R® and p € X, then we denote by K, the Gauss curvature of ¥
at p.
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Assume a, b are the meeting moments of the minimizing geodesic v with w,,. The arc
Ylfa,p) Will be called an w,,-tongue if there is an immersed disk ¢: D 9 ¥ such that the
closed curve t|sp is formed by the joint of the arc v[(,; and an arc of wy,. In this case
the immersion ¢ is called the disk of the tongue.

4.2. Tongue lemma. Let u be a unit vector, let 7v: [a,b] — X be a minimizing geodesic
on the strongly convex surface ¥ C R3 which is an w,,-tongue, and 1: D 9 X its disk.
Then

/ KL(I) . dL(z) areay
D

takes one of the values
a—p, —a+B, r—a—08, r+a+ 8 (mod2-m).
In particular,
(1) |a — ﬁ| < / K, () -db(m) areay, .
D
If in addition the image (D) lies completely in the dark or the light side for w, then
(2) TotCurvy < K, - dyareay .
(D)

Proof. Since v is a geodesic, the parallel translation along v sends ¥(a) to ¥(b).

Note also that u belongs to the tangent plane to ¥ at any point on the horizon wy,;
in particular, u extends to a parallel tangent vector field on wy,.

It follows that parallel translation along ¢|sp rotates the tangent plane by the angle

(5 +a) % (5 +5).

To prove the main statement of the lemma, it remains to apply the Gauss—Bonnet for-
mula.

Denote by R the right-hand side in (1). Note that R > 0 and |/, |8] < . From the
main statement of the lemma it then follows that the minimal possible value for R is
a— 3.
| To Ilrove (2), note that in this case ¢ is an embedding. Further, note that the spherical
image of the dark side of ¥ is a hemisphere. Therefore, 2 - 7 is the integral of the Gauss
curvature along the dark side. It follows that

/ KL(I) ' dL(:L’) areas; = / Kp . dp areay < 2-m.
D (D)

By Liberman’s lemma, the statement follows. ]

85. ALMOST STRAIGHT ARCS
Let € > 0. We say that a curve v : [a,b] — R3 is e-straight if
(1 —¢)-lengthy < |v(b) — ¥(a)|.

5.1. Lemma. Assume ¢ > 0 and n is a positive integer such that n - > 2. Then any
minimizing geodesic on a convex surface ¥ in R3 can be subdivided into e-straight arcs

Yiy---ysVn-
Proof. Let § € (0,7) be such that

1—cosf =e.
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Assume two points p and ¢ lie on the convex surface . Denote by v, and v, the outer
normal vectors at p and g, respectively. Note that if

L(vp,vy) <2-0,
then any minimizing geodesic from p to g on X is e-straight.

Let 7: [0,¢] — X be a minimizing geodesic parametrized by its arc-length.

Assume 7 ¢ is not e-straight. Set ¢’ to be the maximal value in [t,£) such that the
interval [t,t] is e-straight. Consider a sequence 0 =ty < t; < .- < t, < £ such that
t;+1 = t, for each 7. Denote by v; the outer unit normal vector to ¥ at v(¢;). From above
we get

K(I/i, I/j) 2 2.0
for all i and j. In other words, the open balls By(v;) do not overlap in S%.
It remains to note that

area[Bg(1;)] =2-7-¢ and areaS* =4 - 7.
Hence, the result follows. O

5.2. Corollary. Assume ~y: [0,¢] — X is a unit-speed minimizing geodesic on the convex
surface ¥ in R3. Then diam~y > 1%.

Proof. Apply Lemma Bl for e = 1. O

§6. AN ARC IN AN ALMOST CONSTANT DIRECTION

6.1. Proposition. For any € > 0 there is § > 0 such that the following holds true.
If v: [a,b] = ¥ is a minimizing geodesic on a smooth strongly convex surface ¥ in R3,
then there is an interval [a’,b'] C [a,b] such that

TotCurv(7|jar,p)) > 6 - TotCurvy

and
L(y(t),u) <e
for a fized unit vector w and any t € [a’,V'].

e 1 _ 1
Moreover, if e = 15, then we can take § = 15700 -

In the proof we will need the following two lemmas.

6.2. Lemma. For any ¢ there is § > 0 such that the following holds true.
Assume v is a curve, v1 and vo are two vectors in R, and 0 < oy, 9 < 7 are such
that

e < L(v1,v2) < T —k,
a; — 0 < K(’U“’Y(t)) < a;+0.

Then there is a vector w such that £(wu,%(t)) < €.

Moreover, if € < %0, then one can take § = 0.

The proof of the above lemma is straightforward computation; we omit it.

6.3. Lemma. For any e > 0 there is § > 0 such that the following holds true.

Let ~v: [a,b] — X be a d-straight minimizing geodesic on a smooth strongly convex
surface ¥ in R3. Set vy, = v(b) — v(a). Then there in a subinterval [a’,V'] in [a,b] such
that

TotCurv(y|jarpr)) > 6 - TotCurvy
and
a—e < LA(t),v,) <a+e
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for some fized o and any t € [a',V].

. 1
Moreover, if € < 15,

then one can take 6 = 0.

Proof. Without loss of generality we may assume that a = 0, b = 2, and
TotCurv(7|p1,9)) = & - TotCurv .
Set p = v(0). Let 8 € (0,7) be such that 1 — cosf = §. Note that

(1) £(vy, (1) = p) < L(p(1) =P, 7(2) —p) < ¥

for any t > 1.
By Liberman’s lemma,

TotCurvy (v]p,2) <7+ 6.
Assume N = [% +1]. Then we can subdivide 7|j; o into N arcs 1,72, ...,7n such that

(2) TotCurvy(y,) < 0

for each n.
From (1) and (2), it follows that for each n, there is a, with

an — 0 < L(Yn(t),vy) < a, + 6.

The arc v, with the maximal total curvature will solve the proposition.
It remains to choose d so that () < 155-

Proof of Proposition 6.1. Set vg = .
Fix § > 0, set n = [%] By Lemma 5.1, the geodesic 7y can be subdivided into n
arcs that are §-straight. We choose the arc 7, with maximal total curvature. Assuming

0 < %,we get

TotCurv ) > 15 - TotCurv 7.

Let ay be the angle and +; the arc in v, provided by Lemma 6.3. In particular,

TotCurv~y; > 6 - TotCurv ~, > ‘15—3 - TotCurv 7q.

oy <5ora >m— 5 and ¢ is sufficiently small, then the statement holds true for
the arc 41 and the vector u = +v,,.

Otherwise we repeat the above construction for ;. Namely, apply Lemma 5.1 to the
geodesic 1 and denote by ~y{ the d-straight arc with maximal total curvature. If § is
small, we get

3)

Again, we get

< K(’U,yi,'v,yé) <m-— %

w|m

TotCurv y; > 15—0 - TotCurv~y; > % - TotCurv .
Next, we apply Lemma 6.3 to v;. Denote by 2 and as the angle and the sub-arc
of v{. Again
TotCurv vy, > % - TotCurv ~p.
The curve 72 runs under nearly constant angle to v,, and v,;. The inequality (3)
makes it possible to apply Lemma 6.2. Hence, the main statement in the proposition

follows.
Straightforward computations prove the last statement. (I
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§7. DRIFTING GEODESICS

In this section we fix the notation to be used further without additional explanation.

Fix a system of (z,y, z)-coordinates on the Euclidean space; denote by (i, 7, k) the
standard basis.

A plane parallel to, say, the (y, z)-coordinate plane will be called a (y, z)-plane.

7.1. Definition. A smooth curve 7: [0,¢] — R? is said to be ¢-drifting if both ends ~(0)
and 7(¢) lie on the z-axis and £(7(t),%) < 15 for all .

(A, pyv)-frame. Let ¥ be a convex surface and ~: [0,¢] — ¥ an i-drifting minimizing
geodesic with unit-speed parametrization.

Given t € [0, ], consider the oriented orthonormal frame A(t), u(t), v(t) such that v(t)
is the outer normal to ¥ at «(¢), the vector p(t) lies in a (y, z)-plane and therefore the
vector A(t) lies in the plane spanned by v(t) and the z-axis. We assume in addition that
(Ai) > 0.

Since (¥(t),%) > 0, we have v(t) # 4, so that the frame (A, u, v) is uniquely determined
for any ¢ € [0, .

Angle functions. Set

o) = £(3,5(1), ¢(t) =35 - LG v(t), 01) =75 —L(ut), 7))

From the above definitions it follows that [6(t)], [¢(¢)| < T and for each ¢ there is a right
spherical triangle with legs |0(¢)[, |+ (t)| and hypotenuse ¢(t). In particular, cos 6 -cos ) =
cos ¢. We get the following.

7.2. Claim. For any t we have
o(t) = [¢(t)] and o(t) = [0(t)].
Applying Liberman’s lemma in the direction %, we also get the following.

7.3. Claim. If an arc 7|, lies in the dark (light) side for 4, then the angle function ¢ is
monotone nondecreasing (respectively, nonincreasing) in [a, b].

§8. PLANE SECTIONS

Assume 7 is a curve on a smooth strongly convex surface ¥ in R3. Consider a plane
L passing through two points of 7, say p = v(a) and ¢ = y(b) with a < b. Let Ly be
half-planes in L bounded by the line trough p and q. Set o4 =X N L.

8.1. Observation. If v is a minimizing geodesic in the smooth strongly convex surface
¥ C R3 and a, b, and o4 are as above, then

length ot > length(v|(q,4)-

To prove the observation, it suffices to note that the o4 are smooth convex plane
curves connecting p to ¢ in X.

Based on this observation, we give a couple of estimates on drifting minimizing
geodesics.

Let v: [a,b] — R? be a curve and £ a line that does not pass through points of ~.
Assume ¢: [a,b] — R is a continuous azimuth angle of v in the cylindrical coordinates
with the axis ¢. If

[6(b) = d(a)| = 2-n-m,

we will say that v goes around the line £ at least n times.
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8.2. Proposition. Assume «y: [0,¢] — X is an i-drifting minimizing geodesic in the con-
vex surface ¥ C R3, a subsegment [a,b] is included in [0, £], and the following conditions
are fulfilled.

(i) The points y(a) and v(b) lie in a half-plane with boundary line formed by the
x-azis and the arc |, goes around the x-axis, at least once.
(i) The z-coordinate of y(a) is larger than the x-coordinate of % - (v(0) + y(£)).

Then v(b) lies on the dark side for i.

Proof. Let us apply Observation 8.1 to the plane containing the x-axis, y(a) and ~(b).

We may assume that v(0) is the origin of the (z,y, z)-coordinate system, and that
the two points p = y(a) and ¢ = v(b) lie in the (z, z)-coordinate half-plane with = > 0,
denoted by II. We may assume that oy C II. Let (zp,0,2,) and (x4,0,2,) be the
coordinates of p and q.

From the assumptions we get x, < x4 < 2- xp.

Suppose the contrary, then «(b) lies on the light side for 4. Then from the convexity
of the curve IIN X we get

lengthoy < \/(zq —xp)? + 22

On the other hand, since v|(, 5 goes around the z-axis at least once, we get

length (a5 > \/(xq —xp)? + (2p + 2¢)2.

These two estimates contradict Observation 8.1. O

8.3. Corollary. If ¥, v, £, a, and b are as in the Proposition 8.2 and the arc |(, goes
around the x-axis at least twice, then the arc ’7|[byg] lies on the dark side with respect to
7.

Proof. Fix b/ € [b,¢]. Note that one can find a’ € [a,b] such that the assumptions of
Proposition 8.2 are fulfilled for the interval [a’,b']. Applying the proposition, we get the
result. ]

8.4. Proposition. Assume ~: [0,¢] — X is an i-drifting minimizing geodesic in the
convex surface ¥ C R3. Assume that the arc Ylip,e) lies on the dark side of X with respect
tos. If b < s <t < { and the point y(s) lies in the plane I through ~(t) spanned by v(t)
and A(t), then

P(s) < p(t).

Proof. We apply Observation 8.1 to the plane IT and p = v(s) and ¢ = (t).

Let z, and x4 be the x-coordinates of p and q.

Since 7|[s7t] lies on the dark side, its Liberman development §|[s7t] with respect to ¢ is
concave. In particular,

length(7|(s,4) = length(3s.)) > i3
On the other hand, the convexity of o4 implies that
lengtho, < —2-72

— cos(t)”

It remains to apply Observation 8.1. (]
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89. s-PAIRS

Let X C R3 be a strongly convex surface and 7: [0,¢] — X an é-drifting minimizing
geodesic.

We may assume that the horizon w; is a smooth curve and + intersects the horizons
transversely.

Let tg < t; < --- <t} be the meeting moments of v with w;. Set

On = ¢(tn)7 Yn = ¢(tn)a b, = g(tn)~

Note that 6, = +a«, so we can say s, -0, = (—1)™ - a, for some sequence of signs
s; = £1. In particular,

ag— a4+ (=1)F g =s0- 00+ 5101+ - + 5 - O

Note that for the right choice of orientation, if s, = +1, then v, ) moves clockwise in
S? at t,, and if s, = —1, then it moves counterclockwise.
We say that a pair of indices ¢ < j forms an s-pair if

zj:sn:Oand zjzsn>0

for i < 5’ < 7.

If you exchange “+1” and “—1” in s by “(” and “)” respectively, then (4, j) is an s-pair
if and only if the ith bracket forms a pair with the j-bracket.

Note that any index i appears in at most one s-pair and for any s-pair (7, j) we have

e s; = 1; that is, the ith bracket must be opening.
e s5; = —1; that is, the jth bracket must be closing.

In particular,
819744-8] '9]' :01— == (—1)7'Oél+(—1)J 'Oéj.

Tongue interpretation. Assume (i,7) is an s-pair. Note that in this case there is an
arc of w; from 7(t;) to v(t;) with monotonic z-coordinate. Moreover, a disk of the tongue
has this arc in the boundary.

The proof can be guessed from the diagram. It shows a lift of y in the universal cover
of the strip of X between (y, z)-planes containing 7|}, ;,}; the solid horizontal lines are
the lifts of w;.
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We say that ¢ is the depth of an s-pair (i,5) (briefly, ¢ = depth,(¢,j)) if ¢ is the
maximal number such that there is a g-long nested sequence of s-pairs starting with
(i,4). For example, the s-pair on the diagram has depth 5.

More precisely, the depth of (4, 7) is the maximal number ¢ for which there is a sequence
of s-pairs (4, j) = (i1,41), (12, J2), . - -, (iq, Jq) such that

P=iy < <ig < g << 1=

Note that the s-pairs of the same depth do not overlap, i.e., if depth(i, j) = depth(i’, j°)
for two distinct s-pairs (4, 7) and (', '), then either i < j < i’ < j ord' < j <i <j.
The following proposition follows directly from the discussion above.

9.1. Proposition. Let (i,j) be an s-pair. Then the arcs 7|[t1:7tj} and an arc of w; bound
an immersed disk in X that lies between (y, z)-planes through v(t;) and v(t;). Moreover,
the mazimal multiplicity of the disk is at most depth, (i, 7).

9.2. Corollary. Denote by S, the subset of indices {1, ..., k} that are the parts of s-pairs
with depth q. Then

<4-m-q.

Z (=D)"-an

neS,

Z Sy - O,

nesy

Proof. For each n denote by K,, the integral of the Gauss curvature of the part of the
surface ¥ with the z-coordinate less than the a-coordinate of (¢,). Note that

By Proposition 9.1 and the Tongue Lemma, we get
Si‘ei"_sj‘ej:ei_ej Sq(KJ—Kl)

The statement follows, because the s-pairs with the same depth do not overlap. [

b

3
<2 (a+8)om

9.3. Corollary. Assume
J

>

n=t

q¢= max
1<i<j<k

Then

k
Z Sn - Oy
n=1

Proof. Denote by S the set of all indices that appear in some s-pair.
Note that the depth of any s-pair is at most q. That is,

S=SU--US,.

By Corollary 9.2,

(1) <2.q-(qg+1)-m

an-ﬁn

nes

Set R={1,...,k}\ S; this is the set of indices that do not appear in an s-pair.
Given r, set i € Q, if

i
E Sp =T.
n=1

Note that @, # @ for at most g values of r, and in each set @, there are at most 2 indices
that do not appear in an s-pair; that is, - N R has at most two indices for each r.
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Since |a,| < §, we get

Z Sp 0| < q-m.
neR
This inequality together with (1) implies the claim. O

§10. GEOMETRIC GROWTH
10.1. Claim. Assume ¢(t) > e for t € [t;,¢;41] and s; = ;1. Then
|91‘+1 — 92| > - sine.
Proof. Note that the arc 7|, ¢,,,) is a tongue with embedded disk ¢: D? — ¥. Since
¥(t) > €, the spherical image v o +(D?) of «(D?) lies in a half-disk of radius 5 — e in S2.
Note that
K(1(D?)) = area(r o t(D?)) < 7 - (1 —sine).

It remains to apply Tongue Lemma 4.2. O
10.2. Claim. Assume + lies on the dark side for ¢. Then for any pair of indices j > i such
that 4
J
OB
we have
¢; >3- ¢,

Proof. By Claim 7.3, we may assume that

zjzsnzﬁ.

Let 5’ be the smallest index such that

v

J
o
n=i

Note that for any b > t; there is a € [t;,t;] such that interval [a,b] satisfies the
assumptions of Proposition 8.4. In particular, ¥(b) > ¢; for any b > ¢;. Applying
Claim 10.1, we get |0;] > 5 - ¢; or |0y > T - ¢;. By Claim 7.3, ¢, is monotone
nondecreasing, and ¢,, > |0,,| for any n, in both cases we get

b5 > 5 - i
and the result follows. O

=5.

10.3. Proposition. If v is an t-drifting minimizing geodesic on the dark side for 4, then
TotCurv; v <100 - .
Proof. We may assume that -y crosses the j-horizon wj; transversely. Let tg < --- <t

be the meeting moments of v with w; and sg, ..., s; the signs.
Recall that S, denotes the subset of indices {1,...,k} that appear in an s-pair with

depth g. By Corollary 9.2,
Z Sn - Oy,

nes,

<4.q-m.

In particular,
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Set R = {1,...,k}\ (S1 U---USj5); this is the set of indices that appear in s-pairs
with depth at least 6 as well as those that do not appear in any s-pair.

By Claim 7.2,

neER neRr neR

To estimate the last sum, we shall use the results in §I0l First, we subdivide R into 5
subsets Rq,..., Rs by setting n € R, if m =n (mod 5).

Givenn € R,,, denote by n’ the smallest index in R,, that is larger than n; n’ is defined
for any n € R,, except the largest one. According to Claim 10.2, ¢, > % - ¢n; that is,
the sequence (¢n)ncr,, grows faster than the geometric progression with coefficient %
Since ¢,, is monotone nondecreasing in n, we get

Z ¢n<3'¢k¢~

neERm,
It follows that
Y ba<15-g <o
neRr
By Corollary 4.1,

TotCurvj’y§2~7T—|—2-[ao—a1+---—|—(—1)k~ak]<100~7T. O

§11. ASSEMBLING THE PROOF

Assume v: [0,/] — ¥ is a minimizing geodesic in a convex surface ¥ C R3.

By Propositions 2.1 and 2.2, we may assume that ¥ is closed, strongly convex, and
smooth and the geodesic v has finite length.

According to Proposition 6.1, we can pass to an ¢-drifting arc 4" of v for some (z,y, z)-
coordinate system such that

(1) TotCurv~y’ > 100%00 - TotCurv .

We shall use the notation of 7] for ~'.
Rotating the (y, z)-coordinate plane, we can ensure that

TotCurvy’ < 10 - TotCurv; v

and that 4’ crosses the horizon w; transversally.
By Corollary 8.3, we can subdivide v/ into at most three arcs:

e Left arc 4" that lies on the light side for .
e Middle arc v that rotates around the x-axis at most 4 times.
e Right arc !, that lies on the dark side for 3.

Indeed, choose an arc 7'|(4,4 on the right from the (y, z)-plane through 1-(+/(0)++/(¢))
that rotates around the z-axis 2 times and assume that b takes the minimal possible value.
Note that if 4/(s) lies on the (y,z)-plane through 1 - (/(0) + +/(¢)), then [s,b] D [a,b]
and any subarc of [s, b] rotates around the z-axis at most 2 times.

By Corollary 8.3, we can take 7, = 7/|,¢; in case there is no such arc [a, b], we assume
that /. is not present. Repeat the construction reverting the direction of the z-axis; we
get the lower arc 4/_. The remaining arc is assumed to be 7{; note that any subarc of +},
is divided by the (y,z)-plane through % - (v/(0) 4+ 7/(¢)) into two each of which rotates
around the z-axis at most 2 times. Therefore, the number of rotations of any arc in |
is at most 4.

Let us estimate the total curvature of 4", g, and 7/, separately.
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By Proposition 10.3, we get

(2) TotCurv; v/, < 100 - 7.

Similarly,

(3) TotCurv,; v~ < 100 - 7.
By Corollary 9.3,

(4) TotCurv; v, < 100 - .

Together with (2), (3), and (4) the last inequality implies that
TotCurv,; v < 300 - .
Now, the result follows from (1). O
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