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Abstract

The Morse lemma is fundamental in hyperbolic group theory. Using exponential contraction, we establish
an upper bound for the Morse lemma that is optimal up to multiplicative constants, which we demonstrate
by presenting a concrete example. We also prove an “anti” version of the Morse lemma. We introduce the
notion of a geodesically rich space and consider applications of these results to the displacement of points
under quasi-isometries that fix the ideal boundary.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Roughly speaking, the Morse lemma states that in a hyperbolic metric space, a A-quasi-
geodesic y belongs to a A2-neighborhood of every geodesic o with the same endpoints. Our
aim is to prove the optimal upper bound for the Morse lemma.
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Theorem 1 (Morse lemma). Let y be a (X, c)-quasi-geodesic in a §-hyperbolic space E and o
be a geodesic segment connecting its endpoints. Then y belongs to an H-neighborhood of o,
where

H=2%(A1c+ A29),
where A1 and Ay are universal constants.

We prove this theorem with Aj =478 =312 and

A2 — 4 78 + 261571[12/28
In2

in Section 5.2. This result is optimal up to the value of these constants, i.e., there exists an
example of a quasi-geodesic such that H is the distance of the farthest point of y from o (see
Section 6).

The Morse lemma plays an important role in the geometry of hyperbolic spaces. For exam-
ple, it is used to prove that hyperbolicity is invariant under quasi-isometries between geodesic
spaces [4] (see Chapter 5.2, Theorem 12): let E and F be §1- and §,-hyperbolic geodesic spaces.
If there exists a (X, c)-quasi-isometry between these two spaces, then

81 <8A(2H 4462 +¢).

Hyperbolic metric spaces have recently appeared in discrete mathematics and computer sci-
ence (see, e.g., [3]). The §-hyperbolicity turns out to be more appropriate than other previously
used notions of approximation by trees (e.g., tree width). This motivates our search for optimal
bounds for a cornerstone of hyperbolic group theory like the Morse lemma.

Gromov’s quasi-isometry classification problem for groups [5] provides another motivation.
When two groups are shown to be non-quasi-isometric, it would be desirable to give a quanti-
tative measure of this, such as a lower bound on the distortion of maps between balls in these
groups (we thank Itai Benjamini for bringing this issue to our attention). We expect our optimal
bound in the Morse lemma to be instrumental in proving such lower bounds. As an indication of
this, we show that the center of a ball in a tree cannot be moved very far by a self-quasi-isometry.

Proposition 1. Let O be a center of a ball of radius R in a d-regular metric tree T (d > 3). Let
f be (A, c)-self-quasi-isometry of this ball. Then for any image f(O) of the center O,

d(f(0),0) <min{R, H +c+ A(c+ D}.

Because § = 0 for a tree, we have d(f(0), O) < 24122 for sufficiently large A. We prove
this proposition in Section 6.

We present an example of a (A, ¢)-quasi-isometry of a ball in a d-regular tree that moves the
center a distance Ac. We are currently unable to fill the gap between Ac and A2c.

We give a second illustration. In certain hyperbolic metric spaces, self-quasi-isometries fixing
the ideal boundary move points a bounded distance. Directly applying the Morse lemma yields
a bound of H ~ A%c, while the examples that we know achieve merely Ac. For this problem,
we can fill the gap partially. Our argument relies on the following theorem, which we call the
anti-Morse lemma.
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Theorem 2 (anti-Morse lemma). Let y be a (X, c)-quasi-geodesic in a §-hyperbolic metric
space and o be a geodesic connecting the endpoints of y. Let 46 < In\. Then o belongs to
an Az(c+9) In h-neighborhood of y, where A3 is some constant.

We prove Theorem 2 in Section 7. In Section 9, we define the class of geodesically rich hyper-
bolic spaces (it contains all Gromov hyperbolic groups), for which we can prove the following
statement.

Theorem 3. Let X be a geodesically rich §-hyperbolic metric space and f be a (A, c)-self-quasi-
isometry fixing the boundary 0X. Then for any point O € X, the displacement d(O, f(0O)) <
max{rg, (A4 + c)AIn A}, where ro, Ay are constants depending on the space X.

We first discuss the geometry of hyperbolic spaces and prove a lemma on the exponential
contraction of lengths of curves with projections on geodesics. We then discuss the invariance of
the A-length of geodesics under quasi-isometries. Using these results, we prove the quantitative
version of the Morse and anti-Morse lemmas. We define the class of geodesically rich spaces;
for this class, we estimate the displacement of points by self-quasi-isometries that fix the ideal
boundary. Finally, we show that this class includes all Gromov hyperbolic groups.

2. The geometry of §-hyperbolic spaces

Let E be a metric space with the metric d. We also write |x — y| for the distance d(x, y)
between two points x and y of the space E. For a subset A of E and a point x, d(x, A) denotes
the distance from x to A.

There are several equivalent definitions of hyperbolic metric spaces. We first present the most

general definition, given by Gromov [6,4], although another definition is more convenient for us.

Definition 1. Gromov’s product of two points x and y at a point z is

1
(X, y)p = E(Ix—pl+|y—p| —lx —yl).

Definition 2. A metric space E with a metric d is said to be §-hyperbolic if for every four points
p.x,y,andz,

(x,2)p = min{(x, y),, (v, 2)p} — 9.

Definition 3. A geodesic (geodesic segment, geodesic ray) o in a metric space E is a isometric
embedding of a real line (real interval 7, real half-line R;) in E.

We write xy for a geodesic segment between two points x and y (in general, there could
exist several geodesic paths between two points; we assume any one of them by this notation).
A geodesic triangle xyz is a union of three geodesic segments xy, yz, and xz.

Definition 4. A geodesic triangle xyz is said to be §-thin if for any point p € xy,

d(p,xzUyz) <6.
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Fig. 1. Illustration for Lemma 1.

A geodesic metric space is a space such that there exists a geodesic segment xy between any
two points x and y. It can be easily shown that for a geodesic space, Definition 2 is equivalent to
the following definition.

Definition S. A geodesic metric space E is §-hyperbolic if and only if every geodesic triangle is
&/2-thin (hereafter, we omit the factor 1/2).

According to Bonk and Schramm [2], every §-hyperbolic metric space embeds isometrically
into a geodesic §-hyperbolic metric space. Without loss of generality, we therefore consider only
geodesic §-hyperbolic spaces in what follows.

Definition 6. In a metric space, a perpendicular from a point to a curve (in particular, a geodesic)
is a shortest path from this point to the curve.

Of course, a perpendicular is not necessarily unique.

Lemma 1. In a geodesic §-hyperbolic space, let b be a point and o be a geodesic such that
d(b,0) = R. Let ba be a perpendicular from b to o, where a € . Let ¢ be a point of o such that
|b—c|=R+2A.Then |a —c| <2A +456.

Proof. The triangle abc (see Fig. 1) is §-thin by the definition of a §-hyperbolic space. Hence,
there exists a point ¢ € ¢ such that d(¢, ba) < § and d(a, bc) < §. Let t; and 1, be the respective
projections of ¢ on ba and bc. By hypothesis, R is the minimum distance from b to the points
of o. Therefore, R=1|b—a|<|b—t1|+|t1 —t|<|b—ti|+8and R |b— |+ |tr —t]| <
|b — t2] 4+ 6. Hence, |a — t1| < 8 and |c — 2| < 2A + §. By the triangle inequality, we obtain
la—cl<la—nl+|t—tl+[t —0|+|n—c[<2A+45. O

Remark 1. In particular, all the orthogonal projections of a point to a geodesic lie in a segment
of length 44.

Lemma 2. In a §-hyperbolic space, let two points b and d be such that |b — d| = A. Let
o be a geodesic and a and c be the respective orthogonal projections of b and d on o. Let
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d

Fig. 2. Illustration for Lemma 2.

la —b| >3A + 66, and let d(d, o) > d(b, o). Let two points x| € ab and x4 € cd be such that
2A+ 58 <d(x1,0) =d(x4,0) <|a—b| — (A +25). Then |x; — x4] <46 and |a — c| < 86.

Proof. (See Fig. 2.) By the triangle inequality and because cd is a perpendicular to o, |c — d| <
la—b|+|b—d|,whence |[b—c|<|c—d|+|b—d|<|a—b|+2|b—d|.By Lemma 1, |a — c| <
2A +46. The triangle abc is §-thin, |a — x1| > |a — c¢| + §. Therefore, by the triangle inequality,
d(x1,ac) > 8, and hence d(x1, bc) < §. Let xp denote the point of bc nearest x;. Because the
triangle bcd is also 6-thin and |b — x2| > |b — x1| — |x1 —x2| = A+ 8, there exists a point x3 € cd
such that |x3 —x3| < &. It follows from the triangle cxjx3 that |[x3 —c¢| 2> |x1 —c| =28 > |x1 —a| —
25. On the other hand, because xsc is a perpendicular to o, |x3 — c| < |x3 — x1| + |x1 — a|. Now,
la — x1| = |c — x4/, and hence |x4 — x3| < 2§. Finally, we obtain the statement in the lemma:
|1 — x4] < 46.

By the triangle inequality and because d(x1,0) = d(x4,0), we have |x; — c| < |c — x4 +
|x4 — x1| < la — x1| + 46. Hence, using Lemma 1, we conclude that |[a — c| < 85. O

Lemma 3. Let 0 be a geodesic segment, a be a point not on ¢, and ¢ be a projection of a on o.
Let b € o be arbitrary, and let d denote the projection of b on ac. Then |c — d| < 26.

Proof. By hypothesis, bd minimizes the distance from any its points to ac, and because the tri-
angle bcd is §-thin, there exists a point e € bd such that d(e, ac) =|e —d| < é and d(e, bc) < 4.
Because ac is a perpendicular to o, |[a —c| < |a —d|+|d —e| +d(e, bc) < |a —d| + 2. Hence
lc—d|<25. O

Lemma 4. As in the preceding lemma, let 0 be a geodesic segment, a be a point not on o, ¢ be a
projection of a on o, and b be some point on o. Let d denote a point on ac such that |d —c| =8

and e denote a point on bc such that |e — c| = 368. Then

e d(d,ab) <4, d(e,ab) <6, d(c,ab) <28, and
o the length of ab differs from the sum of the lengths of the two other sides by at most 86,

la—c|+1|b—c|—28§<|a—b|<|la—c|+1|b—c|+85.
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Fig. 3. Illustration for Remark 2.

Proof. The triangle abc is §-thin. Therefore, obviously, d(d, ab) < § (the distance from a point
of ac to ab is a continuous function). We take a point x € bc such that d(x, ca) < 8. Using
Lemma 3, we obtain |b — x| + d(x, ca) > |b — c| — 26, and hence |c — x| < d(x, ca) + 2§ < 36.

We now let di and e denote the respective projections of d and e on ab. Then by the triangle
inequality, we have

o l[a—d|-d<|a—di|<|la—d|+4,
o |b—e|l—-6<L|b—ej|<|b—e|+6,and
e 0K |di —e|<ldi—d|+|d—c|+|c—e|+|e—e| <66.

Combining all these inequalities, we obtain the second point in the lemma. 0O

Lemma 5. Let o be a geodesic and a and b be two points not on o. Further, let a and b have a
common projection ¢ on o. Let d be a point of o and c| be the projection of d on ab. Then

ld —c| < |d —ci| + 68.

Remark 2. Lemma 5 deals with a geodesic segment. The statement is not true for a complete
geodesic passing through a and b, as can be seen from Fig. 3.

Proof of Lemma 5. We take a point e € bc such that |c — e|] = § and consider the triangle bcd
(see Fig. 4). Because bc is a perpendicular to dc, d(e, bd) < 6. Let e denote a projection of e
on bd. Let e> and e3 be the respective projections of e; on the geodesic segments dc; and bcy.
Because the triangle dbc is §-thin, either |e; — e2| < § or |e] — e3] < 6.

LIf|lej —ey] <6,then|d —c|<|c—e|+|e—ei|+|e1 —er| +|ex —d| < |d —c1| + 36.

IL. If |e; — e2| > §, then the length of the path cees is at most 36. We apply the same arguments
to ad (we assume that this is possible; otherwise, we could apply the first case to it). We obtain
the points g, g1, and g3 and the length of the path cggs is also at most 36. If neither of these
paths intersects ccj, then its length does not exceed 65 (which follows from consideration of the
triangle cezg3). O

Lemma 6. Let E be a §-hyperbolic metric space and abc be a triangle in E. Then the diameter
of the set S of points of the side ab such that distance to bc and ac does not exceed 2d is not
greater than C(d + §), where C is a constant.
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o

a

Fig. 4. Illustration for Lemma 5.

Proof. Let x be a point of ab such that d(x, bc) < 8 and d(x,ac) < 4 and y be a point of ab
such that d(y, bc) < d and d(y, ac) < d. Without loss of generality, we assume that y € (a, x).
Because the triangle abc is §-thin, one of these two distances does not exceed §.

We first assume that d(y, ac) < 8. Let x” and y’ be points of ac such that d(x, x") < § and
d(y,y) <8.Welett, ', s, and s’ denote the respective projections of x, x’, y, and y’ on bc.
Because x't’ is a perpendicular to be, |x' —t'| < |x' — x|+ |x — ] < 28, and hence | —¢'| < 45.1f
y and y’ are sufficiently far from bc, i.e., if d > 94, then |s —s’| < 68 by Lemma 2. Otherwise, we
can give a rough estimate by the triangle inequality: |s —s'| < |s — y|+ |y — Y|+ |y — 5’| < 198.
Hence, in any case, |s — 5’| < 198. We consider two cases.

If 5 is in the segment [b, t'], then by applying the triangle inequality several times, we obtain

b=y <Ib—s|+Is =y <|b—1'[+Is =y <Ib— x|+ x — 1]+t —1'| + 15—yl
|

<
<|b—x|+58+4d.

And because |b — y| = |b — x| + |x — y|, we have |x — y| <58 +d.
The same arguments we apply if s € [¢/, c]. We merely note that we can replace y with y’ and
¢ with ¢’ with respective errors less than § and 194:

le=Y|<|e=s|+|s"=y|<]c=5|+]|s" = y|<lc—s|+ 195+ |s — y| +§
<le—1'|+208 +4.
Now, because |c —t'| < |c — x| + |x’ — /| <|c — x'| + 28, we have
le=X|+[x" =y |=]c—y|<|e—x'| +225 +d.

Finally, |x — y| < |y — Y|+ |y — x| + |x — x/| <245 +d.
The case d(y, bc) < § is treated identically with d and § interchanged. O
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3. Quasi-geodesics and A-length

Definition 7. A map f : E — F between metric spaces is a (X, ¢)-quasi-isometry if

1
T =ylE—es |f @) = fO)]p <Ax—yle +c
for any two points x and y of E.

Definition 8. A (A, ¢)-quasi-geodesic in F is a (A, ¢)-quasi-isometry from a real interval I =
[0,[]to F.

Let y : I — F be a curve. We assume that the interval I =[x, x,,] of length |I| =1 gives the
parameterization of the quasi-geodesic y. We take a subdivision T,, = (xg, X1, ..., X,) and let y;,

i=0,1,...,n,denote y (x;). The mesh of T, is d(T,,) = ming; <, |yi — yi-1l.

Definition 9 (A-length). Let y : I — F be a curve. The value

n
La)=_ sup Y |yi—yi-l
Ty d(T)2A 2,

is called the A-length of the quasi-geodesic y .
We note that the values of the A-length and the classical length are the same for a geodesic.
Lemma 7. Let y : I — F be a (A, c)-quasi-geodesic. For A > 2c,
La(y) <2Al
Proof. By the definition of the A-length, A < |y; — yi—1| < A|x; — x;—1| 4+ ¢. Hence, because

A > 2c,weobtain |x; —xi_1| =2 (A —c)/X = c/A.
Now, by the definition of a quasi-geodesic (and a quasi-isometry in particular), we have

sup Y |yi — yi1l <sup Y (Alxi —xi_q|+¢) <sup Y 24| —xi_1| =24,
T . Tn i Tu [
1 1 ]

where the last equality follows because the sum of |x; — x;_1| for every subdivision of the inter-
val I is exactly equal to the lengthof 7. O

Lemma 8. Let y : I — F be a (A, c)-quasi-geodesic. Let R > c be the distance between the
endpoints of v, and let A >2c. Then La(y) < 4A%R.

Proof. By the definition of a quasi-isometry, //A —c < R < Al + ¢. Hence, [ < A(R + ¢). And
by Lemma 7, LA(y) < 202(R+c¢). In particular, La(y) < 42 2RforR>c. O

The next lemma allows replacing arbitrary quasi-geodesics with continuous ones.
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Fig. 5. Construction of the continuous arc y from the quasi-geodesic y.

Lemma 9. Ler y be a (A, ¢)-quasi-geodesic, and let A > c. Let T =ty,t1,...,t, Cy be the set
of points on y such that T gives the A-length value L.

1. Then the curve y consisting of the geodesic segments [t;, t;11], i =0,1,...,n—1, is a
(A, 12A + 3c¢)-geodesic with the (classical) length L.

2. Let y and y' be points of y such that d(y, y") > 6A + c. Let yy be the part of y between y
and y'. Then the (classical) length of 7y is not greater than L a(70) < 4)2(R 4+ 6A).

Proof. We first note that forevery i =0, 1, ...,n — 1, the length of the interval |[#;, #;+1]] < 3A.
Indeed, if |[#;,#i41]| > 3A, then we can add a point ¢/ to the partition T. Such a point exists
because the gaps on a quasi-geodesic cannot be greater than c.

We assume that y is parameterized by an interval [I; tl._l € I are the parameters of ¢, i =

0,1,...,n (see Fig. 5). Let [tl._l, tl._+11] be the affine parameterization of the geodesic segments
[#,ti+1]. Then the conditions for being a (A, 4c)-geodesic are satisfied automatically for the
points of the same segment.

To simplify the notation, we let [x1, x2] and [x3, x4] denote two different intervals of y and
[z1, z2] and [z3, z4] denote their parameters. We take two points y; € [x1, x2] and y» € [x3, x4],
where w1 and wy are their parameters. By the triangle inequality and by the definition of a quasi-
isometry,

[y1 = y2l < x2 — x3| + [y1 — x2] + |y2 — x3] < |x2 — x3] + 6A < Alzp — 23| + ¢ + 6A.

Similarly, we obtain the lower bound

1
|y1—y2|2IX2—X3|—|y1—le—lyz—X3|>IX2—X3|—6A>xlzz—z3|—c—6A-

By the definition of a quasi-isometry, |zx — zZk+1]| < A(|xx — Xk+1] + ¢) <K ABA + ¢) with
k=1, 3. Hence,

lwi —wz| —2ABA +¢) <22 — 23| < |wp — wal.
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Therefore,

1 203A +¢)
X'wl —wzl—f—6A—C<|y1 — | <Alwp —wz| +6A +c.

Consequently, y is a quasi-geodesic with the constants A and 12A + 3¢ and statement 1 in the
lemma is proved.

To prove statement 2, we need merely note that if |y; — yz| > 6A + ¢, then ¢ < |x; — x4] <
|y1 — ¥2| + 6A by the triangle inequality. The left-hand inequality allows applying Lemma 8 to
the part yp between x; and x4 of the initial quasi-geodesic y, and we use the right-hand part to
obtain the upper bound,

L(70) < La(yo) <423 (R+6A). O
4. Exponential contraction

Lemma 10 (Exponential contraction). Let A > 0. In a geodesic §-hyperbolic space E, let y be
a connected curve at a distance not less than R > A + 588 from a geodesic o. Let LA be the
A-length of y. Let r = [ (R — A —5868)/1951196. Then the length of the projection of y on o is
not greater than

max(%eKr/a(LA +A), 88).

In other words,

e if R<A+586+ (8§/K)In((La+ A)/2A), then the length of the projection of y on ¢ is not
greater than (48 A)e K3 (Lo + A);
e otherwise, it is not greater than 83.

Proof. Let yo, y1,...,y, be points on y such that |y; — yi_j|=A fori =1,2,...,n — 1,
[yn — yn—1] < A, and yg and y, are the endpoints of y. Let y; be the point of this set that is near-
est 0. We take a perpendicular from yj to o and a point x; on it with |y — xx| = A + 36. Now,
on the perpendiculars from all other points y;, we take points x; such that d(x;, o) = d(xg, o)
(see Fig. 6). By Lemma 2, |x; — x;_1| <468 fori =1,2,...,n. Therefore,

- 45 48
Db —xioi| <ndS <nA—- < —(La+A).
“ A A
i=1
We set xop = xo and X,1 = x, and select points X; € {x1,x2,...,X,—1} such that 85 <
|x; —xj—1] < 168. For each i = 0,1, .. .,nl, we choose a perpendicular from X; to o, move

X; along it a distance 166 4 35 = 196 toward o, and obtain xil. By Lemma 2, |)cl.1 — xi171| <46
and

nl l’ll n

1 1 146
>t —xl ] <nt4s < EZIJ_Q — X1 < EZIM —XialS 7 (LatA)

i=1 i=1 i=1
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Thot1

¢ Q0%T
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Fig. 6. Exponential contraction of the length of a curve y under projection on a geodesic o .

We can continue such a process while the distance from the set of points {xi’”, i =0,

1,...,n™} to o is not less than 195 and |x(’)" — x| > 88. After k steps, we have

k
n
1 48 45 _
Dk — x| < TxLata)="e (n2)/198)1986) (1 A,
i=1

We set r = 196k and K = (In2)/19. We need 85 < (48/A)e X"/3(Ln + A) and hence
r < (6/K)In((La + A)/2A). Now, if the distance between the projections of the endpoints
|xg! — x| is not less than 83 at some step m, then we use Lemma 2 to do the last projection
on o, and its length does not exceed 85. Otherwise, we must do the last descent to the dis-
tance 558 using Lemma 2 (the estimate for the projection on a geodesic with A = 16§ gives the
necessary distance from the set of points to the geodesic to be greater than 3 x 165 + 65 = 546)
and intervals of a length not less than 85 contract to intervals of a length not more than §, and we
hence have a contraction factor of unity at the last step. O

5. Quantitative version of the Morse lemma

We are now ready to prove our main result. In a §-hyperbolic space E, any (X, ¢)-quasi-
geodesic y belongs to an H-neighborhood of a geodesic o connecting its endpoints, where the
constant H depends only on the space E (in particular, on the constant §) and the quasi-isometry
constants A and c.

5.1. Attempts

To motivate our method, we describe a sequence of arguments yielding sharper and sharper
estimates. We start with the proof in [4, Chapter 5.1, Theorem 6 and Lemma 8], where the upper
bound H < A8¢28 was obtained (up to universal constants, factors of the order log, (Acd)). The
first weak step in this proof is replacing a (A, ¢)-quasi-geodesic with a discrete (1, ¢)-quasi-
geodesic Y’ parameterized by an interval [1, 2, ..., 1] of integers, where A’ ~ A2c. For a suitable
R ~ /2, we take an arc x,.x, of ¥’ and introduce a partition of that arc x,, X, 4 N, Xut 2N - - - » Xo
for some well-chosen N ~ A'. The approximation of a §-hyperbolic space by a tree (see
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[4, Chapter 2.2, Theorem 12.ii]) is used to obtain an estimate of the form |y, +;y — y;+([+1)N| <
¢’ ~In)’. By the triangle inequality, |x, — xy| < [Xu — Yul + |Vu — YuanN|+ -+ |yo — xu| <
2(R+ )+ (N"Yu — v| + 1)c’. On the other hand, A’ ~!|u — v| < |x, — x,|. Combining these
two inequalities, we obtain an estimate for |u — v| and hence for a distance from any point of the
arc x,x, to the point x,,. The second weak step in this argument is in the estimate of the length
of projections, which can be improved significantly.

Another proof was given in [1]. It allows obtaining the estimate 22 Hym, where Hyp, is the con-
stant of the anti-Morse lemma (see Section 7) and is given by the equation Hyyy, ~ InA +1n Hym.!
It is very close to an optimal upper bound but still not sharp. Also we need to notice that the
sharp estimate for H,p >~ In A. The proof uses the notion of “exponential geodesic divergence.”

Definition 10. Let F' be a metric space. We call e : N — R a divergence function for the space F
if for any point x € F and any two geodesic segments ¥ = (x, y) and ¥y’ = (x, ), the length of
a path o from y (R + r) to ¥'(R + r) in the closure of the complement of a ball Bg,(x) (i.e.,
in X \ Bryr(x)) is not greater than e(r) for any R, r € N such that R 4 r does not exceed the
lengths of y and y’ if d(y (R), y'(R)) > ¢(0).

The divergence function is exponential in a hyperbolic space. The next step is to prove the
anti-Morse lemma. The authors of [1] take a point p of the geodesic o that is the distant from the
quasi-geodesic y and construct a path & between two points of ¢ such that « is in the complement
of the ball of radius d(p, y) with the center p. Finally, they compare two estimates of the length:
one estimate follows from the hypothesis that « is a quasi-geodesic, and the other is given by the
exponential geodesic divergence. To prove the Morse lemma, they take a (connected) part y; of y
that belongs to the complement of the H,p-neighborhood of the geodesic o, and they show that
the length of y; does not exceed 212 Hyy, by the definition of a quasi-geodesic. In [1], they also
use another definition of a quasi-geodesic, which is less general than our definition because, in
particular, it assumes that a quasi-geodesic is a continuous curve. Consequently, some technical
work is needed to generalize their results.

To improve these bounds, we use Lemma 10 (exponential contraction) instead of exponential
geodesic convergence and Lemma 8, which do not require discretization as in [4] and provide a
much more precise estimate for a length of a projection. We can then take R = InA and obtain
H < O(X*In}) by a similar triangle inequality.

Below, we prove the Morse and anti-Morse lemmas independently. We only mention that
arguments in [1] can be used to deduce the optimal bound for the Morse lemma from the anti-
Morse lemma. We can also obtain an optimal upper bound for H from Lemma 11.

We now sketch the proof of a stronger result (but still not optimal): H < O (X2 1n* 1), where
In* X is the minimal number n of logarithms such that 1n_v_lrl A< 1.

The preceding argument is used as the initial step. Itnallows assuming that the endpoints x
and x’ of y satisfy |x — x’| < O(In}). Then comes an iterative step. We prove that if xx’ is an
arc on y and |x — x| = dj, then there exist two points y and y’ at distance at most C5(c, B)Az
from a geodesic o) connecting x and x’ such that d> := |y — y’| < C3(c, 8) Ind,. Indeed, we
choose a point z of the arc xx’ that is farthest from o} and let o’ denote a perpendicular from z
to o1. If all points of the arc xx’ (on either side of z) whose projection on ¢” is at a distance < A2

' Be careful while reading [1] because a slightly different definition of quasi-geodesics is used there with 1| = 2Z;
cf. Lemma 8.
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from o are at a distance not less than Ind; from ¢/, then Lemma 10 implies that the length of the
arc is much greater than A% Ind;, contradicting the quasi-geodesic assumption. Hence, there are
points y and y’ that are near o’. We can arrange that their projections on ¢’ are near each other,
which yields |y — y’| < Ind;. We apply this relation several times starting with dj = Cj(c, §) In A
until d; < 1 for some i = In* A.

In summary, we use two key ideas to improve the upper bound of H: exponential contraction
and a consideration of a projection of y on a different geodesic o”.

5.2. Proof of the Morse lemma

We use the same ideas to prove the quantitative version of the Morse lemma, but we should
do it more accurately. Let y be a (X, ¢)-quasi-geodesic in a §-hyperbolic space E, and let o be
a geodesic segment connecting its endpoints. We prove that y belongs to an H-neighborhood
of o, where

133
H =4)2 (78c + (78 + me‘”l“z/zg)a). (1)

Remark 3. It is easy to give an example where H = )‘—;c (see Section 6.2).

Indeed, a path that goes back and forth along a geodesic segment of length A%¢ in a tree is a
(A, ¢)-quasi-geodesic (see Section 6 for details).

Proof of Theorem 1. Applying Lemma 9 to the quasi-geodesic y with A = 2¢, we obtain a con-
tinuous (A, 27¢)-quasi-geodesic 7. By Lemma 8, y belongs to a 4A? - 6¢ = 24A”c-neighborhood
of y. Hereafter, we consider only the (), 27¢)-quasi-geodesic 7, which for brevity is denoted
simply by y, and we set ¢ = 27¢. The classical length of the part of this quasi-geodesic between
two points separated by a distance R does not exceed 41%(R + ¢).

We introduce the following construction for subdividing the quasi-geodesic y. We let z denote
the point of our quasi-geodesic that is farthest from o . Let 09 = o be the geodesic connecting the
endpoints of y. Let o) be the geodesic minimizing the distance between z and oy (because oy is
a geodesic segment, o) is not necessarily perpendicular to the complete geodesic carrying o).
Let so denote the point of intersection of oy and o). Let s, be the point of o; such that the length
of the segment [so, 5] is equal to 5. We consider the set of points of  whose projections on oy
belong to the segment [so, s,]. The point z separates this set into two subsets y0+ and y, (see
Fig. 7).

Let doi denote the minimal distance of points of )/0i to 0. We also introduce the following
notation:

° d()=d8_+d0_+5;

e y| is a connected component of y \ (y0+ Uy, ) containing z and is also a quasi-geodesic
with the same constants and properties as y;

e o is a geodesic connecting the endpoints of the sub-quasi-geodesic y;;

e L is the length of y;.

Applying the same idea to the curve yp, the same point z, and the geodesic o1, we ob-
tain the geodesic oy, the parts yli of the quasi-geodesic, and the distances dli. We have
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Fig. 7. Ilustration of proof of Theorem 1.

(o) < 1(0]) + 8 + 68. To show this, we apply Lemma 5 assuming that ¢ = s(,d =z, and a
and b are the endpoints of y;. Continuing the process, we obtain a subdivision of y by )/iﬂE and
two families of geodesics o; and ai’. Finally, for some n, we obtaind, < ¢ +38+ 775 =785 +c.

The quantity L; is the length of the subcurve y;_1, which is also a quasi-geodesic. Hence,
l(o)) < L, <4(d, + &)A? by construction. Therefore,

n
1(a) < Z 78 + 4(788 + 28)A%.
i=1
Our goal is to prove that for sufficiently large A, 3" d; < CA%, where C is a constant depending
only on ¢ and §.

Because the value of the classical length of a segment is not less than the value of its A’-length,
by Lemma 10 (with A’ = §) and because | (d; | — 8 — 588)/195]198 > d;, | — 785, we obtain

é + - 1)
l(]/i+ U yi_) > §— max(ek(di+1_788)/8, eK(dH_l—788)/5) > ZeK(d;+1—8—1568)/28‘

On the other hand, l(yi+ Uy,”)=L; — Li+1. Hence, setting Cp = (8/4)e~157K/2 e have
CoeXht1/8 L L — Lity. 2)

Let gl.jE be a point of yl.jE that minimizes the distance to o/. The part of the quasi-geodesic y
between gl.+ and g; is also a quasi-geodesic with the same constants and properties. By the
triangle inequality, |g;” — g;r | < d;r +d;” + §. Therefore, by construction (see the beginning of
the proof) and because d; > 784,

L; <42%(d; + &) < 82%d;. 3)
The function e~ 9 is decreasing. Therefore, because d; > %Li, we obtain

K e kam o K3 akpmdi,
25 S5t '
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We are now ready to estimate n:

_il _ Z —Kdi/26 0y o Kdi/28 ¢ 1 A% Xn: 7(8K/28)»2)L,-4_K(L, — L)
"= ¢ S Co 4K azg imt TR
1 i=l1

Setting X; = (4K/A28)Li, we have

n
Zz 4Co Z Xi(XiZ1 - X)),
i=1

and because the function e~ is decreasing for X > 0, we can use the estimate

o0

n
D e MiXi - X)) < /e*X dX=—e*|7 =1
i=1

0

Summarizing all the facts, returning to the initial notation, and recalling that K =1n2/19, we
finally obtain the claimed result

H =4)? (780 + (78 + %61571112/38)3). O
n

6. Examples
6.1. Proof of Proposition 1

Here, we prove Proposition 1 (see the Introduction). We call any connected component of a
ball with a deleted center O a branch. We call points that are sent to the branch containing the
image of the center f(O) green points and all other points of T red points.

Proof of Proposition 1. We show that there exist two red points r{ and r, such that d(O, rirp) <
r=c+1.

By Definition 7, a c-neighborhood of every point of the border should contain a point of the
image. We must have at least (d—1)d®~¢~! red points near the border (we exclude the green
part). The number of points in each connected component of the complement of the ball of
radius r is less than d®~". Therefore, if r > ¢, then one component contains an insufficient
number of points to cover the border of B. Hence, there exist two points r; and rp in dif-
ferent components of 7', which means that the geodesic rir, passes at a distance less than r
from the center O and the quasi-geodesic f(rir2) passes at a distance Ar 4 ¢ from f(O) and
belongs to an H-neighborhood of the geodesic f(r1)f(r2). Because every path from f(O)
to f(r1) f(r2) passes through O, we conclude that d(O, f(0)) < H 4+ ¢ + Ar. We need only
choose a good value for r. Simply calculating the number of points in a mentioned compo-
nent gives the estimate 1 +d +d> + --- +d®7 < (1/Ind)d®"*!. For r = ¢ + 1, we have
(1/Ind)d®="+1 < (d — 1)dR®=<~!, which completes the proof. O
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6.2. Optimality of Theorem 1

We present an example of a (1, ¢)-quasi-geodesic y in a tree with H = A%c/2. We take a real
interval [a, b] of length )\,26/2 that is a subtree. We use an interval I = [u, v] of length Ac to
parameterize y. We define y as follows:

e yw)=yW)=a,
e we set y(w) = b for the midpoint w of I, and
e we set D =minf|u — x|, |[v — x|} and |a — y (x)| = AD for any x € [a, b].

It is easy to verify that y is a well-defined quasi-geodesic. On the half-intervals [u, w] and [w, v],
y just stretches the distances by A. We now take any two points x € [u, w] and y € [w, v].
Assuming that |u — x| < |v — y|, we obviously have |x — y|=|u —v| — |u — x| — |[v — y|.

I. The lower bound of |y (x) — y (y)] is given by

1
X(|u—v|—|u—x|—|v—y|)—c<0< ly () =y ()]

I1. The upper bound of |y (x) — y(y)| is given by

Mu—vl—lu—x|—lv—=y|)+c—(la—y)|—la—y®)|)
=A(lu—vl—lu—x|—lv—yl)+c—2(lv—y| —|lu—x])

=Azc—2klv—y|+c>c>O.
6.3. Achieving the displacement ¢

We now describe a self-quasi-isometry f of a ball B in a tree that moves the center O a
distance Ac/2. We assume that the radius of B is greater than Ac. We note that the images of two
points inside the ball B; of radius Ac with a center O can be just the same point. Let the quasi-
isometry f fix the boundary of By, and let |O — f(O)| = Ac/2. The segment [O, f(O)] is sent
to the only point f(0). For any point a of 3 By, we let a’ denote a projection of a on [0, f(0)]
and assume that the interval [a, a'] is linearly stretched and sent to the interval [a, f(0O)]. Such a
map f assigns only one image to any point. It is easy to verify that f is a quasi-isometry because
the distances between points can be diminished up to 0 and are not increased more than A times.

7. Anti-Morse lemma

We have already proved that any quasi-geodesic y in a hyperbolic space is at distance not
more than A%(Ajc + A»8) from a geodesic segment o connecting its endpoints. This estimate
cannot be improved. But the curious thing is that this geodesic belongs to a In A-neighborhood
of the quasi-geodesic! We can therefore say that any quasi-geodesic is In A-quasiconvex. This
upper bound can be improved in some particular spaces: for example, any quasi-geodesic is
c-quasiconvex in a tree.

The proof of Theorem 2 (see the Introduction) that we give below is based on using

e Lemma 10 (exponential contraction) to prove that at the distance In A from the geodesic o is
at most A% In A and
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e an analogue of Lemma 10 to prove that the length of a circle of radius R is at least eX (up to
some constants).

Lemma 11. Let X be a hyperbolic metric space, y be a (A, c)-quasi-geodesic, and o be a
geodesic connecting the endpoints of y. Let (y,, yy) be an arc of y such that no point of this arc
is at distance less than C1InA + C; from o and y, and y, are the points of the arc nearest .
Then the length of the projection of the arc (y,, yy) on o does not exceed max(8§, C3InA) (with
some well-chosen constants C1, Ca, and C3 depending linearly on c).

Proof. By the definition of a quasi-geodesic, we have

|u — vl
A

—c< |y — ol <Alu —v|+ec.

On the other hand,

u = vol < [y =y |+ ¥, = 0] + vl — vl

where y;, and y] are the projections of y, and y, on . We adjust the constants C; and C3 such
that

CilnA+Cy= l%zln&”¥4 + A 4586
l 2_ K A E)

where A = 2c¢ (such a choice allows applying Lemma 8). We apply the lemma on exponential
contraction (we assume that the length of the arc is rather large for using the estimate with an
exponential factor and not to treat the obvious case where the length of the projection is 85). We
let I(yy, yv) denote the A-length of the arc (yy, yy):

~K(r—A-588)/5 _ s

2Hl(yu, Yo)-

Y = yol LG yo)e
Combining all these inequalities and using Lemma 8, we obtain

lu —v| 8 1
- —c<|yu — Wl < ?lnf/zwr Wl(yu,yu)

8 . , 1
gglnﬁk—k@\ @m—m
<§ln§4/§)\+i()»|u—vl+c)
S K 222 ’

We therefore conclude that |y, — yy| < C3A2 In X, hence I(yy, y») < C3A4 In A, and, finally, the
length of the projection of the arc (y,, y,) of y does not exceed max(85, C3In}x). O

Proof of Theorem 2. The proof follows directly from Lemma 11. Because we have already
proved that for every point 7' € o, there exists a point z € y such that the projection of z on ¢ is
at distance not more than several times ¢ + § from z’. For simplicity, we therefore assume that
for any point of o, there exists a point of y projecting on this point.
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If the distance between z and 7’ is less than CplInX for some constant C; = Cy(c, d) (the
value of C; can be found from Lemma 11), then the statement is already proved. If not, then
we take an arc (y,, yy) of ¥ containing the point z such that the endpoints y, and y, are at the
distance C1InA from o and these points are the points of this arc that are nearest o. Hence, by
Lemma 11, the length of the projection (which includes z) of the arc (y,, y,) does not exceed
Cy41n ). Therefore, the distance from z to y, (and y,) is not greater than (C; + C4)InA. O

8. Geodesically rich spaces

Definition 11. A metric space X is said to be geodesically rich if there exist constants rg, ry, 2,
r3, and r4 such that

e for every pair of points p and ¢ with |p — g| > ro, there exists a geodesic y such that
d(p,y) <riand|d(q,y)—1q — pll <ry and

e for any geodesic y and any point p € X, there exists a geodesic y’ passing in an
r3-neighborhood of the point p and such that d(p, y) differs from the distance between
y’ and y by not more than ry4.

Example 1. A line and a ray are not geodesically rich. Both of them satisfy the second condition
in the definition, but not the first.

Example 2. Nonelementary hyperbolic groups are geodesically rich. We prove this later.

Any §-hyperbolic metric space H can be embedded isometrically in a geodesically-rich
8-hyperbolic metric space G (with the same constant of hyperbolicity). We take a 3-regular tree
with a root (T, O), assume that G = H x T, and set the metric analogously to a real tree:

e the distance between points in the subspace (H, O) equals the distance between the corre-
sponding points in H;

e the distance between other points equals the sum of the three distances from the points to
their projections on (H, O) and between their projections on (H, O).

It is easy to show that the space G is §-hyperbolic and geodesically rich. But such a procedure
completely changes the ideal boundary of the space. We therefore ask another question:

Question 1. Is it possible to embed a §-hyperbolic metric space H isometrically in a geodesically
rich §-hyperbolic metric space G with an isomorphic boundary?

Lemma 12. Let G be a nonelementary hyperbolic group. Then there exist constants c; and
¢y such that for any point p € G and any geodesic y € G such that d(p,y) > c1, there ex-
ists a geodesic y' with a point q minimizing (up to a constant times §8) the distance to y and
lp—ql<ca.

Proof. By symmetry, we can assume that p is the unity of the group G. We supply the ideal
boundary G (oco) with a visual distance. Because G is a nonelementary group, its ideal boundary
G (00) has at least three points (hence, infinitely many points).
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We first prove by contradiction that there exists an ¢ such that for every pair of points & and n
of G (00), the union of the two balls of radius ¢ with the centers £ and n does not cover the whole
ideal boundary. On the contrary, we suppose that there exist two sequences of points &, and
N, such that the union of B(§,, 1/n) and B(#n,, 1/n) includes G(c0). By compactness, we can
assume that &, — £ and n, — n, and we find that G (co) belongs to the union of B(§,2/n) and
B(n,2/n). Hence, the ideal boundary contains only the two points £ and 7, which contradicts
the assumption that G is nonelementary.

Let ¢ be a constant such that if a geodesic y is at a distance at least ¢ from the point p, then
the visual distance between its endpoints (at infinity) is less than ¢/2. We now take two points
& and n of G(oo0) outside an ¢/4-neighborhood of y (co) such that |§ — | > ¢ (the preceding
argument established that such a choice is possible). Let ¢’ be a geodesic with the endpoints &
and n. Hence, d(p, y’) < ¢;. Applying Lemma 13 completes the proof. O

Lemma 13. Let X be a §-hyperbolic space. Then for every € > 0, there exist constants ¢ and
¢y such that for every pair of geodesics y and vy’ and every point p such that d(p,y) < ¢
and visual distance between the endpoints y (c0) and y'(00) > ¢, there exists a point q on y
minimizing the distance to y' up to some constant times 8 and such that |p — q| < c3.

Proof. By Lemma 15, we can replace the point p with its projection p’ on the geodesic y . Let a’
and b’ be the projections on y of the endpoint a = y’(—00) and the point b of ¥’ that minimizes
the distance from y’ to y.

We consider two sequences x, and y, of points respectively on aa’ and a’y (+00) such that
limy,—, 00 X, = a and lim,_, o, y, = ¥ (+00). We let a;, denote the projections of x,. Obviously,
a, — a’ as n — oo. By the definition of Gromov’s product, (x1y) pr = limy— 00 (x4 | yn) pr- Using
Lemma 4, we now estimate (x,|y,) p':

1
Xnlyn)p = 5(|p/_xn| + |p/_)’n| — |xn _yn|)
1
<5 = ail +lan =l + 85+ [p' =yl = |a; = xa| @], = yu] +2).

Now, if p’ is between a’ and &', then (x,|y,) 7 < 58; otherwise (we assume that p’ is closer
to @', i.e., the order of points on y is p’, a’, b'), (x,|yn) py < |p’ —a’| +58.

Therefore, to finish the proof, we must now prove that the point a’ is not far from ab. We
apply Lemma 4 once more to the triangle aa’b’ and obtain d(a’, ab’) < 28. Hence, because the
triangle abb’ is §-thin, the distance from a’ to ab or bb’ is not greater than 34. In the first case,
the statement is proved immediately. In the second case, we note that bb’ is a perpendicular to
ab’ and hence d(a’b") < 2d(a’, bb") < 68. Therefore, a’ in this case is near the projection of the
point of ab that is nearest ab’, which completes the proof. O

Lemma 14. Let G be a nonelementary hyperbolic group. Then there exist constants cy, c1, and ¢
such that for every two points p and q in the group G with |p — q| > ro, there exists a geodesic y
such that d(p,y) <riand||p —q|—d(q,y)| <.

Proof. We first assume that p is the unity of the group. We argue by contradiction: we suppose
that the statement is false, i.e., there exists a sequence of points g, such that |, — p| = oo as
n — oo, and all pairs p and g, do not satisfy the conditions in the lemma. We suppose that &
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Fig. 8. Illustration for Lemma 14.

is a limit point of this sequence. As in the proof of Lemma 12, we supply the boundary of the
group with a visual metric. And the same arguments provide that there exist ¢ > 0 and points 7,
and n’ on the ideal boundary G (oco) such that the pairwise visual distances between &, 1, and n’
are greater than ¢ (see Fig. 8). We show that the geodesic y with the endpoints 1 and 5’ satisfies
the conditions in the lemma, which leads to a contradiction.

In what follows, we write &, 1, and 5" but assume that we consider three sequences of points
converging to the corresponding points of the ideal boundary. The triangle pnn’ is §-thin. We
take a point s of nn’ such that d(s, pn) <8 and d(s, pn’) < 8. We let ¢ and ¢’ denote projections
of s respectively on pn and pn’. By the triangle inequality, we have

In—tl+|n —t'| =28 <|n—n'| <In—tl+n —1'|+2.

By hypothesis,
visdist,, (1, ') = ey 5 g
Hence,
lp=nl+|p—n'| = |n—n"| <2¢,
where ¢g = —Ine¢

Combining the two inequalities, we obtain |p — t| + |p — ¢/| < 2(g9 + 8) and d(p, nn’) <
2&0 + 38. The same arguments applied to the triangles pné and pn’& show that the distance from
the point p to the geodesics & and n’é also does not exceed 2¢gg + 38. We let py, p2, and p3
denote the respective projections of p on nn’, n&, and ¢ and g denote the projection of & on n7’.
By the triangle inequality, |p1 — p2| < |p1 — pl+1p — p21 <2(2e9+36). Applying Lemma 4 to
the triangles g&n and g&n’, we find that the point ¢ is not farther than 28 from both n& and n’¢.
Therefore, both p; and g are at bounded distances from n& and n'&, and we can apply Lemma 6,
whence it follows that p; and ¢ are near each other at a distance of the order ¢g +45. O

Lemma 15. Let X be a §-hyperbolic space, & and n be two points of the ideal boundary 0 X, and
p and p’ be two points such that d(p, p’) = D. Then the visual distances between & and n from
the points p and p’ satisfy the inequality

visdist, (&, 1) < e? visdist, (€, ).
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Proof. By definition, Gromov’s product of x and y in p is

1
(xly)p = E(Ip—xl +1p =yl —Ix = yl).

We have the same equality for x, y, and p’. Hence,

1
|1y = G| = 5P = x[+ [ =y =P =xI =P = y)| <[P - P|

The last inequality follows from the triangle inequality. Therefore, by the definition of a visual
metric,

visdist, (£, ) = e€Mp < EMpHP=P| = oD yisdist, (£, 7). O
9. Quasi-isometries fixing the ideal boundary

We now give some estimates of the displacement of points in geodesically rich spaces un-
der quasi-isometries that fix the ideal boundary. We do not yet know whether these results are
optimal.

Remark 4. Let X be a metric space satisfying the first condition in the definition of geodesically
rich. Let f : X — X be a (A, ¢)-self-quasi-isometry fixing the boundary 0 X . Then for sufficiently
large A and any point O € X, d(f(0), O) < H(X, ¢, §)+ry, where the constant C; depends only
on the space X.

Proof. For any point O, r; < H(, ¢, §) for sufficiently large X if d(O, f(O)) < ro. Otherwise,
let y be a geodesic such that d(O, y) <r; and d(f(O), y) > d(O, f(O)) — rr. Because f(y)
is a quasi-geodesic with the same endpoints as y, the quasi-geodesic lies near y: f(y) C Un(y).
Combining all the arguments, we obtain

d(0, f(0)) <d(f(0),y)+r<H+r. O

We do not know if it is possible to improve this upper bound in the general case. But in the
case of a geodesically rich space, we can improve the bound from A% to A In A.

Theorem 1. (See Theorem 3 in the Introduction.) Let X be an (r1,ry)-geodesically rich
8-hyperbolic metric space and f be a (A, c)-self-quasi-isometry fixing a boundary 0X. Then
for any point O € X, d(O, f(0)) < max(ro, A(r3+c+cilnr) +r1 +r2+ra).

Proof. Because f fixes the boundary of X and by the anti-Morse lemma, a (cjlnA)-
neighborhood (where ¢; = ¢ + §) of an image f(o) of any geodesic o includes o: o C
Ve ma(f (0)). All the constants rg, r1, 12, r3, and r4 are the same constants as in the definition of
a geodesically rich space. We take an arbitrary point O € X. We assume that d(O, f(0)) > ro
because otherwise there is nothing to prove. There exists a geodesic y such that d(y, O) < r|
and |d(O, f(0)) —d(f(0),y)| < rp, and there also exists a geodesic y’ such that f(O) lies in
r3-neighborhood of 3’ and such that f(O) is (up to r4) the point of Y’ that is nearest .
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Because ¥’ C V¢, 1 (f(y')), there exists a point O of y’ such that | f(O") — f(0)| <r3 +
c1Ini. Now, d(f(0),y) <d(O',y) + r4 < |0’ — O| + r1 + r4, and by the definition of a
quasi-isometry, |0’ — O| < A(|f(O") — f(O)|+c¢) < A(r3+c+ciIn)). Hence, d(f(0), y) <
A(r3 +c+c1InA) 4+ r; 4 r4. Finally, we conclude that (O, f(0)) <d(f(O0),y)+r2 < A(r3+
ct+eilnd)+ri+rn+r. O
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proofs of this result have been given, with different expressions for A. An optimal
value for A (up to a multiplicative constant) has only been found recently in the ar-
ticle [5] by the second author, giving A()\, C,8) = KA?(C + 6) for an explicit constant
K = 4(78 + 133/ log(2) - exp(1571og(2)/28)) ~ 37723.

Unfortunately, there is a gap in the proof of this theorem in [5], which was noticed
by the first author while he was developing a library [4] on Gromov-hyperbolic spaces
in the computer assistant Isabelle/HOL. In such a process, all proofs are formalized on
a computer, and checked starting from the most basic axioms. The degree of confidence
reached after such a formal proof is orders of magnitude higher than what can be obtained
by even the most diligent reader or referee, and indeed this process shed the light on the
gap in [5]. The gap is on Page 829: the inequality >/ e ™ (X;_1 — X;) < [; e tdt
goes in the wrong direction as the sequence X; is decreasing.

In this paper, we fix this gap. Here is the estimate we get.

Theorem 1.1. Consider a (A, C)-quasi-geodesic Q in a d-hyperbolic space X, and G a
geodesic segment between its endpoints. Then the Hausdorff distance HD(Q, G) between
Q and G satisfies

HD(Q,G) < 92\*(C + 6).

Let us specify precisely the terms used in this statement, as there are small variations
in the definitions in the literature. For us, a (A, C)-quasi-geodesic is the image of a map
f from a compact interval to X satisfying for all =,y the inequalities

ANy —z|—C <d(f(z), f(y) < Aly — 2|+ C.

A map satisfying these inequalities is also called a (A, C)-quasi-isometry. We also re-
quire A > 1 and C > 0 in the definition. A geodesic segment is by definition a
(1,0)-quasi-geodesic. We say that the space X is d-hyperbolic if the Gromov product
(2, 9)w = (d(z,w) + d(y,w) — d(z,y))/2 satisfies for all points z,y, z, w the inequality

(.T}, Z)w 2 min(($’y)w7 (y’ Z)w) — 0.

Finally, the Hausdorff distance HD(Q, G) is the smallest number r such that G is in-
cluded in the r-neighborhood of @, and conversely.

Remark 1.2. For any A > 3, C > 0 and § > 0, one can construct an example of a
(), C)-quasi-geodesic @ in a 6-hyperbolic space which satisfies HD(Q,G) > \2(C'+6)/9
where G is a geodesic segment joining the endpoints of (). This shows that Theorem 1.1
is optimal, up to the value of the multiplicative constant. Such examples for § = 0 are
already given in [5], and the following is a variation around these examples.

Example 1.3. Let A > 3, C > 0 and § > 0. Take X = R x [0, 6] with the L! distance. This
is a 0-hyperbolic space. Let A\ = \/3 > 1. Define a quasi-geodesic f : [0, 2A\(C+6)+6/\] —
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X by going always at speed A from (0,0) to (A\2(C + §),0), then to (A\2(C + 4),d), then
to (0,6). The Hausdorff distance between the quasi-geodesic @ defined by f and the
geodesic G joining (0,0) and (0,6) is A2(C' + 0) = A2(C + 6)/9. We claim that f is a
(A, C)-quasi-geodesic. The upper bound d(f(x), f(y)) < Aly — x| + C is obvious as f is
A-Lipschitz by construction. For the lower bound d(f(z), f(y)) > A~ |y — x| — C, the
most demanding points are the endpoints of the interval 2 = 0 and y = 2A\(C' +6) +4/X:
we should check that

d(f(z), f(y) =0 =171 (2(C+8)A+3/\) - C.
This follows from the choice A = \/3.

The new proof of Theorem 1.1 has been completely formalized in Isabelle/HOL
in [4]. Therefore, the above theorem is certified. Here is this statement as proved in
Isabelle/HOL.

theorem (in Gromov_hyperbolic space) Morse Gromov_ theorem':
fixes f::"real = 'a"
assumes "lambda C-quasi isometry on {a..b} f"
"geodesic segment between G (f a) (f b)"
shows "hausdorff distance (f'{a..b}) G < 92 * lambda”2 * (C + deltaG(TYPE('a)))"

In this formal statement, ’a is a type of class Gromov_hyperbolic_space. It cor-
responds to the space X of Theorem 1.1, and the associated hyperbolicity constant is
deltaG(TYPE(’a)). Instead of talking of the quasi-geodesic @), the formal statement is
made in terms of its parametrization f, as the notion of endpoint of a quasi-geodesic is
not really well defined. With this correspondence, the two statements directly correspond
to each other.

Although the proof is more involved than the original argument in [5], the constant we
get in the end is much better (92 instead of 37724). Indeed, we have tried to optimize the
constant as much as we could, contrary to [5], keeping in mind the foundational nature
of the library [4]. This optimization owes a lot to the formalization process. It makes it
possible to optimize locally one part of the proof, and see if it breaks other parts of the
proof by checking if the proof assistant complains that the proof is not correct any more,
or if everything goes through. The certainty of the result also makes the optimization
worth it, as we are sure not to have forgotten for example an edge case that would spoil
the estimates.

Having a formalized certified proof raises interesting questions about the way to write
mathematics. We do not need to convince a reader (or a referee!) that the result is correct,
as we have already done the much more demanding task of convincing a computer, and
the proof with all details can be read by the interested reader in [4]. Rather, we have
to convey the interesting ideas. We have decided to give all the precise statements we
use (in their traditional version, but the very same statements have been formalized
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in [4]), but skip their proofs if they are small variations around results that are already
available in the literature. For the main proof, we will explain (with as many details
as in a traditional mathematical paper) a simplified version of the proof that gives the
same statement as Theorem 1.1 but not caring much about the universal constants (this
simplified argument gives the constant 2460 instead of 92 in Theorem 1.1). Then we will
comment without entering in too many details on the various optimizations that can be
done, leading to the above statement.

Remark 1.4. The proof of Theorem 1.1 is delicate. However, we would like to emphasize
that this is not due to our desire to formalize the proof on computer: the argument
we give in this article is the simplest one we have been able to come up with, without
any attempt to get an easy to formalize proof. And indeed this proof was not easy to
formalize, but the mere fact that this was possible shows how powerful proof assistants
already are today.

2. Proof of the main theorem

The proof uses the notion of quasiconvexity. We say that a subset ¥ C X is
K-quasiconvex if, for any y;,y2 € Y, there exists a geodesic between y; and y, which
is included in the K-neighborhood of Y. For instance, geodesics are 0-quasiconvex.
The r-neighborhood of a 0-quasiconvex set is always 8d-quasiconvex, see [3, Proposi-
tion 10.1.2].

We follow the global strategy of [5] to prove Theorem 1.1, with a new more involved
argument at a key technical step. Thanks to [1], we can assume without loss of generality
that the space X is geodesic. The quasi-geodesic @) is by definition the image of a
(A, C)-quasi-isometric map f : [u™,u"] — X. The statement for a general quasi-isometric
map f reduces to the one for a continuous quasi-isometric map f thanks to the following
approximation lemma, which is a version of [5, Lemma 9] or [2, Lemma IIL.H.1.11].

Lemma 2.1. Consider a (A, C)-quasi-isometry from a compact interval to a geodesic
metric space, whose endpoints are at distance at least 2C. Then it is within Haus-
dorff distance 2C of a (A, 4C)-quasi-geodesic with the same endpoints which is moreover
2A-Lipschitz.

The proof of this lemma is very classical: assume that the initial quasi-geodesic is
defined on an interval [u~,u™]. Then the assumptions ensure that u* —u~ > C/\. Split
suitably the interval [u~,u™| into subintervals with length in [C/A,2C/)\]. The new
quasi-geodesic will coincide with the initial one on the endpoints of these subintervals,
and be geodesic in between. The facts that this new function is a (A, 4C)-quasi-geodesic,
within Hausdorff distance 2C of the original one, and 2\-Lipschitz, follow from direct

computations.
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Replacing the original quasi-geodesic by the new one given by Lemma 2.1 and C by 4C,
we will assume from this point on that the (A, C')-quasi-geodesic f is also continuous.
Replacing the original hyperbolicity constant dyg by a slightly larger constant ¢ (and
letting ¢ tend to do at the end of the argument), we can assume that the space is
hyperbolic for a constant strictly smaller than §, and also that 6 > 0.

Consider z € [u™,u"]. We want to estimate d(f(z),G). We will prove an estimate of
the form

ut—u™

d(f(2),G) < Ko + % / e Kot gt = Ko+ K- (1— 67K2(U+7u_)), (2.1)
0

where Ky, K; and K, are suitable parameters that do not depend on = and u™.
Both Ky and K; will be of the form K; = k;A?(C + ), while K, will be of the form
Ko = ko/(0X) where ko, k1, ko are explicit positive real constants. They will be defined
in (2.4), (2.7) and (2.6). This estimate is proved inductively over the size of u™ — u~,
reducing the estimate over [u~,u"] to the estimate over a shorter interval [v—,vT].
We will have to show that the loss in this reduction process is controlled in terms of
Kie K27 —v7) _ g e=Ka(u—uT) ¢ conclude the proof of (2.1) by induction.

Let us first explain why this estimate concludes the proof. It implies that d(f(z), G) <
Ko + Ki. This proves that the image Q of f is included in the (ko + ki)A2(C +
d)-neighborhood of G. To get the estimate on the Hausdorff distance, one needs to
show that G is also included in a kA?(C + d)-neighborhood of @ for some k. This fol-
lows from the previous estimate and a standard argument (see [2]) that we recall now.
Consider a point g € G. Denote by @~ the set of points on @ that are within distance
(ko+k1)A?(C +9) of a point of G in [f(u™), g], and by Q% the set of points on Q that are
within distance (ko + k1)A?(C + 6) of a point of G in [g, f(u')]. The previous estimate
implies that Q = Q1 U Q2. As @ is connected, it follows that Q1 N Q2 # (). Denote by
f(z) a point in this intersection, and by g~ and g two points before and after g on G,
at distance at most (kg + k1)A?(C + &) of f(z). Using hyperbolicity in a triangle with
vertices at g—, g7, f(2) and the fact that g is on a geodesic between g~ and g™, it follows
that the distance between g and f(z) is at most (ko + k1)A2(C + ) + 8. As A > 1, this
expression is bounded by (kg + k1 + 1)A?(C + §). This concludes the argument, for the
constant k = ko + k1 + 1. We remind that [6] contains a stronger result (Theorem 3)
claiming that the geodesic G is included in an A(dlog A + C + §)-neighborhood of the
quasi-geodesic (Q with some universal constant A.

It remains to prove the estimate (2.1). The proof will use two parameters L and D.
For simplicity, let us take

L =D =1000. (2.2)

We keep separate notations for L and D because we will want to optimize the choice of
their values later.
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Case 1. The case where d(f(z),G) < L is trivial, as the estimate (2.1) holds if one
takes K large enough.

Case 2. Let us therefore assume d(f(z), G) > L. We will construct several points along
[u™, 2z]. To ease the reading, their order will correspond to the alphabetical order when
possible.

Consider a projection 7, of f(z) on G, and a geodesic segment H from 7, to f(z).
Denote by p : X — H a closest-point projection on H. The idea is to project the
quasi-geodesic () on H and to consider the subpart Q' of @ that projects at distance at
least L of . If one could show that @’ is quantitatively shorter than @ and that the
distance from f(z) to 7, is controlled in terms of the distance from f(z) to a geodesic
joining the endpoints of @', then we would be in good shape to prove (2.1) inductively,
deducing the estimate for @ from the estimate for Q. The real argument will be built
around this naive idea, but in a more subtle way.

More precisely, consider two points y~ € [u™,z] and y* € [z,uT] such that the
projections p(f(y~)) and p(f(y™)) are at distance roughly L of 7,. In general, p is not
uniquely defined and not continuous, but this is almost the case up to O(¢d) thanks to
the hyperbolicity of the space. With the following standard lemma and recalling that H
is 0-quasiconvex as it is a geodesic, one can find ¥~ and y* such that

d(p(f(y™)), =) € [L — 46, L). (2.3)

Lemma 2.2. A closest-point projection of a connected set on a K-quasiconvexr subset Y
of X has gaps of size at most 46 + 2K. More precisely, if f : [a,b] = X is a continuous
function and p(f(t)) denotes a closest point projection of f(t) on'Y, then for any T <

d(p(f(a)),p(f(D))), there exists t € [a,b] such that d(p(f(a)),p(f(t))) € [t — 46 — 2K, 7].
Moreover, one can ensure that d(p(f(a)),p(f(s))) < d(p(f(a)),p(f(t))) for all s < t.

Denote by d~ (respectively d*) the minimal distance of a point in f([u™,y~]) (respec-
tively f([yT,u™])) to H. These distances are realized by two points f(m~) and f(m™),
by continuity of f.

Case 2.1. Assume that max(d—,d") is not large, say < D + C where D = 1006 is the
constant we have chosen in (2.2) and C' is the quasi-isometry parameter. This is again
an easy case. Indeed, as the projections of f(m™) and f(m™) are within distance L of
7., one gets d(f(m™), f(m™T)) < 2D + 2C + L. By quasi-isometry,

d(m=,m") < Xd(f(m™), f(m*)) +C) < \2D + 3C + L).
As z is between m~ and m™, one gets in particular d(m~,z) < A\(2D + 3C + L). Then

d(f(2), =) <d(f(2), f(m™)) +d(f(m™), p(f(m™))) +d(p(f(m™)), =)
< (Md(z,m™)+C)+ (D+C)+ L < X(3D+5C +2L).
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This is compatible with the inequality (2.1) if one takes
Ko = 500)\%(6 4 C). (2.4)

Case 2.2. Assume now that max(d~,d") > D+ C, and d~ > d* for instance. This is
the interesting case. The main step in the proof is the following lemma.

Lemma 2.3. There exist two points v < x in [u”,y~| and a real number d > d~ such
that

L — 746 < 42\ (z — v)e~ 4 108(2)/(109) (2.5)

and d(f(v),p(f(v))) < 4d".

The numerology in the lemma (74 and 41/2 and log(2)/10 and 4) is of no importance:
what only matters is that L — 744 is positive, thanks to the choice of L in (2.2), and that
the other numbers are positive and fixed.

Let us show how to conclude the proof using the lemma. We have

mt —v=d(v,m") <Md(f(v), f(m")) +C)

< A(d(F(),p(f (@) + d@(f () p(F M) + dp(FmT)), fm*)) +C)
<A4d +L+dt+C) <6Md,

as L+ C =D+ C <d” <d and d™ <d~ < d'. Therefore, taking
= log(2)/(600A), (2.6)
the inequality (2.5) gives

442

% K2($ _ v)e—K2(7rL+—v)

L — 740 < 4v/2\(x — v)e (7~ 10s/(000)
4\/_>‘( Ky(z—v) 1)67K2(m+7v) 4\/—)‘( —Ko(mT—z) _ 7K2(m+7v))
Ko Ko

4\/5)\ 7K2(m+7x) _ 7K2(u+7u_)
<——/(e e ).
K>

Consider a new geodesic G’ between f(x) and f(m™). Arguing by induction, we can
assume that the estimate (2.1) has already been proved for G’, and we want to deduce
it for G. Since both endpoints of G’ project within distance L of 7., one checks that the
distance from f(z) to G is controlled by the distance from f(z) to G’ (this is a version
of [5, Lemma 5]). More specifically,
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d(f(2),G) < d(f(2),G") + L+ 44.

Bounding d(f(z),G’) thanks to the induction assumption, and plugging in the estimate
from the previous equation, we get

L4456  4v2) + Tou”
< _ —Ko(mt—z)y LT —Ka(mT—z) _ —Ka(uT—uT)y,
d(f(2),G) < Ko+ Ki(1—e )+L—74(5 K> (e ’ )
Let us take
L+46 4V2A
Ko L3 2.
YT Lo K, =0

Then the terms K 16_K2‘(m+_”“') simplify in this equation, and we are left with

d(f(Z),G) < Ko+ Kl(l — e_K2("+—u7)>.

This is (2.1), as desired. This concludes the proof of Theorem 1.1. 0O

It remains to prove Lemma 2.3. The argument relies on the contracting properties
of closest-point projections on quasiconvex sets. The first such basic statement is the
following variation around [3, Proposition 10.2.1].

Lemma 2.4. Consider a K-quasiconvex subset Y of X. Then projections p, and py on'Y
of two points x and y satisfy

This result expresses the classical fact that a geodesic from x to y essentially follows
a geodesic from x to p,, then from p, to p,, then from p, to y.

The second result we need is more sophisticated. Instead of a linear gain in terms of
the distance to the set one projects on, as in the previous lemma, it gives an exponential
gain in the upper bound, by a successive reduction process. It is proved by putting
points along the path with gaps of size 106. Then, move by 56 towards Y: this reduces
the distance between the points by 56 essentially thanks to the previous lemma. Then,
discard half the points: this shows that by moving towards Y by 56 the length of the
path has been divided by 2. One can iterate this argument to get the exponential gain.
We give a statement for the projection on quasiconvex sets as this is what we will need
later on. This statement is proved in [5, Lemma 10] for the projection on a geodesic
segment, but the case of a general quasiconvex set is analogous.
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Lemma 2.5. Consider a (\, C)-quasi-geodesic path f : [a,b] — X, everywhere at distance
at least D of a K-quasiconvexr subset Y. Then, if D > 15/2 -0 + K + C/2, projections
pa of f(a) and py of f(b) on'Y satisfy the inequality

d(pa, py) < 2K + 85 + max (55, 4V2A(b — a) eXp(—(D ~ K —C/2)log(2) /(55))) .

Using these results, we can prove Lemma 2.3.

Proof of Lemma 2.3. For k& > 0, let V; denote the (2¥ — 1)d~-neighborhood of H.
These sets are all 8§-quasiconvex. We recall that p(f(z)) is a projection of f(x) on H.
Let pr(z) denote the point on a fixed geodesic between p(f(x)) and f(x) at distance
min((2¥ — 1)d=,d(p(f(x)), f(2))) of p(f(x)). Then px(x) is a projection of f(z) on V4,
and moreover these projections are compatible in the following sense: for k£ < ¢, then
pr(x) is a projection of py(z) on Vi. Moreover, po(z) = p(f(x)).

We will do an inductive construction over k. This construction will have to stop
at some step, where it will give the desired points. Until the argument stops, we will
construct a point zy € [u,y~| such that

d(pr(u™), pe(zr)) =2 L — 86 (2.8)

and
for all w € [u™, xx], d(f(w), po(w)) > (28 —1)d~. (2.9)

Let us first check that this property holds for £ = 0. Take zg = y~. The point w, is a
projection of f(z) on the geodesic G between f(u~) and f(u™). This does not imply that
the projection po(u~) of f(u~) on the geodesic H between 7, and f(z) is exactly at 7,
(contrary to the situation in the Euclidean plane), but by hyperbolicity one checks that
d(mz, po(u™)) < 4§ (this is a version of [5, Lemma 3]). Since d(7,,po(y~)) € [L — 40, L]
by (2.3) and xy = y~, we deduce that d(po(u~), po(xo)) > L—86. This is (2.8). Moreover,
by definition of d—, the inequality (2.9) holds for k = 0.

Assume now that (2.8) and (2.9) hold at k. We will show that either we can find a
pair of points that satisfy the conclusion of the lemma, or we can construct a point xy41
such that (2.8) and (2.9) hold at k + 1.

As V}, is 80-quasiconvex, we deduce from Lemma 2.2 that the gaps of the closest-point
projection py are bounded by 20§. Therefore, we can find a point 251 € [u™, x| whose
projection on Vj, satisfies

d(pr(u™), pr(zK11)) € [220,426], (2.10)

and moreover all points w € [u™, xp4+1] satisfy

d(pr(u™), pr(w)) < 426. (2.11)
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There are two cases to consider:

If there exists v € [u™, xg11] with d(f(v),po(v)) < (2872 — 1)d~. Then we claim that
the pair (v, 2 ) satisfies the conclusion of Lemma 2.3, for d’ = 2¥d~. First, the inequalities
d > d~ and d(f(v),po(v)) < 4d’ hold by construction. Moreover, d(pg(v), px(xg)) >
L — 500 as pi(xy) is far from pg(u™) by (2.8), and py(v) is close to pr(u~) by (2.11). As
all intermediate points are at distance at least (2871 — 1)d~ of Vj by (2.9), they are at
distance at least 2¥d~ of V,, and we can apply the exponential contraction Lemma 2.5

with D = 2Fd~. As V}, is 85-quasiconvex, we get
L =506 < d(pr(v), pr(zk))

< 246 + max <55, AV (zx — v) exp(—(?kd_ — 85— C/2)log(2) /(55))) .

As L — 506 > 299, the maximum has to be realized by the second term. Moreover,
2kd= -85 —C/2 > (2%d™)/2=d'/2,as d~ > D + C = 1005 + C. We obtain

L — 748 < 42\ (zy — v) exp<7d/ 10g(2)/(10§)). (2.12)

This concludes the proof in this case.

Otherwise, d(f(w),po(w)) > (2872 —1)d~ for all w € [u™,xx11]. In this case, (2.9)
holds for k + 1. Let us check that (2.8) also holds for k + 1, by applying the projection
Lemma 2.4 to the points pg41(u™) and pg41(zg+1), which project respectively to pg(u™)
and pg(xgy1) on V. As Vi is 85-quasiconvex, this lemma gives

d(pk (u_)u Pk ($k+1)) < max(2167

d(prs1(u™), Pr1(Trs1)) — dPrs1(u™ ), pr(u)) — d(Pry1(Trer1), Pr(Trr1)) +420).

As d(pp(u™), pr(zr+1)) = 220 by (2.10), the maximum has to be realized by the sec-
ond term. Both distances d(pg+1(u™), pr(u™)) and d(pr41(zr+1), Pr(zr+1)) are equal to
2Fd~. We obtain

2-2%d" =206 < d(prs1(w), prgr (@r11))-

As d= > D = 1004, the left hand side is > L — 85 = 92§. This concludes the proof
of (2.8), and of the induction.

Finally, if the conclusion of the lemma does not hold, then the induction will go on
forever. Taking in particular w = u~ in (2.9), we get d(f(u™),po(u~)) > (2F1 —1)d~
for all &k, a contradiction. 0O

Here are some ways to optimize the proof to get better constants. In addition to
multiple minor optimizations, let us mention the main ones:
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e The set V| is O-quasiconvex, not only 8d-quasiconvex. This means that estimates in
the proof of Lemma 2.3 are better for k = 0. There is a different source of gain for
k > 0, thanks to the factor 2¥. Separating the two cases improves the final constant.

e There is an exponential gain in (2.12). One can spend some part of this gain,
say exp(—(1 — a)d'log(2)/(100)) < exp(—(1 — a)Dlog(2)/(100)) to improve the
multiplicative constant, and use the remaining part exp(—ad’log(2)/(100)) for the
induction (for a suitable value of «).

o Instead of formulating the induction in terms of the distance from f(z) to a geodesic
G between f(u~) and f(u™), it is more efficient to induce over the Gromov product
(f(u™), f(u™))s(z) (which coincides with the distance d(f(z),G) up to 20) as most
inequalities are done in terms of Gromov products. The main interest of this change
is that, with the current argument, the point f(u~) projects on H between 7, and
f(2) within distance 49 of 7., which means there is a small loss. With the Gromov
product approach, let m denote the point on G which is opposite to f(z) in the
triangle [f(z), f(u™), f(u™)], ie., it is on G at distance (f(2), f(u™)) -y of f(u™)
and at distance (f(z), f(u7))s(u+) of f(u™). Let 7. denote the point on a geodesic H
from f(z) to m at distance (f(u™), f(u")) sy of f(2). This point is within distance
2§ of m. It turns out that the projection of f(u~) on H is between m and ., i.e.,
opposite from f(z). The above loss is suppressed in this approach.

¢ Finally, one can choose freely L, D and « within some range. In particular, L and D
do not have to coincide. One can optimize numerically over these parameters to get
the best possible bound. In the end, we take L = 180 and D = 556 and a = 12/100
to get the value 92 in Theorem 1.1.
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