PRESSURES FOR GEODESIC FLOWS
OF RANK ONE MANIFOLDS

KATRIN GELFERT AND BARBARA SCHAPIRA

ABSTRACT. We study the geodesic flow on the unit tangent bundle of
a rank one manifold and we give conditions under which all classical
definitions of pressure of a Holder continuous potential coincide. We
provide a large deviation statement, which allows to neglect (periodic)
orbits that lack sufficient hyperbolic behavior. Our results involve con-
ditions on the potential, that take into consideration its properties in
the nonhyperbolic part of the manifold. We draw some conclusions for
the construction of equilibrium states.

1. INTRODUCTION

We are interested in the thermodynamical formalism for the geodesic flow
G = (¢")ter on the unit tangent bundle T'M of a smooth compact nonpos-
itively curved manifold M. More precisely, we shall investigate different
notions of pressure, study equilibrium states, and relate them to large devi-
ation results.

Given a continuous map ¢: T*M — R (also called potential), the varia-
tional pressure of ¢ (with respect to the flow) is defined as

) Pale) = sup () + [ gan).
HEM TM

where M is the set of invariant probability measures under the geodesic
flow (g%)secr and h(p) is the entropy of the time-1 map g' with respect to
the flow-invariant probability measure p. An equilibrium state for ¢ is an
invariant probability measure m,, realizing the maximum of the pressure
Pr(p). A measure of mazimal entropy is an invariant probability measure
realizing the maximum of the topological entropy h = hiop(TT M) = Ppy(0).

When the manifold M has negative curvature, the geodesic flow on 7' M
is Anosov. In this case, it is well known that any Holder potential admits
a unique equilibrium state and that this equilibrium state has very strong
ergodic properties: it is ergodic, mixing, and possesses a local product struc-
ture [6]. The measure of maximal entropy is the equilibrium measure of any
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constant potential, while the Liouville measure is the unique equilibrium
state of a certain Holder continuous potential ¢ that is defined by means
of the derivative of the Jacobian of the geodesic flow restricted to the un-
stable foliation (see (12) for a precise definition).

In this paper we consider compact rank one manifolds, that is, smooth
compact nonpositively curved manifolds where the curvature can vanish, but
where there exists at least one rank one vector, that is, a vector whose geo-
desic orbit does not bound any (even infinitesimal) flat strip (see Section 2
for details). The regular set R is the set of all rank one vectors and the higher
rank set J{ is its complementary set. In this situation, the above potentials
and their equilibrium states behave quite differently. The potential cp(“) is
still continuous, but probably not Hoélder continuous in general. Besides the
Liouville measure, it admits trivial equilibrium measures, supported by the
periodic orbits staying in the flat part H of the manifold. Moreover, the
ergodicity of the Liouville measure remains up to now a difficult open ques-
tion. The measure of maximal entropy is known to exist (as does, in fact,
the equilibrium measure of any continuous potential) and to be unique [21].
Beyond these few examples, little is known about uniqueness and further
properties of equilibrium states.

Motivated by the study of equilibrium measures for (Holder) continu-
ous potentials, we need a complete understanding of the pressure function.
Therefore, we investigate in greater detail different notions of pressure, and
their relations to each other. The pressure of a potential measures the ex-
ponential growth rate of the complexity of the dynamics, weighted by this
potential. There are several notions of pressure, that are known to coincide
for sufficiently hyperbolic systems (see [27] in the case of the geodesic flow
in negative curvature). In Theorem 1.1, we clarify their relations and prove
that for certain continuous potentials, all existing definitions of pressure
coincide also for geodesic flows of rank one surfaces.

Let us introduce briefly these pressures (see Section 3 for details). The
variational pressure Pyq(p) has been defined in (1). The topological pressure
Pyop(p) is defined as the exponential growth rate of the values of ¢ along
orbits that are separated through the dynamics. The Gurevich pressure (or
periodic orbits pressure) Payur(p) is the exponential growth rate of the val-
ues of ¢ along periodic orbits of increasing period. The regular Gurevich
pressure Py, (@) is the exponential growth rate of the values of ¢ along
reqular periodic orbits of increasing period. Finally, the critical exponent
dr,, is defined by means of the fundamental group I' of M acting by isome-

tries on the universal cover M of M. Let @ be the I'-invariant lift of ¢
to T'M. We denote by dr .« the critical exponent of the Poincaré series
Zwer eld” ¥ where the integral of 3 is taken along the geodesic path joining
x to yx. Denote by or , the supremum of these critical exponents over all
xeM.



PRESSURES FOR RANK ONE GEODESIC FLOWS 3

In [7], Burns and Gelfert show that if M is a compact rank one surface,
then there exists an increasing sequence (Ag)ren of basic sets whose union is
dense in T'M and contains all regular periodic orbits and that topological
pressure of appropriate ¢ on A converges to the pressure of ¢ on T'M.
We complete this result and study how closed geodesics contribute in this
picture. In restriction to a basic set A C T'M, for a Hélder potential ¢
all above introduced pressures of the flow restricted to A and, in particular
Gurevich pressure, coincide and we will denote them shortly by P(p, A).

For T' > 0, denote by Ilx(T" — 1,T") (resp. IIx(7")) the set of primitive
rank one periodic orbits 8 in R of period £(5) € [I'—1,T) (resp. £(5) < T).
In the case of higher rank periodic orbits, there can exist infinitely many
parallel periodic orbits of same length, and we denote by IIs(T'—1,T") (resp.
I15¢(T")) a set of representatives of each homotopy class of primitive periodic
orbits of H of period ¢(B) € [T — 1,T) (resp. £(5) < T'). Denote by # the
cardinality.

There are examples due to Gromov (see Section 3.5) where the set H
carries positive entropy. However, it is always strictly less than the full
topological entropy. More precisely, the following quantity is well-defined
and positive (see Theorem 2.1 for details).

#11x(T)

(2) o E limsup — log AT = 1 T) limsup = log ————=
0 g —_— = — .
Tonos T O #Ige(T — LT)  roroe T #5(T)

The pressure of a continuous potential ¢: T*M — R measures the com-
plexity of the dynamics weighted by the potential ¢, whereas this complex-
ity, topologically, comes mainly from the hyperbolic part R of the manifold.
Therefore, the different notions of pressures will behave reasonably, as soon
as ¢ is not too large on H, in comparison with the quantity £ defined above.
This is condition (4) for ¢ below, where M(H) (resp. M(R)) denotes the
set of invariant probability measures giving full measure to H (resp. R).

Theorem 1.1. Let M be a smooth compact rank one manifold and let
@: T'M — R be a continuous map. Then the following inequalities hold

(3) Peurg(#) < Paur(¢) < 0rp < Piop(p) = Pum(p) .-
Moreover, if the potential ¢ satisfies

4 du < inf du+¢o,

@ s [ o<t [ otre

then we have

(5) PGur,fR(‘p) = PGur(‘/J)

If M is a surface and ¢ is Hélder continuous and such that ¢|g¢ is constant
then all notions of pressure coincide:

(6) PGur,R(SO) = PGur(QO) = 5F,<p = B&op(%o) = ?cgll) Ptop((Pv Ak) = PM(QD) .
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Moreover, even if (4) is probably not optimal, it is certainly relevant.
Indeed, we provide in Section 3.5 an example where (4) is not satisfied, (5)
holds, but (6) does not hold, because of a strict inequality Pgur(¢) < Pm(p).

Observe that (4) holds for any non-negative potential ¢ which vanishes
on the higher rank set 3. In particular, the potential ¢ as well as any
constant potential satisfy (4). In the case of the zero potential, (5) is due to
Knieper [21] (see Theorem 2.1). Equality (5) says that good potentials do
not see singular periodic orbits, “good” meaning in particular those that are
positive and smaller on H than the difference g of growth rates of regular
and singular periodic orbits.

Our second result shows another way to avoid zero curvature, by consid-
ering only periodic orbits that are sufficiently hyperbolic from the point of
view of their Lyapounov exponent. To obtain this, we apply large deviation
techniques. Denote by x(f5) the smallest positive Lyapunov exponent of a
periodic orbit 8, by I's C I' the subset of elements whose associated peri-
odic orbit has positive Lyapunov exponents greater than §, and by v the
invariant measure of mass ¢() supported by the periodic orbit 8 € II.

Following a strategy in [32], we obtain the following result.

Theorem 1.2. Let M be a compact rank one surface. If ¢: T'M — R is
Hélder continuous and such that ¢|gc is constant and satisfies

7 ©p — > 0,
(7) alp) = Pm(p) — maxy
then for all 6 € (0, a(yp)), we have

1
1. limsup — log Z el P s — Pr(y),
Toree T gem(r-1,1),x(8)>a(0)
2. for all x € M, we have

1 @~
lim sup — log Z el ? = Pr(p).
T—+o0 vl o—5, T—1<d(z,yz)<T

In Section 3.5, we develop an example which contradicts assumptions and
conclusions of this theorem.

After some preliminaries in Section 2, we prove Theorem 1.1 in Section 3.
In Section 4 we deal with equilibrium states. Section 5 studies the conditions
for the potentials used in our main theorems. Theorem 1.2 is shown in
Section 6.

2. GEOMETRIC PRELIMINARIES

More details for the material in this section can be found in Ballmann [3],
Knieper [22], and Eberlein [11].

2.1. Periodic orbits of the geodesic flow. Let M be a smooth compact
nonpositively curved manifold. The rank of a vector v € T'M is the di-
mension of the set of parallel Jacobi fields along the geodesic defined by v.
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It is at least one. If this geodesic bounds a euclidean (flat) strip isometric
to [0,e] x R for some ¢ > 0, then this rank is at least 2. On the other
hand, vectors whose geodesic eventually enters the negatively curved part
of the manifold have rank one. The manifold M is a rank one manifold if
it admits at least one rank one vector. The geodesic flow acts on the unit
tangent bundle T M. .

We denote by I' = 71 (M) the fundamental group of M and by M its uni-
versal cover, so that M identifies with M /T. The set of conjugacy classes of
elements v € I is in one-to-one correspondence with the set of free homo-
topy classes of (oriented) loops in M. In such a homotopy class, there exists
a closed geodesic on M which is length-minimizing. When such a geodesic
is regular, it is unique. Otherwise, such minimizing geodesics are all parallel
and with same length, and we choose one closed geodesic among them.

Each oriented closed geodesic (chosen as above in the singular case) lifts to
T' M in a unique way into a periodic orbit of the geodesic flow. Let IT denote
the subset of primitive periodic orbits (that is, not an iterate of another
periodic orbit). For all § € II, we denote by ¢(53) its period (that is the
length of the associated closed geodesic in M) and vg the Lebesgue measure
along the orbit 8. Denote by II(T") C II the subset of orbits of period smaller
than T and by II(7},T») the subset of orbits whose period belongs to the
interval (T7,7%). In a similar way, denote by Ix, Hx(T),x(T,T") (resp.
Iy¢, Mg (T), g (T, T")) the corresponding subsets of regular (resp. singular)
periodic orbits.

In the case of zero potentials, Knieper [21, (Theorem 1.1, Corollary 1.2,
and Proposition 6.3)] proved the following result.

Theorem 2.1 (Knieper [21]). Let M be a smooth compact rank one mani-
fold. There exists € > 0, such that for T large enough,

(8) H1(T) > T #1g¢(T) > 0.
Moreover,

1
(9) Th—rgo T log #HR(T) = htop(TlM) .

When M is a surface, then limsupp ., o %log #I5(T) = 0.

The last statement in Theorem 2.1 is not true in higher dimensions as
Gromov [15] provides an example of a compact rank one manifold in which
the number of closed singular geodesics grows exponentially. Theorem 2.1
implies lim supp_, ; % log #I1(T) > 0, whence

1 1
(10) limsup — log #II(T") = limsup — log #I1(T" — 1,T)).
T—+o00 T T—+o00 T

Corresponding equalities are true for Il as well as Il5¢ instead of II.

In the proof of Theorem 1.2, we will need the following classical observa-
tions in nonpositive curvature. Any two unit speed geodesics 1, B2: [0,T] —
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M satisfy for 0 <t < T
d(B1(t), B2(t)) < d(B1(0), B2(0)) + d(B1(T), B2(T)) -

Moreover, for every n > 0 there exist p > 0 and Ty > 0 such that for
any two unit speed geodesics 1, 2: [0,T] — M with T > T} satisfying
d(B1(0), 52(0)), d(51(T), B2(T)) < p we have d(B1(t),B2(t)) < n for all t €
[0, T], where we denote by d the Sasaki distance on T' M (see next section).
Further, for every x € M there is exactly one geodesic arc 3,: [0,7] — M,
for some T" > 0, with 3,(0) = = = (4(T) in each (non-trivial) homotopy
class vy € I.

2.2. Stable and unstable bundles, Lyapunov exponents and the
potential ¢(*), We refer particularly to [3, Chapter IV] for this subsection.
Given a vector v € T,M, we identify T,,TM with T,M & T,M via the
isomorphism

U: & (dm(§), C(8)),
where 7m: TM — M denotes the canonical projection and C': TTM — TM
denotes the connection map defined by the Levi Civita connection. Under
this isomorphism we have T, T M ~ M @ vt, where v is the subspace
of T),M orthogonal to v. The vector field that generates the geodesic flow is

V:v— (v,0). The Riemannian metric on M lifts to the Sasaki metric on
TM defined by

<< & >>1; = <d7rv(€)v dﬂ'v(”))n’(v) + <CU(§)ﬂ Cv(n»ﬂ(v)'

Roughly speaking, two vectors in 7'M are close with respect to the distance
induced by the Sasaki metric if their orbits under the geodesic flow stay close
during a fixed interval of time.

A Jacobi field J (see for example [14, ITI.C]) along a geodesic 7 is a vector
field along v which satisfies the Jacobi equation

(11) J"(t) + R(J(1),7(1)7(t) = 0,

where R denotes the Riemannian curvature tensor of M and ’ denotes co-
variant differentiation along ~.

A Jacobi field J along a geodesic v with 4(0) = v is uniquely determined
by its initial conditions (J(0), J'(0)) € T,M x T, M, for p = w(v). Moreover,
the set of Jacobi fields along a geodesic v such that J(0) and J'(0) are
orthogonal to v = 4(0) is exactly the set of Jacobi fields such that for all ¢,
J(t) is normal to 5(t) [14, Theorem 3.43]. They are called the orthogonal
Jacobi fields.

Given a vector v € TM, a Jacobi field along the geodesic determined by
v is uniquely determined by (J(0),J'(0)) € Tr(v)M @ Tr(v)M ~ T,TM.
An orthogonal Jacobi field along the geodesic determined by v is uniquely
determined by (.J(0), J'(0)) € vt @vt C Tp(v)M Gvt ~ T,T* M. Therefore,
the set of orthogonal Jacobi fields can be identified with the subbundle of
TT'M whose fiber over v is v+ @ vt € T,M ® T,M ~ T,T*M. This fiber is
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the orthogonal complement in T,T7'M ~ T, »M @ vt of the subspace spanned
by the vector field (v,0) that generates the geodesic flow.

Jacobi fields give a geometric description of the derivative of the geo-
desic flow. Given ¢ € vt @ vt C T,T'M, denote by J¢ the unique Jacobi
field along ~, with initial conditions J¢(0) = dmy(§) and J¢(0) = Cy(€), or
equivalently (J¢(0), J{(0)) = ¥(€). Then, ¥(dgy(€)) equals (Je(t), JE(t)).

Orthogonal stable (unstable) Jacobi fields provide a convenient geometric
way of describing the vector bundles that by Oseledec theorem correspond to
non-positive (non-negative) Lyapunov exponents of the geodesic flow on the
unit tangent bundle. As curvature is nonpositive, the function ¢ — ||J(¢)]| is
convex [3, IV, Lemma 2.3]. An (orthogonal) Jacobi field J along a geodesic
is called stable (resp. unstable) if ||J(t)| is bounded for all ¢ > 0 (resp.
bounded for all ¢ < 0). Let J® (resp. J") denote the set of stable (resp.
unstable) orthogonal Jacobi fields and introduce the subspaces

def

Py

{£e T, T'M: Je € J¥}, F'=
Each such subspace in v+ x v+ has dimension n — 1. The distributions
Fs:veT'Mw— FS CT,T*M and F*: v € T*M ~ F* C T,T* M obtained
in this way are invariant and continuous (but rarely have higher regularity).
The subbundle F? (resp. F*) coincides with the space of vectors ¢ € v x
vt € T,T'M such that ||dg! (€)]| is uniformly bounded for all t > 0 (resp.
bounded for all ¢ < 0).

A vector £ belongs to Fjy N FY if and only if t — || J¢(t)| is constant (as
a convex bounded map), or in other words iff the function t +— |dg!(&)]| is
constant. One says in this case that J¢ is a parallel Jacobi field along ~,.
When M is a surface, then Fj N F is nontrivial if and only if F}] = F}!,
that is if and only if the sectional curvature along =, is everywhere zero.
In general, both subbundles will have nonzero intersection at some vectors
v € T'M. In fact, the geodesic flow is Anosov precisely if and only if the
intersection is zero at every vector [10].

Orthogonal Jacobi fields provide a continuous vector bundle that defines
the following continuous potential which is of great importance for many
thermodynamic properties of the flow. Let Jac(dg’|px) be the Jacobian
of the linear map dgf: F* — Fg“t(v) and consider the geometric potential
defined by

{£eT,T'M: Je € J"}.

(12) () %~ Jac(dg!|m)limo = — lim * log Jac(dg'|ry)
dt v t—0 t v
which is well-defined and depends differentiably on F}' and hence continu-
ously on v. Moreover, in restriction to each basic set, the map v — F is
Holder continuous, and hence the restriction of ¢ to such a basic set is
also Holder continuous. Indeed, since in the uniformly hyperbolic case F;
(resp. F}') coincides with the stable (unstable) subspace in the hyperbolic
splitting of the tangent bundle, by [18, Theorem 19.1.6] these spaces vary
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Hélder continuously in v. Further, ¢(*) vanishes on H because the norm of
any unstable Jacobi field is constant along geodesics in J.

The Lyapunov exponents of the geodesic flow are well defined for all
Lyapunov regular vectors v. The set of Lyapunov regular vectors is of full
measure with respect to any invariant probability measure (see for exam-
ple the appendix of [18]). For such a Lyapunov regular vector v, classical
computations give

1 [T
Z Ai(v) = hm —log Jac(dg” |Fpu) = hm —/ oW (gt (v)) dt.
it Ai(v)>0 ~T T'Jo

Ruelle’s inequality [34] asserts that for all invariant probability measures p,

we have
ﬁt</
-~ Z

where h(u) is the entropy of the measure p with respect to the time one of
the geodesic flow. With the above and (1), it ensures that for all invariant
probability measures u € M we have

Ai(v) dp,
0

v)>

Pu(o™) = sup | hu / Z Ai(v)dp | <0.
HeM TMZ)\(v>O

Let m be the restriction of the Liouville measure to the invariant open set R
normalized into a probability measure. In all known examples m coincides
with the Liouville measure, but this has not been proved in general. Ergodic-
ity of m was proved in [28]. By Pesin’s formula [29] h(m) = — [,1,, o) dm,
so that

(13) Pu(e™) =0,

and the Liouville measure 7 is an equilibrium state for ¢(*). Observe how-
ever that when the manifold has flat strips, the potential ¢(*) vanishes on
the flat strips. In particular, if there are periodic orbits in the flat strips,
the normalized Lebesgue measure on any such higher rank periodic orbit is
also an equilibrium state for ().

Finally, in the particular case when M is a surface, there exists at most
one positive Lyapunov exponent x(v) = —p(® (v).

3. PRESSURE AND EQUILIBRIUM STATES

We introduce first several notions of pressure as well as the Poincaré series;
in Section 3.6 we prove Theorem 1.1. In this section, let ¢: T'M — R be a
continuous map.
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3.1. Variational and topological pressure. The variational pressure of
¢ (with respect to the flow) was defined in (1) as

Pr(p) = sup (h(u)Jr/TlMcpdu)-

Fore >0and T > 0,aset E C T'M is (¢, T)-separated if for all v,w € E,
v # w, we have maxo<;<7 d(g'v, g'w) > €. Define

Z3P(T,e) = sup Z elo wlatvydt
veE

where the supremum is taken over all (e, T)-separated sets E. The topological
pressure (which, in fact, should rather be called the metric pressure) of ¢
with respect to the geodesic flow is defined to be the following limit

def ;. . 1
Fuop(p) = lim I%Hi SUp 75 log Z;P(T €) .
Bowen and Ruelle [6] observed that this definition is equivalent to defining
Prop(ip) as the topological pressure of the function pl: v fol o(gt(v))dt

with respect to the time-1 map g' of the flow (see [35]). The variational
principle [35, Theorem 9.10] ensures that

Prop(¢) = Pr(e) -

The topological entropy of the geodesic flow, denoted for simplicity h =
htop(TTM), is the topological pressure of the potential ¢ = 0. The topolog-
ical pressure (resp. entropy) of the geodesic flow restricted to any compact
set A C TTM is denoted by Pip(p, A) (resp. hiop(A)).

3.2. Gurevic Pressure. The Gurevic pressure, or periodic orbit pressure,
is defined as follows:

of 1. 1
(14) Paur(p) & limsup — log Z el edvs
Teo BEN(T—1,T)

Recall that II(T'—1, T') is the set of primitive periodic orbits of length between
T —1and T. In a similar way, we define the regular Gurevic pressure as

of 1. 1
(15) PGur,IR(SO) © lim sup = log Z efgodu/; )
Tores BEllR(T—-1,T)
It is clear that Pgyr () < Paur(@). Knieper [21] proved the following fact.

Lemma 1. For all € > 0 smaller than the injectivity radius of M the set
IK(T) is (e,T)-separated.

For any continuous potential ¢, we deduce that

Peur(¢) < Prop() -
When ¢ is the constant function ¢ = 0, Theorem 2.1 gives

(16) PGur,SR(O) = PGur(O) = Ptop(o) = h.
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3.3. Pressure on basic sets. A flow-invariant set A is hyperbolic if the
tangent bundle restricted to A can be written as the Whitney sum of dg'-
invariant subbundles TAT'M = E*@® E& E* where F is the one-dimensional
bundle tangent to the flow, and there are positive constants ¢, « such that
ldgh(©)] < ceo[€]l for € € E2, ¢ > 0 and |dgy*(€)] < ce°[€]| for € € EY,
t > 0. Such aset A C T'M is locally mazimal if there exists a neighborhood
U of A such that A = (,cg ¢"(U). The flow G|, is topologically transitive if
for all nonempty open sets U and V intersecting A there exists ¢ € R such
that g"(U)NV NA # 0. A basic set is a compact locally maximal hyperbolic
set on which the flow is transitive.

In restriction to any basic set A, in restriction to which the geodesic flow is
topologically mixing, for ¢: A — R Hélder continuous, all above introduced
pressures of the flow coincide. The proof of this classical fact (see [18, 18.5.1
and 20.3.3] for diffeomorphisms and [13, Lemma 2.8] for flows) uses the
specification property. This property holds for geodesic flows of compact
negatively curved manifolds [9]. On rank one manifolds, in restriction to
any basic set A, by [5, (3.2)] exactly one of the following two distinct cases
is true: (a) g|p is a time 7T-suspension of an axiom A% homeomorphism
or, (b) A is C-dense (the unstable manifold of every periodic point in A
is dense in A). In case (a) the suspended homeomorphism is topologically
mixing and verifies the corresponding pressure identities and the pressure
of the suspension flow with constant time ceiling function does not alter
these identities for the flow. In case (b), by [5, (3.8)] the flow satisfies the
specification property. We will then denote this quantity shortly by

(17) P(,A) = Pour(0,A) = Piop(, A) = Pra(i0, A)
Observe further that P(p, A1) < P(p,Ag) if Aj C As.

When M is a rank one surface, by [7, Theorem 1.5] there is a family of
basic sets Ay C Ay C -+ C R such that |, Ay, is dense in T'M and that for
any basic set A C R, A # R there exists k > 1 such that A C A,. Moreover,
by construction, any regular periodic orbit is eventually contained in Ay for
k large enough. Observe however that the singular periodic orbits are not
contained in these Ay, so that Pgyr(¢, Ak) = Pourx(p, Ag). Finally, by [7,
Theorem 6.2], if 3 # () and p|g¢ is constant then we have

(18) Prop(p) = sup P(p, Ay) = lim P(p, A)
k>1 k—o0

3.4. Critical Exponent of Poincaré series. For a given x € M , and

v € IT', denote by fgz @ the integral of the I-invariant lift @ of ¢ to T*M

along the unique lift to T*M of the geodesic segment joining = to yx. The
Poincaré series associated to I'; ¢, x, and s € R is defined by

def 7E —sd(x,yx
Zrpas = E el p—sd(wyr)
vyel
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The critical exponent or . is defined by the fact that the series diverges
when s < dr,, and converges when s > dr, .. Define the sequence

(an(z))nen as
an(z) & Z el 7.
~vel, n—1<d(z,yz)<n

An elementary computation shows that the series Zr . . converges (di-
verges) if, and only if, the series ) an(z)e™" converges (diverges), so
that

. 1 YT~
0r,p,e = limsup — log Z el ?.
n—+oo N
vyel, n—1<d(z,yz)<n

A simple computation shows that when dr , , > 0, it also satisfies

1 @5
(19) Or,p,» = limsup — log Z el %
n—oo 10 veld(z,yz)<n

Remark 1. Contrarily to the negative curvature case, the critical exponent
r 4, does depend on the point z, and it does not seem possible to remove
this dependance by an elementary reasoning. Observe however the following
facts: .

e For all x € M we have |dr o 2 — 0r,02| < [|¢]/co-

® Jr o, is independent of z and coincides with the topological entropy of the
geodesic flow, which is finite.

e The map = + Jr, is I-invariant. When ¢ is continuous, the map

x + 0r,p 7 IS moreover continuous on M. Tt induces therefore a continuous,
and therefore uniformly continuous, map on the quotient manifold M.

The last point is elementary to check, thanks to the uniform continuity of
the lift & of ¢ to T'M, and to the following geometric fact: in nonpositive
curvature, given 1 > 0 and x, y satisfying d(y, z) < 7, the geodesic segments
[x,vz] and [y, yy] stay at distance less than 7.

By the above remark, the following quantity is well defined and finite

def
Or,p = max O -

zeM

3.5. Examples of compact rank one manifolds. We want to mention
some examples and discuss the hypotheses in our main results.

Example 1. A compact connected nonpositively curved manifold on which
every geodesic eventually crosses the negatively curved part of the manifold
is a compact rank one manifold where H = (). By a result of Eberlein [10],
its geodesic flow is Anosov (and our results are already well-known in this
case). The typical example is a manifold where the curvature is negative
everywhere except in a sufficiently small disk where it is equal to zero (Fig-
ure 1).
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curvature< 0

</

@ curvafure= 0

FiGURE 1. Nonpositively curved surface with Anosov geo-
desic flow

FI1GURE 2. Surface with periodic euclidean cylinder

Example 2. Second, the simplest example of a compact rank one surface is
a compact connected surface S of genus g > 2 which has a periodic euclidean
cylinder of positive width somewhere and has negative curvature elsewhere.
The set ‘H of higher rank vectors is the set of vectors whose geodesic stays
all the time in the flat cylinder. In the ‘degenerate’ case where the flat
cylinder has width equal to zero, the set H is reduced to a single periodic
orbit (Figure 2).

Example 3. Finally, let us mention examples introduced by Gromov [15]
and further studied by Knieper [21] where #II5(T") can have exponential
growth in T'. First, consider a hyperbolic punctured torus, and modify the
neighbourhood of the puncture so that it becomes isometric to a flat cylinder
I x C1, where [ is an interval and C] a circle. Call this punctured and
flattened torus 77. Consider the three dimensional manifold My = T x Co,
where C5 is another circle. The boundary is the product (flat) torus Cy x Cy
of two circles. Consider another such manifold My = C{ x Ty, where T is
also a flattened punctured torus, C7 is isometric to C7 and C} = 975 to Cs.
Now glue M7 and M along their boundaries by identifying Cy x C with
C' x C4. The resulting manifold (compare Figure 3) is a compact connected
three-dimensional rank one manifold, whose singular periodic orbits have
exponential growth [21]. Indeed, one observes that the product of a periodic
orbit in T} and a point in Cs is a periodic orbit of M; of rank two. Therefore,
there is an injective map from the set of periodic orbits of 77 into the set of
singular periodic orbits of M. Moreover, the length of a periodic orbit in
T7 is at most the length of the periodic geodesic in the same homotopy class
in the hyperbolic punctured torus. The exponential growth rate of periodic
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c ¢, I

FiGURE 3. Gromov’s example

orbits on the hyperbolic punctured torus implies therefore the exponential
growth rate of singular periodic orbits of Mj.

Focusing on the Example 2, we would like to discuss the hypotheses of our
main results. Let us develop a little bit more the case where the euclidean
cylinder is of positive width, say of width L. Denote by h the topological
entropy of the flow. Choose a (higher rank) vector vy tangent to a periodic
geodesic inside the cylinder. We will define a potential ¢: T'S — R that
will not satisfy hypotheses and conclusions of Theorem 1.1.

Choose ¢ to be constant along the orbit Sy of vy and satisfying ¢(vg) =
(14n) h > h for some n > 0. Choose some ¢ > 0 such that 2¢/L < n/(1+n).
Let Vi(vp) be the set of unit vectors in 7S such that the distance from
their basepoint to the closed geodesic associated to vy is less than £/2,
and whose angle with the orbit of vy is less than €/2. By an elementary
euclidean argument already used in [8], if v is any unit tangent vector whose
basepoint is outside the cylinder, the proportion of time spent by the piece
of orbit (g% (v))o<i<r inside Vz(vg) is at most /L. Now extend the potential
¢ continuously to T1S in such a way that ¢ > 0 and ¢ = 0 outside V(vp).

Observe that this potential ¢ does not satisfy assumption (4) of Theorem
1.1. If B is a rank one periodic orbit then the above remark shows that

9

€
[oans < Sl ) = 5 (14 ).
We deduce easily that

° U
Paurg(#) < 7l +h < lplloso +h = h(3 +1).

_n
2(1+1n)
On the other hand, the topological pressure of ¢ certainly satisfies

Prop(9) = Pa(p) > / o dDs = h(1+1) > Powa(9).

where Vg, is the normalized periodic measure supported by fy. In particular,
it proves that equalities (6) in Theorem 1.1 do not hold.
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Now, let p be a flow-invariant measure with support in the set R of
regular vectors, and consider a generic recurrent vector v based outside the
flat cylinder. We can find T large enough such that the ergodic average on
(g"(v))o<t<r is very close to p, so that in particular,

pdp— = T@(gt(v))dt
few-z

But the same argument as above shows that this piece of orbit (g(v))o<i<r
cannot stay more than a proportion /L inside V(vg). Therefore, [ du <
e+ ||¢lloce/L, so that h(p) + [@du < e+ h(1+mn/2). If € is small enough,
this quantity is bounded from above by h(1 + 7), so that

Piop(p) > sup )(h(u)+/s@du> :

HneEM(R

<e.

In particular, it implies that Pip,(¢) = ||¢llcc = h(1 + 1) and the periodic
orbit measure Vg, is an equilibrium state for ¢. This equilibrium state is
unique when ¢ is chosen to be strictly decreasing in the neighborhood of vy.
(In the other case, it could happen that other periodic orbits in V(vg) are
also equilibrium states.)

As our definition of Gurevic pressures involves only primitive periodic
orbits, and there is a unique primitive periodic orbit in IIs(T"), we see that
Paur(¢) = Pourx(p) even though (4) is not satisfied. If our definitions
of Gurevic pressures were modified to take into account all periodic orbits
(not only primitive ones) then the above example would lead to a regular
Gurevic pressure strictly less than the full Gurevic pressure. Moreover, the
latter would be attained on singular periodic orbits and would be equal to
the topological pressure.

To conclude on this example, observe that ¢ does not satisfy neither the
assumption (7) of Theorem 1.2, nor its conclusions.

It would be interesting to adapt Example 2 with the cylinder to Gromov’s
Example 3 to provide an example for the strict inequalities Py, z(¢) <

PGur(SO) < Ptop(so)'

3.6. Proof of Theorem 1.1. As each of the above quantities P = Py,
Piop, Pcur, and Pgy, x satisfy P(¢ +¢) = P(p) + ¢ for every ¢ € R, without
loss of generality, in the following we can assume that all such pressures are
positive. -
By [32, Lemma 4], assumption Pjy,(¢) > 0, and (19), for all x € M we
have
_ 1 " 5
Or,p,x = limsup — log Z eld ? < Piop(p)
oo ~veld(z,yx)<n
In [32, Proof of Proposition 2, page 161], Pollicott proves (without stating
explicitely) that Pgur(p) < sup, 77 01,z = Or,p. His proof is written for ¢
Lipschitz, but his argument is valid for uniformly continuous potentials. As
T M is compact, any continuous potential is uniformly continuous, so that
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its arguments apply. This together with the above shows the first claim (3)
in Theorem 1.1.
Consider ¢( as defined in (2). Let us prove that under the hypothesis (4)

we have Pgur (%) > Pour(#). Up to replacing ¢ by ¢ —inf e vy [ 0 dps,
we can assume that inf,cvq(x) J ¢du = 0. The hypothesis then becomes

maxy,e M(H fSOdN < eop. As [pdp >0 for all p € M(R), using (16) we get
PGUT(SO) > PGUT,R(QD) > PGur,fR( ) =h>0.

In particular, all pressures are positive, as required at the beginning of the
proof. The fact that Pgy,x(¢) > 0 then implies that
(20)
1
Paurz(p) = limsup T log Z e/ #%s = limsup — T log Z e dvs
Totoo BEMR(T—1,T) T BETx(T)

As Pgur(p) > 0, the above equalities also hold for Pgy, with the sums taken
over II(T'—1,T) and II(T), respectively. In the case ¢ = 0, together with (9)
it gives

1
hmsup T log #1x(T —1,T) = lim T log #1x(T) =h > 0.

T—+o00 T—+o0

Observe that

Z el pdvs  — Z el pdvs Z el pdvs

BETI(T) BTy (T) BETy(T)
< ) et g eTmanieaoo [ edigry (7).
Bellx(T)

Choose 0 < & < &9 — SUP,e pm(3¢ f wdp. By Theorem 2.1, for T sufficiently

large we have #I15(T) < e T(EO OHTIR(T). As inf e p(z) [ wdp = 0, the
above terms can be estimated further by

< Z e/ edvs 4 eTmaxueneo [ @ die=T(€0=0) 411, (T)
Bellx(T)

< Z oJ e dvs | T max,e o [ @ diy—T(e0—0) Z o pdvs
BETR(T) BEellx(T)

= Z ef‘/’d”ﬁ (1 + eT(maXMGM(S{) fLPdH*EOJFJ)) .
BeIlx(T)

As max, e pq(30) Jpdp < 9 — 6, considering the limsup of %log of the
above quantities leads to Pgu,(¢) < Pourz(¢). This proves (5).

Consider now the case where M is a rank one surface, where we can apply
results of [7]. Assume in addition that ¢ is Holder and that ¢|y is constant.
In restriction to any basic set Ak, (17) holds. Obviously, periodic orbits
of the geodesic flow restricted to Ag are in IIx C II. Thus, naturally we

have P((vak) < PGuT,R(SO) < PGUT(QO) < Sup,. a7 5F,50,:): = 51",4,0 < Ptop(@) =
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Pr(p) by what precedes. Further, by (18) this lower bound converges to
Pop(). This proves (6) and finishes the proof of Theorem 1.1. O

4. EQUILIBRIUM STATES

Given a potential, it is interesting to identify (ergodic) equilibrium mea-
sures, as they reflect the dynamics weighted by the potential.

In our situation, the existence of equilibrium states follows immediately
from the upper semi-continuity [35] of the entropy map u — h(u) on the set
of flow-invariant probability measures since the geodesic flow is smooth [23].
By Bowen [4, Theorem 3.5], this upper semi-continuity can be deduced from
the fact that the geodesic flow is h-expansive [21, Proposition 3.3].

In general, the uniqueness of equilibrium states can be deduced from the
existence of a Gibbs measure (see [18, Section 20.3]). On the other hand,
when the pressure map ¢ — Pu(yp) is differentiable at ¢ in every direction
or in a set of directions that is dense in the weak topology [33, Corollary
3.6.14] then there exists also a unique equilibrium state. But we are still not
able to apply one of these two strategies to rank one geodesic flows.

Classical arguments now lead us to the following results. We will always
assume that ¢ is Holder continuous and (| is constant.

Remark 2. Let M be a smooth compact rank one surface and consider an
increasing family of basic sets (Ag)ken as provided in [7]. With respect to
the restriction of the geodesic flow to Ag, the potential ¢ admits a unique
equilibrium state that we denote by p, k. Then any accumulation point
(with respect to the weakx topology) of the sequence of measures (fi, k)keN
is an equilibrium state for the potential o (with respect to the flow on T M).

Remark 3. Given g € II(T'), denote by v is the Lebesgue measure on the
periodic orbit 8 and 7g = £(3) '3 the normalized (probability) measure. In
[35, Theorem 9.10], Walters shows that the accumulation points of weighted
averages of Dirac measures on (g,T')-separated sets that approximate well
the topological pressure are equilibrium measures for . By Lemma 1, for
every sufficiently small £ > 0 and for all T' > 0, the set II(T'—1, T') of periodic
orbits of length approximately 7" is (e, T')-separated. Thus, by Theorem 1.1
when M is a smooth rank one surface, these sets II(T — 1,T) allow to
approximate the topological pressure. In this situation, any accumulation
point of the following weighted averages on periodic orbits

Z,BeH(T—l,T) el ¢dvs Vg

Z,BEH(T—I,T) el ¢dvs

is an equilibrium measure of ¢ (with respect to the flow on T1M).
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5. HYPERBOLIC POTENTIALS

In this section we discuss assumptions (4) and (7). For t > 0 define
ol v fg ©(g7(v))dr. We first show some preliminary result based on
classical arguments (see for example [16]) that we repeat for completeness.

. 1y . Ly
Lomma 2. s [ odn = Jin o () = nf s 0)

Proof. Given p € M, by flow invariance, for ¢ > 0 we have

1 1 t 1/t
/ (ptd,u:/ / cpogsdsdu:/ / cpogsd,uds:/ pdu.
tJrim tJrim Jo tJo Jrim TIM

Thus

/ du < 1
max — .
1y, S max g

Taking the supremum over p € M(H), and then the infimum over ¢ > 0
gives

/ dp < inf Lot
max inf max —¢".
peEM (%) v M_t>0 H tgp

It remains to show the opposite inequality. Given n > 1 choose v, in the
compact invariant set J{ such that the function %(p” attains its maximum
in v,. Consider the probability measure v, defined by

o 1 [T
/Myn o / V(g*(vn))ds  for every ¢ € CO(T'M,R).
n Jo
Choose a subsequence (ny)i>1 of positive integers such that
1 1 1
lim —¢"*(vy,, ) = limsup —¢"(v,) = lim sup max —p" .
k—o0 N n—oo N n—00 n

Possibly taking a subsequence, the sequence of measures (v, ),>1 converges
in the weak* topology to an invariant probability measure p supported in
H. We obtain

/god,u = kh_)ngo pdvy,, = kh_)ngo nlkapn’“ (Uny,) = liririsolép max %cp" .
This together with the above proves the claim. O
The following provides an immediate stronger version of condition (4).
Corollary 1. Any continuous potential p: T'M — R satisfying
max %gpt < i%f %gpt + €0
for some t > 0 also satisfies condition (4).

We now study condition (7). Given continuous potentials ¢: T'M — R,
consider

a(p) = P(p) — max o'
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The potential ¢ is said to be hyperbolic if there exists ¢ > 0 such that
t P(¢) —maxp' > 0.

Two continuous potentials o, v: T'M — R are said to be co-homologous
(with respect to the flow) if there exists a continuous function n: T'M — R
such that ¢! — ! = no g’ —n for every t. This is equivalent to the fact that
¢ — b =limgo(nog' —n)/t.

In the following, we require that a(p) > 0. This seems a very restrictive
hypothesis. However, following [16, Proposition 3.1} verbatim, in the case
of a flow, we get the following equivalences.

Lemma 3. The following facts are equivalent:

a(p) > 0.

The potential @ is hyperbolic.

The metric entropy of each equilibrium state of ¢ is strictly positive.
There exists a continuous potential b co-homologous to ¢ such that

a(y) > 0.

o FEvery continuous potential co-homologous to ¢ is hyperbolic.

As one of our main interests is the unstable Jacobian ¢ defined in (12),
we observe the following.

Lemma 4. For all t < 1 we have a(te™) > 0.

Proof. Recall first that ¢t — P(tgo(“)) is convex and hence continuous. For¢ =
0, we have P(0) = h > 0. For t = 1, Ruelle’s inequality implies P(¢™) < 0,
Pesin’s formula implies P(¢(") = 0, and the restricted Liouville measure m
is an equilibrium state for ("), recall (13). In particular, we have P(tp() >
t[o®dm >0 forallt<l.

It is not hard to check that () < 0 (see, for example [7, Lemma 2.4]).
Further, min ¢ = ming ¢ < 0. Thus, max(tp®) = —|t|min ™ > 0
for t < 0, and max(te®) = 0 for t > 0. In particular, t — P(tp(®) is
non-increasing.

We deduce that P(tp™) — max(tp®) = P(tp(™) > 0 for 0 <t < 1 and
P(te™) — max(tp™) > P(0) + |t| min () > P(0) > 0 for ¢ < 0. O

When a(p) > 0, we will see in the next section that the contribution of
periodic orbits with small positive Lyapunov exponent in the growth rate of
the definition (14) of Gurevich pressure is negligible.

6. LEVEL-2 LARGE DEVIATION PRINCIPLE

In this section, we assume that M is a surface, and ¢ is a continuous
potential such that @5 is constant and a(p) = Pyp(p) — maxqiy @ > 0.
Adding a constant to ¢, we will assume that ¢|3c = 0. We denote by P(¢) the
topological pressure, which coincides with all other pressures by Theorem
1.1. The assumption a(y¢) > 0 with ¢3¢ = 0 implies in particular P(p) > 0.



PRESSURES FOR RANK ONE GEODESIC FLOWS 19

In order to formalize our level-2 large deviation results !, let us first intro-
duce a rate function. Closely related approaches can be found, for example,
in [31]. Let P be the space of all (not necessarily invariant) Borel proba-
bility measures on T'M endowed with the topology of weaks convergence,
and M is the subspace of invariant measures under the geodesic flow. Given
¢ € CO(T'M,R), we define Q,: C°(T*M,R) — R by

ef

Qo(¥) = P(p +4) = P(g).
Note that @), is a continuous and convex functional. Within the framework
of the theory of conjugating functions (see for example [2]), @, can be
characterized by
Qu() =sup ( [vav - 1,0)).

veP

where I, is the convex conjugate of (), defined by

(21) ()% sup )(/ bdn=Q,0))

YECO (T MR

for all u € P and I,(u) = oo for any other signed measure . Since I,: P —
R is a pointwise supremum of continuous and affine functions, it is a lower
semi-continuous and convex functional. Given v € P, we call

22 M) g P(0) — / d

(22) 0=t (P [ear

the genemlz’zeAd entropy of f with respect to v. It follows from the definition
that h(rv) < h(v) for every v € M. A (not necessarily invariant) measure
p € P is called a generalized equilibrium state for ¢ if P(¢) = h(p)+ [ ¢ dp.

This terminology is justified by the dual variational principle h(v) = h(v)
[35, Chapter 9.4]. Observe that

Plo)~ i)~ [ edn = P(w)—/wdqup</(w+¢)du—P(¢+w)>

= sw (/wdu —P(+¢)+ P(«P)) = Io(p)
Thus, for all 4 € M, the equality h(p) = /}Z(u) implies

(23) 1) = () = (10 + [ o) 2o

Moreover, for p1 € M we have I,(n) = 0 if, and only if, i is an equilibrium
state for . Therefore, on can think of the functional I, as a “distance”
from p to the set of all generalized equilibrium states of .

Following closely [31, Section 2], we obtain the following result.

evel-2 deviation refers to deviations of empirical measures to distinguish from so-
called level-1 deviations of empirical (Birkhoff) sums or integrals of an observable, see [12].



20 K. GELFERT AND B. SCHAPIRA

Lemma 5. Let M be a smooth compact rank one surface. Let p: T'M — R
be a continuous potential, and X C M be a compact set. Then we have

1
lim sup — log Z el s < Piop(p) — inf I,(v),
oo BEN(T—1,T),v5€X vex

where vg denotes the invariant probability measure supported on the periodic
orbit which projects to B.

Proof. Let p < inf,ex I,(v). For all v € X, by (21) we have
(24 psw( [var-a.w).

Hence, given v € X and € > 0 there exists 1 = (v,e) € CO(T'M,R) such
that p — e < [ dv — Qu(¢). Thus, we obtain that

(25) ﬂccU{ueM:/wa@(w)m—g}.
P

It is a covering of K by open sets. By compactness there exists a finite cover
Uy, ..., Uy of K determined by functions ¢4, ..., ¥n through

(26) ud—ef{ue./\/l:/widu—Qp(z/Ji)—p+€>0}.
We get
N
Z el vdvs < Z Z el edvs
BET(T—1,T), vgeX i=1 BEN(T—1,T), vzel;

S S SR 7 ([ vids - Qo) = 42

1=1 BEH(T—I T), VBEUZ'
BET(T—1,T)

Now (3) in Theorem 1.1 applied to the pressure of ¢ + v; gives us

dv
11;njo%pT log Z el P s
27) BEM(T—1,T)vpeX
1I<nzgv{ Qu(Vi) — p+e+ Piop(p + i)}
= Ptop( )—p+te.
Since € > 0 was arbitrary, this concludes the proof. O

We now are ready to prove Theorem 1.2.
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Proof of Theorem 1.2. We first prove item 1. Consider the compact subset
K E {pe M: x(n) < alp) -6},
For v € X, using definitions of X, I, and Ruelle’s inequality, we get
I,(v) 2 Piop(p) —maxp — h(v) = a(p) — h(v) = a(p) — x(v) = 0.
It follows that inf,cq I,(v) > 6. Now Lemma 5 implies

1
(28) lim sup T log E el vdvs < Prop(p) — 6.
T—o00
BEI(T—-1,T),x(B)<a—§

Theorem 1.1 (6) gives Piop(p) = Pgur(p). Hence there is a subsequence
Ty — oo such that

1
(29) lim —log Y el = Py (p).
P Ben(T—11)

So for any € > 0 there exists Ty > 1 so that for every k > 1 with T} > Tj

we have
Z ef‘PdVﬁ > eTk(Ptop(SO)_‘?)'
BEI(T,—1,T})
On the other hand, if T} is large enough, then by (28) we also have
Z el Pdvs < eTk(Prop(p)—d+e)
BE(T),—1,Tk),x(B)<a—6

Combining the two above inequalities, we obtain

Z el Pds > Ti(Prop(9)—¢) (1 _ eTkst)) ,
BE(T),—1,T),x(8)>a—0
For ¢ < §/2, this implies

1
lim sup i log Z el v > Prop(p) — €.
Teoo B8 pem(T—1,T1) x(8) > a5

The left hand side is clearly smaller than the Gurevic pressure Pgy,(¢),
which, by Theorem 1.1, coincides with Pyo,(¢) = Pr(p). As € was arbitrary,
together with (29) this completes the proof of item 1.

Now we prove item 2. We refer to section 2.1 for geometric observations.
Fix some 7 > 0. By uniform continuity of ¢ and of its lift % to 7'M, we can
choose r € (0, min{1/4,n, p}), such that for any two vectors v,w in T'M,
d(v,w) < r implies |5(v) — p(w)| < n. Let {B(z;,7)}Y, be a finite cover of
M. By item 1 above, we have

(30) lim sup 1 log Z el s — Prop(p)
T=eo BEM(T—1,T),x(8)>a(p)—0
Let T > Ty +1+2r, and 5 € II(T — 1,T) a periodic orbit of the geodesic
flow with x(8) > a—d. The closed geodesic associated to [ intersects some
B(x;, 7). Let v € I' be an isometry whose axis projects to M onto this closed
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geodesic, and whose translation length is £(/3). One can lift z; and the closed
geodesic associated to 8 in such a way that this lift intersects B(z;,r) and
B(~Z;,r), where Z; is the lift of ;. Therefore, the geodesic from z; to vx;
projects on M to a loop (B5(t))o<t<t, With 3,(0) = 3,(Ty) = z;. Moreover,
a simple triangular inequality gives |T), — £(3)| < 2r. By construction of (3,
by uniform continuity of ¢, and elementary considerations in nonpositive
curvature (see Section 2.1), as ¢(8) € (T — 1,T), we get

| [ s - [ ema

A different closed orblt B may lead to a different point z; from the cover.
Summing over 4, using the fact that f @(BL(t))dt = [ &, we obtain

<nl(B)+2r |elloe < 1T + 27 |¢|l

N ~
VET; ~

Z eJpdvs < nT+2nll¢llo Z Z edzi P

BEH(T_LT)’ X(B)>a(¢)_6 =1 ’Yera(w)f& d(i’u'yi’b)ST

Now taking limsupp_, ., + log, with (30) we obtain

1 jil ~

Piop(¢) < max limsup — log E : efxi ? .

1<i<N 7400 T e
’yera(#’)*&d(xlvfyxz)ST

Thanks to property (3) in Theorem 1.1, the latter term is bounded from
above by max;—1  NOr ez +7 < 0rp + 1. As 1 can be taken arbitrarily
small, this finishes the proof. U
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