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Abstract

We show that each locally uniformly Lipschitz and minimal action of a locally compact
group G on a locally compact metrisable space X admits an invariant Radon measure. We
deduce a Krylov—Bogolioubov type theorem for flows on non compact metric spaces.
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1 Introduction

The objective of this short article is to give a new existence result for invariant Radon
measures for locally compact transformation groups (i.e., for the action of a locally com-
pact, Hausdorff topological group on a locally compact metrisable space; see Theorem 3).
We need to impose some (rather natural) conditions on the action, which correspond to
certain previously known conditions in the classical case of a space with a single trans-
formation. The conditions are of two natures: The first one is a continuity type condition
(related directly to the metric, but preserved if one switches to an equivalent metric with
proper constants). The other one is a transitivity type condition, called topological transi-
tivity, which is the same as the requirement that all orbits are dense.

The existence of Radon invariant measures for group actions on locally compact spaces
can be viewed as natural (possibly infinite volume) version of the Krylov—Bogolioubov
theorem. This has attracted renewed attention recently following the work of Kellerhals
et.al., linking this question to the notion of superamenability of the acting group [13].

The result is compared and contrasted to the existing results by Fomin, Rosenblatt and
Halmos (see section 2).
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2 Dynamics

Ergodic sets were introduced by Krylov and Bogolioubov in 1937 [14]. This was part of
their study of compact dynamical systems, which we briefly review here based on the ele-
gant paper of Oxtoby [17].

2.1 Compact dynamics

IfXisasetand p € X, f : X - Risafunctionand 7T : X — X is a bijection,

k
MGp R =) = 1 D FTD) (k=1,2,+)
i=1

and
M(f,p) =f*(p) := ]}LTOM(f,p,k),

when the limit exists.
When (X, u) is a probability measure space and 7 is measure preserving bijective trans-
formation on X, the celebrated ergodic theorem states as follows.

Theorem 1 (i) (Birkhoff ergodic theorem) If f & L'(X,u) then the sequence )
converges a.e. to a function f* € L\(X, u) satisfying f*(Tp) = f*(p) and
Sefdn = [y du.

(i1) (mean ergodic theorem) If f € LY(X, u) (1 < g < oo) then ||f; —f*||q -0
as k — oo.

Now if X is a compact metric space and T is a bijective homeomorphism of X, any
finite Radon measures y on X correspond to positive linear functionals on C(X). For p € X
one can find (by a diagonal process) an increasing sequence (k;) of positive integers such
that I(f) := lim,_,  M(f, p, k;) exists for a countable dense set of functions fin C(X). This
extends to an invariant positive linear functional on C(X) with value 1 at the constant func-
tion 1. Let 4 be the corresponding invariant Radon probability measure on X. If K C X
is closed such that M(y,p) is not identically zero, a := limsup,_, . M(yk.p.k;) > 0O, for
some p € X and some increasing sequence (k;) of positive integers. Therefore, I(f) > « for
f = xx, thus u(K) > a. This is the content of the classical Krylov—Bogolioubov result for
compact systems [14].

Theorem 2 [Krylov—Bogolioubov theorem] Any compact system (X, T) admits an invariant

probability Radon measure p. If K is a closed subset of X, then either u(K) > 0 for some
invariant measure y or else M(yx,p) = 0 for every p € X.

2.2 Non compact dynamics

In the non compact case, if T is a homeomorphism of a complete separable metric space
X, the system (X, T) need not admit a finite invariant Borel measure (e.g., for X = R and
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T(x) = x + 1.) However, if such a measure exists, the other results of Krylov and Bogo-
lioubov remain true up to appropriate modification, as observed by Fomin [3] (a generali-
zation in another direction is given by Yoshida [26].)

A Borel system is a pair (Y, T) where Y is a Borel subset of a complete separable met-
ric space X, and T is a homeomorphism of Y onto itself. By a result of Urysohn, we may
embed Y into the Hilbert cube (which is a compact metrisable space), (Y, T) is homeomor-
phic to a subsystem of the compact system (X, S), where X is a countable infinite Cartesian
product of Hilbert cubes, and S is the forward shift. Let Y C X be the image of Y under this
homeomorphism, then the invariant finite Borel measures of (Y, T) correspond to invariant
probability measures u of (X, S) for which u(X\Y "y = 0. It follows that the system (Y, T)
admits no finite invariant Borel measure iff M(yx,p) =0, for every compact set K C Y
and every point p € Y. According to Fomin [3], quasi-regular points p of the Borel system
(Y, T) should be those points for which the mean value M(f, p) exists for each bounded
continuous function f € C,(Y) such that for every € > 0 there is a compact set K C Y with
M(yx,p) > 1 — €. For the corresponding subsystem (Y ',S) a point p € Y is quasi-regular
(in the sense of Fomin) iff p is quasi-regular in (X, S) (in the sense of Krylov—Bogolioubov)
and p,(Y') = 1.

The set ' C X of quasi-regular points of (X, S) for which yp(Y’) = 1is Borel, and so
is the set Q C Y of quasi-regular points of (¥, 7). If E is an ergodic set of (X, S), with
ergodic measure y, then u(E N Y)y=0or1,In particular Y/\Q/ has invariant measure zero
in (X, S), therefore Q has invariant measure one in (Y, 7). Now the points of density, transi-
tive and regular points could be defined as above and similar results for compact systems
also hold for any Borel system.

The drawback in the results such as those of Fomin is that all these are the case only
when the Borel system admits at least one finite invariant measure. The main objective of
this paper is to go beyond this by studying Borel systems with not necessarily finite invari-
ant measures.

Certain comparable results for actions on abstract sets are obtained by J. Rosenblatt.
If a finitely generated group G with polynomial growth acts on a set X, then for a given
nonempty subset A of X there exists a finitely-additive G-invariant positive extended real-
valued measure p defined on all subsets of X with u(A) = 1 [18]. Here the drawback is
that slow growth conditions as above impose amenability type conditions on the group.
If G contains a free subsemigroup S on two generators, then G has exponential growth
and there does not exist a measure as above even for G acting on itself by translation [18,
Theorem 4.6].

2.3 o-Compact dynamics

In locally compact dynamics, one might single out the o-compact (and locally compact)
case, as in this case a Radon measure is o-finite, and a o-finite invariant measure happen to
behave like a finite one. Halmos in [8] investigates the following problem: Given a meas-
urable transformation 7 on a measure space (X, m), find a T-invariant measure m* with
m < m*. Halmos finds conditions under which such a o-finite invariant measure exists,
provided that the original measure is o-finite, argues that only the o-finite case is interest-
ing, and conjectures that these conditions are essentially needed (i.e., the invariant measure
fails to exist in general). Halmos requires the o-boundedness of the transformation, which
is something hard to check. This should be clear from the two examples, proposed by Hal-
mos as candidates for completely unbounded transformations [8, page 754].
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3 Transformation groups

In this section we present the main result of the paper.

3.1 Actions on metric spaces

Let G be a locally compact group and (X, d) be a metric space. A continuous action of G
on X is a continuous map: G X X — X; (t,x) — t - x, satisfying

t-(s-x)=ts-x (s,t € G,x € X).

We say that the action is isometric if d(t - x,t - y) = d(x,y), for eacht € G and x,y € X and
isometrisable if there is an equivalent metric for which the action is isometric [1]. The
action is called locally Lipschitz at x, € X if for each t € G, there is 6 = 6(f) > 0 and a
constant C = C(¢) > 0 such that d(t - x,t - xy) < Cd(x,x;,), whenever d(x,x;) < 6. When
the constants 6, C are independent of #, we say that the action is locally uniformly Lip-
schitz at x,,. The action is called locally Lipschitz (LL) if it is locally Lipschitz at each x,
and locally uniformly Lipschitz (LUL) if it is locally uniformly Lipschitz at each x,,. These
notions are analogs of the same notions for classical dynamics [2, 24]. It turns out that that
the latter condition is too strong for our purposes and hardly holds in classical dynamics.
The former is much weaker notion and suffices for controlling the behavior of the change
of diameter of the subsets of compact sets under the dynamics and holds under quite natu-
ral conditions for the classical case.

We say that the action is transitive if for each x,y € X, there ist € G with ¢ - x = y; and
minimal if for each x € X, each open set U C X, there is t € G with ¢t - x € U. The latter
condition is clearly equivalent to having a dense orbit at each point. Finally, the action is
topologically transitive if for every nonempty open subsets U and V of X, there ist € G
such that (r- U)N V # (. When G is countable and X is a Polish space, this is equivalent
to the existence of a dense orbit. For flows on compact metrisable spaces, it is also known
that topological transitivity is equivalent to the average shadowing property (possibly with
respect to some other equivalent metric) [20, Theorem 2]. Finally, the action is called
uniformly topologically equicontinuous if for any y € X and open subset V containing y
there is an open subset U containing y with U C V such that, for each x € X there exists an
open subset W containing x satisfying - W C V whenever - W N U is non-empty, for all
t € G [1]. This is a uniform version of a classical notion defined by Royden [19], which is
equivalent to isometrisability of the action when X is second countable and metrisable [1,
Theorem 2.10].

A Borel measure p on X is invariant if u(t - E) = u(E), for each t € G and each Borel set
E C X; and quasi-invariant if u(E) = 0 iff u(z - E) = 0, for each r € G and each Borel set
E C X. The main result of this paper now could be phrased as follows.

Theorem 3 (Invariant measure of group actions) Let G be a locally compact group acting
continuously on a locally compact metrisable space X. If the action is locally uniformly
Lipschitz at some point x, € X and minimal then there is a (non zero) invariant Radon
measure yon X.

In particular, if X is also second countable, the invariant measure exists when the action

is uniformly topologically equicontinuous and minimal. Note also that by Urysohn metrisa-
tion theorem, X is metrisable if it is second countable and regular (i.e., satisfies separation
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axiom T3). Also note that there are non transitive actions which are minimal. A concrete
example is the irrational rotation on the unit circle S!, which is not transitive, but has dense
orbits, and so is minimal.

3.2 Flows on non compact metric spaces

Let T be a homeomorphism which is locally bi-Lipschitz on (X, d), that is, each point
x € X has a neighborhood B;(x) such that the restrictions of T and 7~! to B;(x) are Lip-
schitz (see for instance, [15, 21]), then the corresponding Z-action on X is locally Lip-
schitz: for each x; € X, there are constants 6 > 0 and C > 1 such that for each n € Z we
have d(T"x,T"x,) < C 7l g(x, Xg), whenever d(x,xy) < 6/C Il Tt is therefore natural to call
the transformation T locally uniformly bi-Lipschitz if the corresponding Z-action on X is
locally Lipschitz is locally uniformly Lipschitz. The following result now immediately fol-
lows from our main theorem.

Corollary 1 (invariant measure of flows) Let (X, d) be a locally compact metrisable space
and T : X - X be a locally uniformly bi-Lipschitz homeomorphism with dense orbits.
Then there is a non zero T-invariant Radon measure u on X.

4 Proof of the main result

The proof of the main result is an adaptation of the proof of the existence of Haar measures
of locally compact groups by Alfréd Haar [10] in the second countable case (extended to
the general case by André Weil [25]). The proof is by Haar ratio method which is adapted
to dynamical setting by replacing “local basis at the identity” (in the group case) by “sets
of vanishing diameter” (in the metric space on which group is acting).

Proof of Theorem 3 Given f, ¢ € C;f(X), with ¢ non zero, put

n n
f: ) := inf{Zci D¢, ERTLFL ZciL[[_(p, for some t,, -+, 1, € G}
i=1 i=1

where L,p(x) = g(t™! - x), for t € G and x € X. To see that the above set is never
empty, use the fact that the action is topologically transitive for K := supp(f) and
U:={x€X: o> ;lloly) to find #,-,1,€G with KCt,- UU-Ut,-U and
observe that

)
f) < Zl |||g||||: (p(zfi_l -x), (x €K).

It is straightforward to check that (f : ) satisfies the following properties:
O o=WLSf: 9),
@H+h o<t :@+F @and(cf : @) =cf : @),
@) (f; © @) < (f, : @) whenever f; <f,,
Mo <y : o),
()20

“ lells’
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for each f,f.f,, @, w € CF(X) and ¢ > 0. Fix a non zero function f; € C*(X) and put

o

1 =
o) (o : @)

CHX)).

Then by (iv),
(fo : N <L ST Sy

Let fi.f, € CF(X) and € > 0. Choose g € C(X) with g =1 on supp(f; + ;) and given
y>0put h=f +f, +yg and h; =f;/h (with the convention that 4; is defined to be
zero at points where f; is zero) for i = 1,2. Since #; € C(X) and X is a metric space, A
is uniformly continuous and there is 6; > 0 with |h;(x) — h;(y)| <y (i = 1,2), whenever
d(x,y) <6,

By the characteristic property of infimum, there are constants c, -+, ¢, and finite subset
K={t;,-.1,} CGsuchthath < 37 ¢;L @, and 3 ¢; < (h : @) +y. By (LUL) con-
dition at x, there are constants 6, > 0 and C > 0 such that

d(lj X1 - Xp) < Cd(x, %),
whenever d(x, x,) < 6,. Put 6 = min(8,, 6,) and assume further that
diam(supp(p)) < min{é,6/C}.

Then for each x € supp(h),

£ = hohx) < Y et - )hy(x)

Jj=1

<Zc<p<r %) (hy(t; - x0) +7),

where the second inequality follows from the fact that if t‘l - x € supp(p) then
d(t; . x,xo) < diam(supp(@)) < min{8,8/C} < 8,, and so

d(x,1; - xp) < Cd(ti_ <X, Xp) <6 L 6.

Therefore,

(fl:<p)+(fz:(p)<z (hy (8 - x0) + hy(t; - xg) + 27)

< Z ci(1+2y)
j=1

SA+290h @) +7],
thus, by (ii),
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LG+ 1,(f) < (1 +2n)U,(h) +7)
<A +20)(L,0 +£) + 11,8 +7)
<L +f) te,

for y small enough.

For f € C:(X) consider the closed interval .Qf = : L - Jfo)] and the compact
Hausdorff space €2 = Hf £2; (in the product topology). The elements of £2 are choice func-
tions, and in particular, £ includes the maps /,, for each non zero ¢ € Cj(X). Next, the
closure L; - of the set

{1

» - diam(supp(@)) < min{é, §/C}} C Q,

is compact, for each 6, C > 0. Then the family § := {Lsc : 6> 0,C > o} has finite inter-
section property, since

ﬂ Ls ¢ 2 Ls ¢, for 6 =ming;, C=maxC,.
i=1 1 1
It follows that the whole family has a non-empty intersection, from which we may choose
an element /. For each open neighborhood V of I'in £ and each 6, C > 0, there is ¢ € C(X)
with diam(supp(¢)) < min{é,/C} such that I, € V. This in particular holds for elements
of the local basis at 7 of the form

Vienfr. . f,) i= (1 € Q: 1) — 1) <e. (1 <i<m).

Given f,,f, € C*(X), use the above observation for V(e,3,f.f,.f, +f,) and a standard
triangle inequality argument to get I(f, +f,) <I(f)) +I(f,) < I(f; +f,) + 4e. Tending
€ to zero, we get I(f, +1,) = I(f}) + I(f,). Also clearly, I(L,f) = I(f), for each t € G and
f € CX(X). Finally, for f € C.(X,R) let f =f*—f~ be the unique decomposition of f
into difference of two functions in C*(X) with f*f~ = 0, then I(f) := I(f*) — I(f~) clearly
defines a well-defined R-linear, positive linear functional on C,(X,R), which is also non
Z€ero, as Iq,(fo) = 1, for the fixed function above (used in the process of defining /, (p). Finally,
I extends to a complex valued positive linear functional on C,(X), and by Riesz representa-
tion theorem, there is a unique (not necessarily finite) positive Radon measure ¢ on X with

Im=/ﬂmG€Q@»
X

The fact that [ is translation invariant and a standard argument based on Urysohn lemma
gives translation invariance of y. |

It is worth nothing that the conditions of the above theorem are enough for the existence
of an invariant measure, but by no means necessary. We adapt an example given by Stein-
lage which is locally Lipschitz (LL) but not locally uniformly Lipschitz (LUL), but has an
invariant measure [22, Example 4.7]. The space X in this example is the space of “oriented
lines” in the Euclidean space R3 and the group G is the group of solid motions of R3,
identified with O(3) X R3. It is shown in [23, Theorem 5.5] that X is homeomorphic to the
homogeneous space G/H, consisting of right cosets of H, for the subgroup H of motions
keeping the z-axis (upward oriented) fixed. Since both G and H are unimodular, and the
existence of invariant measure is concluded by Weil’s theorem (see also, [22]). It is also
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shown that G has a left translation invariant metric, which then a metric on G/H by [11,
8.14(b)] (c.f., proof of [23, Lemma 5.2]). The problem is that, as one can directly check,
the metric on G is not right translation invariant. However, the action of G on itself by right
translation satisfies (LL): given (A, a), (B, b), (C,c) € G := 0(3) X R?,
d((A,a)(C, ¢),(B,b)(C,c))* = d(AC,a + Ac), (BC, b + Bc))*

= ||JAC — BC||*> + |(a + Ac) — (b + Bc)|?

<A+ [ePIA=BI? +la - b

< (1+[c)d((A, a), (B, b))*

Now since G acts on G/H by right translation and

d(Hx,Hy) := inf d(hx.hyy),
1-1%2

the action of G on G/H also satisfies (LL). Indeed, given (C, ¢) := g € G and distinct points
Hx,Hy € G/H, by the characteristic property of infimum, we may choose &,, h, € H with
d(h,x, hyy) < 2d(Hx, Hy). By the above calculation with (4, a) :=x, (B,b) 1=y,

d(Hxg, Hyg) < d(h,xg, h,yg)
< V1 +[c|?d(hyx, hyy)
< 24/1 + |c|?d(Hx, Hy),

that is, (LL) holds for the action of G on G/H by right translation.

To see that this example does not satisfy (LUL), one should observe that (LUL) implies
the property of separation of compact (SC) defined by Steinlage as follows: given compact
disjoint sets B and C in X, there is an open set O in X such that for not € G, ¢ - O could
meet both B and C. When X is a metric space and d : = dist(B, C) > 0, then for an open set
O C X with diam(0) < min(6,d/C), where §, C > 0 are the constants in (LUL) condition,
if there is € G such that O meets both B and C (say at x and y, respectively), then

d@™" - x,r7" - y) < diam(0) < 6,
thus by (LUL) condition,
d(x,y) < Cd(t™ - x, ! - y) < diam(0) < d = dist(B, C),

which contradicts the fact that x € B,y € C. Now it is shown by Steinlage in [22, Example
4.7] that the above example does not satisfy (SC), so it cannot satisfy (LUL) by the above
observation.

Note that in the above argument showing that (LUL)=>(SC), we used the fact that the
action is locally uniformly Lipschitz at every point, whereas in the above theorem, we only
assume that the action is locally uniformly Lipschitz at some point, so our main result does
not follow from that of Steinlage in [22, Lemma 4.3].

References

1. Ben Yaacov, 1., Melleray, J.: Isometrisable group actions. Proc. Amer. Math. Soc. 144(9), 40814088
(2016)

@ Springer



A non compact Krylov—Bogolioubov theorem 2845

10.
11.
12.
13.
14.
15.
16.
17.
19.
20.
21.
22.

23.
24.

25.

26.

Beardon, AF., Minda, D.: Normal families: A geometric perspective. Comput. Method. Funct. Theory
14, 331-355 (2014)

Fomin, S.: Finite invariant measures in the flows. Rec. Math. (Mat. Sbornik) 12, 99-108 (1943)
Fomin, S.: On measures invariant under certain groups of transformations. Izvestiya Akad. Nauk 14,
261-274 (1950)

Fomin, S.: On dynamical systems with pure point spectrum. Doklady Akad. Nauk 77, 29-32 (1951)
Gottschalk, W.H.: Almost periodic points with respect to transformation semigroups. Ann. Math. 47,
762-766 (1946)

Haar, A.: Der maassbegriff in der theorie der kontinuierlichen gruppen. Ann. Math. 34, 147-169
(1933)

Halmos, P.R.: Invariant measures. Ann. Math. 48, 735-754 (1947)

Halmos, P.R., von Neumann, J.: Operator methods in classical mechanics II. Ann. Math. 43, 332-350
(1942)

Hedlund, G.A.: Sturmian minimal sets. Amer. J. Math. 66, 605-620 (1944)

Hewitt, E., Ross, K.A.: Abstract Harmonic Analysis, vol. 1. Academic Press, New York (1963)

Hopf, E.: Ergodentheorie, Ergebnisse der Mathematik, Band 5, no. 2. Springer, Berlin (1937)
Kellerhals, J., Monod, N., Rordam, M.: Non-supramenable groups acting on locally compact spaces.
Documenta Math. 18, 1597-1626 (2013)

Krylov, N., Bogolioubov, N.: La théorie géenérale de la mesure dans son application 4 I’étude des sys-
témes dynamiques de la mécanique non linéaire. Ann. Math. 38, 65-113 (1937)

Mitsuishi, A.: The coincidence of the homologies of integral currents and of integral singular chains
via cosheaves. Math. Z. 292, 1069-1103 (2019)

Nemyckif, V.V., Stepanov, V.V.: Qualitative Theory of Differential Equations, 2nd edn, Moscow
(1949)

Oxtoby, J.: Ergodic sets. Bull. Amer. Math. Soc. 58, 116135 (1952)

Rosenblatt, J.M.: Invariant measures and growth conditions. Trans. Amer. Math. Soc. 193, 33-53
(1974)

Royden, H.L.: Real Analysis, 3rd edn. Macmillan, New York (1988)

Sakai, K.: Various shadowing properties for positively expansive maps. Topology Appl. 131(1), 15-31
(2003)

Skorulski, B., Urbanski, M.: Dynamical rigidity of transcendental meromorphic functions. Nonlinear-
ity 25, 2337-2348 (2012)

Steinlage, R.C.: Semi-direct products and Haar measure on the space of oriented lines in E;, Rend.
Circ. di Palermo, Ser. II, Tomo XVII, Fasc. II, 195-207 (1968)

Steinlage, R.C.: On Haar measure in locally compact T, spaces. Amer. J. Math. 97(2), 291-307 (1975)
Vesely, L.: The distance between subdifferentials in the terms of functions. Comment. Math. Univ.
Carolina 34(3), 419-424 (1993)

Weil, A.: L’intégration dans les Groupes Topologiques et ses Applications. Deuxieme édition, Her-
mann, Paris (1979)

Yosida, K.: Simple Markov process with a locally compact phase space. Math. Japon. 1, 99-103
(1948)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	A non compact Krylov–Bogolioubov theorem
	Abstract
	1 Introduction
	2 Dynamics
	2.1 Compact dynamics
	2.2 Non compact dynamics
	2.3 -Compact dynamics

	3 Transformation groups
	3.1 Actions on metric spaces
	3.2 Flows on non compact metric spaces

	4 Proof of the main result
	References




