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1. Introduction

As shown by Krengel and Lin [5], order preserving integral preserving
operators in L] generalize the traditional model of Markov operators in
such a way that interaction of the movement of mass particles is
permitted. In the same paper, the study of the asymptotic properties
of such operators was initiated, and speed limit operators for monotonely
decreasing speed functions ¢ on the line were introduced, serving as
examples and counterexamples. Roughly speaking, an integrable function
f=0 on the line describes a mass distribution. The mass particles move
to the right. A given speed function ¢(x) assigns the highest permitted
speed at the location x. However, particles can move more slowly if
they are slowed down by slower particles in front of them.

In the present paper, we begin the study of speed limit operators
for speed limits ¢ which need not be monotone. We assume that ¢ is
piecewise constant and takes finitely many (at least two) different
values. In a preliminary section we describe the evolution T,f
of f when ¢ is monotonely increasing. In this case, there is no interaction,
and T, is linear. When ¢ oscillates, the mass is ‘“spread out” in points
of increase of ¢, and points of decrease of ¢ cause interaction over possibly
long distances. It is no longer possible to consider the movement of
the various “‘levels’’ of the mass distribution separately.

The general non-monotonic case seems difficult. When ¢ is piecewise
constant and the length of the intervals on which ¢ has a fixed value is
assumed bounded below, an explicit recursive definition of T,f is possible
for small >0 when f belongs to the class & of left-continuous piecewise
constant nonnegative step functions. 7,f again belongs to #. The
recursive definition works until there is a discontinuity in the ‘“law of
motion’’ of T,f. A crucial step is to show that there are only finitely many

* The results of this paper we were first presented in a series of lecture of the second named author
at the Osaka City University in October 1991.
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such discontinuities in any finite time interval. This allows to define
T,f for all t>0. T, extends to L] by continuity. Once the construction
of T,f on the line is clear, it can be transferred to motions on the circle,
and, in fact, to general proper flows on abstract measure spaces. {7,
t>0} is a semigroup of order preserving and integral preserving operators
in L}, the T, are positively homogeneous and they act nonexpansively
in all L;-spaces (1<p< ). (Definitions are given below.)

We explore the asymptotic behaviour of T,f for fe L{nL,. On the
circle, T,f converges uniformly and exponentially fast to the constant
function having the same integral as f. On R, T,f converges uniformly
to 0 provided the length of the intervals of constancy of ¢ is also bounded
above.

The general idea of this paper is to provide a natural model of a
certain kind of motion of mass particles subject to interaction. The
classical linear Markov operators are by now rather well explored. How-
ever, it seems that realistic models should frequently take interaction into
consideration. It therefore seems desirable to develop rigorous math-
ematical models of such phenomena.

We remark that a different construction of the speed limit operators
T, for piecewise constant ¢ on R was discussed in the masters thesis
[2] of the first named author, written under the direction of the second
named author.

2. Monotonely increasing and decreasing speed limits

Nonnegative measureable functions f on the line (with Lebesgue
measure A) can be interpreted as mass distributions. The integral
(5 f dA measures the mass contained in B< R. It will be useful to think of
feL7 as a set of particles. At the location x, there is a particle at each
level y with 0 <y <f(x).

Our aim is to study a class of operators T, in L7 (A1) which describe
the movement of mass distributions f subject to a speed limit ¢ on
R. T.,f represents the distribution at time ¢ when f is the distribution
at time 0. Heuristically, the mass located at x tries to move to the right
with speed @(x)>0. However, it can be slowed down if it touches, at
the same level, particles at its right side which move more slowly. We do
not allow that a particle rises to a higher level in order to “pass’ a slow
particle. In other words, its potential energy can never increase. (A
decrease of the potential energy shall be possible, though.) We assume
that the total mass is preserved.

If ¢ is a constant >0, T, is a translation
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(T f)(x) =f(x—tv).

In this section, we look at speed functions ¢ >0 which are monotonely
increasing or decreasing, not necessarily in the strict sense. In the
oscillating case studied later, the movement shall be locally determined
as in the increasing or decreasing case.

The increasing case is very simple. The particles to the right of a
particle at location x move at least as fast as this particle and cannot
slow it down. Thus, the speed limit is equal to the actual speed. A
particle located at x, at time O needs the time

t(xg, x )=Tﬁ
> ] o)

to reach the location x,. If u(x, t) denotes the location at time 0 of
particles which arrive at location x at time ¢, then

x

= J &
@0
u(x,t)
This condition determines u =u(x,t) uniquely. (The existence of u follows

since ¢ is increasing.) For fixed t,u(x,t) must be differentiable with the
exception of at most countably many points x, and

du(x,t) _ @u(x,t))
dx  o(x)

We put

(Tf)(x) = fu(, ) 242D,
(%)

Then the total mass of T,f in [x,x+dx] equals
(T f)(x)dx = f(u(x,t))du.

T, carries the mass of f contained in the interval (u,u +du) into the interval
(x,x+dx). It follows that T, is integral preserving:

JT, fdl= j fda.
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Clearly, T, is linear. It is easily checked that T,, ,=T,T, (t,s>0). The
semigroup {7}, >0} is continuous in L, for 1 <p<oco, butnotin L. The
norm of the operators 7, in L, is <1 for 1<p<o0.

We just mention some results about {7} which will not be needed
below. The proofs are not difficult.

If ¢ is continuously differentiable, the domain of the generator A
of the semigroup {7}, t>0} contains all functions f on R with bounded
support which are continuously differentiable. For such an f, Af is given
by

Af(x) = — (f' (x)p(x) +f(x)9(x)).

If the increasing function ¢ >0 is unbounded, and fe L} has bounded
support, then || T,f]|,—0 as t—>00. Similarly, for feL; with 1 <p< o0,
T fl,—»0 as t—o00. If f does not vanish, the unboundedness of ¢ is
also necessary for such a limit behaviour.

We remark that the above definitions can also be used to define a
semigroup {7, t>0} of linear operators in L, for more general ¢. It is
enough to assume that ¢ is strictly positive and of bounded variation,
and that in addition _f 19(y)dy is finite for bounded intervals I and infinite
for I=(—00,0]. However, the resulting operators shall be different from
the speed limit operators studied here when the condition that ¢ is
increasing is violated. If the above definitions are applied for
non-increasing ¢, T, is an operator which describes the motion of mass
with speed ¢ rather than with speed limit ¢. Particles can then increase
their potential energy. | T,f|, can then exceed |f|,. In fact, T,need
no longer map L} into L; for 1<p<oo. As we are chiefly
interested in the nonlinear model involving interaction we shall have to
proceed differently.

The simplest case with interaction is the case where ¢ is decreasing. It
was first studied in [5], see also [3]. It seems important to understand
this case before proceeding to the case of oscillating functions ¢. We
recall the basic definitions.

Let &, denote the class of nonnegative integrable functions f on R
assuming at most two values, piecewise constant, and continuous from
the left. In other words, f belongs to & if there are numbers

a1<b1Sa2<bZS---Sak<bk

and >0 such that

k
f=a 3. 1ab)
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where I(A4) denotes the indicator function of a set 4. I(A)(x)=1 for
x€A and =0 for xe4°. If a particle starts at location b, and moves
with speed @(x) when passing through «x, let ¢,(t) be the distance it covers
until time ¢. ¢,(t) is the unique number with

b;=u(b;+ ¢;(t),1).

When ¢ is decreasing, interaction comes in as follows. We require that
particles shall not move faster than neighboring particles to their right. In
particular, the lefthand endpoint of an interval travels at the same speed
as its righthand endpoint. If a righthand endpoint catches up with the
lefthand endpoint of the interval to its right, the two intervals combine
into one and move with the speed determined by the righthand endpoint
of the combined interval. If di(t) denotes the distance travelled by b;
until time ¢ subject to these restrictions, we obtain the recursive relations

di(t) =c, ()
d(t)=min (c(t), d;,(t)+(a;;,—b)), i1=k—1k-2.-1.

k
Put ai(t)=ai+di(t), bl(t)=b,+dl(t) and T,f:=0(21(]al(t), bl(t)]).
i=1
Let &% denote the set of functions f which are finite sums Z;'nﬂf(j) of

elements f; € %,. Without restriction of generality we can write the
sum in such a way that

{f(1y>0} 2 {f(2y>0} 22 {f(m>0}.

If the f ; are chosen subject to this condition, put T,f= Z T.f (t>0).

j=
As T, is nonexpansive with respect to the L,-norm, that is

ITSf=T S, <If=fl, (A<p<oc0)

and & is dense in L} for 1<p<oo, T, can be expanded to L, by
continuity. The oper ators {T,, t>0} form a semigroup. Each T is order
preserving (f<g=>T,f< T,g) and positively homogeneous (T(Bf)= ﬂ(T f) for
B>0). The operators T, are not linear except when ¢ is constant. The
proofs of these assertions are given in [5].

Above, we have defined T,f by cutting f into horizontal slices f;. If
¢ is not decreasing, some of the mass of f can be spread out and change
its level when passing through points in which ¢ increases. Thus, we
shall have to handle interaction of slices which do not keep their level. So
far, we have been able to handle this problem only when ¢ is piecewise



944 B. FerNow aAND U. KRENGEL
constant.

3. Construction of T, for moderately oscillating speed limits
on R

We call a function ¢ on R moderately oscillating if there exists a
0>0 and a sequence ({;, i€ Z) with {;,;—{;>6>0 for all 7 such that ¢
is constant on the intervals [{;, {;,,[, bounded on R, and bounded below
by a positive constant ¢>0 on R. In this section, we define speed
limit operators in & determined by moderately oscillating speed limits
@. Later, we extend them to L}(R,1). Subsequently, we shall refer
to this construction in order to define speed limit operators on other
measure spaces.

Clearly, {;— — oo for i—> — o0 and {;— + o0 fori— +00. If f; denotes
the value of ¢ on [{;,{;+1[,

Q= Z BI([ii+1D

ieZ

The {(ie Z) shall be called {-points.

We are going to describe the definition of T,f for fe # and 0<t<t¢,
where ¢, >0 depends on f. ¢, will be called the first instant of a change
of the law of motion of f. f(1)=T,1f belongs to &#. When ¢t;, the i-th
instant of a change of the law of motion of f, and f(i)=T,'.f have been
defined, let #? be the first instant of a change of the law of motion of
f@and t;,,=t;+t{. For t;<t<t;,,, T.f is defined by

T.f=T,-, .

We shall show that, for any fe%, ¢;— 0. Therefore, T,f will be

well-defined for all t>0.
k

feZ can be written as a sum f= ij of “boxes” fi=a;I(]aj,a;4]) with
j=1

®;>0 and a;<a,<---<a,;;. We can assume that the {-points which

are contained in the interval [a,q; ] coincide with an a;. If this is not

the case to begin with, we can split one of the boxes into two boxes of

equal height. Put
K
Fi=21;
j=i

We inductively define T,F; starting with i=k and proceeding
backwards. Note that F;=f,+F;,,. When T,F,;,, has been defined for
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small t>0, we know the movement of the mass to the right of f;. The
movement of f; is governed by the constructions in the cases with increasing
or decreasing ¢ except if this movement is slowed down by the mass to
the right. (Locally, ¢ is decreasing or increasing.)

DeriNiTION OF T, F): If a;, is not one of the {-points there exists
an index [ with

OG<a<ars1<(pq-
In the interval [{,{,, {[ the speed limit ¢ takes the value ;. Hence we put
T.F =0 l(Jay+ Bit,ay 4y + Bit])

for 0<t<t, v=P'({;41—ar+1). ty, is the time when the right hand
side of the box F; reaches the nearest {-point.

If a3, is a {-point, say ay,(={;+{, and fB;,;<p, the box F, can
only move with the speed f,,, because its right hand side instantly enters
the interval with the lower value of ¢. (This is the case with decreasing
¢.) Hence,

T,Fy=ul(lag+ Pri1t,ay 1+ Bra1t])

._p-1
for 1<ty =P 1({v2— (1)

If a,,=(,, and B,;,>p, we are in the case of increasing ¢ for
the beginning of the motion of F. 'The construction in section 2 yields

T F =aI0a,+ it,Liv 1) +0u BB s I 14 150 41 + Brs12])

for t<t, ,;=min (B; Yar+,—a), B (&is2—C4+1). (The mass which has
not yet passed (,, is translated with speed f8;,, the mass which has passed
{;+, is translated with speed B,,,. The factor B8}, comes in because
the total mass must remain constant. At time ¢, ,, either the left hand
end of the support of T,F; reaches {,, ;, or the right hand end reaches (,, ,.)

To motivate the formulation of the inductive step, we first look at
an example: Assume ((<a,_{ <& <ax+1=C+1, Pr+1 <P, and <oy ;.
Then the mass of Fy=o1(]ay,a,,,]) moves with the slower speed
Bi+1. The box fi,_ =0 _ I(lay-,a]) is higher than F,. Its lower part
o I()ay - 1,a]) is slowed down by the slowly moving mass of F) just as
in the construction with the decreasing speed function. It can therefore
move with speed f,,, only. However, the remaining part of f, _,, above
level o, can move with speed f, for a little while. We see that two
“slices” of f,_; move with different speed.

In general, we will have to start the inductive step with a situation
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in which the box f;,,, for which the movement was defined in the
previous step splits into different “‘slices’ which move with different
speeds.

INpucTIVE STEP: We now assume that T,F;,; has been defined for
small enough ¢, say for 0<¢<t, ;;,. In the previous step, the movement
of f;., subject to its interaction with T,F;,, was defined. For this
purpose, f;,; has been split into, say, p>1 horizontal slices f;, {,fi+1.2,"",
fi+1,p each of them a multiple of f;,;. (In the case a;,;=0, there is no
interaction and we can define 7,f; in the same way as T,F, above.)

First assume that q;, , is not a {-point, or a;,, is a {-point in which
¢ decreases. 'Then the contribution of f;,;, to T,F;, is the translate
of f,+1., by tp, where 7, is the speed of this slice. The lower slices move
more slowly than the upper slices, that is, we have y,<y,<---<y,. If
7, denotes the height of the v-th slice,

Jiv 1,v=nvI(]ai+lyai+2])-

If a;,, is a {-point in which ¢ increases, this description is valid to the
left of a;,, only.

Now we describe how to move f; subject to its interaction with
T,F;.;. We may assume a;>0. (If ;=0, then F;=F;,.)

Case 1: a;,, is not a {-point. Then the speed limit in [a;,a;, 5[ 1s
equal to some fixed f>0. We have y,<f because no portion of f;,,
was allowed to move faster than with speed B left of a;,,. If o;<m,,
there shall be only one slice f; ; =f; of f; and it moves with speed y;. Let
fi1 denote its position at time t. Then f} (x)=f;(x—1ty,). If n;<q;
<a;,, find v with

7t1+“'+7Zv<0(i$7t1+"'+7!‘,+1.

Cut f; into v+1 slices f;y,---,fi,+; with height n';=n,,.--,n',=n, and
oy =0;—(m;+---+m,). Move f; ; with speed y; as long as possible. We
may take t, ;=t#, ;.4 in this case. (After this time 7T,F;,,; is no longer
defined.)

If o;>a;,, and y,=p, cut f; into p slices with heights 7, --,n,_, and
a;—(my+--+m,_y). They move with speed y;,"--,y,. If &;>0;,, and
7p,<B, cut f; into p+1 slices with heights n,---,7, and o;— (7 + -+ 7)),
moving with speed y;,---,7,,p.

CasE 2: a;,, is a {-point at which ¢ decreases: Proceed as in case
1 when B denotes the speed ¢(a;,+0) to the right of a;, .
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CasE 3: a;,, is a {-point at which ¢ increases: Put f'=¢(a;,,—0)
and f=¢(a;, ), then f'<B. Roughly speaking, those of the slices f;,,
which have speeds <f’ shall be continued in the interval (a;,a;,,] as
long as a; is large enough. For the excess, we must apply the construction
with increasing speed limits.

Let y{,y2,,y; be <B" and y;,4,-,y,>p". For v=1,---, j we define
the height of slices of f; as follows: Put

{nv if w4+ +7m, <o
(o;—my—-—m)"* frn, +-+n,>0.

In other words, the numbers n', are such that

Ty 4+, =N+ -+ 7).

Put
(3.1) fi,vzn;l(]ai’ai+l])

and move f;, with speed y,. If some of the =}, are=0 because w; is
small, the corresponding slices vanish and can be deleted.

If o; is <m;+---+m;, the sum of the slices f;, with v<j is f;, and
we need no additional ones. If o;>m;+---+n; holds, we have n\,=m,
for v<j, and we need additional slices, which will be accelerated when
passing the {-point q;, ;.

If they have speed ' to the left of a;,, and speed y,>f to the right
of a;,, and if their thickness after the passage through a;,, shall be 7,,
then their thickness prior to the passage should be

.Y

n__""vlv

i

We cut as many slices with heights n, from the remainder of f; as
possible: Let 7, be the numbers with

for v=j+1,---p.

Ty + -+, =0 ATy + -+ T+ + o+ 1)

for v=j+1,---,p. Again, define f;, by (3.1), and delete the slices which
vanish. If o;is >my+---+m;+7nj,; +--- + 7, we need one additional slice
fjp+1 with height

! ” "
Wpe1=0;— (Mg + -+ R+ 4+,

We now describe the movement of f;, for v>j+1:
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If n,=mny, the contribution of f;, to T,F; is given by

(3.2) £,v=n;(1(]ai+tﬂ/’ai+1])+ f I(Ja; 41,044 +t7’v])>-

v

This corresponds to the construction with increasing speed limits when
the speed right of a;, is y, and the speed left of a;,, is /. Note that
the portion of fi, to the right of a;, just fills the space emptied by the
movement of f;,, , because n,=7,f"/y,.
There is at most one v with j+1<v<p and O<7,<m,. For this
v, we again use the definition (3.2).
If n,,,>0, then n,=n] for 1<v<p and
PR P
Z M= Zlnv=°‘i+1-
v

v=1 Yy

In this case, put
(3.3) ﬁ,p+1 =7T;+ I(I(]ai+ tﬁ':aw D+ l; I(a; 4 y,a;4 4+ tﬂ]))-

(There are no slices of f;;; which slow the movement of f; ,,, down.)
Finally, put

TtFithFi+1 +Zﬂ,v'

This definition can be used as long as T,F;, is well-defined and all the
slices move with unchanged speed. The definition of T, F;, ; is guaranteed
up to time t;;,, and up to this time the slices f;,, , keep their speed
(by induction). We can therefore define t, ; as the infimum of ¢; ;,; and
the first time when the left or right side of an f, reaches a {-point.
For example, if n,,,>0, then

. aiv1—a; §e1—G
ty,;=min (tl,i+1’ g ; )
where (;=a;,,.

Figure 1 illustrates the construction in the case p=4, j=2, 7, <f'<y;
<V, mn3=mn3ny<nm,. The dotted boxes indicate the positions of
fi1, . fia, the contributions of f; ;,---,f; 4 to T,F;.
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Fig. 1

The area of the rectangle 3 is equal to that of rectangle 7, that of rectangle
4 is equal to that of rectangle 8, etc.

Assume that, prior to the above construction, f;,, is cut into two
slices of equal speed horizontally. Then, in the construction also the
corresponding f;, is split into two pieces, but the definition of T,F; is
not affected.

Applying the above construction successively for i=k—1,---,1 we
arrive at the desired definition of T,f=T,F, for t<t;:=t;,. t, is the
first instant of a change of the law of motion of f mentioned in the
beginning of this section. As explained above, we must now show that
there are only finitely many changes of the law of motion in any finite
time interval. This is done in the next section.

It is intuitively clear that the above construction has the property

34 Ty, f=TT,f for s,t>0 with s+t<t,.

The formal argument is a bit tedious because the boxes of T,f need not
correspond to boxes of f. For example, looking at figure 1, we see that,
at time ¢, the image of the box f; consists of the pieces fi,. Their sum
is a complicated function and not a box. Therefore, the inductive
argument cannot simply be a passage from F;,; to F;. 'The boxes must
be split into subboxes horizontally or, sometimes, vertically.

Such splittings occur already in the most elementary situations. For
example, consider f=1(]a,b]) with {; <a<b={,<{; and assume f,>f,.
The function just moves with speed f, up to time t,. However, T.f
consists of two boxes I(Ja+t,(,]) and I(J{,,{,+¢]). Therefore the
definition of T(T,f) involves two steps. On the other hand, in the
definition of the contribution of I(Ja+t,(,]) to T(T,f) one looks to the
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right and proceeds as if 7,f consisted of only one box.

Inductively, the semigroup property (3.4) is not just verified for the
F;, but for the slices moving with the different speeds. It seems
unnecessary to give the details.

As soon as we know that there are only finitely many changes of
the law of motion, the semigroup property (3.4) follows for all s5,6>0.

4. Finiteness of the construction

We call the instants #; of a change of the law of motion change
times. We shall now show that, if we work with proper representations
of the functions f there are only finitely many change times in any
finite time interval.

Note that ¢; depends on the representation of f as a sum of boxes
fj. 1f we split a box f;=a;l(Jaj,a;.,]) into two boxes of height a; by
splitting the interval ]a;a;,,] into two nonempty subintervals, the ¢,
derived from the new representation may be smaller than the original
one. However, we shall not work with unnecessarily many points a;. In
other words, we assume that the points a; are points of discontinuity of
f or {-points.

(A lhittle reflection shows that the definition of T,f for small ¢ is not
affected by the splitting of f;, but we do not want to introduce artificial
change points.)

As ¢ is bounded, we can assume @<1 by a change of the time
scale. Recall that § >0 was a lower bound for the length of the distances
{iv1—C. It will suffice to show that there are only finitely many change
points in [0,6].

We say that y is a d-point at time t, or that (y,t) is a d-point, if
f'=T.,f is well defined, and y is a point of discontinuity of f* in which f*
decreases, that is if f'(y)>f'(y+0). (y,t) is called an i-point if
f)<fy+0).

There are two kinds of d-points, those which move with piecewise
constant positive speed, and those which correspond to the middle
discontinuities a;,, in (3.2) and (3.3). The latter shall be called stationary
discontinuities, they can occur only in {-points, in which the speed ¢ is
increasing. The former shall be called moving d-points. Let D,,D,, and
I denote the sets of stationary d-points, moving d-points, and i-points in
&=R x[0,0]. The sets D,, and I are formed by strictly increasing (pieces
of) straight lines, and D is formed by vertical (pieces of) straight
lines. These lines shall be called d,-lines, d,,-lines and i-lines respectively.

Call {; a {(*-point if the speed function increases in (;, that is
o({;)>@((;—0), and a (" -point if the speed function decreases in {;. The



SPEED LiMIT OPERATORS FOR OSCILLATING SPEED FUNCTIONS 951

{*-lines ({”-lines) are the sets {({;,t): 0<t<d} where {; is a {*-point
(resp.a{ -point). The d,-lines are subsets of { *-lines. The discontinuity
diagram of f presents the graph of all these lines. ¢<1 can be a change
time if there is a y such that two of the lines meet in (y,t).

For fixed fe %, the support of all functions f* (0<t<d) stays in a
finite subinterval R of R. Within R, ¢ takes only finitely many values. If
a discontinuity moves with some speed f, the slope dt/dy of the
corresponding line in & equals f~'. Thus, only finitely many values of
the slopes of the lines occur. A d,-line through (y,t) must have slope
o(») ™! in y because the mass to the left of this discontinuity
is not slowed down by mass to the right of y. For the same reason,
for fixed y the slope of a d,,-line through (y,f,) must be smaller or equal
to the slope of any i-line through (y,t,). Therefore, if a d,-line is strictly
to the right of an i-line at some time ¢, these lines cannot meet at a later time.

At time t=0, only finitely many lines can start, but in the moment
when two lines meet new lines can be generated even in distant places. We
must therefore list carefully exactly what can happen. We begin with
the crucial case:

(1) A d,-line meets an i-line: Figure 2 presents an f and the corresponding
discontinuity diagram for small ¢ in a case which shows the main
possibilities. f has support in [{{,{,] and we assume f;<f;<f,.

Qy
-------------------- a7 = Qg
---------------------------------------------------- Qg
| | | | | |- | 1
I I I I | LI ] I
G @1 (=a; a3 a4 as asar (3=ag 4o Ca
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(2)

©)

C))

(5
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The discontinuity at ag produces the rightmost d,,-line. It does
not interfere with anything on the left. At time ({, —aqy)/p; it shall
produce a dj-line at {, if f,>f; holds, but we consider a shorter
time interval. No line is drawn which starts at {3=ag. It has
simply been a convenience for the definition of T, to assume that
any f; has support between two neighboring {;’s but the boxes f;+fg
move like just one here. At time s=(a;—aq)/(f,—f3), the i-line
starting at a, and the d,-line starting at ag meet. Now also the
upper part of fs is slowed down. As oas>oa, holds, the i-line
ends. (In the case as<a; the d,line would end instead.)
The i-line starting at a, is split into two i-lines, because the portion of
fa+fs above level a; can still move with speed f,, while the lower
portion has speed fi; now. The i-line starting at a3 just changes the
direction getting steeper. As all the mass below level a, now moves
with speed f; only, a new d,-line starts at time s in {,. One of
the two i-lines starting in a, at time 0 is split into two i-lines at time
s. When the faster one arrives at {, it meets the di-line and they
both end. In this case, ¢, =s.

The important facts to remember are: If a d,,-line meets an i-line,
new d,-lines can only be generated at {*-points to the left (assuming
there is a d,-line). i-lines to the left can be split or change their
direction. Nothing new appears to the right of the d,-line meeting
the i-line. If an i-line splits, all the branches are at least as steep as
the part of the i-line before the splitting, because the splitting is
due to the fact that some of the mass on the right moves more
slowly. The only time when an i-line can get more flat (start to
move faster) is when it meets a {*-line.

A d,-line meets a { " -line: 'This case is almost identical to the previous
one. The d,-line gets more steep from that moment on, but—to the
left—only the same things can happen.

A d,-line meets a {*-line: 'The d,-line changes the direction, getting
a smaller slope. A d,-line starts in the corresponding {-point. Noth-
ing happens to te left since the mass left of the (™ -point still
must move as slow as before.

An i-line meets a {~-line: Nothing happens since the line must have
been slow before.

An i-line meets a {*-line: If there is no dy-line on that portion of
the {*-line, nothing new happens since the mass to the right of the
{*-line must have been slowed down to move no faster than on the left
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side of it. Thus the i-line continues with the same direction. If there
is a d-line, it may but need not end. The i-line may split into several
i-lines having different slopes or it may just change its slope.

It is not hard to see that an i-line never meets another i-line except
where they originate. Therefore, we have listed all possibilities, and
can start to complete the proof of the finiteness of the construction.

Begin with the rightmost {-interval [{,,{, [ intersecting with the
support of f. At time 0, only finitely many d,,-lines start there, and each
of them can meet only finitely many i-lines to its right up to time 6,
and a {-line at {,,,,. This may produce finitely many new lines on the
left, but no new d,-lines starting in the interval [{,,{, [ exept those
starting at the {-line [, through {,,. Consider such a new d,-line g,. It
may hit an ¢-line and generate yet another d,-line g, in a point of [,
and this one may generate, in a similar way, g3, and so on. We have
to exclude the possibility that, in this way, an infinite sequence of d,-lines
g is generated up to time 0.

Assume A, is the ¢-line hit by g;. /; may also be hit by g,, but by
this time A, is further away from [,. If s;; denotes the time when A,
is hit by g;, then s, ;,,—5;;41>51;+1—51;. Thus, A; can be hit only
by finitely many g,.

There are only finitely many i-lines starting at time 0 in [{,,,{,,+ ]
and they have only finitely many branches. As we can argue with
any of them like with A,, they can be responsible only for finitely many
change times.

There may be some additional i-lines coming from the interval
[{m-1,Cul. Can they cause trouble? Look at the one starting closest to
{, at time 0. Before it hits the line [/, it might split. The flattest
(fastest) branch can split only at the change times listed so far. Thus,
only finitely many branches can grow out of it, and they all must be
steeper. When the flattest branch passes the line [, it may start to
produce finitely many [,-lines (like g; above). Now the next lowest
branch is treated in the same way, and then the next one. (They are
ordered lexicographically.) In this way, we see that the i-line starting
closest to (, is, again, only responsible for finitely many change
times. This way we continue from right to left. (We need only consider
[{n-1,Cml because the i-lines even further left cannot reach /,, before time
6.) It follows that there are only finitely many change times for which
the lines meet at a location in [{,,, ([

The argument is now repeated with [{,,_,{,[. Note, that there may
be more lines than at time 0 due to the change times above. However,
the finiteness was preserved.
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5. Properties of the speed limit operators

It is clear from the definition, that the operators 7, are positively
homogeneous.

Let us show that T, is order preserving in %: Assume that f, fe #
satisfy f<f. We may assume that f is a sum of boxes fj=&j1(]aj,aj+ J)
with the same a;’s as in the regresentation of f, and with &;>a;. As T,
is positively homogeneous, T,F,>T,F, for t<min(¢,,;). Assume that
T,F;.>T,F;,, has been proved. Cutting some of the slices fiv1,y or
f:H,v horizontally, we can assume n,=7%, for v=1,---)p. (There may be
additional slices of f;,,.) It follows from T,F,,,>TF;,, that 7,<y,.
Therefore, the slices f;, are thinner than the slices f;,, and move at most
equally fast. Hence

fi— Zp:lﬁ,v >fi— glfi,v'

It is then not hard to see from the construction of T,, that
T,F;>T,F, By induction, we arrive at T,f>T.f.

In all steps of the construction, we have _f f{,v(x)dx=j fi(x)dx. 'The
operators T, are therefore integral preserving in &. By a simple lemma
in [5], order preserving integral preserving operators are nonexpansive
with respect to the L,-norm. As &% is dense in L =L{(R,1) we can
extend the range of definition of the operators 7, to all of L{ by
continuity. The properties proved so far (semigroup property, preserva-
tion of order and integrals, positive homogeneity) remain true for 7, in L; .

Next, we show that the operators 7, are nonexpansive in & with
respect to the L _-norm. As the T, are order preserving, we need only
prove

(5.1 1Tf = Toflloo < If =Tl

for f,fe # with f<f as above. Put a*=|f—f]|,. Fix t, and let {,, be a
{-point with {,,>a,+t. As the speed is bounded by 1 in R, T,f and T,f
are not changed if we modify the value of the speed function ¢ in
[(mlm+tl. We can therefore assume that ¢(s)=96 on [{,,(,+t[. The
function

fr=al(ay, () +f

has the properties f<f<f* and |f—f*|,=0". In the construction of T,f*
the lowest slice a*I(Ja,,(,,]) moves with constant speed d, and on top of
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this the remainder of f* is just f and moves exactly like f. Hence,
T.f*=a'I(Ja, +0t,(,+0t])+ T,f.

(5.1) now follows from T.f< T f<T,f* and | T,f—T.f'll ,=0«". By a result
of Browder (see [5]) the operators T, are now nonexpansive with respect
to the L ,-norm for 1 <p<oo. (They extend to L;' .) Wehave proved:

Theorem 5.1. The operators T, in F constructed in section 3 extend
continuously to L;(R,/l)=L: for 1<p<oo. They form a semigroup of
integral preserving, order preserving and positively homogeneous operators.
The operators T, are nonexpansive with respect to the L;norm on L] nL,
Jor all p,q with 1<p<o0, 1<g< 0.

We remark that the operators T, are linear if and only if ¢ is increasing.

6. Convergence of T,f

We now study the asymptotic properties of T,f for t - 0. If ¢ is
asymptotically constant, we cannot expect convergence of T,f since T,
may behave asymptotically like a translation. However, we shall obtain
uniform convergence to 0 for bounded integrable f if ¢ oscillates
sufficiently much.

The key to convergence is the fact that the ‘“‘peaks’ of f are spread
out when passing through (*-points. In order to give a precise
quantitative meaning to this statement, we look at the restriction of fe &
to an interval [{;,{;;,], in which {;,, is a {*-point; see figure 3.
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We have B;<p;,, because {;, is a {*-point. The mass below the
broken lines at level 4, and %, may move slowly due to influence from
right of {;,,. But certainly the mass above level &, between a;={;,,
and a; ; moves with full speed f;,  at least until time (ay; —ao)/fi+ 1 =7;-

Up to this time the mass above level A, passing (;,, is not slowed
down below speed ff;,,. Letc¢;={;,;—r ;. By time r; the mass above
level h, between ¢; and {;,, has passed (;,;. The height of this piece
of mass was reduced by a factor f;/f;,,. After time r; the mass between
level h, and Aj in the interval [{;,,{;,,] may also move slowly, but the
mass above level k3 which sits left of ay at time O still moves fast at
least up to time r,=(ay;—ay)/P;+;. Therefore, an additional piece of
the mass left of {;,, can pass {;,, taking up the full speed f;,; in the
moment of the passage.

In these considerations, we have argued as if the slice between level
hy and h, moved with a speed <pf;. If this speed is between f; and
B;+1 description of the passage through (;,, is more complicated; see
figure 1. However, the total reduction of the height is at least as large
as in our argument.

For the validity of the argument above, it is not important that the
subset of [{;;,{;+,[ on which f takes the value %, corresponds to a single
block. Its total length enters the formula for ¢,. We summarize the
conclusion as follows:

For any A>0, put
vilh)=A({x € [{i41,{i4 2]t f(x)<h}).

Then the mass at level 4 to the left of {;, can take up the speed f;,
at the time of the passage through {;,, until time »(k)=v,(h)/p;+,. This
affects the mass in the interval 1{;;; —Bvi(h)/Bis 1,{iv1[. Put

Bivi(h)

i+1

w(x):=inf{h>0: x+ >l

Then, for x€]{;,{;,], the mass between w(x) and f(x) is spread out
by a factor f;,/f; when passing through {;;,. In figure 3, the function
f dips below the level w in the interval Jay,as]. This does not affect
our argument. In fact, due to this dip even some of the mass to the
left of a, and below w will be spread out. Also additional mass may
be spread out because the pile of mass to the left of a,, actually move,
while our estimates would work even if it didn’t move. We only
determined a sufficient condition for the spreading.
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In this section, we need only a corollary of the above estimates:
Assume A£>0 is such that

A{x e[y, lival: Jn(x)>h})$§-

Then all the mass of f* in ]{;,;—0B/(2B;+1),{;+] above the level A
will pass {;,, in the time interval [¢,24+6/(2f;,)[ and will be spread out
in this moment.

Theorem 6.1: Assume that the speed function @ assumes only finitely
many distinct positive wvalues, and that there exist 0<6,0°<o0 with
0<liy1—C; <06 for all icZ. Then f' tends to 0 uniformly mod nullsets in
R for bounded integrable f>0.

Proof. We can assume 0<o<¢@<1. As the operators 7, are order
preserving and nonexpansive with respect to the L,- and L _-norm, theorem
3.3 in [5] (or, rather, a simple extension of this theorem to continuous
time) implies that f* converges in distribution for t > 00. In other words:
There exists a decreasing function F>0 on ]0,00[ with

AM{xeR: f'(x)=h}) - F(h)

for all >0 in a set D which is dense in ]0,00[ and contains all points
of continuity of F. Put

k*=inf{h>0: F(h)=0}.
We shall first show A*=0. Assume A*>0.

Case 1: F is continuous at A"

In this case F(h*)=0. As there are only finitely many possible values
of ¢ there exist numbers 0,0 >1 with 0<p;,,/;<0" whenever {;,, is a
{*-point. If W' <h* is close enough to k*, F(h')<d/2. We may assume
that 4’ is a point of continuity of F. Hence, for large enough t, we have
A({x: f'(x)=H})<6/2. This means that, from some time ¢ on, all the
mass above level /' is spread out as soon as it passes a {"-point. This
reduces a value of f'(x) to at most #'+ 0~ !(f'(x) — k). By the assumption on
@, there exists, for any K>0 some #(K), such that within a time interval
of length #(K) any mass particle passes at least K {*-points. For K
large enough,
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W+h
+ <h.

W+ B'K(sgpf (x)—h)<

It follows, that for t>t+#(K), supfi(x)<®™3¥. This implies that

F®4EY=0, contradicting the definition of A*.

Case 2: k' is a point of discontinuity of F.

There exists p>0 with F(h*—0)=p, and F(h)=0 for h>h*. There
exists 0<h’'<h* with p—F(h'—0)<d6/8. Put h"=H"+h)/2, W'=h"+
(B"—h")/0, A=(h*—H")/8 and h°=h"+A.

Then we have the following property: If, at some {*-point {;, , the
mass above level A", which sits to the right of {;,; and close to {;,,,
can move with full speed B;,, for some time, then the mass left of {;,,
between level A" and A*+ A will be spread out during the passage through
{i+1, and its new level will be <h°. We have hi*—h°=7A.

As the distribution of f* tends to F, there exists, by the choice of
K, a number v>0 such that t>v implies

(6.1) M elh A, B —AD S

Choosing v>0 sufficiently large we can also assume
AS A

(6.2) J(f"—(h*+A))+dAsMin(-;,—8'i).

There are arbitrarily large {*-points. As f* is integrable, we can find a
{*-point {;,; with

(6.3) jf”l(]ﬁ.+1,00[)dl<l\/lm(— -

We can split {;,,—{;, ;>0 into a finite number of pieces of equal length
u with 6/8<u<é/4. Put w=u/f;,,, and consider T f’=f*" for
0<s<w. In view of (6.3) the portion of f’ above the level A" can pass
{;+1 without being slowed down by mass to the right. It follows that

T AE+ANIJ—00, (i D) <h®  for x>y,

Using the fact that T,, is order preserving and integral preserving, we
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find using (6.2) and (6.3) that

A=y wa”(x)Zh*—A})S%

Together with (6.1) this implies that

Mx=ig s fFHR2R)) Sg.

Therefore the mass above level A" passing {;,; can take up full speed
for at least a second time interval of length w.

We can now proceed by induction. Assume that all the mass of f*
above level A" which is passing {;,, before time mu can take up speed
Bi+1 to the right of {;,;. This is even more true for the smaller function
F=(f°AR +A))IQ—0,;+,]). The passage of f through (ivq vyields
functions T,f (t<m u) with value <h° in ]{;,,,0[. We obtain

M{ax=lih 0 Trf*(x) =Rk —A}) S;.

Together with (6.1) this yields the assertion until time (m+ 1)u.

We can conclude that the limit distribution of T,f for ¢t — oo is
contained in the interval [0,A°]. Using the bound Ap/8 in (6.2) and (6.3)
we arrive at a contradiction to the assumption F(h*—0)=p.

Hence, #*=0 has been proved in both cases.

The remaining part of the proof is simple. Let f>0 be bounded
by C>0 and integrable. It follows from A*=0 that there exists, for any
e>0, a t(¢) with

i(f'Z%)<% for t>1(e).

Thus, after time t(¢), none of the mass above level ¢/2 is even slowed
down below the local permitted speed by mass to its right side. Let N
denote the number of distinct possible values of the B;’s. As all B; are
>0>0, and as ¢* is an upper bound for the differences {;,; —{;, all the
mass passes at least one (*-point in any time interval of length
L=(N+1)6"/6. Therefore ¢/24(C—e/2):0~* is a bound for f' as soon
as t>t(e)+kL. As ¢>0 was arbitrary the uniform convergence of f* to
0 follows.
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Corollary 6.2: If ¢ satisfies the conditions in theorem 6.1, T f=f'
converges to 0 in L,-norm for fEL;', p>1, t—> 0.

Proof. For bounded integrable f this follows from theorem 6.1
because the uniform convergence of f* to 0 together with _’.fd/{=j fdA
(t>0) implies the convergence in L,-norm. For general feL; approxi-
mate with bounded integrable functions and use the nonexpansiveness
with respect to the L,-norm.

7. Speed limits on the circle

We now study speed limit operators for speed functions ¢ on the
circle [0, 1[ with addition mod 1. We assume that [0, 1] splits into finitely
many subintervals [{;,{;,,[ (:=0,---,k—1), and ¢ assumes a constant
positive value f;>0 on [{;,{;+,[. Without restriction of generality, we
assume B,<f; j=1,---,k—1).

We can start the definition of T, (for t<({,—{,)/2B,) by putting, for
feF with support in [{o,({y+Lo)/2[ =10, (T)X)=f(x—Bot). As o is
the smallest speed, 7, acts simply as a translation as long as one stays
in [{y,{;[. This defines the movement of the boxes in I, and it is now
possible to continue as in section 3 with the boxes to the left of I, (mod
1). After finitely many steps, also the movement of the boxes in
[(€o+¢1)/2,¢,[ is defined. As usual, we can define 7, for larger ¢ by the
semigroup property. The assertions in theorem 5.1 remain true in the
present case.

On the circle, we do not only obtain uniform convergence. It turns
out that the uniform convergence holds with exponential speed, and most
remarkably, the speed is independent of f as long as we consider functions
bounded by a fixed constant.

Theorem 7.1: Assume that ¢ is as above and assumes at least two
distinct values. For fe LY([0,1[,A)=L}, let f denote the constant function
on [0,1[ with the value j fdA. There exist 0<p<1 and C>0 (independent
of f) such that

If*—=Flo <Cp'lfll
holds for all t>0 and all fe L.

Proof. For feL]} put essinf(f)=sup{h>0: A(f=h)=1}, and A(f)=
Ifll o —essinf(f). For any constant o>0

(7.1) T(f+x)=a+Tf (t>0)
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because the mass of the function f+a below level a rotates with constant

speed f,, and the portion of f+ a above this invariant slice is transformed
exactly like f.

We shall prove the existence of a number n with 0<n<1, and of a
number >0 such that

(7.2) AT, g)<n

holds for all g with 0<g<1.
Let us check that this implies the assertion of the theorem. Put
f@=f. We can assume 0<f<1. When f®™ has been defined, put

In=NTof e, vu=essinf T,f

and

T,f™ —essinf T,f™
Yn— y;l .

(7.3) b=

(If y,=7,, let f"*V=0.) It is easy to verify inductively that T,,f is of
the form

(7.4) T f =526 =¥V + ¢

where ¢, is a constant function. The normalization in (7.3) implies
0<f"*V<1. Hence, (7.2) yields 0<y;—yj<n for all j. Using (7.4), we
obtain A(T,,.f)<n" for all n. Let p=n'", and C=p~". Any t>0 can be
written in the form t=nr+s with 0<s<r. We obtain

(7.5) AT )SNT,)<p'p~*<Cp".
Hence, A(T,f) - 0. Note that, for any ¢t>0 and #' >,
essinf T, f>essinf T,f and |Tyf |l o SN Tof |l -

Therefore T,f converges to some constant function f. Clearly, for any
t>0,

essinf thSf—S ” th”oo

This, together with (7.5) implies the assertion.
It remains to verify (7.2).

Step 1: Let O0<u<1 be given. We first prove the existence of »
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and 7, depending on ¢ and p, for which (7.2) holds for all g with 0<g<1
and fg dA>u. For such a function g there exists 4 < [0, 1] with A(A)> u/2
and g>(u/2)I(A). It will be sufficient to show the existence of r>0 and
n<1 with

essinf T,(%I(A)) >1-1>0,

As T, is nonexpansive with respect to the L;-norm, it is enough to
consider sets 4 which are disjoint unions of half open intervals. Thus,
what we must show is that there exists k>0 and >0 such that

(7.6) essinf T,.I(A) >k

holds if 4 is a disjoint union of half open intervals with A(A)> u/2.

Let A(#) denote the set {T,J(4)>0}. We call an interval [{;,{;,[
slow if f;=p,. The intervals between the slow intervals will be called
fast. They may consist of several subintervals [{;,{;, [ with B;> .

Let H=[c,,c,[ denote the longest fast interval. Let us say that H
is tncompletely covered until time s if A(H\A(t))>0 holds for t<s. As
long as H is incompletely covered any mass which enters H in ¢, is
spread out by a factor which is at least

E=inf{B/Bo: B;>Po}-

By time 1/f, all the mass of I(A4) has passed c; at least once. Hence,
there exists t<1/f, with A((H\A(2))=0 or A(A(1/84))=A(A4(0))-¢(. This
argument can be repeated with A(1/8,) instead of A(0). There exists
m>1 with

u
m_>1.
¢ 2

It follows that H cannot remain incompletely covered until time m/f,.
The height of the lowest slices in T,I(A) with t<m/f, is from a finite set
of numbers depending on ¢. Hence there exist r; <m/f, and k, >0 with
T, I(A)=xI(H). We can take the same K, for all A with A(A4A)>u/2.

For the remainder of the proof we can assume r{=0and A=H. The
set H(t)={x: TJ(H)>0} is an interval [¢(#),c,(t)[ on the circle for all
t. (We might have ¢,(t)=1/4, ¢,(t)=3/4. In that case H(?) is the set
[0, 1/4[U[3/4, 1[. ¢,(t) is called the right end point of the interval.)

In the moment when the right end point of H(¢) enters a fast interval
the length of H(t) grows with constant speed, depending on the ,’s, and
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continues to do so as long as ¢,(f) stays in the fast interval. (This is
true since H was the longest fast interval.) During any rotation this
yields a minimal growth. Hence, there exists an r,>0 with H(r,)=[0,1[.
Up to time 7,, the lowest slice has a height which is bounded below by
some k,>0 depending only on ¢ and pu. We can now take r=r,+7,
and K=K K,.

Step 2: The construction in step 1 yields the desired result if there
exists a fast interval J with jgl(])d/lZ/l(J)/Z. We can therefore assume
the existence of a fast interval J with IgI(J)d/1<l(J)/2 now.

We have A(Jn{g<3/4})>A(J)/4. Put f*=maxf;. Until time r;=
A(J)/4f* the mass in the slow interval [{;,{;; ([ to the left of J which is
above level 3/4 is not slowed down when passing {;,,. It follows that

3 1
T,,g(x)SZ+4—é=: q;<1 for x€1li41,Civ1+71Bol.

This, in turn, implies that for additional r,f,/f* time units the mass
passing (;,, above level ¢, is not slowed down. Hence, if r,=7r; +7,,/5,
then

1_
T,,8(x)<q, Tq1—=qz<1

for x€]{;41,{i+1+7280[. For additional r,f,/f* time units the mass above
level ¢, is not slowed down. In each step, the additional time intervals
during which the mass above the corresponding level g, can spread out,
get longer, and the additional length of the interval on which T,,, &x)
is <q,+,; gets longer. Therefore, after finitely many steps we obtain
T, g<gq, on [0,1[. Putting r=7, and n=gq,, we obtain (7.2) also in this
case. This finishes the proof. O

Corollary 7.2:  Assume ¢ as in theorem 7.1. For fe L; (1<p<m),
T.f converges to f in L,-norm as t - .

Proof. Approximate f with bounded functions and use the
nonexpansiveness of the operators T,.

ReMARK: Using the Ambrose-Kakutani representation of a proper
measure preserving flow {t;: t€R} in a o-finite measure space (Q,.,u)
(see [1] in the case of finite mesure spaces, and [4] in the general case),
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one can define speed limit operators for flows. The speed function
should satisfy the present conditions on each orbit. In this case the
uniform convergece (modu) for bounded integrable f can fail.

(1]
(2]
[3]

(4]
(3]
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