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ABSTRACT. This note is devoted to stick-slip aspects of the motion of a dry
friction damped oscillator under weak irregular forcing. Our main result com-
plements [10, Theorem 3.(a)] and is also related to [I], where a non-Lipschitz
model for Coulomb friction was consider in the unforced case. We provide
sufficient conditions guaranteeing that solutions stabilizing in finite time, but
observe also an infinite succession of “stick-slip” behavior. The last section
discusses an extension to certain systems of such oscillators.

1. INTRODUCTION

Its is well known that the abstract Cauchy problem associated with multivalued
monotone (resp. accretive) operators on Hilbert spaces (resp. Banach spaces) may
lead to very peculiar strong convergence asymptotic behaviour for its solutions.
More precisely, if for instance X = H is a Hilbert space, and A : D(4) — P(H)
is a maximal monotone operator multivalued at 0 (with 0 € intD(A)) then the
solution of the

du .
E(t) + Au(t) 3 f(t) in X,
u(0) = ug,

possesses the property of extinction in finite time once we assume that f satisfies

(1)

B(f(t),e) C A0, for a.e. t > ty, for some € > 0 and t;y > 0. (2)

This result, due to H. Brezis ([4]), has been generalized in many different directions
in the last twenty years (see, for instance, the survey [II]). The main goal of
this paper is to investigate some simple cases in which the image of 0 under the
multivalued operator is not so large as to contain a ball.
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In order to get some insight into this type of difficulties we shall first study the
long-term behaviour of solutions of

I+ —p(t) € sgn(—1), (3)
where
) _)y/lyl iy #0
sen(y) := {[—1, 1] ify=0

represents the damping force due to dry friction and p € C(]0,00),R) is an external
forcing, which is weak in the sense that sup{|p(t)| : t € [0,00)} < 1. is one
of a variety of damped oscillator equations modelling dry friction, and our interest
in this particular setting arises from the fact that it describes pure dry friction
damping, mathematically, the more challenging case. We refer to [1], [2] and [13]
for other settings and references, to [10] and [I3] for “resonance” under almost
periodic forcing, and to [5] and the references therein for dry friction damped wave
equations. As for our purposes, it was shown in [10] (formally in an almost periodic
setting), that every solution converges to a constant solution as ¢ — oo (cf. also
Lemma (4) below). We are interested in solutions which either are eventually
constant (the mass comes to rest in finite time) or show an infinite succession of
stick-slip events. We allow temporally irregular forcing and can require without
loss of generality that
P := limsup p(t) = —p := liminf p(t).
t—o0 - t—o0

Definition 1.1. Let a, b € Ry, a < b. An interval [a,b] ([a,0)) is called a dead
zone of a solution z of (3)), if #(t) = 0 for ¢ € [a,b] (¢ € [a,0)).

Our main result regarding read as follows.

Theorem 1.2. If x is a solution of with Too := limy_, o 2(t) < 1 +p. Then
one of the following alternatives occurs.

(1) P—1< 2o <1—=D, t = 2 is a constant solution of (), and x has a
dead zone [t,00).

(2) |roo| > 1 —D, x is monotone and has a compact dead zone in each neigh-
borhood of infinity.

(3) If |xoo| = 1 — D, there may or may not be a dead zone.

We conclude this paper with some partial result concerning the system
mi;(t) + k(—zi—1(t) + 22i(t) — w1 (t)) + pasgn(d;(t) > pi(t)
x;(0) = uo,i, ;(0) = vo

(4)

i=1,..., N, where we are assuming that
2o(t) =0, zn41(t) =1 for ¢ € (0, +00),

m, ug are positive constants and the term pgsgn(z;(t)) represents the Coulomb
friction. This system arises in the modeling of the vibration of N-particles of equal
mass m in a non-inertial coordinate system. Indeed, we denote the locations of the
particles, along the interval (0,1) of the z axis, by z;(t), and we assume that each
particle is connected to its neighbors by two harmonic springs of strength k. We
also assume that the particles are subject to a resultant friction force (the Coulomb
(or solid) friction). Functions p;(t) correspond to fictitious forces due to the change
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of variable with respect to an inertial system. We show that, at least, in some
special cases the first conclusion of Theorem remains true.

2. PRELIMINARIES

It is worth noting that the formally more general equation
&+ kx —p(t) € psgn(—1i) (5)

with &, p € (0,00), and p € L*°([0,0),R) can be re-scaled to the simpler form .
Replacing x by % and p by % yields p = 1 without loss of generality. Next, let p :=

limsup, .., p(t) and p := liminf; . p(t). The transformation z — x—% and p —

p— # allows us to assume p = —p. Finally, setting 7 = ﬁ and y(7) = kx(ﬁ),
one obtains (1) = \/Ex(ﬁ) and §(1) = x(ﬁ), hence § +y — p(1) € —sgn(—y),
thus we arrive at under the additional “symmetry hypotheses” p = —p.
For the rest of this article, we consider under the Hypotheses:
pGLOO(R+7R)mC(R+7R)7 D= —p.

Definition 2.1. One calls = € W} ([0,00),R) a solution of (@), if there exists
au € L*°(R4,R) with u(t) € sgn(i(t)) for a.e. ¢ € Ry such that Z(t) + z(t) =
p(t) — u(t) for a.e. t € (0, 00).

Note that |u(t)] < 1 for a.e. t € (0,00). The general theory of “multi-valued”
ordinary differential equations ([7, §5], [13, section 2.2]) yields the following result.

Proposition 2.2. The nitial-value problem , x(to) = xo, Z(to) = no has for
each (to, o, m0) € R? a (forwardly) unique “global” solution & € W2 ([to, o0), R).

loc

As mentioned, we are interested in whether solutions develop dead zones. The
first example shows that “stronger” forcing limits the length of dead zones.

Example 2.3. Let p(t) = (1—1—%“) sin(¢). Then p = 1, but a solution of (3]) cannot
have dead zones of length greater than 7, since [p(§ + jm) —p(5 + (j — 1)7)| > 2
for j e N.

The next example indicates that the second alternative of Theorem [I.2] can in
fact occur.

Example 2.4. Let p € (0,1), zo € (1 —D,1+p), 0 < t; < ta < t3, and

D te [O,tl)
p(t) =4 D tElt,ta),
ﬁ te [t27t3}'

If to —ty < 7 is sufficiently small, then 2p — (zo — 1 +p) cos(tz — t1) > 0 in view of
xo9 < 1+ p. Moreover, let

(:L‘Q —1 —|—]7) Sin(tg - tl)
2D — (xg — 1+ ) cos(ta — t1)

t5 = to + arctan(
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satisfy to < t5 < t3. One verifies that

Ty t € 1[0,t1],
(xo—1+D)cos(t—t1)+1—p t € (t1,t2),

((Jco —1+4Pp)cos(ta —t1) — 2@) cos(t — t2)
+1—P—(xg—1+Dp)sin(ta — t1)sin(t — ta) t € (ta,t5).

solves on [0,t3) and satisfies x(0) = g, ©(0) = 0. In fact, one has @(t) =
—(zo — 1+ P)sin(t — t1) < 0 for ¢ € [t1,ta], () = —((a:o —1+4P)cos(ty — 1) —
Qp) sin(t —to) — (x0 — 1 +P) sin(ts —t1) cos(t —t2) < 0 for t € (t2,83), and &(5) = 0.

Finally, ((zo — 14 D) cos(ts —t1) — 2p) cos(ts —ta) + 1 — P — (zg — 14 P) sin(ts —
t1)sin(ty —t2) — o as to — t1. Therefore, given 0 < € < g — 1+ P, we can choose
to such that xg — x(t§) < €/2 and have x(t) = x(t5) for t € (t5,t3]. We can repeat
this process with o7 in the j — th step and obtain a solution of on [0, 00) with
a p that switches between +1. The solution converges to an zo, > 1 — P, is not
eventually constant, and has infinitely many dead zones near infinity.

x(t) =

It is easy to see how to modify the example in order to find stick-slip behavior
for a smooth p. One has to guarantee that p takes on the value —1 in each of
the intervals (t2;_1,%2;), which prevents infinitely long dead zones, but that these
intervals are so short that x(tz;_1) — 2(t2;j41) < 57 for j € N.

Next we collect some folklore results (cf. also [I0] or [I3]), which we prove for
the reader’s convenience.

Lemma 2.5. Let [|p|lc < 1 and x and y be solutions of (3). Then

(1) t — @(t)?+x(t)? is nonincreasing on R, and strictly decreasing on intervals
which do not intersect the interior of any dead zone of x.

2) [ |a(t)] dt < W[ (0)2 + z(0)? ]
(3) ll#llec <1+ [lplloc + v/2(0)* + 2(0)2.
(4) Zoo := limy_ oo x(t) exists and belongs to —1 — [|pllec < Too < 14 ||P]lco-
Moreover, ©(t) — 0 as t — oo.
(5) (z —9)%+ (z —y)? is nonincreasing on R .
(6) The interval [supp — 1,inf p+ 1] forms the set of constant solutions of ,
Proof. Let uw € L (R4, R) with u € sgnod a.e. One has
1d . . . .
577 |# O+ = a(t) [p(t) = u(®)] < —la()|+p@)][a(t)] < —[a(1)] (1= ploo).
(0
This yields the first assertion of 1. Also, if 0 < t; < t3 < oo with @(t1)? + x(t1)? =
i(t2)? + x(t2)?, then —|2(t)] + p(t)i(t) = 0 for t € [t1,t2], hence i@(t) = 0 for
t € [t1,t2] in view of ||p|leo < 1.
2. One obtains from (6)) that fo |z(s)| ds < W[ #(0)% + z(0)?].
3. Inequality (6) implies ||z[|%, < (0)* + z(0)?, hence (3) yields the L>-bound
for z.

4. Statement 2 and |z(f) — z(¢ ft || dt for 0 < ¢t < t < oo imply the
convergence of x(t) as t — oc. Slnce ()% + z(t)? also converges as t — 00,
|i(t)| converges, and its limit is equal to 0 in view of # € L*(R,,R). Finally,
let w € sgn(&) such that Z(t) + x(t) = p(t) — u(t) for a.e. t € Ry. Assume that
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Too > 14 ||plloo- Select € € (0,1 — ||p]loc) With Zoo > 1 + ||P]|ee + 2¢ and choose
t > 0 such that z(t) > 2o — € and |&| < € for t € [t,00). Since p(t) — z(t) — u(t) <
Pt) —Zoo €+ 1 <p(t) — (14 ||IPlloo +26) + €+ 1 < —e for a.e. t € [t,00), one has
& < —e a.e. on [t,00), hence & < —¢(t — t) a.e. on [t,00) which is a contradiction.
Likewise, one obtains Zoo > —1 — ||p||co-
5. Let v € L®(R4,R) with v € sgn oy, then

1d

2 @) - §(t)* + (x(t) — y(t))2] = —(u(t) —v(®)) (&(t) —9(t)) <0 (7)
for t € (0,00) a.e.

6. If z € [supp—1,infp+ 1], then —1 < z—p(t) < 1, hence z — p(t) € sgn(0) for
all t € (0, 00), which shows that z is a constant solution of . On the other hand,
if z is a constant solution of , then z — p(t) € sgn(0) for all ¢ € (0,00), hence
—1<z-—p(t)<1lforallte (0,00), thus, —1 < z —supp and z — inf p < 1. O

As for statement 6, the following example shows that one can have solutions with
dead zones of the form [a,00) which stay away from the set of constant solutions.
Obviously, the reason is that p < supp.

Example 2.6. Let

0 t>3
X (t) := sin(t) cos(1/2) — cos(t) sin(1/2) + 3/2 — ¢,
Y (t) := 2sin(t) — 4sin(t) cos(1/2)? + sin(t) cos(1/2) — cos(t) sin(1/2)
+ 4 cos(t)sin(1/2) cos(1/2) — 1/2 + t,
Z(t) := —2sin(t) cos(1/2) + 2sin(t) — 4sin(t) cos(1/2)* 4 4sin(t) cos(1/2)?
— 4cos(t) sin(1/2) cos(1/2)? 4 4 cos(t) sin(1/2) cos(1/2) + 1,
and 7 be the zero of Z in [2.5,2.6]. Then

1 0<t<y,
X(t) i<t<1,
z(t):=qY(t) 1<t<3,
Zt) 3<t<it,
Z({t) t>t,

solves for the above p, and Z(t) > 2. Note that ||p||oc = 1, whereas p = 0. In
fact, every constant t — p for p € [—1,1] solves (3) on [2,00).
3. PROOF OF THEOREM

We proceed in several steps.
Step 1. Let x be a solution of , then x cannot have a negative local maximum
or a positive local minimum on an interval which does not intersect dead zones.
In fact, if a € (0, 00) and z(a) is a local minimum of z, then z(a)? = x(a)?+i(a)?.
If 2(a) is positive, then z(t)? > x(a)? for t € [a,a + §) and some § > 0. But, t —
x(t)? + #(t)? is nonincreasing by Lemma [2.5(1); hence x(t) = x(a) for t € [a,a+ ),
i.e. z has a dead zone.



100 J. ILDEFONSO DfAZ7 G. HETZER EJDE/CONF/16

Step 2. Let x be a solution of and Too := limy_, o x(t), which exists thanks to
Lemma[2.5(4). If |zo| < 1 —D, then there exists an t € [0,00) with x(t) = zo for
t € t,00).

Proof. Select € € (0,1—p) with |24| < 1—-P—4e and £ € (0, 00) with |2(t) — 2| < €
and |#(t)| < € for t € [t,00).

1-st case: @(t) = 0. Noting that [p(t) —2(t)| < P+ |Teo| +€ < P+[1—P—4e] +e =
1 — 3¢ for t € [t,00), we obtain z(t) = x4 for t € [t,00).

2-nd case: #(t) > 0. Let t := sup{t € [t,00) : @(7) > 0 for 7 € [t,#]}. Then
Ft)=pt)—z(t) —1 <P+ |roo| +e—1=p+1—-P—de+e—1= -3¢ for t € [1,1),
hence |#(t)| < € for t € [f,00) implies ¢ < co. Since i(t) = 0, we arrive at the first
case with ¢ = ¢.

Likewise, the last case i(f) < 0 can be derived.

Step 3. Let x be a solution of With Teo = limy oo x(t) € (1 —p,1+p). Then
x has a dead zone in every neighborhood of co.
Proof. Otherwise, & possesses only isolated zeroes in a neighborhood of co. By step
1, = cannot have a positive minimum, thus z has to be monotone. Select ¢ > 0 and
t > 0 such that the following holds:

e l-pt+e<z(t)<l+p—efort>t

e & has only isolated zeroes in [t, 00);

e |i| < eon [t 00).

Assume that x is monotone increasing on [t,00). Then u(t) in (2) is equal to 1
almost everywhere on [t,00). Thus, Z(t) =p(t) —1—z(t) <p—1—(1—-D+e€) < —¢
for a.e. ¢t € [t,00) which is a contradiction.

Likewise, &(t) = p(t) — 1 —x(t) > p(t) =1 — (1 +D —¢€) > € for a.e. t € [t,00)
shows that = cannot be decreasing near co.

Clearly, one obtains a corresponding assertion if lim;_ ., z(t) € (-1 —p,p — 1).

We remark that by Lemma 1), t — x(t)? + i(t)? is nonincreasing, hence
cannot increase under the assumptions of step 3., when leaving a dead zone. Thus,
z is nonincreasing near oo.

4. SOME PARTIAL RESULT FOR THE CASE OF MULTIVALUED SYSTEMS

In what follows, a - b denotes the Euclidian scalar product of a,b €RY and ||.||
the Euclidean norm.

A complete extension of Theorem to systems of the form appears to be
quite difficult. Here we will merely show that the solution

x(1) = (z1(1), w2(t), .., xn(t)"

may develop a final dead zone [t, c0).
We require stronger assumptions than those of the one-dimensional case:

p(t)TE[—g—Z +¢, IQLZ — ¢V for a.e. t > T}, for some Ty and € > 0, (8)
[P(t) = Pool = 0 ast — +oc. (9)

Theorem 4.1. We have:

(i) Let (ug,v9) € R2V, p € L?(0,00 : RY), and (@ be satisfied. Then problem
admits a unique weak solution x € C1([0,+00),RN). If, moreover,
9) holds, then there exists a unique equilibrium state 1o, € RY, i.e., 2o
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satisfies Ao — Poo € ([ 52, 521™)T, such that ||x(t)| +|z(t) — x| — 0
as t — +o0.

(ii) Assume (@ and (@ hold. Let o be the associate equilibrium state and
assume that

|AY] < 1 where AT := (AXwo)i — Dico, forsomeie€l,...,N.
Then there exists T; > 0 such that @;(t) =0 for all t > T;.

Proof. We shall adapt in our presentation some arguments of [12]. To reformulate
in the framework of nonlinear semi-group operators theory, we introduce the
phase space H = (RV,(,)a) x (RY,.), with (a,b)a = Aa-b, where A is the
symmetric positive definite matrix of RV*¥ given by

We also introduce B :RY — P(RY) as the (multivalued) maximal monotone oper-

ator given by B(y1,...,yn) = (B(y1),---,8(yn))T where 8(s) = Sgn(s). Finally,
we define the operator L in H by

Lxy) = -y} % {2 Ax + By} for (xy) € HL (10)

It is easy to prove that L is maximal monotone in H and so, by using results
from the theory of maximal monotone operators (see [3]) we get the existence and

uniqueness of a solution of . Multiplying the equation by x(#) and integrating
in time we get the energy relation

t N
B0)+ [ 13 22104(0)| = pi()s(s)lds = E(0) (1)

where
E@) = %Hx(t)||2 —1-/0 %Ax(s) -x(s)ds. (12)

By and the assumptions on p(t), the trajectory (x(t),x(t));>o is compact in
H, so, we can find a > 0 such that pg|&;(t)| — pi(s)E:(t) > a|&;(t)] fori=1,...,N
and all ¢ > 0. By , we conclude that x € L'(R, ) which leads to the existence
of the limit Xo := lim;— 4 oo X(¢) and to lim;_, 4 - %x(¢t) = 0. The uniqueness of X
is deduced from the strict monotonicity of the operator i(x, y)={-y} x{ %Ax}
for (x,y) € H.

To prove (ii) we recall that, since X, is an stationary point, we have (A¥)N | €
[—1,1]". Now, let 0 < § << 1 be fixed. By (i) we can find to > 0 such that

|A; ()] < (1—28) Vit > to, (13)

If #;(tg) = 0, we conclude that x;(t) = z;(tp) = Twoi for all t > tg since A;(t) €

[—1,1] for all ¢ > t5. If not, let T = sup{s > tg, |;(t)] > 0 Vt € [to,s)}.
Multiplying the i-component of (@) by &;(¢) and using (J) we obtain

1d

§$(|xl(t)\2) +90|z;(t)] <0, for ae. t € [ty,T). (14)
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Dividing by |&;(t)| we get

d

@(|xl(t)|) +d<0 forae. t€ltyT). (15)
Integrating, we see that &;(to + W) = 0. Thus T < 400 and we conclude, as
before, that z;(t) = ;(T) = xoo; for any t > T O

We remark that the behavior exhibited in the above result is different from the
case in which the amplitude of p(t) becomes large. In that case the dynamics may
generate a wide range of events leading to chaos (see [6]).
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