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Abstract: We introduce and study rigorously a Hamiltonian model of a classical particle
moving through a homogeneous dissipative medium at zero temperature in such a way
that it experiences an effective linear friction force proportional to its velocity (at small
speeds). The medium consists at each point in a space of a vibration field modelling an
obstacle with which the particle exchanges energy and momentum in such a way that
total energy and momentum are conserved. We show that in the presence of a constant
(not too large) external force, the particle reaches an asymptotic velocity proportional to
this force. In a potential well, on the other hand, the particle comes exponentially fast to
rest in the bottom of the well. The exponential rate is in both cases an explicit function
of the model parameters and independent of the potential.

1. Introduction

Many simple microscopic or macroscopic systems obey (at zero temperature) an effec-
tive equation of motion of the type

mq(t) +yqt) ==VV(q@®), vy >0. (1.1)

Examples include the motion of electrons in a metal, or of a small particle in a viscous
medium, but the coordinate ¢ needs not always be of a geometrical nature. The energy
loss due to the linear friction force —y¢ (occurring at a rate —y¢2) implied by this
equation leads to several well-known phenomena. First, for confining potentials V, the
particle will come to a stop exponentially fast (with rate ﬁ if y is small enough) at one
of the critical points of the potential. Note in particular that the decay rate ﬁ does not
depend on the potential V. If, on the other hand, V (¢) = —F - ¢, for some F € R?, the
particle will reach a limiting speed v(F) = 5 which is proportional to the applied field.
This, in particular, is at the origin of Ohm’s law. Again, the approach is exponential, but
this time with rate % In particular, if F = 0, the particle comes exponentially fast to
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a full stop. The phenomenological friction force summarizes the reaction of the envi-
ronment of the particle to its passage and the energy lost by the particle is transferred
to the medium surrounding the particle by various processes (such as inelastic colli-
sions, for example). A more fundamental, microscopic treatment of these phenomena
requires therefore considering the combined system consisting of the particle and the
medium. This combined system should allow for a Hamiltonian treatment in which the
total energy is conserved.

Our goal in this paper is to present and study a Hamiltonian model of a system com-
posed of a particle and a homogeneous medium. We show rigorously that the particle
has the behaviour described above and analyse the physical mechanisms at the origin
of the observed phenomena. We stay within the context of classical mechanics and at
zero temperature, hoping to come back to other points in the 7 — T plane at a later date.
In particular, at positive temperature, a fluctuating force term is to be added to (1.1),
transforming the equation to the Langevin equation. Such a term is indeed produced by
our model, but is much harder to analyse at positive temperatures.

The model we consider consists of one classical particle that is, on the one hand,
coupled to “obstacles” represented by scalar vibration fields and on the other subjected

to a time-independent external force F = —V V. We are mostly interested in the more
difficult case where F is constant (so V = —F - ¢g), but we will also deal with confining
potentials.

More precisely, the equations of motion for the coupled system are:
NP (x,y.1) =AY (x, 3. 1) = —p1(x — q(1)02(y). (1.2)

g@) =—-VVig@)) — /Rd dx /Rn dyp1(x —q@)o2 (V) (Vay)(x, y,1).  (1.3)

Here v is the vibration field and ¢ € R the position of the particle. The “form factor”
p1(x)o2(y) determines the coupling of the particle to the vibration field . We shall
assume:

(HI) p1(x)oa(y) € Cgo(Rd+”), p102 # 0, where p1, 0o > 0, are radial functions
with p;(x) =0if |[x| > Ry > 0and o»(y) =0if |y| > R, > 0.

To obtain our main results (Sects. 4 and 5), we will need to take the propagation speed
c large enough, for reasons that will be explained then. In the first part of the paper, on
the other hand, it is convenient to absorb ¢ through the scaling

$(x,y,0) =c3y(x,cy,0) and  pa(y) = c2oaley), (1.4)
so that (1.2)—(1.3) is transformed into
R, y.1) — Ayp(x,y.1) = —p1(x — q(1)p2(y), (1.5)

g@t) =-=VVig®) - /Rd dX/R dy p1(x —q(®)p2()(Vxp)(x, y,1).  (1.6)

Note that the field ¢ (x, y,t) = ¢,(x, y) plays the role of a potential for the particle.
Indeed, the second term in (1.6) is Fy, (g (¢)), where

Folq) = —/ dx/ dy p1(x —g@)p2(y) (Vi) (x, y) (L.7)
R4 R~
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is the force exerted on the particle by the environment when the latter is in the state ¢; this
becomes Fy(q) = —V¢(q, 0) if we consider a point interaction so that p1(x)p2(y) =
8(x)48(y). To understand the model intuitively the following observations are helpful.
First of all, the particle moves in x-space (or, more precisely, in the y = 0 subspace of
R‘””). In fact, one can think of ¢ (x, -) as representing, for each fixed value of x in the
configuration space of the particle, an “obstacle”, which has a large number of degrees
of freedom, and is therefore modeled for simplicity by a vibration field ¢ (x, -). The
variables y should in other words not be interpreted geometrically and are in particular
not spatial variables for the particle. To understand this, it is helpful to Fourier transform
(1.5)—(1.6) in the y variable to obtain

OZp(x, k, 1) + kPP (x, k, 1) = —p1(x — q(1)pa(k), (1.8)
§(t) = —VV(g@)) + /R dk Fy,(q(1), k), (1.9)

where
Fplq b) = — /R dxpi(x — )pr () Vad(x, k). (1.10)

A

Clearly, ¢(x, k, t) is, for each value of x and k, the amplitude of a driven oscillator of
frequency w (k) = |k|. All of these oscillators are decoupled and each of them contributes
separately a force —p1(x — q(2))p2 (k)quAS(x, k, t) acting on the particle.

One way to get an intuitive understanding of why this model should exhibit dissi-
pative behaviour is to imagine for a moment the particle is constrained to move in one
dimension (x € R), and that y € R, so that one can picture ¢ (x, y) as describing the
vibrations of an elastic membrane positioned at x, perpendicular to the axis on which the
particle moves. As the particle hits the successive membranes, it creates a wake, much
like a boat ploughing the surface of a lake (Fig. 1). Taking for the moment V(g) = 0 in
(1.6) (so that there is no external field: ' = 0) one can imagine launching the particle
with an initial speed vg, with all membranes initially at rest. In that case intuition predicts
that the particle should lose all its kinetic energy into the membranes and come to a full
stop. We shall prove that this intuition is correct and that the particle stops exponential-
ly fast for arbitrary values of d, but with n = 3 (Theorem 3) and for ¢ large enough.

q(t)
X

Fig. 1. Waves created by the passage of the particle through the successive membranes
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The physical origin of these restrictions to the case where n equals 3 and c is large is
explained in Sect. 2 and at the end of Sect. 4.

Another situation of interest is the case where V is confining. Then techniques similar
to the ones used in [KKS1] allow to show the particle comes to rest at one of the equilib-
rium positions of the potential V. We furthermore show this approach is exponential with
the expected rate (Theorem 4) provided the particle comes to rest on a non-degenerate
minimum of the potential.

Our main interest is in the case where V(¢) = —F - ¢. In that case, we show that
for a suitable class of initial conditions (and for ¢ large enough) the particle approaches
asymptotically a constant speed v(F') (Theorem 2) which is linear in F for small F, as
in an ohmic medium.

Various Hamiltonian models for dissipation in general and for linear friction in par-
ticular have previously been proposed in the physics literature, mostly with the purpose
of deriving the classical or quantum Langevin equation (see [CEFM] and [FLO] for
further references). As in the model we propose here (see (1.8)—(1.9)), they all involve
the coupling of a particle to a family of independent oscillators representing the degrees
of freedom of the environment. Our model has the particular feature of describing a
homogeneous (i.e. translationally invariant) medium to which the particle is coupled in
a translationally invariant manner (see (3.3)). The coupling is therefore non-linear in the
particle position (no dipole approximation), while it is linear in the field variables. It is
the only Hamiltonian model we are aware of that describes linear friction at low speeds in
the presence of each of the three most commonly studied potentials: V =0,V = —F -g
and V confining.

In more realistic models, one ought to couple the oscillators at different points in
space. This is easily done in the context of our models by changing the potential energy
of the field into

[ dxay (90w 0P + 39,0 0P).

It turns out, however, that in that case the force exerted by the medium on a particle
moving at constant speed v vanishes identically for all [v| < ¢;. In such models, the
friction force is therefore proportional to higher derivatives of ¢. In particular, this is
the case when ¢ = ¢1 = ¢», as in the model for radiation damping studied in [KKSI,
KKS2, KS]. This leads to some very different behaviour. For example, in that case, there
exist for all |v| < ¢ constant speed solutions for the particle in absence of an external
potential V. In a confining potential, the particle still converges exponentially fast to a
minimum of the potential, but this time the exponential rate also depends on the shape
of the potential.

The rest of the paper is organized as follows. In Sect. 2 we study in detail the friction
force exerted by the medium on the particle. This allows us to discuss in some detail
the intuition behind the model. The rather routine but essential question of existence
and uniqueness of the solutions of (1.5)—(1.6) is settled in Sect. 3. In Sect. 4 we study
the long time asymptotics of the particle behaviour for the case when V(g¢) = —F - q,
whereas Sect. 5 is devoted to the confined case.

2. The Friction Force

Crucial for understanding the model and for the proofs of our results is a detailed study of
the reaction force of the medium defined in (1.7). Imagine we apply a constant external
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force F to the particle. We then look for solutions of the equations of motion (1.5)—(1.6)
where the particle executes a uniform rectilinear motion g () = go + vt and the field is
comoving, i.e.: ¢y (x, y, 1) = @, (x — (qo + vt), ). Inserting this ansatz into (1.8), one
easily finds the solution:

A oo . sin(|k|s)
D,(x, k) = —/(; ds p1(x + vs),oz(k)T. 2.1)

This is the so-called retarded solution, describing the waves created in the “membranes”
by the passage of the particle. Note that it has zero initial conditions at t = —o0 in
the sense that, for all (x,y) € R4t" | there exists T (depending only on x) so that
¢u(x,y,t) = 0forall r < T (Fig. 1). It is easy to see this is the unique comoving
solution. This wave ¢, (x, y, t) induces a force on the particle that is easily computed
from (2.1) and (1.7) using a change of variables in the integration (x — x + vt + qo):

Fo.(qo +v1) = —fRd dx /Rn dy p1(x — (qo + v1) p2(¥)(Vay)(x, y, 1)

+oo . sin(|k
L [ [ asvpwm et wlmn P
R4 n 0 |k|

= f(v), (2.2)

which is clearly independent of g and 7. As a result, ¢, (x, y, ) and g(¢) = vt + qo
will satisfy the coupled system (1.5)—(1.6) with —VV = F provided v satisfies the
equation f(v) = —F. In conclusion, a comoving solution to (1.5)-(1.6) at velocity v
exists provided the equation f(v) = —F has at least one solution. We will see below
that for F sufficiently small two such solutions exist, one at “low” and one at “high”
velocity. Our main result will say that, given “any” sufficiently small initial condition
and any not too large force F, the particle trajectory asymptotically converges to the
corresponding constant velocity trajectory (Theorem 2).

It is important for the proof of our results to understand the behaviour of the function
f (v) rather well, a task we now turn to. Remark that f is a functional of p; and p;. In
this and the following section the latter are kept fixed, so we do not explicitly indicate
this dependence. In Sects. 4 and 5, we will reintroduce c explicitly via (1.4) keeping p;
and o7 fixed: f will then be a function of v and c.

It is clear that f € C°°(R?). Furthermore, it is easy to see that

v
f) =—f(v)—,
[v]

so that the reaction force of the medium on the particle is directed opposite to the par-
ticle velocity as expected for a friction force. To prove this, first note that the rotational
invariance of p; implies that

frvh >0, (2.3)

YR e O(d), R[f(w)]= f(Rv).

Now, if v = |v|ey, one finds, after a few changes of variables (A = |v|s and k = |k7|):

2 8in ()»Ikl)

“+o00
Fv) = —|v|"2f dx/ndk/ BV den i IO P
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The rotational invariance of p; now implies that f;(Jvle;) = 0fori =2, ... ,d, so that
f(v) has the direction of e and so in the general case (v # 0) one has indeed

v

f) =—=f(vh)—

vl

We need to study the asymptotic behaviour of f(v) as |v| goes to 0 and as |v| goes to
+o00. For that purpose, we write (see (2.2))

f) =/ dk f (v, k),
Rn

with (after some manipulations)

F. k) = —f(vl, |k|>|%|, 2.4)
1 ~ 2 k
£l D) = —5 152G Ph (—) 2.5)
0] 0]
+oo sin A|€|
hE) = / dn f dx 91 p1(x)p1 (x1 + A, x1) 2.6)
0 R4 €]
= [, el e

where p; is the Fourier transform of p;. Here f (v, k) is the force produced by the “os-
cillators” ¢ (x, k) of frequency w = | k |. It follows immediately from the above that
fr(Jv]) > 0 and that, given £ € N, there exists a constant C; > 0 so that

.0 < Co—ss (M)Z
T AN A

In other words, for fixed k, f (v, k) vanishes to all orders in |v| as v — 0. So, as v — 0,
the force on the particle due to one of the oscillators of frequency w (k) = |k| present at
x, decreases faster than any power of |v| for small v (i.e. when |v| < |k|R1). Roughly
speaking, the coupling of the particle to such an oscillator is extremely weak when |v|
is much smaller than |k|R;. This corresponds to a well-known piece of physical intu-
ition: if the particle has speed v, it interacts during a time of order % with any given
oscillator. For the energy transfer between the particle and the oscillator to be efficient,
this interaction time has to be comparable to the period of the oscillator as an explicit
computation easily confirms. Indeed, the total energy transfer AE (from t = —oo to
t = +00) to a driven oscillator of frequency w,

ii (1) + ?u(t) = o (1),

is easily computed to be AE = 7 16 (w)]?. Applying this to (1.8) with g(t) = vt, one
finds AE = (75 [62()1%| o1 ([kI/|v]. 0)]* which vanishes again to all orders in [v] as
lv] — 0.

In particular, it is clear from this observation that when coupling the particle to a
family of oscillators, all of the same fixed frequency (as in a pinball machine where each
circular obstacle would be mounted on a spring), no ohmic behaviour can be expected
since the friction force is not linear in v at small v in that case. As the particle slows
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down, it couples less and less effectively to such oscillators, leading to a friction force
vanishing to all orders in |v|. To remedy this effect, one has to couple the particle to a
family of sufficiently many oscillators of arbitrarily low-frequency. As the particle slows
down, it will then transfer energy to those oscillators with which it is in resonance. In
the model above, the number of low-frequency oscillators present at the point x depends
on the dimension n of the y variables through the volume element dk = |k|"~'d|k|d <.
Because of the factor |k|"~!, the higher the dimension 7, the fewer such oscillators are
present. This reflects itself immediately in the low v behaviour of the force f(v):

Frvh) = ol 2 /R 162(V1E) P () dé

— W25 O)P /R hE)E + o). 2.8)

One notices indeed that for small |v|, f, is smaller if n is higher. So, only when n = 3
a friction force proportional to the velocity (and hence ohmic behaviour) is obtained!
More precisely, for n = 3,

f)=— [|,52(0)|2 /Rn h(é)dé} v+o() =—yv+o(v),
where we defined
y = 15(0) /R G 29)

This shows how motion through the medium modeled here produces a friction term of
the type occurring in (1.1) provided n = 3. Note that the friction coefficient y is given
explicitly in terms of p; and p; and is different from O under hypothesis (H1). Since, in
this paper, we are interested in studying linear friction at low v, we will restrict ourselves
to n = 3 in the main theorems (Sects. 4 and 5).

We now turn to the behaviour of f,.(|v]) for large values of |v|. It is easy to see from
(2.8) that limy|— yo0 f(Jv]) = 0. In other words, at high speeds as well, the friction
force exerted by the medium on the particle is small. As one can see in Egs. (1.8) and
(2.8), this is mostly due to the fact that for high w(k) = |k|, the oscillators are only
very weakly coupled to the particle due to the presence of the smooth form factor p;.
In particular, in the presence of an external driving force F, the model can therefore
only be expected to display dissipative behaviour when v is not too large. The profile
for f,(Jv]) when p is a Gaussian is given in Fig. 2.

3. Existence of Solutions
The assumptions on the potential are

(H2)V e C! (]Rd ) and V'V is Lipschitz. Moreover, one of the two following as-
sumptions holds: either VV is bounded (such as when V(q) = —F - g) or V is
bounded from below.

We are now ready to introduce the phase space £ of the model. Let || - |2 denote the
usual norm on L*(R4*", dxdy). On CP(R? x R"), [|¢]| = [[Vyé|> defines a norm.

Let E be the completion of C° (R4 x R™) with this norm. Actually, as a consequence
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Jr(vl)

Vum
Fig. 2. Profile of f,(|v])

of the Sobolev imbedding theorems ([B], Chapter 9), E is the space L2(Rd, D, dx)
where

D ={p € L (R", dy)|Vy¢ € L2A(R", dy)}.
‘We then define
E=E xR? x L2(R9") x R?

with the norm:
1
Yle = (olI* + lg1* + Izl + |pH2  forY = (¢,q, 7, p).

With this norm, £ is a Hilbert space.
We now write the problem (1.5)—(1.6) in a more convenient way, so as to prove the
existence and uniqueness of a solution:

Y(t) = G(Y (1)
{Y(O):Yoeé' ’ G-1)

where
G:(¢.q.7.p) —> (ﬂ, P Ay — p1(x —g)p2(y),
—VVig) + A{M dxdyVp1(x —q)p2(y)¢(x, y))- (3.2)
By solution, we mean that:
Y(t) =Yoo+ /Ol G(Y(s))ds

in the sense of the distributions.
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Theorem 1. Let n > 3. Under the assumptions (HI) and (H2), we have:

1. For each Yy in &, the differential equation (3.1) has a unique solution Y(t) in
COR, &).

2. For everyt € R, the map W' : Yy — Y () is continuous on £.

3. Foreveryt € R, H(Y(t)) = H(Yy), where

p

2

+/ dxdy p1(x — g)p2(y)9(x, y) (3.3)
Rd+n

1
HO) =B a5 [ drdy (900 0P + I 0P

is a continuous function on E.
Remark 1. Using the first part of the theorem and (1.6), one sees that g (¢) € C 2(]R, Rd).

For later reference, we define

2
Ho(Y) = % +3 /R dx dy (|Vy¢ (x, ) + I (x, y)IP). (3.4)

Note that the densely defined bilinear anti-symmetric form

w (Y1, Y2) =q1pz—plqz+/R+ dxdy (¢p1m2 — m1¢2)

d

makes &£ a symplectic vector space. The equations of motion (1.5)—(1.6) are of course
the Hamiltonian equations for the Hamiltonian H in (3.3), which is the total energy
of the system. Note that the latter is not bounded from below when V is not, such as
when V = —F - g. This makes for a slight complication in the existence proof, which
is otherwise standard and largely follows [KKS1].

Proof. We start by showing there is a local solution. Then we will use conservation of
energy to show the solution is global.
We first look at the problem

Y (1) = Go(Y (1))
{ Y(0) =Yy 3.3)
with
GoY = (m;0; Aygp; 0). 3.6)

This problem is just the free wave equation in R” with a parameter x € R?. It admits
a unique solution: r € R — Y(r) € £. Moreover, let Wé : Yo — Y (¢) denote the cor-
responding continuous group; then W] turns out to be a linear isometry with the norm
| |¢. It is also continuous on R x &£ ([LM], Chapter 3).

Now define Z(t) = WO_IY(I) orY(t) = WéZ(t). In particular, Z(0) = Y (0) = Yp.
We have Y (t) = GoY (1) + WéZ(t). Y (¢) is a solution of the problem (3.1) if and only
if Z(t) satisfies

{ Z(t) = Wy ' G(WSZ(1)) (3.7)

Z(0) = Y :
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where
Gi:(p;q;m;p) €€ — (0; P —p1(x —q)p2(y); =VV(q)
+ /RM dxdy Vpi(x —q)p2(y)¢(x, y)) €& (3.3

Introducing
G:(t,2)eRxE— W,'G(W[2Z) €&,

it is clear that G is continuous on R x £ and Lipschitz on £ because W is an isometry
and G is Lipschitz. This problem satisfies all the conditions of the Cauchy-Lipschitz
theorem ([H], Theorem 3.1), so it has a unique solution which is defined on an open
interval. More precisely, there exists an open interval J such that 0 € J and there exists
a unique function Z : t € J — Z(t) € & satisfying (3.7). Moreover, W' Zo— Z(@)
is continuous on & for every ¢t € J and so we have the same results for

W' iYoe& — Y(t)=WWY,ef.

In order to prove global existence, we now prove conservation of energy. We
first prove the result for smooth initial data (i.e. ¢o, 79 € C c’Q(R‘H”)). Let Yo =
(¢0. g0, 0, po) with ¢, 19 € C§°(RYT™). Then WY, is smooth ([CH], Chapter 6)
and by the integral representation:

t
Y (1) = WiYo +/ ds W™ G1(Y (5)),
0

it is clear that ¢ (¢), w(¢) are smooth as well (in x and y). Note that ¢ (x, y, ) and
7 (x,y,t) are also smooth in # ([LM], Chap. 3). For such initial data a simple computa-
tion then yields:

d
THXY (1) =0,

so that, for smooth initial data, H (Y (7)) is a constant for all ¢ in J. We now prove that H
is continuous on &. The continuity of W’ on £ and the fact that smooth initial data are
dense in £ will then imply the result for all initial data. Since V is continuous, it only
remains to show the interaction term in H is continuous. Its continuity in ¢ is immediate
from the following computation:

| Jgasn dx dy p1(x — @)p2(0P(x, y) — [pasn dx dy p1(x — q)p2(MY (x, y) |

= Jpasn dx dk LO=D2O (k1§ (x k) — kI (x, k) |

—\ oo (k N N
12 DR2E || kI — ) 2

IA

A

— Voo (k
=2 @ x g — .

Because p has compact support and n > 3 the first factor of the right-hand side is finite
and so H is continuous (the continuity in (g, ¢) follows similarly).
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We will furthermore need the following obvious inequality (based on | ab | < %az +
172y
ﬂb ):

e 112

V dxdy p1(x —q)p2()p(x, y)| <
Rd+n 4

— (p1p2; P1 Ay_lpz). (3.9)
Hence:

1 1 1
H(Y (@) > 5p<r)2 + V(g(®) + Zuqs(r)nz + zun(t)n% + (p1p2: 1AT  p2). (3.10)

We are now ready to prove that / = R. We know that J can be written ]a; b[ with
—00 <a < 0and 0 < b < 400. We will show by contradiction that b = +o0 (the
same can be done for a = —o00). If b < +00, we know by the theory of differential
equations ([H], Theorem 2.1) that

1irr11] |Z(t)|e = 400,
t—
and the same holds for |Y (t)|c because

lY(Dle = IWoZD)le = 1Z1)le.

We consider first the (harder) case where VV is bounded (but V is not necessarily
bounded below). For ¢ > 0, we can write ¢ as:

¢=0"+9°, 3.1
where ¢” is the solution of the wave equation with initial data equal to 0 and ¢° is

the solution of the homogeneous wave equation with initial data ¢o and w¢ [CH] [J].
Consequently

pt) =—=VV(g®) Jr/w+ dxdyVpi(x —q®)p2(y)9" (x,y,1)

+ /Rm dxdy Vpi(x — q(0))p2(3¢"(x, y, 1).

The first term —V V(¢ (¢)) is bounded by hypothesis. The second one is easily bounded
using the Cauchy-Schwarz inequality and the exact form of ¢ given in ([CH], p.692).
Using (3.9) with V p; instead of p;, we have

1
<7 vy (0) 113

/ dxdy Vpi(x — q()p2(3)¢"(x, y, 1)
Rcl+)1

+ IV o)V o1 (x —q@) 13

But ¢ is a solution of the free wave equation with initial conditions ¢q and 7, so, by
energy conservation

2

d
Il Vi) 113 + HWO(” =|| Vyoo I3 + Il 70 113, (3.12)
2

and so || Vy¢0(t) ||% is bounded too.
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Finally, p(¢) is bounded on J: there exists C > 0 such that
Vield, t>0 |p@)I|<C. (3.13)

We have supposed b to be finite, so p(¢) and g(¢) are also bounded for¢t > 0,7 € J.

By energy conservation and (3.10), ||¢(¢)]| and || (¢)]|> are bounded. Therefore
|Y (¢)]¢ is bounded as well which is a contradiction with the fact that b is finite.

We finally deal with the second (easier) case, where V is bounded from below. There
exists Vo € R such that for every g € R, Vig) = W.

Equation (3.3) implies

1 1 1 _
H(Yo) = 5 p0* + Vo + 710 I + ST O3 + (proas 1A p2). (B14)

So p(t), ||l¢(t)|| and ||z (¢)]2 are bounded on J and because b is supposed to be finite,
q(t) is also bounded which is again a contradiction. 0O

4. Behaviour of the Solutions: Constant Force

From now on, we take n = 3. To prove our results we shall need to assume that the
propagation speed ¢ (see (1.2)) is large. We will comment on this condition at the end
of this section. We therefore reintroduce c explicitly as in (1.4):
3
p2(y) = c202(cy). (4.1)

In the following, p; and o, are fixed and satisfy (H1); c is treated as a parameter. The
force exerted by the medium on a particle moving at velocity v is defined in (2.2). One

has
1w J—a
fo =7 (2)= C,f( )|m (42)

where, for all w € R,
|2 sin(|k|s)
|k|

Remark that / and f, do not depend on c. The friction coefficient y defined in (2.9)
then becomes

+00
fw) = f dX[ndk/ dsVp1(x)p1(x + ws)|o2(k)

L
y=f0==0=%=>0
c c

where y does not depend on c:
7= 00 [ hee| -0 43)

We can define wy; to be the smallest zero of fr’ and F, M = fr(wM). For all w <
wy, fr is increasing, so for all F € RY, |F| < f—”{ there exists a unique v(F) €
RY, |v(F)| < wyc = vy (see Fig. 2) such that

f(F)) = —F. (4.4)

This defines v(F).
To obtain our results, we finally need some hypothesis on the initial conditions. For
that purpose, we define the following set:



Hamiltonian Model for Linear Friction in a Homogeneous Medium 523

Definition 1. Let D be the set of all states Yo = (po, qo, 70, po) in E such that
[0 (x, W)+ 1¥1(Vygo(x, VI + [70(x, D] < © @)1+ [y)~" (4.5)
for some v > 2 and k € L>® N L2
We are now ready to state our main results.
Theor(zm 2. Let p1 and oy satisfy (HI) and consider (1.5)—(1.6) with V(q) = —F - q,
! e(inF(;rall Fo, K, R, e,n > O there exists co(p1, 02, €, n, Fo, K, R) > 0 such that for
any ¢ > cq, for all |F| < Foc=%27¢ and for all Yo € € such that ¢o(x, -), wo(x, -) have

compact support in Bre C R3, satisfying Hy(Yo) < Kc* =%, there exist goo(F, Yo) €
R? and K' > 0 such that for all t > 0,

=),

19() = goo — v(F)t| < K'e™ .6)

(ii) For all Fy, K, &, n > 0 there exists co(p1, 02, &, 1, Fo, K) > 0 such that for any
c > cp, forall |F| < Foc—2—¢ and for all Yo € D with ||k|lo < Kc and Hy(Yp) <
K272 | there exist goo(F, Yp) € R? and K’ > 0 such that for all t > 0,

lq(t) — goo — v(F)t] < K'|t|*7".

Note that, since 1 can be taken arbitrarily small, the exponential decay rate in (4.6)
is essentially given by the friction coefficient y = 613 and, in addition that

F 1-2¢
V(F) = " + 0(c'%) 4.7

uniformly for | F| < Foc~2~¢. This shows that the solutions ¢ (¢) of (1.6) do indeed have
the same asymptotic behaviour as those of (1.1), as announced in the introduction. The
restriction on the energy Hy(Y() of the initial conditions in the hypothesis is related to
the fact that f(v) — 0 as v — oo. Indeed, it is intuitively clear that, if at some time
t, |g ()] is too large, then the reaction force of the medium will be too small to counter
the driving force F and the particle will accelerate. This argument fails when F = 0.
In that case, one can indeed omit the hypothesis on the initial energy Hy(Yy), provided
one imposes an additional hypothesis on o7 :

(W) 62(k) # 0 for all k € R3.
This yields:

Theorem 3. Let p1, oy satisfy (HI) and let or satisfy (W). We consider (1.5)—(1.6) with
V=0,

(i) For all n > 0 there exists co(p1, 02, 1) > 0 such that for any ¢ > co and for all
Yo € &€ such that ¢o(x, -), mo(x, -) have compact support in the y direction for each x,
there exist qoo(Y0) € RY and K' > 0 such that for allt > 0,

ra=n,

lg(t) — gool < K'e” &

(ii) For all n > O there exists co(p1, 02, 1) > 0 such that for any ¢ > co and for all
Yo € D, there exist goo(Y0) € R? and K’ > 0 such that for all t > 0,

lg(t) — qool < K'|t]*7".
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The proof of Theorem 3, which uses techniques of this section and the following one,
is given at the end of Sect. 5.

We now prove Theorem 2. We introduce some notation which will frequently ap-
pear. We denote by D f (v) the differential of the function f(v). One can see that in any

orthonormal basis (eq, ..., e;), where e; = ﬁ we have
. (IvD) (Ivl)
Df(v)=d1ag(—f;(|v|>,—f’ —f—)
[v] [v]
for v # 0 and
Df(0) =—yld.

We define for w € RY,

§,(w) = max <ﬂ<|w|>, f’('w')) . 72(w) = min (f;qwn, f’('w')) . @8

|w] lw]

In view of the definition of wy; and (4.2), it is clear that 6, (w) and 7 (w) are strictly
positive provided |w| < wys and that | Df (v)|| = 0%9*(%). Clearly,

lim 6, (w) = lim 7 (w) = 7, (4.9)
w—0 w—0

where y is defined in (4.3). For simplicity, we will write D fr, yr and G for Df(v(F)),
7 (XE) and 6, (X5,

Since we expect to prove ¢ (t) — v(F), it is convenient to introduce h(t) = g(t) —
v(F)t. For the proof of Theorem 2, we need the following lemma.

Lemma 1. Under the hypothesis of Theorem 2(i) (resp. Theorem 2(ii)), there exist cy > 0
and B > 0 such that .
sup|h(n)| < Be'™*

t>0

for all ¢ > co and for all initial conditions as in Theorem 2(i) (resp. Theorem 2(ii)).
The proof of Lemma 1 will be given below.

Proof of Theorem 2. During the proof, many estimates will be done in terms of ¢, so one
shall remember that p, depends on ¢ via (4.1). On the other hand, the different constants
will only depend on p1, 02, 1, €, Fy, K, R, but not on ¢, F, or on the initial conditions.
We first fix ¢ large enough so that Foc~2~¢ < Fyze ™2, which implies that v(F) is well
defined (see (4.4)), and we consider (1.5)—(1.6) for some F € R?, |F| < Foc~2~¢ and
Yoe€&.

The first part of the proof consists of a rather straightforward but somewhat lengthy
computation leading from (1.5)—-(1.6) to an effective integro-differential equation for
h(t) = g(t) — v(F)t obtained in (4.20).

Solving (1.5) yields, according to (3.11),

Px.y. 1) =¢" (x.y.1) + ¢ (x, y. 1),
where in the 3-dimensional case we deal with here:

1 _
o ey = —— [ a2V D - 1), 4.10)
41 Jizj<t |z
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1
$0x, v.1) = W/s< 180(5,0) 0 - Vygu(x,0) (e, Mo, (41D
Yy

and S;(y) is the sphere of radius ¢ centered at y ([J], Chap. 3). Inserting this in (1.6)
leads to the following integro-differential equation for ¢ (z):

q(t)_F__/ffl dx dy dz p2(y |Z|)pz(y)p1(x_q(t_|z|))
z|=t

xVpr(x —q(t)) + Ao(2), (4.12)

where

1
Ao(t) = W,/,/ dxdy A(y) do [¢o(x,0) 0 - Vydo(x, o)
+ 1o (x, 0)1p2(y) Vo1 (x — g (1)). (4.13)

Since n = 3, it is not difficult to see that f(v), defined in (2.2), can be rewritten as
follows:

Fo) = — Adfégfwd“lyd A lzl)m(y)p<x+v|z|>w1<x). 4.14)

Using this expression to replace F in (4.12) by — f(v(F)) we find

i) = ///d dydz 22 lj)m(y) p1(x + v(F)z) V1 (x)

_/././ll dxd M (_‘Z(f—|2|))V,01(x—q(t))
z|=t

+ Ao(t).

To alleviate the notation, we shall from now write v = v(F). We now divide the first
integral in two parts:

/dx/dy/dz=/dx/dy/ a’z—i—/dx/dy/ dz
R4 R3 R3 R4 R3 |z| <t R4 R3 |z|>t

We denote by f (t) the second one of these two terms, i.e.

~ 1 —
o) = —f// drdyds 2O =020 DV ). (415
4n |z]>t |z|

Now, remark that for |z| > 2%, 02()p2(y — z) = 0 because
Ry
ly—zl = |zl = Iyl = 27 — Iyl
and py(y) = O for |y| > %. So f(t) vanishes if r > 2(&. Finally, let

AL(1) = Ao(t) + f(0). (4.16)
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This leads to

‘I(t)_zm ///l dx dy dz pz(y—|zl)pz(y)[ o1 (x = q(t — 12])
z|=t

x Vp1(x —q () + p1 (x +vz]) Vor ()] + A1 (2). (4.17)
Inserting
t
gt —1z)) =q () —/ q(s)ds
1=zl

in (4.17) and using translation invariance, we find:

Q(t):L/// dxdydzw
A J ) S H

t
X [/01 (x +vlz]) — o1 (x +/ | Q(S)dS)} Voir(x) + Ai(r). (4.18)
t—lz

We are now ready to introduce h(t) = g(t) — vt, in terms of which (4.18) becomes

) = - /// dx dy dz p2(y —2)pa(y)
4 lzl<t | d

t
X [m (x +vlzD) — o1 <x + vz +/ h(S)dSﬂ Vpi(x) + A1 (@).
t—|z|
We can write

t
p1 <x+v|z|+/ fz(s)ds) — p1 (x +vlz))
t—|z|

t
= / h(s) - Vpi (x + vlz|) ds
t—|z|

t

¢
+ % <Hessp1 (X712 h(s)ds:; f h(s)ds>
1—z]

t—|z|

for some X; |, belonging to the segment [x + v|z|; x +v|z| + le— h(S)ds]. In addition,

an integration by parts yields:

|zl

t t
f h(s)ds = |z|h(7) +f (t — |z| — $)h(s)ds.
t—|z| t—|z|

As a result
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h(t) = __///| dxdydz px(y — 2)p2(y) [A(t) - Vo1 (x + v]z))] Vi (x)
Z|=t

[ff dx dy dz P2y —2)p2(y)
|z| <t | |

X [(/ | l(t — Iz —S)h(S)dS> Vpr(x + UIZI)} Vpr(x)
t—|z

/// dx dy dz P2y —2)p(y)
|z|<t |z]

1
X 3 <Hess,01 (X:, Izl)/ h(?)ds / h(s)ds> Vor(x) 4+ A(t).
t—|z|

Once again we rewrite the first integral f‘ = fp3 — fl oj=¢ - It is easily seen from

z|=t
(4.14) that the first term then equals DfF - h(t) whereas the second one is once again

vanishing for ¢ > 2(&. We define

1
Ay(t) =A1(t) + P /// dxdydz pr(y — 2)p2(y)
T HE

x [h@) - Vo1 (x + v1zD)] Vor (), (4.19)

and we finally obtain the following convenient form of the integro-differential equation
for h(t) = q(t) — vt:

h(t) = Dff - () — i///ll dxdydzm(y%?m(”
zZ|<t

t
X [(/ | ‘(I —lzl = S)f'i(S)dS> “Vpr(x + UIZI)] Vpr(x)
t—lz

/// dx dy dz p2(y —2)p2(y)
|z|<t | |

t 1
x %<Hessp1(xl,|z) h(s)ds; / h(s)ds>vp1 (x) 4+ Aa(), (4.20)
t—|z|

t—|z|

where A (7) is defined via (4.13)—(4.15)—(4.16)—(4.19). One recognizes here, in the first
two terms, Eq. (1.1) with V = —F - q.
We can now show h(t) — 0 and control the rate of convergence. We first define
6

YF 4 .
g(t) = e 3 'h(t). We have

H

OF U3 OF oy
ht) = e 'g(), h(t)——c—36 ERORTIG g(t)———h(t)+e '),
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so that (4.20) becomes

. or
g(t) = [c—gld + DfF} -8(0)

il _
Lo / / / dx dy dz p2(y — 2)p2(y)
4 lz|=t |z

t
X [(f (t—lz| — S)ef3( g(S)dS) -Vpi(x +v|z|)] Vpi(x)
t—|z|

_i/// dx dy 2z 2O =IO o Vo1 ()
T lzl=t |z

1 - t él(t,S) ! .
X = <Hessp1(x,,z|) ec g(s)ds;/ h(s)ds>
2 t—Iz| t—Iz|

/// dx dy dz o2 (y |Z|)pz(y)
|z]=<t

X [(/ (t—1z| = S)e” f, (S)dS> Vm(X+UIZI)] Vpi1(x)
1—|z]

U
+ e Ay(t). 4.21)

Note that in the third term of the right-hand side we only replaced one factor /(s) by
_or
e’ g(s). We will use Lemma 1 to control the other one. We define

M(1) = sup |g(s)| and N(@) = sup |g(s)].

0<s<t 0<s<t

Writing R(¢) for the right-hand side of (4.21) and using Lemma 1 to control its third term,
we easily find (remembering (4.1)) there exist constants Dy, Dy, D3 > 0 depending on
01, 02 so that

A A 29[:
Z
IR()| < (—: - —’;F) M) + —Dle % d M) + —e M)

Dy an,%r i
+ T END + e A0

Here, R; is the radius of the support of 07 (see (H1)). Taking c large enough (depending
on Dy, D>, 0r) we obtain for all s > 0,

5 Ry

~ - 20 2z
O yr  Dse” "

. Ds 2R
BOI= |\ T -G+t —an | MOTNOZT E 3S|A2(s)| (4.22)

Taking the supremum over all s € [0, ¢], first in the right-hand side and then in the
left-hand side of this inequality, we obtain

_ ~ " 20 _
Dy 2] (6 Dy i

N1 =S | <[22 -2 L 2 " N M)+ sup (e 142091 ).
4 c3 3 c3+e 0<s<t
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We denote by k. the inverse of the factor of N (¢). Remark that k. ~ 1 4 C% Hence

~ - 29”177 -

0 Dye™" & or

N <ke | % — 25+ 25 | M@) + ke sup (ec3“|Az<s>|>.
c c C O<s<t

Remark that, in view of (4.7), uniformly for all F' € R? so that 0 < |F| < Fyc 2%,
lime_ 100 ”(f) = 0. Hence, from (4.9)

lim yr = Lirfoo Op = 7. (4.23)

c——+00

Using this, it is now easy to see that for all n > 0, there exists co(p1, 02, K, Fp, €, n) so
that, for all ¢ > ¢¢ one has

Or  Vr Dy 252 ~ - 1
0<kc<c—3—c—3+c3+ge o S(GF—V(I—H))C—3.

We obtain then:
1 i
N(t) < — @ — 7(1 = )M (®) + k. sup (e & YlAz(S)|>. (4.24)
c 0<s<t

To control the last term in this inequality, we now need to use the hypotheses on the
initial conditions Yy € £. We treat Theorem 2 (ii) first. Recall that A» — A is a function
of compact support, vanishing for r > 2%. Hence, there exists B.(Yyp) so that, for all
t>0:

i
ke sup le " (Aa(s) — Ao(s))| < Be(Yo) < +o0. (4.25)
0<s<t

On the other hand, since for |y| > Lo p2(y) = 0 (see (4.1)), we have

c

1
Ao(t) = m/dx /|y<R62 dy /S[(y) do [¢o(x,0) +0 - Vygo(x, o)
+tmo(x, 0)]p2(Y)Vpr1(x —q(1)).

If |y| < %, then o] > |t — %L According to (4.5), and the hypothesis on ¢y, 0,

—V —V

Ry R
lpo(x,0)| < Kc |t — - - lo - Vygo(x,0)| < Kc |t — - -
R, —v—1
|tmo(x,0)|] < Kct |t — — ,
c
uniformly in the x variable. So we have, for some constant A,
A
| Ap(?) | < —. (4.26)

cz(1 41y

A simple computation then shows there exists 7, (f—‘i) > 0 so that
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eC‘ — e(,"
SUPo<s<i | (Tsy | = (g VI 2 (T§>

=1 tht*(—‘g).

(4.27)

C

We shall write t, = ¢, (f—@) . Now we have, forall0 < s <1,

s N t
lg(s)l = 1g(0)] +/O 1g()|du < 1g(0)] +/O N@)du < 1g(0)] +/0 Nu)du,
so that, using (4.24), (4.25) and (4.27), we find

t
M) < [M©0)] + / N(w)du
0

1 ~ t
< 18O+ ~5@F — 71 - n))/o M(u)du

1t eI 1
+kCAC 2\/0 mdu-’-kCAC zt*+Bct.

We can use the Gronwall lemma ([H], Lemma 6.2) to obtain

B.c3 5 (1—n)) L
18] < M(1) < <|g<0>| +keAcT I, + —C> Ir =M

O —y(—mn)
b4
¢ G o
+ ko Ac? / AR PG At (4.28)
o (I+s)Y
: . i
We define fioo = |g(0)] +kcAc™ 21, + #(fm Remembering that fi(1) = e~ < g (1),
o

this yields

i Z(1—- i
; — L (1-n) 1 fe T — L (1-p)
|h(t)] < hooe & + k.Ac™ 2 ——ds|e &
0

(I'+s)Y
. o Z(1-p)s _
_Z (- 1 2 edd _7 -
< heoe EAS ’])t—i-kcAc_? / S— R P R
o (I+s)P
b4
t 3(1*77)3 .
+heAcT? A P Sl

£ (I+s5)Y

v 1 16_0%(1_77” v 1 14
<hoe ST Lk AT |:ec3( Mz _ 1}

L1 -1
+ kA —E/I ds
C
‘ ¢ (1+5)"
- - _1
<hooe7cl3(177m ke el m-ms keAc >

= A + .
y(1—mn) w-1(1+5)""
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Consequently
h(ty=0@"""),
so that we can conclude that there exists g (Yo, K, F, €) € RY with the property that
q(t) = oo + V(F)t + O(*7),

which proves the second part of the theorem.
In part (i) of the theorem, ¢¢ and 77y are compactly supported. Hence A; is compactly
supported as well. In that case, (4.24) becomes

I~ . -
N(@) = 0—3(9F —yd—=m)M@)+ N,
where N is a constant which depends on everything except t, yielding instead of (4.28),

1)) < g1 TTIME 4 0T
and hence
: . . _ V(]
()] < (h©)] + Nye™ ="
From this, the announced behaviour of ¢(¢) follows again. 0O

Proof of Lemma 1. First note that in the case considered here (V = —F - g) the Ham-
iltonian is not bounded below (unless F* = 0), so that there is no a priori reason why A
should be bounded. We start by controlling 4 (¢). Using (4.1), (4.12) and h(t) = g (t) we
have:

.. K
(RO = [FI+ = + [4o(®)].

But
|Ag(1)| = ‘[ / dxdy p2(»)Vp1(x —q1))$°(x, y, 1)
< IVy0° Ol x V5 02 (1) Vi (x = ()2,

and using (3.12) together with the hypothesis Hy(Yp) < K ¢272¢ and the form of P2 wWe
have

|Ag()] < Ac™%. (4.29)
Then remember that |F| < Foc™27% < Fy(c) = i—g” so finally:
|h(1)| < Koc™°. (4.30)

‘We now turn to the bound on fz(t) which is obtained in (4.35). To alleviate the notation,
we shall write I'z for D fr. Multiplying (4.20) by e~ #’ and integrating between 0 and
T, we obtain after some rewriting:
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Ty = e"FTh(0) — / dt /// dx dy dz p2(y |z|)pz(y)
lz|<t

X [(/ (r—|z|—s>h(s)ds) Vm(x+vIZI)] TPy (x)
t \zl

b dt /// dx dy dz P2y lzl)pz(y)
lzl=t

1 ~ ; b —Tp@=T)
X 7 Hess 1 (X;,)7)) . h(s)ds; h(s)ds )e " F Vpi(x)
=& t—|z|

T
+ / dt e =D Ay (1),
0

Defining B(f) = supy,, |h(s)| and using (4.1) and (4.30), we find for all # > 0 and
for some K, K, > O:

lh(t)| < |h(0)|+ / e "rO=ds + — / le TP B2 (s)dss

t
+ / e TP Ay (s) | ds.
0

Then, with the notations introduced after Theorem 3 (see (4.8)—(4.9))

. . K T PE (o K ToPE
o) < )+ s [ eF0as+ 2820 [ eF 0 as
0 0

L PR
+ / ¢ Ax(s)lds,
0

and consequently
Ky K> N7
)] = O+ =+ 25 20+ [ s
0

We now control the last term of this 1nequahty. Under the hypothesis of part (i) of The-
orem 2, Ap(s) has compact support. One should in addition remember that A, differs

from Ag by terms which have compact support in the ball af radius ZL . Moreover one

of these terms is bounded by and the other by Wt)‘ . Therefore, using (4.29), the last
integral can be bounded as follows

2Ry

t );i _ o fi _ ¢ )771: —
/ e | Ax(s)lds < / ¢ Ag(s)Ids + / e a5(5) — Ag(s)lds
0 0 0

- 2Ry
L7 o VE(o_
SA07€/ e (s t)ds+k(B(l)C73+C72)/ e (s t)ds
0 0

< Aac? +kc 3+ kK B)ac™, (4.31)

where « is such that Ag(s) = 0 for s > o (note that « < supf 252, = + Rc}) and
provided c is large enough. And so we have for all r > 0,

. . K
(D] < [hO)] + K3¢' ¢ + =2 B2(t) + K'B(t)e ™. (4.32)
YFC
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VP (g
If we are now under the hypothesis of part (ii), we use (4.26) to control fot Prata

|Ao(s)|ds. We obtain then

VE
YE (5—t
e Chtd)

1 Vi _ A t
/ ¢3S Ag(s)|ds < —1/ ¢ ds
0 c2 Jo (L+s)Y

LA 1 L, o1
< ————ds <A'c?
0 c2 (I+s)v

because v > 2. Finally we have once again (4.32) for all > 0.
We can now conclude as follows. Since B(?) is increasing, we have, forall0 <t < T,

. . K
h(D)] < [h(0)] + K3c' ™ + —2BX(T) + K'B(T)c™*.
YFC

So, taking the supremum over ¢, we have the following inequality for all 7 > 0:

. K
B(T) — k' B(T)c™* < |h(0)] + K3c' ¢ + —2= BX(T). (4.33)
VFC
Using the hypothesis on F and Hy(Y)), one has |h(0)| < Kcl=#, 50, for ¢ large enough:
1—¢ 2K3 5
B(T) < 2(K + K3)c + —B~(T). (4.34)
YFC

An easy computation and the continuity of B(¢) tell us that:

B(t) < B_ Vi >0 or B(t)> By vVt >0
with
% 16K>(K + K
By = YFC 1+ [1— w )
4K, yFce

We will now take ¢ large enough so that there exists two constants 8 and B8’ such that:
B_ < B, By=pc>KcelE
Note now that )
B(0) =| h(0) |< Kc'™* < By,
and so we have finally the following bound for /(r):

h(t)| < B(t) < B_ < Bc'™¢ vt > 0. (4.35)

The condition “c large” is certainly essential in our proofs. Whether the results can
also be obtained without this condition is not clear. On an intuitive level, the condition
can be understood as follows. Remark that the model contains three intrinsic time scales
that are functions of p1, 0, and c:

(i) the relaxation time 7| = y~! = ¢35 ~! defined in (4.3),
(ii) the time 7 = % the particle needs to cross its own diameter when moving at
speed vy,
(iii) the time 13 = 2% the signals in the membranes need to cross the particle.
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One has therefore two dimensionless parameters:

71 1 Tl wm
n_ .4 B R

3 2Ry ™ 2Ry

Taking ¢ large is therefore equivalent to 71 >> 13, which expresses the idea that the
membranes evacuate the energy deposited by the particle “quickly”. Alternatively, ¢
large is equivalent to v M% > 2R, which is saying that the distance travelled by a
particle moving at the characteristic speed vy, during a time 71 is much larger than the
particle diameter.

5. The Confined Case

We turn to the case of a confining potential. We make the following assumptions on V
and o>

(©) lim V(q) = 4o0;
q—>00

(W) 62(k) # 0 for all k € R3.

Then p, is defined as in (4.1). Let S = {¢* € RY|VV(¢*) = 0} be the set of criti-
cal points of V. We suppose that S is discrete. For all ¢ € R?, we denote by ¢4 the
unique solution of —Ay¢(x,y) = —p1(x — g)p2(y) decaying at infinity. Therefore,
{(¢¢.q.0,0)|q € S} is the set of equilibrium points for the dynamics.

Theorem 4. Suppose that (Hy), (Hz), (C) and (W) are satisfied and n = 3. Denote by
Y() = (p(),q(t), (1), p(t)) the solution of (1.5)—(1.6). For all Yy € D, there exists
q* € S such that:

t_l)linooq(t) =q" and z—llTooq(t) =0. 5.1)

If moreover, g* is a non-degenerate minimum for V, then for all n > 0 there exists a
co > 0 such that for any ¢ > co and for all ¢y and o with compact support, we have
forallt > 0,

—d-ny,

lg(t) —q*| < Ke 25 . (5.2)
A similar result holds for q(t).

One could also, as in [KKS1], study the convergence of ¢ () to ¢4+, but we shall
not do this here. Note that the first part of the theorem does not require ¢ to be large.
In fact, using the linearization method of [KKS1], one could prove the convergence is
exponential for all ¢ as well. In this way, we do not, however, obtain a very explicit
expression for the exponential rate of decay. Our method here shows it to be equal to

2)'7, confirming the solutions in this model behave very much like those of the phenom-
enological equation (1.1).
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Proof. In order to prove (5.1), i.e. the convergence of g (¢) and ¢ (), we follow the meth-
od of [KKS1]. The exponential rate (5.2) will then be obtained by the same techniques
asinthecase V(gq) = —F - q.

Using the conservation of energy and the hypothesis on V, one concludes immedi-
ately that ¢ (¢), ¢ (¢) and ¢ () are bounded. Let Bg C IR3 be the ball of radius R centered
at 0. We define:

()

1
ER(t) = +V(q(t>)+§/ dx/ dy (IVy¢ (x, y, D> + |7 (x, y, D)%)
R4 Bg

+/ dxdy p1(x —qg®)p2()p(x,y,1). (5.3)
RdJrn

We take R > %. Using (3.11), we can write ¢ as ¢" + ¢° and in a similar way,
7 =7 +79 where " (x,y,t) = q'br(x, v, t) and no(x, y, 1) = <]50(x, v, ). Using this
decomposition and the regularity of ¢o and o, we see that ¢ (x, y, #) and w(x, y, t) are
differentiable. Let us write n(y) = |;—| and let do be the surface area element of d By.

Then differentiating (5.3), we have

dE t—d H(Y(t ! d dy (|V H? H|?
a7 RU_Z( ( ())_E/Rd X/|yI>R y(UVyo(x, y, D" + | (x, y, )] ))

=f dx/ do () n(y) - Vy(x, v, D (x. y. 1)
R4 JdBR

=/ dxf da(y)”()’)'(Vy‘f’r(x’y»t)”r(x’y»t)+Vy¢r(xay,t)
R4 dBR

x 710, y, 1) + Vo (x, y, D7 (x, y, ) 4+ Vy ¢ (x, y, )70 (x, y, 1)).

We bound the three last terms by the Young inequality, and we then integrate in ¢. Hence,
forall T > %,

Ry
ER(T + R) — Eg <R+ T)

T+R
< / dr / dx / do (y) (n(y)~vy¢’<x,y,t>n’<x,y,r>
R Rd 9B

R
o

1
+ (Vg D+ 17" (x, v, O +2(1V,0%(x, y, D12 + 70, y, r>|2>).

We know that Eg(R + %2) < H(Y(R + £2)) = H(Yp), and the hypothesis on the
potential and (3.14) tell us that:

1
Er(t) = H(Y (1)) — 5(||n<r)||% +llp®I*)

—H (Yo) +2Vo + 2{p1p2; p1 A p2),

v

where Vj is the infimum of V. So we have

Ry
Er(T + R) — Eg (R+ —) > —C,
C
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where C is a constant not depending on R, T. Hence,

T+R 1
/ dr/ dxf do () n(y) - Vyd" (x, y, 7" (x, 3, 1) + ~(IVy" | + 7" %)
R+ Rd 3B 4

T+R
§C+2/ dt/ dx/ do () (V0% y, 12 + 1700, y, %), (5.4)
R+ 2 R4 9Br

We first need to bound the right-hand side. This follows from Lemma 3.3 of [KKS1]
and the fact that ¥ € L? (recall that « is defined in Definition 1):

T+R
|t [ax [ do)09,6°y 0P + 0y 0P < 1o
R+-2 R4 9Bg

uniformly in R and 7.
Then, using (4.10), we have

¢ (x,y,1) = —— p2(2)

Z p1(x —q—1ly—zl).
4z ly—z|<t ly —z|

If |y| = R, because py(z) = 0 for |z] > =2, we have forr > R +

pz(z)

P (x,y,1) = z
CAm Jiem Ty — 2

p1(x —q—|y—zlc).

. R
Consequently, still for |y| = Rand ¢t > R + 72,

. d
ey = ey == | ﬁzi@ 1x—q(t—ly—zD) (5.5)

and

1 p2(z) 0
Yy, y. 1) = ‘Z|<¥dz 25" 1(x =g =1y =zD)n(y)

1 2(2)

4 |z|<¥dZ |y—z|2’0l (x—q—ly—zD))n(y —2)

1 pm(z) 9

4n lzl#dZ bzt ety =z
x(n(y =2) =n(y).

The last two integrals are bounded by K R~2 because ¢ is bounded. Hence
Yy (x, . 1) = =" (x, y, D) + O(y[ 7).

Since we know that ¢ (¢) is bounded by some constant Qg, for |x| > Qo + R} = Ié],
we have ¢" (x, y,t) = 7" (x, y,t) = 0. So (5.4) becomes

T+R
/ dt / dx / do(y) |7 (x,y, D> < K + TO(R™?), (5.6)
R+52 Jixi<0o+r 0Br
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and using once again (5.5) we have

T+& 9
f dt/ dx/ do(y)’/ pZ(Z) —p1(x —q@ -1y —zlc))
R+ dBR Ry |y - dt

<K+ TO(R_Z).

2

But|y—z|~Randt+R—|y—z|=t+n(y) -z+OR™),s0

/ dt/ dx/ do(y)
Ry 9Bg

< K+T(’)(R 2.

02(2) i _ | 2
[Bde ly — z|arp1(" q(t +n(y) -2+ O(R™ )))‘

After the change of variable y = Ro, we now take the limit R — 400 and so

fraf, oo

This bounds holds for all 7 and so

+00
/ dt[/ dx/ do
0 Bg, 52

We define the function

2
<K.

9
f dz ,02(1)5,01 (x —q(t+o0-2))

2
4

2
i|<+oo.

/B dzp2(2)Vp1 (x—q(t+0o -2)) - g(t+0 - 2)
Ry

(5.7)

2
I(x,0,1) = ‘/B dz )V (x —qt +0-2))- gt +0-2)

which is differentiable in x, o and uniformly Lipschitz in # because g and g are bounded.
As aresult

lim I(x,o0,t)=0 (5.8)
t——+00

uniformly in x € B3 3 and o € 2. We fix o and x. We take a basis of R? such that
o = e, and we define

m(z1) = /dzzd13pz(Z1,Z2,Z3)

and s = o - z. Then we have

2
I(x,0,1) = ‘/ds P2(s)Vp1 (x —q(t +5))) - 4t +5)

2

_ ‘/ ds pa(t — $)V 1 (x — q(5)) - 4(s)

=% (Vo1(x —q) - Q@O
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Then (5.8) leads to
lim py* (Vpi(x —q)-q)() =0.
f—+00

Hence (W) and Pitt’s extension to Wiener’s Tauberian theorem [R] implies
lim Vpi(x —q(1)-q(1) =0
1—40o0
uniformly in x. So we have

0= lim sup Vpi(x —q(1)) - q(r)

IA)+OOXGBR31

= lim sup Vpi(x —q(1) - ¢()

t—>+oox€Rd
because Vpi(x — ¢q(t)) = 0if |x| > 151. Hence

lim Vpi(x)-¢(t)=0 VxeR?,
t—+400

which proves that ¢ (¢) tends to zero (one can take x = re;, where r is such that pi (re;j) #
0 and (ey, ..., e4) is any orthonormal basis). It remains to show that ¢ (z) converges to
some ¢* which satisfies VV (¢*) = 0. Remember that ¢, is the stationary solution of
(1.5) corresponding to ¢ (t) = q. Let A= {Y, = (¢4,¢,0,0) g € R, lqg] < Qo}. A
is compact in £. Finally, we denote by ||.|| g the L? norm restricted to the ball of radius
R and IYléR = Vyol% + lg|* + Izl% + | p|*. We first prove

inf 1Y (0) - Yoz p = IpOP + @7 + i (IVy@) = o) l%

+lg(t) — q1*) = 15100 0. (5.9)

We know that |p(f)] — 0 ast — +oo. Then (5.5) implies that ||7"(¢#)||[g — O as
t — +o00. The bound on ||7°(7)| g (see Lemma 3.3 of [KKS1]) then shows that the
same result holds for |7 ()| g. To estimate the infimum over ¢ in (5.9) we take ¢ (¢) for
q. Then the last term vanishes and we have to control

V)7(¢r(x’ Y, t) - ¢q(t)(x’ )’))

-1 —
=, [Efdz% (o1 = gt = |zI)) = p1 o — q(t)))]

for |y| < R, the term with quﬁo being controlled using once again Lemma 3.3 of
[KKS1]. The difference p1(x — q(t — |z])) — p1(x — g(¢)) can be written using an
integral depending only on ¢(s) for s € [t — (R + %), t] which tends to zero as ¢ goes
to infinity uniformly in (x, y) € Bg. All this proves (5.9).

Given a solution Y (¢) of (3.1), we call B the set of all Y e & such that there exists
some sequence f, — —+oo with Y (#,) — Y in the semi-norm |.|¢ g for all R. The
continuity of W' tells us that B is an invariant set. Then, (5.9) tells us that B C A. So,
for Y € B there exists a C? curve t — G(t) € R? such that W'Y = Y. But W'Y is
a solution of (3.1) so we must have c'}(t) = 0, hence ¢ (1) = ¢* with VV (¢*) = 0 and
g* € S. Therefore Y = Y+ and B C {Y,, q € S}.
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We now prove that g(r) — ¢*. Suppose there exist Rg, € > 0 and a sequence
t, — +o00 such that

inf |Y (1) — Yy le. gy > €. (5.10)
qges

But (5.9) and the compactness of A imply that there exists_)? € A and a subsequence
17, such that Y (r;) — Y in the norm |.|g g for all R, where Y € A. Then, by definition,
Y € . But (5.10) is then a contradiction to B C {Y,, g € S}. So

inf [g(r) —q| — 0,
qes

and because S is discrete, there exists g* € S such that g(t) — ¢*. We have therefore
proven (5.1).

To prove (5.2), we now suppose that ¢* is a non-degenerate minimum for V. Because
of the translational invariance of the interaction term, we can suppose that g* = 0.

Now, the computation leading up to (4.20) in the particular case v = 0, so that
h(t) = q(t), yields:

_ 1 )
(1) = —VV(g0) — L) - _/// dxdydz 20 = 9020)
¢ am lz|<t
t

|z
X [(/ ‘ l(l — Izl —S)éi(S)dS> ~Vpl(X)} Vpi(x)
t—|z

/// dx dy dz P2y —2)p2(y)
lz|<t | |

1 1 1
x 5<Hessm(aa,|z|) q(s)ds; / | lé(S)dS>Vm(X)+Az(t)- (5.11)
t—lz

t—|z|

Moreover, VV (q(t)) = W - q(t) + r(q(t)), where W is the Hessian matrix of V at
g = 0 and r(g) = o(|q|). Remark that A,(¢) has compact support. We now define
Q1) = (q(1), ¢(t)) € R* and W the 2d x 2d matrix:

w=( 2
(5 %))
C

Since 0 is a non-degenerate minimum for V, W is a diagonalizable positive definite
matrix One should remark that W is diagonalizable as well with eigenvalues A =

== + iy, and so for all 7 in R, ||eW’|| =e 2c " We rewrite (5.11) as

0 =WQW) +v(t, 0, ),

where is~a function we will control in terms of |§(?)|, |¢(¢)| and |g(¢)|. Defining
X () = e Q(t) we have:

X(t) = e Wiy (r, Xy, WeV X (1) + eW’f((t)),
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X0 < _/// dxdy dz p2(y —2)p2(y) (f - el — )
lz]<t T -zl

x 233 (WX (5)] + |X<s)|>ds) IV o102

2)p2(y) 1 -
/// dxdydz el E |'O2 Y §|HCSS,01(xt,|z\)|
lz|=t

t
% (/ ; il 91X (s )|ds> </ | IQ(s)lds> Vo1 (x)]
t—|z t—|z

b4

+ 33 AW+ e ). (5.12)

Let ¢ > 0. Since r(q) = 0(|q]), there exists § > 0 such that for all |g| < §, [|r(q)| <
glg| < €| QJ. We define n = min(8, ¢). Moreover, we already know that Q(¢) — 0, so
there exists 7" such that for all t > T, |Q(¢)| < n. Using the fact that the evolution of
the solution Y (¢) of (3.1) is given by a continuous linear group and that Y () satisfies
the same conditions as Y, we can suppose T = 0. So we have

Vi>0,|0)| <n<e and r(g)| < elQ]. (5.13)
As in Sect. 4, we define

M(t) = sup |X(s)| and N(¢) = sup |X(s)|.

0<s<t 0<s<t

Remembering once more that p» depends on ¢ via (4.1) and using (5.12) and (5.13), we
have forall0 < s <1,

|X(s)|<?ez ||W||M(t)+£ec M(l)+K—et N(t)

+ sup <8e2c3r|Q(r)|)+ sup <6MI|A(T)|>.

0<t<t 0<t<t

v - oo~
Remark that e23°[Q(s)| = |e="*Q(s)| = |X(s)| and supy_,—, (ezc3’|A(r)|) < K3,

so taking the supremum over all s € [0, 7] in the left hand side, we have

Ky - R ¢Kp fz Ky
N@O = gIWle & +—=e M(t)+—ec NG + K,

and so

K| R 17R2

(1—6—4“ )N<f><< LW’ +—ec e)M(t)+K3.

We call (ké)_1 the factor of N (). We can choose ¢ as small as we want, so the factor of

M (¢t) can be bounded by 5—4/ Then, the same computation as in the last part of the proof
of Theorem 2 leads to

K3C4 kCK/[
M) < (M(0>+ X >e a
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and finally we have

4 k! 7
oM < (M(O) - KK3_f> e(%_ﬁ)’,

which is the annouced result. 0O

Proof of Theorem 3. In the first part, we will follow the proof of Theorem 4 in order to
prove that g(¢) — 0. The only thing we have to worry about in the present case is that,
unlike in the case of Theorem 4, g (¢) is not a priori bounded. However, ¢ (#) is bounded
because V = 0. In order to obtain the exponential decay rate, we will then make the
same computations as in the proof of Theorem 2, except that we will not use Lemma 1,
but the fact that we already know that ¢ () — 0.

We first prove that g(t) — 0. We follow the computation of the proof of Theorem 4.

Since ¢ (¢) is bounded, if ¢ belongs to [R + %; R+ T] ,if [y] = R and |z] < %, we
have

R
g —ly -zl < C (T + 7)

for some constant C > (. With that estimate, (5.6) clearly becomes

R4T
/ dt / dx / do(y) 7" (x, y,D|* < K + TTTOR™?).
R+ |x\<C(T+?)+R1 3Bg

Then, (5.7) becomes

+0o0
/ dt|:/ dx/ do
0 R4 52

and the end of the proof follows identically.

Now that we know that g(#) — 0, we can control |¢(f) — goo| in exactly the same
way as in the proof of Theorem 2, but instead of using Lemma 1, we remark that there
exists 7 > O such that forallr > T, |gq(¢)| < 1. Using the fact that the evolution of
the solution Y (¢) of (3.1) is given by a continuous linear group and that Y (7') satisfies
the same conditions as Yy, we can suppose 7 = 0. So, with the notations of Sect. 4 one
has, instead of (4.24),

2
]<+oo,

/B dzp2(2)Vpr (x —q(t +0-2))qt +0 -2)
Ry

N(t) < n:—3M(t)+kc sup (ef‘smz(sn).

0<s<t

The end of the proof is then similar. O
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