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ABSTRACT. A reactive kinetic transport equation whose macroscopic limit is
the KPP-Fisher equation is considered. In a scale, where collisions occur
at a faster rate than reactions, existence of traveling waves close to those
of the KPP-Fisher equation is shown. The method adapts a micro-macro
decomposition in the spirit of the work of Caflisch and Nicolaenko for the
Boltzmann equation. Stability of these waves is shown for perturbations in
a weighted L2-space, where the weight function is exponential and such that
the (macroscopic) linearized operator in the weighted space is self-adjoint and
negative definite. Similar approaches to stability of traveling waves are well-
known for the KPP-Fisher equation.

1. INTRODUCTION
When the chemical reaction
A+ B < 2A

takes place in a setting, where the density of species B can be assumed as constant
and species A is subject to one-dimensional diffusion, then the dynamics of the
density u(t,x) of species A can be described (after non-dimensionalization) by the
KPP-Fisher equation

Ou = DO*u+u(p — u), (1.1)

with the diffusion coefficient D > 0. This equation has two constant equilibrium
states, u = 0 and v = p > 0, the former linearly unstable and the latter linearly
stable. Thus, an initial perturbation of u = 0 grows to approach v = p. It is
well-known that, in an unbounded domain, this growth may take the asymptotic
form of a propagating wave front, i.e. as t — 400 the solution approaches the form
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u(t,x) = upw (§) with the traveling wave variable £ = x — st, the constant wave
speed s € R, and upy satisfying the ordinary differential equation

Dully + supy + urw (p — urw) = 0. (1.2)
We assume throughout that s > 0. This is no restriction, because (1.2) is invariant
under the reflection s — —s, & — —&. The waves then propagate to the right and
satisfy the far-field conditions

lim wurw(§) =p, lim urw(€) =0. (1.3)

£——o00 £—+o0

Equation (1.1) has been introduced by Fisher [5] as a model in population genetics
that describes the advance of individuals with a favorable gene. At the same time
Kolmogorov, Petrovskii and Piskunov [9] investigated (1.1) with a more general
nonlinearity. Some results concerning the traveling wave solutions (which have
been studied extensively) will be reviewed below.

The subject of this work is a kinetic transport model for the same physical
situation. The main modeling difference compared to a reaction-diffusion model is
the replacement of the Brownian motion by a velocity jump process. The latter can
be thought of being caused by collisions with a (non moving) background medium,
which randomize the direction of movement. A kinetic equation for the phase space
density f(t,z,v) of particles of species A can be written in the (dimensionless) form

20, f + v f = Lf +°Q(f), (1.4)

with time ¢ > 0, position x € R and velocity v € V' C R. The left hand side of
(1.4) describes the free streaming of particles, and the terms on the right hand side
model collisions (described by the operator £) and chemical reactions (described by
the operator Q). The dimensionless parameter ¢ is assumed to satisfy 0 < ¢ < 1.
Considering its occurrence on the right hand side of (1.4), this means that collisions
are much more frequent than reactions. The powers of € on the left hand side can
be achieved by appropriate scalings for time and position.

Collisions are described as instantaneous velocity jumps with an equilibrium
distribution M (v), satisfying the moment conditions

/Mdvzl, /desz, /U2Mdv:D>0, /v?’MdU:O.
1% 14 1% Vv

A typical example is the Maxwellian distribution M (v) = (QWD)*I/QG’”Q/(QD),
V = R. The simplest collision model is the relaxation operator

cf = /V M () f (') — M) f(o)de = Mpy — |,

with the macroscopic density pf(t,z) = [i, f(t,x,v)dv. The collision process obvi-
ously conserves mass: fV Lfdv = 0. For the chemical reactions, it is assumed that
they produce particles with the same equilibrium velocity distribution:

QU = [ M) = F0) £ = ps (M7= £).
We obtain the kinetic reaction model

20, f +evdy f = Mpy — f+e*ps(Mp— f). (1.5)

A connection between (1.5) and (1.1) can be established by the macroscopic limit
£ — 0. Substitution of the Chapman-Enskog ansatz f = Mp; +ef into (1.5) and
integration with respect to v leads to the macroscopic equation

Ops + On /VUdeU = pr(p—py)-
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On the other hand, (1.5) implies
fr=—vMa.p;+0(e).

Hence, in the formal limit ¢ — 0, py solves (1.1). This is an example of the
derivation of reaction-diffusion equations from kinetic models. Formal asymptotics
of this kind for much more general cases, in particular also systems, has been carried
out by several authors (see, e.g., [1], [11]). However, a rigorous justification is only
known for linear models [1].

It is our aim to study the existence and stability of traveling waves of (1.5).
As a preliminary result, in Section 1.3, we prove global existence of solutions of
the initial value problem for (1.5) for initial data bounded by a global equilibrium.
Our approach for the analysis of traveling waves is based on the fact that, for e
small, (1.5) can be approximated by (1.1). In Section 2 we present a constructive
existence proof for traveling waves with speed s > sg = 21/D p of (1.5), which shows
the asymptotic closeness of the kinetic profiles to the solutions of (1.2) with the same
speed. We follow the approach of [4] (that is applied to traveling waves of kinetic
BGK models for scalar conservation laws) by first constructing a formal asymptotic
approximation, and then showing solvability of the problem for the correction term.
For the latter we adapt the micro-macro decomposition introduced by Caflisch and
Nicolaenko [2] for the Boltzmann equation. The major difficulty in the current
problem is caused by the fact that, in contrast to [4] and [2], the macroscopic
problem is not a conservation law. The existence result can be extended to also
give strict monotonicity, and therefore positivity for the macroscopic density of the
kinetic profile. In Section 3 we show the asymptotic stability of kinetic profiles
with s > sg, under perturbations in suitable spaces. Traveling waves for the KPP-
Fisher equation are stable under perturbations, which decay faster than (or at
least as fast as) the waves. The analogous result is proven here. The required
decay properties are built into an appropriately weighted L?-space. This has the
consequence that we can control the macroscopic terms in a similar way as for the
KPP-Fisher equation. Concerning the control of the microscopic terms, we have
only been successful under the additional assumption that the velocity space V is
bounded. In the remainder of this section we recall the stability results for traveling
wave profiles of (1.1) and also show, how the stability of these profiles can be proven
by using energy estimates. We also carry out the Chapman-Enskog argument for
the approximation of kinetic traveling waves.

1.1. Traveling waves for the KPP-Fisher equation. Concerning existence of
traveling waves of (1.1), the following result is well known.

Theorem 1 ([9]). For s > so := 2y/D p there exists a positive solution of (1.2),
(1.3), which is unique, up to a shift in &, and strictly decreasing.

Proof. One way of looking at the problem is by writing (1.2) as a planar system
and analyzing the (urw,u7y,) phase-plane. The critical points are clearly given
by the zeroes (0,0) and (p,0) of the nonlinearity. Linearization shows that (p,0) is
a saddle point, with eigenvalues (—s £ /s + s3)/(2D), and that there is a unique
orbit coming out of it in the second quadrant.

The critical point (0, 0) has eigenvalues (—s=++/s? — s2)/(2D), thus it is a stable
node for s > sp and a stable spiral for s < sg. Hence, a positive solution to (1.2)
satisfying (1.3) can only exist if s > sg. Further, it is easy to see that the triangle

0<urw <p, 0>wupy > —-=urw, (1.6)
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is an invariant region, so that the unique orbit coming out of the saddle point
enters the node, and it does so through the slow manifold when s > sg. This gives
existence of traveling waves (unique up to translation in &) for every s > so. O

The proof also provides the far-field behavior. On the one hand, we have

N S

p—urw(€) ~ce* ¢ asé— —oo with a_ = 5D >0, ¢>0.
(1.7)
On the other hand, for every s > s,
/2 &2
urw (€) ~ cs e+ as € — 400, with ay = 5D >0, ¢ >0,
(1.8)
and, for s = sg,
urw (€) ~ cof e (02 a5 € — 400, > 0. (1.9)

For the stability analysis below, a comparison principle for the KPP-Fisher equa-
tion will be useful.

Lemma 2. Let ui(t,x), ug(t,x) > 0 be two solutions of (1.1). Let u1(0,2) >
yug(0,2), for all x € R, with v < 1. Then uy(t,z) > yusa(t,x), for allt >0, z € R.

Proof. A simple computation shows that v := u; — yus satisfies
v — DO*v 4 v(ug + ug — p) = ugua(l — ) > 0.

Since uy +u2 — p > —p, we can deduce from standard arguments (see e.g. [9]) that
v > 0. [l

In the following, we assume s > sp and write (1.1) in terms of the moving
coordinates t and £ = x — st,

Btu—sagu—Dagu—u(ﬁ—u) =0, (1.10)

and look for solutions that are small perturbations of ury,. Thus we assume u =
urw + p, where p is small in a sense to be made precise later. The equation for the
perturbation reads

Oip — s9ep — DOz p + p(Rurw +p—p) =0. (1.11)

It is well known that traveling waves of (1.1) are in general unstable to perturba-
tions; cf. Canosa [3]. In the classical approach to stability, one first studies linear
stability by analyzing the spectrum of the linearized operator. In a LP-setting with
p > 2, the spectrum of the linearized operator about waves having s > sg extends
to the right hand complex plane and always contains 0 as an eigenvalue with eigen-
function u/y, (this eigenfunction is the one generated by perturbations equivalent
to small translations in the traveling wave). To overcome this problem one intro-
duces norms with appropriate weights, that push the spectrum into the left hand
plane and w/.y;, out of the space, thus creating a spectral gap. In the seminal work
by Sattinger [10] such an analysis is carried out in L™ with an exponential weight.
We borrow this idea here, but for the kinetic model it is more convenient to use
L? estimates. In this section, we show how this is done for (1.1) by constructing
an appropriate Lyapunov functional. For the control of the nonlinear terms, we
use the comparison principle. As an alternative to this, an H! based Lyapunov
functional can be used, combined with the Sobolev embedding H' C L* (see [7]).
We define the weight function

W(¢) = e?p® (1.12)
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and introduce the Hilbert spaces L7 = L*(R) and Lj, = L*(W?d§) with the re-
spective norms

ol = / 2de, ollw = oW lle. (1.13)

For the initial data, we assume p(t = 0) = u(t = 0) —urw € L7 N Lj, and
u(t = 0) > yurw with 0 < v < 1, implying p > (v — 1)urw as a consequence of
Lemma 2.

Local existence of solutions of (1.11) in Lg N L%, (thus in effect the weight acts
only as £ — +o0) follows by a standard contraction argument. Hence, if we can
show the decay of the solution in Lg N L%, as time evolves, global existence follows
by a continuation principle.

Multiplication of (1.11) by W gives

O (pW) — D@g(pW) + (k + 2urw + p) pW =0, (1.14)
with
s2
Ki=m5 =P >0
by s > sg. Testing (1.11) with p and (1.14) with apW (for some o > 0) and adding
the resulting equations leads to

1d
5 737 IPlIE + ellplliy) + D (10epllg + |9 (o) )

(1.15)
b [ urw o= Pt ds o [ urw +p )W) dg =0,
R R

The comparison principle implies
1d _
3% (ol + ellpliy) < _HO‘Hp”%/V_/R (L +Nurw + a(l +y)urwW? = p) p*de .
(1.16)
Since urw decreases from upy (—o0) = p to upw (c0) = 0, we can choose & € R,
such that urw (§) = p(1+7/2)/(1 + ), implying
I+ urw(§) = 1 +7/2)p  for £ < &. (1.17)

On the other hand, the decay behavior (1.8) of urwy and the definition of W imply
0 < urwW? — 0o as € — oo. Therefore, a can be chosen large enough, such that

a(l+y)urw (W (E)?* > (1+v/2)p  for £ > . (1.18)
Using (1.17) and (1.18) in (1.16) gives
1d 0
5 3 UplE +allpli?) < —min {x, 2L} (Il +allpld) . (119)

An application of the Gronwall lemma concludes the proof of a stability result.

Theorem 3. Let urw be a traveling wave solution of the KPP-Fisher equation as
in Theorem 1 with wave speed s > so, and let u(t, x) be a solution of the KPP-Fisher
equation (1.1), whose initial values satisfy

/ (u(0,z) — uTW(w))2 1+ e“/D)dm < 00, u(0,2) > yurw(z), z € R,
R
for a positive v < 1. Then there exists a positive constant c, such that

/ (u(t,z) —upw (z — st))* (1 + @305/ PYdg < ce ™™ | V>0,
R

§2
with A :pmin{2 (2 — 1) ,’y} .
S0
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Remark 4. (i) The weight in the norm implies that the initial perturbation
decays faster than the travelling wave as * — oo, which is known to be
necessary for stability. A decay of the perturbation is also required as
x — —o0, which is a weakness of the L%-approach.

(ii) Another weakness of the result is that the exponential decay rate \ de-
pends on the initial data through ~y. This could be improved by L°°-decay
of the perturbation, so possibly in the framework of the H'-approach [7]
mentioned above.

(iii) Obviously, when s = sg, we cannot deduce exponential convergence by this
procedure. In fact, the spectrum of the linearized operator in Lg N L%
extends to the origin (see [10]). A more delicate treatment is needed here,
and without further discussion we refer the reader to Kirchgdssner [8].

1.2. Formal approximation of kinetic traveling waves. It is instructive to
perform the formal limit ¢ — 0 before proving existence of traveling waves. We
look for traveling waves of (1.5), i.e. solutions of the form f(¢,x,v) = frw (&, v)
with £ = x — st and s > 0, satisfying

(v —e5)0 frw = Mprw — frw + € prw (Mp — frw),  prw = pppy » (1.20)

subject to the far-field conditions

frw(—o0,v) = pM(v) and frw(4+oo,v) =0 forallveV. (1.21)
We make the ansatz

Friv(€.0) = pr©M) +epw(6.r) with [ fhydv=0. (122

Substitution of (1.22) and integration in (1.20) lead to
~sdpru + 3 [ uftdo=prw(p— priv). (1.23)

1%
Substitution of (1.22) into (1.20) gives the asymptotic expansion of fi, as e — 0,
frw = —oMeprw + [sMeprw — vde fw + Mprw (p — prw)] + O(e?)

= —vMoprw +e(v® — D)MIZprw + O(e?), (1.24)

where in the last step we have used (1.23). Substitution of (1.24) into (1.23) shows
that pry formally solves (1.2) up to O(g?)-terms.

1.3. Notation and preliminary results. Next we introduce the underlying spaces
of our analysis and establish the global existence of the Cauchy problem and a max-
imum principle as preliminary results.

We define the weighted inner product in the v-direction by

<fvg>v/‘/{\‘jdv

and denote the induced Hilbert space and norm by (L2, ||-||,,). With respect to (-, ),
the linear collision operator Lf = Mp; — f is symmetric and negative semidefinite,
a consequence of

(LS g)v = (LS, Lg)o-
The standard norms and spaces of functions of £ are denoted by (Lg» [ -1le), (Hf» -
||H§), and (Cg, |l - lo), and with weight (1.12) by (L%, - [lw) (see (1.13)). The
Hilbert space (Lg (L2),]| - |l¢,») is then naturally defined by the scalar product

U )ew = /R (f.q), de.
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For k € NU {0}, the space Hf(L?) of functions whose derivatives up to order k
with respect to & are in LZU is equipped with the norm

1/2
I ez ezy = (IFIE o+ +IOEFIIE) -
In a similar way C’é’ (L?) is defined by

| flloo,o = sup | f]lo-
£€R

Finally, we extend the definition of the norm with weight (1.12) to functions on
R x V, leading to the space (L%, (L2),] - [lw,») with norm

I llww = 1/ Wlle -
For later reference we note that the Cauchy-Schwarz inequality implies

loglle < IIfllew- (1.25)

A global existence and uniqueness result for the kinetic Cauchy problem is not hard
to prove. We choose a simple setting, where the initial datum is bounded in terms
of the equilibrium distribution.

Theorem 5 (Global existence). Let 0 < fo(z,v) < pM(v) hold. Then the kinetic
equation (1.5) subject to the initial condition f(t = 0) = fo has a unique mild
solution f € C([0,00); L>®(R x V), satisfying

0 < f(t,x,v) <max{p, p}M(v), VY (t,z,v)€[0,00) xR x V. (1.26)

Proof. The mild formulation of the initial value problem is given by

ft,z,v) = folz—vt/e,v)+ M(v) (;—Fﬁ)/opf(T,:E—UT/é‘)dT

t
1
—/0 <€2+pf(7',x—v7'/€)> f(r,z —vr/e,v)dr. (1.27)
For T > 0, we introduce the Banach space
Cr=A{f€C([0,T]; L*RxV)): |[flles < oo},
£ (t,2,v)|
flee= sup  LBDUL
H || 5 (t,z,v)€[0,T]XRxV M(’U)
Using the property |ps(t,x — vt/e)| < ||flle, for all (¢,z,v) € [0,T] x R x V, it
is straightforward to uniquely solve (1.27) in Cr for small enough T by Picard
iteration. Global existence will follow from (1.26).
The nonnegativity of f is an obvious consequence of the maximum principle for
kinetic equations, after writing (1.5) in the form
20, f +eviuf + f(1+%py) = pr M (1 +€%p),
and solving by a fixed point iteration, where py is considered as given and nonneg-
ative. The same argument applies to the function h(t,z,v) = max{p, p}M(v) —
f(t,x,v), that satisfies
e20ih + evd h + h(1+2pf) = ppM +€%ps M (p — p)+ h(t=10) >0,
proving h > 0 and, thus, (1.26). O

A comparison principle, similar to Lemma 2, holds for the kinetic equation and
will be used below in the proof of stability of kinetic traveling waves.

Lemma 6. Let fi(t,x,v), fa(t,z,v) > 0 be two solutions of (1.5). Let f2(0,z,v) <
pM(v) and f1(0,x,v) > vf2(0,z,v), for allz € R and v € V, with v < 1. Then
fi(t,z,v) > yfa(t,z,v), forallt >0,z e R, v e V.



8 CARLOTA M. CUESTA, SABINE HITTMEIR AND CHRISTIAN SCHMEISER

Proof. A simple computation shows that g := f; — ~ fo satisfies
2019 + cv,g + (L +2p1)g = pg(M +*(5M — f2)) +prfa(1 = 7).

Theorem 5 implies that fo < pM for all times, such that the coefficient of pg
is nonnegative. Since also the last term is nonnegative by the assumptions, the
nonnegativity of g for all times follows as in the proof of Theorem 5. (]

2. EXISTENCE OF TRAVELING WAVES

We prove existence of traveling waves of (1.1) with a given s > sg for e < 1. The
proof follows the steps of that in [4], stated in the subsequent sections. Essentially,
we make the expansion in Section 2.1 rigorous, but first produce a residual term
whose zeroth order moment in v vanishes.

2.1. The asymptotic approximation. We start by defining an asymptotic ap-
proximation of a traveling wave profile. In view of the computation of Section 1.2
we choose

fas(&0) = M(v)urw (&) + e f* [urw](£, ) ,
where urw is a traveling wave of the Fisher equation (i.e. satisfying (1.2), (1.3)),
made unique by the requirement

N

uTw(O) = (2.1)

Recalling the formal expansion (1.24), we set
fru] = —vMu 4 e(v* — D)Mu” .

Integration shows that [j, fr[u]ldv = 0, implying pas := pys.. = urw. Clearly, fus
satisfies (1.21) and the equation (1.20) up to the residual

eh = 5(” - 55)8§fas — Mpas + fas — 52PaS(Mﬁ - faS)
= S(soMufy, + (v —es)(v? — D)Mulfy + upw f-[urw]) -

It is now not hard to prove that
/ hdv =0, and Hh||H§(L2) <(Cy forany keN, (2.2)
v 3

with e-independent constants Cy.

2.2. The micro-macro decomposition and the correction term. In terms of
the correction e2g = frw — fas, the traveling wave equation reads
e(v—es)0¢g = Lg+e>*Bg +*R[g] — eh, (2.3)
where
Bg = pg(Mp — fas) = Pasg,  Rlgl = —pgg-
On the right hand side of (2.3), we have collected the linear collision operator, a

linear term of O(g?), a nonlinear term of O(g*), and the residual. By the properties
of fas, a solution g of (2.3) must satisfy the far-field conditions

g(Foo,v) =0 forallve V. (2.4)

To prove the existence of such a g, we need some preparation. First, we observe
that integration of (2.3) shows that necessarily

0 | (0= es)gdo = cp, (= 2pus) =0} (2.5)

We now decompose g into a macroscopic term (with separated variables), containing
the leading order terms, and a microscopic term of order e:

9(&,v) = 2(v)2(£) + ew(§,v) . (2.6)
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Here @ is chosen such that L& = —e7(v—es)®+O(g?) for some constant 7, leading
to

w(v - 55)) M(v),
where the coefficient s/(D + £2s?) guarantees that

/V(v—{—:s)q)dv =0, (2.7
and the decomposition of g is unique by requiring

/V(v —es)?wdv=0. (2.8)

Integration also shows that pgs = 1 — e27s and that
D — 252

D 4 252

<I>(v):(1+6D

D, = / (v —es)?*®dv = D =D +0(£%),
%

which is positive for £ small enough. We also observe that, due to (2.7), (2.5) is
equivalent to

85/ (v—es)wdv = pg(p — 2pas) — 52/); . (2.9)
1%
The problem we now solve is obtained by substituting (2.6) into (2.3), thus
1
(v—e8)P2 +e(v—es)few = e LO+ Lw+eBg+e*R(g) — h, (2.10)

and, like g, its micro- and macro-components z and w have to satisfy the homoge-
neous far-field conditions
w(too,v) =0, z(£o0) = 0. (2.11)

The next step consists of writing (2.10) as a system of two equations; one con-
taining only derivatives of z and the other containing only derivatives of w. This is
achieved by applying the right macroscopic and microscopic projections. Applying

Pf:= / (v—es)fdv (2.12)
1%
to (2.10) we obtain, by (2.8),

D12 + sppz = PLw +ePBg +e*PR(g) — Ph. (2.13)

We differentiate (2.13) and use the moment relation (2.9). After multiplying the re-
sulting equation by D/D; = 1+ 0O(e?) and collecting the small linear and nonlinear
terms on the right hand side we arrive at

D2" + 52" + 2(p — 2pas) = eB*(2, 7', w, dew) + €2 R*(g,0¢g) — h, (2.14)

where

P D _
B*(z,2',w,0¢w) = — [—puw(p — 2pas) — sp., + Oc PBy]

Dy
1 D , _
2 (1= g ) (554 200 20000,
D - D
R*(g,0¢:9) = D [p2 + 0 PR(g)] , h = —Eagph.

The right hand side of (2.14) is the linearization of the Fisher equation at pgs.
The microscopic projection

(v—es)®

If .= f - D,

Pf (2.15)
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has the properties II(v — es)® = 0 and II(v — es)w = (v —es)w, by (2.8). Applying
IT to (2.10) we get the following equation for w:
(v—es)®

e(v—es)dew — Lw = D,

/vwdv+5Az+5HBg+a3HR(g)—Hh, (2.16)
1%

where )
o V- D —

D7 iyt M =00
Since the symmetric operator £ is only negative semidefinite, we introduce a new
symmetric operator M, which is strictly negative and coincides with £ on the set
of functions w satisfying (2.8) (this idea is borrowed from [2]):

A= %Hﬁ@zs
€

Muw = Lw — (v — 58)2M/ (v —es)wdv.
1%

Lemma 7. The operator M is symmetric and negative definite with respect to
(-,)v. There exists a constant o > 0, such that

—(Muw,w), > oljwl|? for all w € L?. (2.17)
The proof is analogous to that in [4] and we do not repeat it here.
We now replace £ in (2.16) by the operator M:
(v—es)®
D,

The equivalence to the original problem is not obvious:

e(v —es)lgw — Mw = / vwdv + A z + el1Bg + €*TIRg — Th. (2.18)
%

Lemma 8. The function g = Pz + ew is a solution of (2.8), (2.4) if and only if z
and w solve (2.14), (2.18) subject to (2.11).

Proof. We follow the proofs in [2] and [4]. The problem (2.14), (2.18) (2.11) has
been derived from (2.3), (2.4) using the properties (2.9), (2.8) of solutions of the
latter. In particular (2.8) is not a necessary condition for existence. Hence we
have to check that (2.8) also holds for solutions of (2.14), (2.18), (2.11), without
requiring it as a side condition. Using

/andu:/vfdu, /V(v—es)Hfdv:O,

integration of (2.18) implies

0 [ w-ewde = ~(D+252) [ (0= eoPudo+ <(y(p - 200) — 63,
1% 1%

535/(1)755)211)511) = 255D/(v—55)2wdv.
v v

The second equation is a linear ODE with constant coefficients for the unknown
Ji (v —es)?wdv. Since w(£o0,v) = 0, the only possible solution is

/(v—ss)zwdvzo.
%

Knowing this and returning to the first differential equation we also recover (2.9).

O

We now eliminate the first term on the right hand side in (2.18) by substituting
(2.13):
e(v —es)0gw — Mw = A(z,2') + eBg +3Rg — h, (2.19)
where
(v—es)®

Az, 7)) = —T(Dlz’ + spepz) +eAz.
1
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Thus we have arrived at our final differential problem (2.14), (2.19), subject to
(2.11). In the following sections we show solvability via a fix-point argument.

2.3. The Linear Problem. We first analyze the leading order system of (2.14),
(2.19), where the given inhomogeneity contains the higher order terms. In partic-
ular, we prove the solvability of

Dz" + 52" + 2(p — 2pas) = h.,  with h, € H, (2.20)

e(v —es)0ew — Mw = A(z,2") + hy with h,, € HZ(L2). (2.21)

We shall look for solutions in the same spaces as the inhomogeneities. This replaces
the homogeneous far-field conditions, and provides uniqueness for the solution of
(2.21). This requirement allows, however, a one-parameter set of solutions of (2.20).

This reflects the arbitrary shift in the wave and uniqueness will be guaranteed by
posing also an initial condition,

z(0) =20, =z0€R. (2.22)
For (2.20) we obtain

Lemma 9. Let h, € HF, k > 0. Then the problem (2.20), (2.22) with s > s
possesses a unique solution z € H§+2, satisfying (with C > 0 independent from zg
and h)

12l a2 < Cllz0l + [zl p) -

Proof. Since (2.20) is the linearization of (2.1) at its solution p,s, the derivative pl,
is a solution of the homogeneous equation. The standard order reduction procedure
then allows to rewrite (2.20) as the first order system

piz/s S piz/s hZ
Z/:TZJer, Z£<D+p’ ZlJrE- (2.23)

as as
Starting with the second equation, (2.1), p., < 0, and 0 < p,s < p imply
_ <S + Pgs) — pas(ﬁ_pas)
D s Dpgs
Since, by the asymptotic behavior of p,s, this coefficient converges to negative
values as £ — o0, the stronger statement

5 pi{s)
-\ =+ < - <0,
<D Pas

holds. By standard ODE methods, a unique decaying solution z; of the second
equation in (2.23) exists for decaying h, (using the ’boundary condition’ z; (—o0) =
0). It can be estimated by testing the equation with 21, giving

<0.

1
< A
Il < 5 bl
Turning to the first equation in (2.23), we observe that
COALE ()
tooo phe(§) T mmoo pl(€)

This is the situation covered in Lemma 3.5 of [4], implying the existence of a unique
solution satisfying

1
< <’ — A, )
Izlle < "1zl + 1z le) < (|zo| + 5l ||g)

Testing (2.20) with z and with 2" we obtain estimates for the first and second
derivatives, implying HzHHg < C(|zo] + th||L§) Finally, the same procedure can

>0.

be applied to differentiated versions of (2.20), completing the proof. O



12 CARLOTA M. CUESTA, SABINE HITTMEIR AND CHRISTIAN SCHMEISER
We remark that the previous proof makes use of the positivity and strict mono-
tonicity of p,s. The assumption s > s is therefore crucial.

Now A(z,2') can be considered as a given inhomogeneity in (2.21), and the
following result from [4] can be used:

Proposition 10. Let h,, € Hg(Lg), k > 0. Then there exists a unique solution
w E Hg(L%) of
(v — £8)ew — Mw = hy,,
satisfying
HwHHg(Lg) < %HBw”Hg(L%)a
with o as in Lemma 7.

Sketch of the proof. Uniqueness and the stability estimate are obtained by testing
the equation with w and the k-th derivative of the equation with aifw. Existence can
be proven in several ways, one of which is the approximation by a discrete velocity
system with a finite number of discrete velocities. This reduces the problem to an
ODE system. Care has to be taken in order not to destroy the definiteness of M
by the approximation. O

The final result on the linear problem can now be easily proven.

Lemma 11. Let h, € Hg and h, € Hé(L%), then there exists a unique solution
(z,w) € H§+2 X Hgm(L%), m = min{k + 1,1}, of (2.20), (2.21), (2.22), satisfying

2l g2 (r2) = Cllzol +lhellme) s lwllag ez) < Cllzol+lhall e +llhwll g zz)) -
Proof. The only thing left to note is the estimate

Az, 2" || gptr gy < :

|| (Z>Z )”Hg'*'l(Lv) > HZHH§+2a
whose proof is straightforward by the definition of A. O

2.4. The Nonlinear Problem. In this section we prove existence and uniqueness
of solutions of the nonlinear problem (2.19), (2.14), subject to z(0) = zp, in the
spaces H g’ and H 52 (L?), respectively. After the preparations in the previous sections,
the proof is a straightforward contraction argument. We need, however, estimates
for the right hand sides of (2.19) and (2.14). In the following, C' denotes (possibly
different) e-independent constants.

Lemma 12. (i) The linear terms B and B* satisfy the estimate
IB(®2 + )z + 1B (20 2w, 060) Ly < Ozl + iz rsy)
(ii) The nonlinearities R and R* are quadratic: Let g1,92 € Hg (L?), then
[ R(g1) — R(g2)||H§(L3) + [|R*(91, 0 g1) — Rz(gg,é)ggz)HHg
< C (lonllmzees) + lgallmzzy ) o = gelmzes) -

Proof. The proof is straightforward. All that is needed for (ii) is the one-dimensional
Sobolev embedding Hg C Cg and (1.25). O

According to the spaces of the solutions and inhomogeneities of the linear prob-
lem we define the norm

)l o= el + elolmesy (224
Clearly, Hg||H€z(L3) is bounded from above by ||(z, w)]|.
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Before stating the existence result for traveling waves we note that in terms of
the original unknown fryw = fus + €29, the condition z(0) = zo reads

/V(v —&5)2(frw (0,v) = fas(0,v))dv = €2 D1 2 . (2.25)

Theorem 13. Let the wave speed satisfy s > so. For every zg € R and for € small
enough, there exists a solution frw of (1.20) satisfying (2.25), which is unique in
a ball {f : ||f — fasll < 0}, where the radius 6 can be chosen independently from e.
It satisfies

Ifrw = fasllazcrz) = O(?)
or, more precisely,

frw = fas + 282 + 3w = Murw — evMulpy, + 2 (v? — D)Muly, + 202 4 3w,

(2.26)
where urw satisfies (1.2), (1.3) with (2.1), and ||z||H£3 and ||w||H£2(L%) are uniformly
bounded as € — 0.

Proof. Let £ be small enough. Then as a consequence of Lemma 12 (i), the solv-
ability results for the above linear problem (2.20), (2.21) can be extended to the
full linear problem

D2 + sz + 2(p — 2p) = eB*(z, 2, w, dew) + h
e(v —es)dew — Mw = A(z,2") + eB(z,w) + hyy,

with inhomogeneities h., h,, and z(0) = zo. Applying the solution operator to the
nonlinear problem (2.14), (2.19), we obtain a fixed point problem (z,w) = G(z, w),
where the fix point operator is bounded by

1G(z, w)ll < Co(1 + 2| (2, w)[|*).-

The constant Cy bounds the initial condition and the residual terms, and the non-
linear terms are of order ¢2. We see that for £ small enough, G maps both the ball
with radius 2Cy and the ball with radius 1/(2e2Cp) into themselves. Also, with the
property of the nonlinearity, the fixed point operator G is a contraction on a ball
with radius of order O(e~2).

We can conclude that for £ small enough, the fixed point problem has a solution
(z,w) with ||(z,w)| < 2Cp, which is unique in a ball with an O(e~2)-radius. Know-
ing this and returning to the fixed point problem, the boundedness of ||w]| H2(L2)
follows. O

We remark that the contraction argument above could also be carried out in
H g (L?) for any k € N, by using Lemma 11, so the existence result also holds in
Hé“(L%) for k € N.

As in [4], we now deduce the monotonicity of prw .

Lemma 14. Let the assumptions of Theorem 13 hold and let frw be a solution of
(1.20) as described there. Then ppw is strictly decreasing, implying, together with
the far-field conditions (1.21), also the inequalities 0 < ppw < p.

The proof relies on the fact that the map zg — prw (0) is invertible for e small,
meaning that the traveling wave can also be made locally unique by prescribing the
value of prw (0) instead of zp. This argument can of course be repeated for every
&0 € R instead of the origin. Now assuming prw is not strictly monotone would
lead to the periodicity of frw as a consequence of the uniqueness result, which
contradicts the far-field conditions.

Lemma 14 enables us to apply a comparison argument for the kinetic profile,
based on ideas of Golse [6].
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Lemma 15. A traveling wave solution frw of (1.20), constructed as in Theo-
rem 13, satisfies

0< frw(&,v) < M(w)p, forall (§,v) ERXV.
Proof. We rearrange terms in (1.20) and write it as
(v —e8)0 frw + (1 + € prw) frw = (1 +*p)Mprw > 0.
We also observe that if we set f = Mp — frw, then f satisfies
e(v—e5)def + (L+prw)f = M(p— prw) > 0.

Thus, we only need to prove that for a given g, continuous in £, such that g — Mp4
as r — 00 at an exponential rate, for constants p+ > 0, then the inequality

e(v—es)0eg+ (1+%prw)g > 0 (2.27)

implies g > 0, where prw is the macroscopic profile of a given traveling wave fry .
The key to prove this is to rewrite (2.27) as

(v — 58)6(—5762 JE prw(y)dy)/(s(v—es) 0 (6(5+52 JE prw (y) dy) /(e(v—c5) g) >0

for a & € R. Then the function

¢ = (65 JG prw ) d) ev—ee))

is nondecreasing when v —es > 0 and nonincreasing when v —es < 0. Now, taking
any sequence {&,}, such that £, — —oo as n — oo, when v —es > 0, implies that
for all £ > &,,

(42 S prw ) dy) [eomen)) oy (Ete [ prw ) du) /o2 ey

as n — oo. Taking sequences &, — oo when v — es < 0, gives that g(§,v) > 0 for
all £ < &,, and the result follows. O

3. DYNAMIC STABILITY OF TRAVELING WAVES

In this section we prove the local asymptotic stability of traveling waves with
speed s > sg. For this purpose it is necessary to make the assumption
H1. The set of velocities V' is bounded, and we set vs,q0 = SUp,cy |v]-

As for the macroscopic equation in Section 1.1, we restrict our attention to
nonnegative solutions. This can be done by taking nonnegative initial data, since
Theorem 5 guarantees the nonnegativity of the solution.

In terms of the traveling wave variables, (1.5) becomes

20 f +e(v—es)dcf = Mpy— f+epp(Mp— f), (3.1)

and traveling waves are now stationary solutions of (3.1). We denote by frw (&, v)
a traveling wave solution as constructed in Theorem 13. The initial data for (3.1)
are assumed to satisfy f(t = 0) > vfrw with 0 < v < 1. Using the estimate
(Lemma 15) for the traveling wave, the comparison principle (Theorem 6) can be
applied, such that the perturbation

G(tafvv) = f(tafvv) - fTW(fa U)a P(t,f) = p@(t,f),

satisfies G > (v — 1) frw and, consequently, p > (v — 1)prw. The equation for G
is

e20,G +e(v — £5)0:G = Mp — G +*(Mpp — (prw + p)G — pfrw) - (3.2)
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Before proceeding with the energy estimates we apply a micro-macro decomposition
to G-

G=Mp+Gt, i.e./GLdv:o, implying  [|G2 = o + |GLI2.  (3.3)
\%

Using (3.3), the scalar product of (3.2) with G gives

thHGHg, SIGH I, + [ Gorw + = potac

(3.4)
/<pTW+p>||GLH ds — / rw, GHode < CE2[I2 + IGHI2,)

where we have used frw = Mprw + O(e). Here and in the following C' denotes
e-independent constants. As in the purely macroscopic case, the integrand of the
third term of (3.4) is negative as £ — +oo, and we shall control it by combining
(3.4) with an estimate in L.

We rewrite (3.2) in terms of GW,

0,(GW) + é(v )0 (GW) — 1@(0 e)GW

1
= =5 GW + (Mpp = (prw + p)G = pfrw)W

and perform the scalar product with GW, which gives the estimate

1 2 L2 2 2
10T+ (5 25 ) 16H R + [ (554 20mw +0) (oW

- [orw+owic s+ 5 [ W [ o6 avae

2D€/W2 (vGt,Gh),dE — /pW2 frw, G, dé (3.5)

s> 2 5 s
<|[|[-— - (;’L 2 ma GL 2
— (4D+ ) ||p||W+ (52+2DKZ)€2H ||W,'u+2D€v H ”W,v
CElplliy + 16+ v0) -

In the last inequality we have used (3.3), the Young inequality, ( fv vGt dv)2 <

D||G*2, k > 0, and H1. Now we multiply (3.5) by @ > 0 and add the result to
(3.4):

1d 1—¢e2C a

S L (IC12 + allGlR,) + T IGH 2, + S (K~ eOCH

+ / (2prw +p— p—*C)p°dé + a / (k)24 2prw + p — 2C)p*W?dE <0, (3.6)
R R

with K := 1 — s?/(s®> + 2Dk) > 0. Now we proceed as in the macroscopic case
(Section 1.1). Note that in the second line, compared to (1.15), the cost of control-
ling the microscopic terms is the factor 1/2 in front of x and the O(g?)-corrections.
The comparison principle and Theorem 13 imply

20w +p > PTW(I + ’Y) > uTw(l Jr’}/) —e2C.

As in Section 1.1, we choose &y, such that urw (&)(1 +7) = p(1 + v/2), and «,
such that a(1 + ¥)urw ()W (€)% > p(1 + v/2) for £ > &. As a consequence, the
second line of the left hand side of (3.6) can be estimated from below by

e K 1 .
(F-22C) Iolz +a (5 =C) el = (2 min{7y, 5} — 520) (pll2 + allolF) -
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Now it is obvious that, for € small enough, exponential decay with the rate
min{pv,k}/2 can be achieved, completing the proof of the main result of this
section.

Theorem 16. Let frw (x—st,v) be a traveling wave solution of the kinetic equation
as in Theorem 13 with wave speed s > so, and let f(t,z,v) be a solution of the
kinetic equation (1.5), whose initial values satisfy

//(f(oﬂﬁav)—fTW(x,U))z(l—Fe”/D)dvdx<oo,
RJV
fO,z,v) > frw(z,v), ze€R, veV,

for a positive v < 1. Then, for € small enough, there exists a positive constant c,
such that

/ / (ft,z,v) = frw(x — 3t,v))2 (1+e@=03/Dyayde < ce™, V>0,
RJV

[ s?
mm{2 — 1,’7} .
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