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CONVERGENCE OF SINGULAR LIMITS
FOR MULTI-D SEMILINEAR HYPERBOLIC SYSTEMS
TO PARABOLIC SYSTEMS

DONATELLA DONATELLI AND PIERANGELO MARCATI

ABSTRACT. In this paper we investigate the diffusive zero-relaxation limit of
the following multi-D semilinear hyperbolic system in pseudodifferential form:

Wi(z,t) + éA(:v,D)W(:v,t) = éB(:v, W(z,t)) + éD(W(:v,t)) + E(W(z,t)).

We analyze the singular convergence, as € | 0, in the case which leads to a limit
system of parabolic type. The analysis is carried out by using the following
steps:

(i) We single out algebraic “structure conditions” on the full system, mo-
tivated by formal asymptotics, by some examples of discrete velocity
models in kinetic theories.

(ii) We deduce “energy estimates ”, uniformly in €, by assuming the existence
of a symmetrizer having the so-called block structure and by assuming
“dissipativity conditions” on B.

(iii) We assume a Kawashima type condition and perform the convergence
analysis by using generalizations of compensated compactness due to
Tartar and Gérard.

Finally, we include examples that show how to use our theory to approxi-

mate any quasilinear parabolic systems, satisfying the Petrowski parabolicity

condition, or general reaction diffusion systems, including Chemotaxis and

Brusselator type systems.

1. INTRODUCTION

In this paper we study the semilinear multidimensional hyperbolic system with
a small parameter € > 0,

(11) Wilar,0)+ 2 Alar, DYW (1) = =5 Bla, Wz, ) + = D(W (1)) + B(W (1),

where W = W(z,t) € RN, 2 € R% t > 0, and A(z, D) is a first-order pseudo-
differential operator. The system (1)) includes the case of first-order differential
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operators of the form
(1.2)
d

Wi, ) + = 3 As(2)0,1W (2, 8) = =5 Bl W(ar 1) + 2 DOV (2, 1)) + BOW (1)),

Jj=1

where for any z € R%, A;(z), 5 = 1,...,d, are N x N matrices. Our aim is to
describe the limiting behaviour of the system ([[CI)) as € goes to zero. We look for
structure conditions to ensure that (LI) approximates in the limit a second-order
parabolic system. Our interest in this problem is motivated also by a very strong
similarity with the limiting structure appearing in the investigation of the hydro-
dynamic limit for the Boltzmann equation, in particular, in the discrete velocity
case. The Boltzmann equation describes the evolution of the density f(x,&,t) of
particles which is a function of time ¢, space z and velocity £ and has the form

v+ €Y f = 2QUL D),

where v is the Mach number and ¢ the Knudsen number. By averaging f(z,&,t)
in £ and by using higher order momenta we can define a hierarchy of macroscopic
quantities. The investigation of the hydrodynamic limit regards the behaviour of
those quantities (actually combined with the closure problems as the Knudsen num-
ber goes to zero). In the case where the Mach number is of the same order as the
Knudsen number our limit can be described by the Navier Stokes equation; other-
wise, when the Mach number is fixed and the Knudsen number tends to zero we
end up with the Euler equation. Those limits allow us to understand the differences
between relaxation limits of hyperbolic type to parabolic with respect to those of
hyperbolic to hyperbolic type [B], [6],[14], [19], [20], [21], [34], [E8]. In particu-
lar, if we deal with discrete velocity models, the equivalent “Boltzmann equation”
is a semilinear hyperbolic system. The simplest example is given by Carleman’s
equation

1
g2

fuo+ = e = (= ),

1 1
Jat — gfzx = g(ff - f3),

where we take £ € {—1,1} and f1 = f(z,1,t), fa = f(z,—1,t). By rescaling the
variable we get that p = f1 4+ f2 as € | 0 satisfies the nonlinear diffusion equation

1
Pt = ) (log p)az-

This asymptotic problem was first investigated by Kurtz [26] and McKean [42].
Therefore, the nonlinear diffusion problem, obtained as the limit of the Cattaneo
hyperbolic nonlinear heat conduction equation, was proved by Marcati, Milani and
Secchi [38]. The paper of Marcati and Milani [37] concerns the porous media
flow as the limit of the Euler equation in 1-D, later generalized by Marcati and
Rubino [41] to the multi-D case. Relaxation phenomena of the same nature appear
in the zero relaxation limits for the Euler-Poisson model for the semiconductor
devices and it was investigated by Marcati and Natalini [39], [40] in the 1-D case
and by Lattanzio and Marcati [27] in the multi-D case. More recently Lions and
Toscani [33] investigated a discrete velocity model leading to the porous media
flow by making the same use of compensated compactness as done in [37]. All



HYPERBOLIC TO PARABOLIC RELAXATION 2095

of these papers, with the exception of [26], [42], make use of the techniques of
compensated compactness. Similar ideas have been applied by Marcati and Rubino
[41] to show the general theory for 2 x 2 systems in the 1-D case and to propose
a general framework that we are going to investigate here in the semilinear system
case. Models of BGK type approximation have been successfully studied in this
framework by Bouchut, Guarguaglini and Natalini [I] and Lattanzio, Natalini [28]
in the case of 1-D systems. The framework of [4I] was also investigated in the
quasilinear case by Lattanzio and Yong [29] for H®-smooth solutions. Recently, with
a similar approach, Junk and Yong [18] derived the incompressible Navier-Stokes
equations from the BGK model. Preliminary results concerning semilinear systems
have been obtained in [9], [10]; in particular, in [10] we considered a 1-D semilinear
system with variable coefficients. Already in these cases the classical compensated
compactness is not sufficient and it is necessary to use a generalized version of this
theory due to Tartar [54] and P. Gérard [13]. From the technical point of view,
the theory has been developed in the pseudodifferential setting since in any case
(differential and pseudodifferential ones), we are obliged to use pseudodifferential
symmetrizers.

The plan of the paper is as follows. Section 2 provides the basic definitions and
notation, and, moreover, recalls some mathematical tools needed later. In Section
3 we describe the structural conditions on our system and on its symmetrizers and
we describe the formal framework of the limiting process. The parabolicity con-
ditions for the limit system are a direct consequence of the previous assumptions.
Section 4 is devoted to showing a rigorous proof of the previous formal analysis.
In particular, the assumptions of the previous sections allow us to prove “a priori”
estimates of energy type, uniformly in . By only using the information provided by
the energy estimates (and no L* bound) we will be able to obtain our relaxation
results by means of the previously mentioned compactness framework. In Section
5 we show how our theory can be naturally simplified in the case of constant co-
efficients. Finally, in Section 6 we show how to use the theory developed in the
previous sections in order to approximate any prescribed nonlinear parabolic sys-
tem, by means of a (larger) hyperbolic system with semilinear structure. We will
approximate nonlinear parabolic systems in divergence form of the type

d
Ui+ 0, | Fi(U) =) By(U)o;U | = G(U),

j=1

where z € R%, t € Ry, U = U(z,t) € RF. With the previous techniques we also
approximate reaction-diffusion type systems of the form

d
U= > Ajn(z)0;00U + f(U),

J,k=1

where v € R, t € Ry, U = U(x,t) € R¥. In this latter case we use two distinct ap-
proaches. The first is based on the theory of pseudodifferential operators (roughly
speaking, a square root type argument) while the second is based on symmetric dif-
ferential operators and can be more useful for numerical computations. Additional
examples are given by the Chemotaxis and the Brusselator systems. We remark
that this latter approximation extends in the multi-D framework those proposed by
Jin and Liu [16] and Lattanzio and Natalini [28] (example 5.3). Our theory does
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not require L estimates (for instance, via invariant domains as in Serre [51]). Of
course this fact restricts our attention only to Lipschitz functions in the right-hand
side of (ICTI), so that we always have global existence. For numerical application we
refer, for instance, to [17] or [46].

2. PRELIMINARY NOTIONS

We start this section by introducing the main notation and definitions used in
this article. In particular, we recall some basic facts and notation concerning the
theory of pseudodifferential operators and we also recall our main compactness tools
used in the strong convergence analysis. Namely

(a) (+,-) denotes the scalar product in R? (¢ = 1,2,...) and | - | the usual norm
of R? (¢ =1,2,...),
(b) M, xn denotes the linear space of m X n matrices,
(¢) (-,-)2 denotes the scalar product in L?(R%) and || - || the norm in L?(R%),
(d) D(R? x R,) denotes the space of test functions C$°(RY x Ry ), D' (R x
R4 ) the Schwartz space of distributions and (-,-) the duality bracket in
D'(RY x Ry),
(e) H is a separable Hilbert space, L(H) the space of bounded operators, K(H)
the space of compact operators,
(f) if X, Y are Banach spaces, £(X,Y") is the space of bounded operators,
(g) we denote by Hj (2, H) the classical local Sobolev space of order s, i.e.,
we Hy (9, H) o ¥ € O, (30) € TA(R™, (1 + [¢P)°d),
(h) we denote by Fyy(x, Z1, Z!) the derivative with respect to the variable Z!
of F(z, 2!, Z7).
We shall also use the notion of parabolicity for systems of equations in various
ways (see Taylor [57], volume III, [56], Eidel’'man [I1], Kreiss and Lorenz [25]). Let
us consider the system

(2.1) up = APF(t, 2, Du)d;0hu+ B(t, z, Dyu),

Jik
where u € RP, A*(t, 2, D! u) € Myx,p, B(t,z, Diu) € RP and D), is a differential
operator of order not greater than two. The system is said to be strongly parabolic
if there exists co > 0, such that for all £ € R? one has

> ARt @, Diu)giée > col¢lT.

gk
Namely, if we denote L(t,z, Dyu,§) = —> AVR(t, x, Dhu)é;€, this condition
is equivalent to saying L + L7 is a negative definite matrix. Unfortunately, this
condition is very restrictive and it is not invariant under a frame change; therefore,
we will use a more general notion often referred to as Petrowski parabolicity (see
Taylor [57], volume III, [56]).

We say that the system (2.0)) is parabolic in the sense of Petrowski if, with the

eigenvalues of the matrix L(t,z, D\ u,§) denoted by Ag(t, z, Dju,&), there exists
ao > 0 such that, for all £ € RY,

ReXg(t,x, Dlu, &) < —agl¢)?.

The latter notion of parabolicity is equivalent to the existence of a symmetric matrix
Py(t,z, Dlu, &), positive definite (i.e. Py > ¢I > 0), homogeneous of degree 0 in &,
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such that
—(PyL + L*Py) > c[¢|*T > 0.

Let us recall the basic notation concerning pseudodifferential operators and symbols
to be used later on. We refer to [56] for details. Assuming p,d € [0,1], m € R, we
denote by S;’fé the set of C°° symbols satisfying

|DEDEp(, €)| < Capg)mrlollA]

for all o, 3, where (£) = (1 + |£]?)'/2. In such a case we say that the associated
operator denoted by OP(p(z,§)) is given by

P(z, D) f(z) = / P, €) F(€)ei™de = OP(p(z, €))

(where f(€) = (2m)™" | f(x)e~¢dx denotes the Fourier transform of the function
f) and belongs to OPS]"s. If there are smooth symbols pr,—;(z, ), homogeneous

in £ of degree m — j for |¢| > 1, i.e., pp—j(z, 7€) = 1™ Ipy,_;(z,€) for r, || > 1,

and if
p(xv 5) ~ Zp'mf] (QC, g)
j=0
in the sense that

N
p@,8) =Y pmj(@,8) € ST N

Jj=0
for all N, then we say p(x, &) € S™. We also define
S = (S

m>0
The following properties will also be used here.
Theorem 2.1 ([56], Theorem 0.5 A). If P(x,D) € OPSl% and 0 < 6 < p <1,
then
P(z,D): L*(R") — L*(R™).
Theorem 2.2 ([55], Chapter II, Lemma 6.2 Ex. 8.1). If P(z,D) € OPSS’(;, < p,
and if Rep(x,£) > k > 0, then there exists ﬁ(m, D) e OPS/?’& such that E(x, D) >

nI > 0, with

1 ~

ReP(x,D) = §(P+ pP), ReP(x,D) — R(x,D) € OPS™.
Proposition 2.3 (Commutator estimate) ([56], Proposition 3.6 B). Given
P(z,D) € OPSY , we have
I, flullwes <E|fllripllulwere  for0<o <1,

in particular, if c =0 and p = 2, then

P, flullp2@ny < KLl zipllullz--

Finally, we state here the compactness tool, due to Tartar and Gérard ([54], [13]).
The classical results concerning the applications of compensated compactness in the
theory of hyperbolic systems are reported in the books by Dafermos [5] and Serre
[50]. Let H, H* denote separable Hilbert spaces, let 2 € R™ be an open set, and
let m € N. We have the following theorem taken from Gérard [I3].
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Theorem 2.4 (Compensated Compactness Principle). Let P € OPS™ with
principal symbol p(x, &), and let {ux} be a bounded sequence of L? (90, H) such

loc
that uj, — u. Assume that there erists a dense subset D € H* such that, for any

h € D, the sequence ({(Puy,h)) is relatively compact in H,,""(2). Moreover, let
X € C(QLK(H)).
(i) If x = x* and for all (x,n,h) € Q x S"1 x H, one has

(p(z,mh =0) = ((x(x)h,h) = 0),
then, for any nonnegative ¢ € C§°(Q2),

likminf/@(X(m)uk,uk>dx2/go(x(x)u,u)dx.
—oo Jo Q

(i) If for (x,m,h) € Q x S"~1 x H, one has
(p(z,n)h =0) = ((x(x)h,h) = 0),
then
(x(x)ug,ur) converges to  {x(x)u,u) in D'(Q).

The previous theorem holds also if we replace a pseudodifferential operator P €
OPS™ with the differential operator in divergence form

Pu(z) = Z 9%(aa(z)u(z)),

laf<m

where a € N*, |a| < m, a, € C(Q, L(H, H?)).

3. STRUCTURAL FRAMEWORK

In this section we shall explain how to decouple the system (II]), the natural
structural conditions needed for a nontrivial limiting process, the conditions im-
posed on the symmetrizers and the dissipative conditions on the nonlinear term
Q. In conclusion we provide a formal limit analysis. To simplify the computations
we shall restrict our analysis to the case E(W) = 0, but our results can be easily
extended to the case of nonzero E(-) € Lip(RN ,RY).

3.1. Decoupled system. We will consider the semilinear system of equations

(3.1) Wi(z,t) + A(z, D)W (z,t) = B(x, W(x,t)) + D(W (x,t)),

where t > 0, z € R%, W € RY. We assume the following hypotheses hold.

(A‘l) B(a ) € Cl(RdJrNaRN)a D() € CI(RNv]RN)'

(A.2) A(z,D) € OPS!, the system (B.I) is hyperbolic, namely the principal
symbol of A(z, D) is the matrix a(z,§) € Myxny whose eigenvalues for
(z,€) € R x RY, € # 0, are purely imaginary.

(A.3) Let S = span {B(x,W) | (x,W) € Rd+N}; then dim S=N -k, 0< k<
N.

Remark 3.1. We point out that (BI) includes the case of the hyperbolic semilinear
system

d
Wela,t) + ) Aj (@)W (x,t) = Blz, W (x, 1)) + D(W (z,1)),

Jj=1
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where A;(z) € Myxn, j=0,...,d, and for all nonzero vectors £ € R?, the matrix
Z?Zl &;A;j(z) has real eigenvalues.

The aim of this section is to decouple the full system in order to single out the
conserved quantities from the others. We want to motivate the idea of decoupling
by considering Carleman’s system:

fuu+ Zhie = (2 + R — i),
(3.2)
1 1
far = —fra = 5 (24 )1 = o).
Setting p = f1 + fo and m = @ we get that p, m satisfy
Pt +my = 07
(3.3)

e2my + pe = —2pm.

In this way we decoupled ([32) in (B3) and we have isolated p which represents the
conserved quantity. Now we want to do the same procedure on our system (B1J).
Let us consider the hypothesis (A.3). Then there exists a matrix P! € My n
such that PIB(W) = 0 and Z! = PIW is the conserved vector. Therefore, we
PI

can construct an invertible matrix P = { plI

], P ¢ M(n—iyxn- Now, for any

W e RV, we set

71 — PIVV7 I _ PHW
7 = [ZI] Qz',z"y = PB(P~12)
- ZII ’ ) - )

DI(ZI7ZII) —_ PID(P_1Z)7 DII(ZI,ZII) — PHD(P_1Z),
(,
(x

Y

Pale, 9P = a5 s D] <), M. D) = 0Pm0.6):

) m*(x,6)

hence by using the previous notation we can rewrite the system (B in the decou-
pled form

Zl + M2, D)Z" + M"(x, D)2 = D! (7', Z'7),
(3.4)
ZIT + M? (2, D)Z" + M?* (2, D)2 = Q(xz, 2", 2™ + D'(2", Z'T),

where by construction Z! = Z1(z,t) eR*, Z11 = Z11(z,t) € RN~ and m!!(x,&) €
M, m'?(x,€) € M (v—ry, m*H(2,€) € M(n—gyxie, M*2(2,€) € M(N_)x(N—k)
DI(Z!,Z11y € Rk, DI (7! 71Ty € RN~k Q(z, 2!, Z!1) € RN~ The previous
transformation does not affect the hyperbolic character of our system.

3.2. Structural condition. In order to perform our analysis on system (B.1) we
need the following structural assumption:

(S.1) m'(z,&) =0, for any (z,&) € RY x RY,
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This condition is natural if we consider system (3.3]). In that case m(z,£) is anti-
symmetric and is given by
_ (0 i€

The same hypothesis is assumed also by Lions and Toscani [33]. It was implicitly
contained also in the paper of Marcati and Rubino [41]. Indeed, in [41] the re-
laxation of the following quasilinear nonhomogeneous 2 x 2 hyperbolic system was
taken into consideration:

(3.5) {w +fw,2), =0,

zs+g(w,2)y = h(waz)’
where y € R, s > 0. In this case the authors required the assumption
f(w,0) =0,

which in the linear case is equivalent to (S.1). An analogous condition has been
assumed by Lattanzio and Yong in [29], where they study the singular limits for
the initial value problem

d d
— 1
Wy + E 1 Aj(W)Wx] + Z E 1 Aj(z-:W)ij = ,
J= j=

W(z,0) = Wy(z;e),

by validating the formal asymptotic approximation in the framework of H*-smooth
solutions. In [29] they set

—11  —12

A — Aj Aj A — A]n A]12
J 221 ZQQ ’ J A21 A22
J J J J

and the key structure condition is given by
10y _ :
A;7(0) =0, for all j.

Therefore, the condition (S.1) is essential; otherwise, the relaxation process would
end up to be only the trivial one, relaxing on the null solution. In Appendix A
we shall develop formal asymptotic expansions to analyze the situation occurring
when (S.1) is violated.

3.3. Block structure. Now, let us consider (34). Then, by using the previous
structural condition (S.1) and by denoting

_ 0 m'2(z,€)
30 M) =P~ (s mio(ed) |
we can rewrite the system (3:4]) in the form
(3.7) Zy — M(x,D)Z = Q(x, 2%, Z") + D(Z!, Z11),

where D(Z!, z!1) = (D!(z!, z!1), D! (7!, Z11)).
We formulate here the hypothesis concerning the existence of a symmetrizer for
the system (B70) in pseudodifferential form (see Taylor [55]), namely:
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(A.4) There exists R(x, D)€ OPSY{ , such that
R(z, D)M(z, D) + (R(z, D)M(x, D))" € OPSY,,

and its symbol r(x, &) is a positive definite matrix for [£| > 1.

The next structure condition regards the existence of a symmetrizer for the system
(B7). We assume here a special “block structure” which is natural for strictly
hyperbolic systems (for instance, see [2] and in the more complicated framework of
initial boundary value problems, also see the seminal paper of Kreiss [24], Majda
and Osher [36] or Ralston [48]). The block structure follows also for nonstrictly
hyperbolic systems having constant multiplicity, by a general result due to Métivier
[43]. In the sequel we do not assume any one of the previous conditions but directly
the “block structure” of the symmetrizer R(x, D).

(S.2) The symbol of r(x,£) € S? of R(x, D) has the form

8= (Tll(gaf) 7“22((;,€)> ’

where 711(z,§) € Mpixg, ro2(2,§) € M(n_k)x(N—k) are symmetric positive
definite matrices.

Let us remark that in our examples at the end, these requirements will be easily
fulfilled. Let us denote by m{’ (z,£) the principal symbol of each block m®(z, &)
of the symbol m(z,¢) (let us remark that m(z,£&) € S! is polihomogeneous). By
the definition of symmetrizer for the system (3.4 we know the following relations
between the blocks of r(x, ) and the coefficients of the system (B.4):

ri1(z, ©mi?(z, ) = —(mi' (2, €)) raa(2, ),
TQQ(iL‘,f)m%l(iL',f) = —(m%Q(x,f))*rn(x,f).

Remark 3.2. The block structure which is assumed in (S.2) implies that the matrix

mi?m?! is diagonalizable with real eigenvalues. In fact, mi?m2! = ;' (mi2m32)*ry,

is the product of two symmetric matrices of which one is positive definite.

(3.8)

Remark 3.3. 1t is well known that the positivity of symbols does not imply positivity
of the operators, but this fact will be true only modulo errors in OPS~>°. By
using Theorem there exists a pseudodifferential operator E(x,D) € OPS!,
such that ﬁ(m,D) >nl >0, E(m,D) = R(z,D) 4+ T(x,D), T(xz,D) € OPS™>.
By the block structure of R(x, D), we can assume a block structure for T'(x, D).
In a similar way we can approximate fractional powers of E(m, D) with fractional
powers of symbols, modulo errors Ty, (z, D) € OPS~°. Namely, for any o € R it
follows that R(x, D) = Re(x, D) + Ta(z, D), where Ry (z, D) = OP(r*(xz,£)) and
To(z,D) € OPS™.

3.4. Dissipativity condition. In this section we state the assumption on the

nonhomogeneous term Q(z, Z!, Z11).

(D) Q(x, z1, Zz') € CYRN*4,RN=F) and Q(x, Z1,0) = 0 for any (z,Z!) €
R? x R*: moreover,
(d0) Q(x, Z%, Z11) has the form

I I\ __ I II I II
) ) — Wo\L, ) ) ) )
Qz, 21, 2" = Qo(a, 2", Z) + Qi (2, 21, Z'T)
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(d1) Qo rr(x, 21, Z11) is bounded in (z,Z!, Z!T) and there exists A\g > 0
such that for any (z, Z1, Z11) € RIxRF xRN =% 1r90Q0 11 (z, 21, Z11)+
(Qo.rr(w, Z1, Z11))Trgg < —Agraz,

(d2) Q1.r1(x, 21, Z11) is bounded in (z, Z%, Z'T) and the operator
(Ra2)1/2Q1,11(R22) 12 satisfies ||(R22)1/2Q1,11(R22) 172/l c(r2) < M,
A1 > 0, A\ < A\p/2; moreover, ||Q6}1Q1,H||L(L2) <~v<1,

where (R22)1/2 is defined as in Remark B3l

Remark 3.4. We divided the nonhomogeneous term Q(z, Z1, Z1) into two terms
that take into account different dissipativity mechanisms of (). The former term
Qolw,Z1,Z1) is related to the dissipativity of @, the latter Q1 r7(x, Z1, Z1T) defines
weighted by with (Ra2);/2 and (R22)_1» a bounded operator dominated by the
dissipative part of @. The assumptions made in (d1), (d2) are scale invariant.

Remark 3.5. In many applications it could be useful to take @ in the form
(3.9) Qz, 2", 2" = C(x) 2",

where for any z,& € R, C(z) € M(n_pyx(n—k), [r22(z,€),C(x)] = 0 and there
exists A > 0 such that C(z) < —AI.

Remark 3.6. (i) By using Remark and Theorem 221 we get that
Ros(x, D)Qo.rr(x, 25, Z'Y + (Qo.11(2, Z7, Z"NT Ryy(z, D) < —AoRaa(z, D),

modulo OPS™°.
(ii) The hypothesis (d2), HQ(},}]QI,HHL(M) < v < 1, implies @y is invertible.
In particular, Ql_ll has the following form:

-1
_ _ ’YHQO,HHOO
Qi =Qorr+a where |||l < 1o,

3.5. Formal analysis of the singular limit. We will analyze the relaxation
process of the system

1 1 1
Following the constructions of the previous paragraph we rewrite (8.10), hence

1 1
Zl+ - M"Yz, D)z = =D (Z1, 711,
g 9

3.11 1 1
(8:11) zZH + MY (2, D)2 + =M?**(x, D) 72!
g

S
1 1
— EQ((E,ZI,ZII)-F EDII(ZI,ZII).

By formal asymptotics we are led to define
(3.12) Zl(x,t) = Ul (x, 1), ZM (2, t) = U (2,).

The previous scaling could also be obtained from scaling the time variable such
that 9, = €0;; for more details see [A1]. The system (BII) under the change of
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variables (B:12) becomes
1
Ul + M"Yz, D)U = =DI(U*, U,
€

(3.13) e2UT + M?' (2, DU + eM??(z, D)U'!

1
= -Q, Ut euty + DU eUth.

If we denote by (U°, U119) the limit profile as ¢ | 0, the formal limit system (B.13))
relaxes to the system

UtI0+M12( )UIIO DII(UIO )UIIO,
(3.14)
MQl(l',D)UIO _ Q[[(x,UIO,O)UIIO + DII(UIO,O).

By using point (ii) of Remark the system (B:14) transforms into
UtIO +M12({E,D)UIIO — D%I(UIO,O)UIIO,

I — Qfll(m, U, 0) [MQl(x,D)UIO _ DII(UIO7O)] .
That is equivalent to (by setting U = U!Y) the second-order parabolic system
(3.15)
U + M*2(z, D)Q;} (2, U,0)M* (z, D)U = M**(x, D)Q;} (z,U,0) D' (U, 0)
+ Df;(U,00Q7} (2,U,0) [M?'(z, D)U — D' (U,0)] .

In the next section we provide sufficient conditions in order to rigorously justify
this formal analysis.

3.6. Parabolicity condition. Let us restrict our attention to the differential op-
erator case, namely () takes the form

ZA )O;W = 5 B, W) + D(W)
In this case the identities (IE) become

UtIO +ZM12 8 UIIO D}I(UIO,O)UIIO,
(3.16) .

> M (@)U = Qui(x, U, 0)U" + DU, 0),
j=1

which is equivalent to (where we set U = U?)

d
Ut+ZM12 (QH x,U,0) ZM aw)

k=1

d
(3.17) Z QU (z,U,0)D" (U, 0))

+ DL(U,0)Q7} (x,U,0) ZM 2)0,U — DM (U,0)

k=1
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We want to show, in this simpler case, that (B.IT) is parabolic in the sense of
Petrowski as recalled in Section 2. Taking into account the notation of Section 2,
one has

L= —m12(x,§)Q;11 (z,U,0)m?! (z,€) € 51270,

where

P(z,&) =m xé—zZM“’ )&;,

M, &) =mi'(z,6) = ZZ M2 (2)¢;
j=1

We are going to show the existence of a positive matrix Py such that PyL + L*F,
is negative definite. In the next result we will show that in general PyL + L*F,
is positive semidefinite and it is negative definite under the condition that m2! is
injective. This is related to the Kawashima type condition (K) discussed in Section
4.2. Taking into account the assumption ||Q6}IQ1,H|| < v < 1 and Remark B8]
we have the following theorem.

Theorem 3.7. Assume 0 < v < 1/(2)\0”@&}[” + 1). Then there exists By > 0
such that

(3.18) ((PoL + L*Py)n,n) < —Fo|m? %, for all n € R¥.
Moreover, if we assume m?' is an injective map, then (B3IT) is parabolic in the
sense of Petrowski; namely, there exists (1 > 0 such that
(3.19) (PoL + L*Py)n,n) < —Bi|n|®>,  for allm € R,
Proof. We write
Py =r11(x, ).
By using the relations (3.8) and (ii) of Remark B.G it follows that
((PoL+ L*Po)n,n) = — (rum" Q1 (x, U, 0)ym*"n, n)

— ((m*) QH a,U,0))" (m )*7”117%77)
(m2 TQQQII (z,U,0)n, 77)
(m*)*(Qr (2, U,0)) 'raz)m'n, 1)
(roaQy (x,U,0) + (Qr/ (x,U, 0)) rag)m? n, m*'n)

= ( TQQQO 11 (E U, 0) (Q(I}I(xa U, 0))TT22)m2177a m2177)

+ ((re2q + ¢ Trog)m® 77am2177)

=Ji + Jo.
By the dissipative condition (d1) we get

J1 = ((TQ?Q(;}I(% U,0) + (QS}I(% U, 0))Tr22)m21777 m2177)

1/2 1/2, - —1/24 1/2 1
((7'24 Qo 11(55 U, 0)7"22 "‘7'24 (Qo}[(% U,0)) 7'22/ )7'24 m® 77”"24 m? 77)

IN
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Condition (ii) of Remark B.@ leads to

Q01711
Jo = ((r22q + q"ra2)m*'n, m*'n) < 2ko%|7712177|2~
By using the condition v < 1/(2/\0”626,}1” + 1) it follows that
k
(PoL+ L*Po)n,m) = J1+ J2 < —2—/\00|m2177|2.

4. A PRIORI ESTIMATES AND CONVERGENCE ANALYSIS
In this section we consider the rescaled system
Ul + M*2(z, D)U!! = %DI(UI, U,
(4.1) e2Ult + M* (2, D)U! + eM?*(z, D)U!
= %Q(m, Ul euty + DM (U’ U,

and we are going to develop a rigorous theory in order to converge to the relaxed
system (3:14)). We want to show that, as ¢ | 0, the solutions of the rescaled system
satisfy

Ul — ylo strongly in [L7,.(R? x Ry )]¥,
Ul gyl weakly in [L?(R? x [0, 7))V F,
Ul —0 strongly in [L7,.(R? x Ry )]V,

The basic idea used in this section is the assumption of the existence of a sym-
metrizer for the system (3.4]), whose symbol has a suitable block structure (con-
ditions (A.4) and (S.2)). The properties of the symmetrizer (see, for instance,
Theorem 2.1 and Theorem 2.2) allow us to establish “energy” type estimates.

4.1. A priori estimates. In this section we wish to establish a priori estimates,
independent of €, for the solution of the system (). To achieve this goal the
following hypotheses are needed:
(B.1) m'?(z,&), m* (z, &), m*(z,) € S',
(B.2) D = (DI(z",zH"),DI(Z!, z'T)) € CL(RN;R* x RN—F), DI(Z1,0) = 0,
D1(0,0) = 0, and D%, is bounded in (Z!, Z!T), D! is a lipschitz function
in (Z%, Z!), with lipschitz norm «.

Remark 4.1. We could weaken our assumptions concerning the regularity of the
coefficients by using directly the Bony paradifferential calculus ([56], Section 3.4)
but we want to avoid additional technical complications.

The next result concerns the “energy” type estimates independent on &, obtained
via the existence of symmetrizers and via the dissipativity conditions (D).

Theorem 4.2. Let us consider the solution {U'}, {U!} of the Cauchy problem for
the scaled system (@1)). Assume Ul(z,0) € [LQ(Rd)}k, U(z,0) € [LQ(]Rd)]N_k
and hypotheses (A.4), (S.2), (B.1), (B.2), (D) hold. Then, there exists g > 0,
such that for € € (0,e9), one has
(1) for all T >0, there exists M(T) > 0, independent of €, such that
IO ]| 2o,y < M(T) and supyg 7 [leU (-, 8)|| < M(T),
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(ii) {€2UM} is relatively compact in H;,} (R x R.),

(iii) {U'} is uniformly bounded, with respect to €, in L™ (R4, L*(R?)), namely
for all T > 0, there exists M(T) > 0, independent of €, such that
suppo 7y U7 (- 1) < M(T).

Proof. To simplify our notation, we set

1
Ul 6 Ul —Dl(U’t Uty
U= Uit Ungllv F:1 €
gQ(gc, Ul euty + DH(UT, U

e _ 0 m'*(z,§)
WD =0P{= (g L)}
Let R(x, D) be the symmetrizer given by hypotheses (A.4), (S.2), by using Theorem
2. Then there exists R=R+T,T = OP(t(x,£)) € OPS™°, with R > nI > 0.
By the block structure of R(z, D), we can assume that the symbol t(z, £) takes the

form t(z, &) = (t“(ox’g) tzz(oz,.f) ) Hence it follows that

Y

d ~ - -
E(R(x,D)UE, U®)a= (R(z, D)U;,U®)a + (R(x, D)U®, Uy )2

(R(z, D)(M* (z, D)U+F),U)a+ [R(x, D)U, M*(z, D)U+F),
((R(z, D)M*(x, D) + (R(z, D)M®(z, D))*)U,U)s

+2(R(z,D)F,U)y = I + I.

We are going to estimate separately I; and I,. By applying Theorem Z1] and
Theorem 2, and by using hypothesis (A.4) for I; we get

I < 2¢o|UT|[[UT]] + eco U2,

where ¢g = |R(x, D)M*(z,D) + (R(x,D)ME(x,D))*HE(Lz). Let us focus our at-
tention on I5. Then one has

0
E_lQ(J?, UI, €UII)> 7U)2

= (6_1DI(U15 gUII)a Rll(ﬂ?, D)UI)Q + (DII(UIa gUII)a RQQ(£7 D)UII)Q
+ (e Roa(2, D)Q(, U ,eU™), UM )y = Iy + Lop + I 3.

I, = (R(e. D)D(UT,U™), U)s + (R(z, D) (

To estimate I 1 and Iz 5 we use hypothesis (B.2) and we get
L1+ I < afer + o) [UT[IUT] + azeo [UT)2,

where ¢; = ||]§11||£(L2), Ccy = H§22||L(L2). Now we turn to I 3. Let us set Q5 =
fol Qr1(z, UL, e0UT)dB; then we can rewrite I 3 in the following way:

I3 = (Raa(z, D)Qo 11U, U™y + (Raa(z, DYQq 11U, U™y = Lo 31 + I 30.
From (d1) and Remark [3.6] it follows that

((Raa (2, D)Qo.11 + (Qo.11)" Raa(z, D))UL, UM,
=X UM + ca|lU || g1 U],

I>31

A
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where ¢z = Hé;ézﬂﬁ 2y By using (d2) we get
Iy 32 = (Ra2Q1,11Roy 1/QRI/QUH , Ry, 1/2]-21/2UH)
= ((R22)1/2Q1,11(Ra2)— 1/2R1/2UHR1/2UH)2 + (To2UM, R1/2UH)

O
< MG NUMN + eses|U - [T < ZFes [T + eses |U - [T,

where
Tas = (Ra2)1/2((Ro2)—1/2 + (T22)—1/2)(R22)1/2
+ (T22)1/2((R22)—1/2 + (Ta2)—1/2)(R22)1/2
and ¢5 = || Taollz(m-1,12). Hence

Ao
Irs = —7C§||UH||2 + (eses + e) [U | g2 [lUM]],

and for any d; > 0 we have

C3C5 + C4

e Ll Y

A
Iy < =AU + (eses + e |[UT | +
By adding I, Io, for all §; > 0, d2 > 0, we get

d ~
- (B(@, DYUS,U%)2 < (2¢0 + afer + ) [UT U] + e(co + aco) U]

/\ c3cs+c
2EU)? + (0305+C4)51||UH||2+M

103
fK@+®mww2 DU+

K
OO,

1

A A
where K = K(co, 1, ca,c3,C4,¢5,). If we choose € < go and (61 + 02) < §07 it
follows that

d = S A K K
(42) —(R(z, D)U%,U%)y < =22 K[ UM + = U2 + = 103
dt 4 02 o1
Let
(4.3) E(t):/ 52|UH(x,t)|2dx+/ \Uf(x,t)\de.
R4 R4

By the second equation of the system (BJl) we get the estimate
U131 < KE(t).

By integrating ([@2) on [0,t] we obtain that the energy F(t) satisfies the integral
inequality

A t t

(4.4) E(t) < E(0) — —0/ \UM (2, 5)2dads + K/ E(s)ds
4 Jo Jpa 0

for some ¢ > 0. Then by applying Gronwall’s lemma, we have

(4.5) E(t) < E(0)eX!
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and

¢ 4K
(4.6) / / U 2dads < K Bo)et,
0 JRd Ao

Hence we conclude that for any 7' > 0 there exists M(T') > 0, independent of ¢,
such that

1T | L2gaxgo,ry < M(T), sup IUH (o)l < M(T), sup 1T o)l < M(T).

In this way we have proved (i) and (iii). Let us consider w as a relatively compact

subset of RY x R, . Then
/ / €2Ull¢tdxdt‘

<& sup (U ze el o)) < M(T)e
”d)”Hé(u):l

12U N -1y = d)”SUP (2ULT, ¢)|

=1

= sup
H¢”Hé(u):1

O

Remark 4.3. If, in an independent way, we know a bound for ||Qrr||Lip, we do not
need the assumptions (D); but to estimate I3 3 it is sufficient, for instance, to have,
for any (x, 21, Z'1) ¢ R4 x R* x RN =% Qr(x, Z%, Z11) < —AI, A > 0. Indeed,

Iy3 = (E;QQQIIUljv E%QUH)Q
= (QuRYUT RYU™ )y + (R, QU™ U,

Then by taking into account Proposition B3] and the dissipative condition on
Qr1(z, U, eU), we have

Ly < =MUM|? + K| QuilliplU 13-,

which leads to the energy inequality (@4]). Namely, in this case the commutator
[Réf, Q11] regularizes enough to close the estimates.

4.2. Strong convergence analysis. In order to get the convergence we will intro-
duce a Kawashima [22] type condition (K) similar to the assumption (G.5), Section
6.2 in [41] and to the assumption in Lemma 2.4 in [29]. Let us denote by m¥ (z, €)
the principal symbol of each block m¥(z, &) of the symbol m(x,€) (let us remark
that m(x,£) € St is polihomogeneous); we assume

(K) det [ (m3!(,€)) " m#'(2,6)| #0.

Remark 4.4. Since m?!(x,€) € M (N—k)xk, from elementary linear algebra we de-
duce condition (K) is violated whenever k > &

Remark 4.5. Condition (K) is actually equivalent to the Kawashima condition,
namely that rank(mi?(z,€¢)) = k. Indeed, condition (K) means that m3!(z, &) is
injective, namely that its transpose is onto. From the relations (3.8]), we obtain the
equivalent property that mi2(z, ) is onto, namely that rank(mi?(x,€)) = k.

We begin with an immediate consequence of (i) and (ii) in Theorem 2.
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Theorem 4.6. Let us consider the solution {U!!} of the Cauchy problem for
system ([@1). Assume U'(z,0) € [LQ(Rd)]k, U(z,0) € [LQ(Rd)]N_k and, more-
over, the hypotheses (A.4), (S.2), (B.1), (B.2), (D) hold. Then there exists U'1? €
[L2(R? x [0, TN =" such that, as € | 0, one has (extracting eventually a subse-
quence)

(4.7) gt —~ gto weakly in [L*(RY x [0, ]V,
(4.8) U — 0 strongly in [L},.(R? x Ry,
(49)  {LU{} —0 in [Hi, (R x R,V F,

Our next step is to prove the strong convergence for the sequence {U’} in the
norm of LIQO C(Rd x R, ). For this purpose we only use the estimates obtained in the

previous section. Our main tool in the limit process will be Tartar’s and Gérard’s
Theorem 24 ([54], [13]).

Theorem 4.7. Let us consider the solution {U!} of the Cauchy problem for system
@) Assume Ul (x,0) € [LQ(IRd)}k, Ull(z,0) € [LQ(Rd)}ka and the hypotheses
(A.4), (S.2), (B.1), (B.2), (K), (D) hold. Then there exists U'® € [L*(R?x [0, T])]*
such that, as € | 0, one has (extracting eventually subsequences)

(4.10) vl —yt° strongly in [L?, (R? x R ).

loc

Proof. By using hypothesis (D), Q;s(z,U’,cU'!) is uniformly bounded in L°°.
Then e 1Qr(x, UL eU) = Qrr(x, UL, eUNU! is uniformly bounded in L?;
therefore, e 'Qr(z, U!,eU) is relatively compact in H;,!. In a similar way,
thanks to the conditions on the function D(U!,eU!!), we get e 1DI (U eU)
and DII(UT,eUT) belong to the relatively compact subset of ngcl Now by using

the identities
1
Ul + M (x, D)U = =DI (U, cU'T),
€
1
MYz, D)YU' = =Q(z, U, eU™) + DM (U, eU'T) — 2U]T — eM*? (2, D)U,
€
and by taking into account the previous a priori estimates of Theorem we
conclude that the family
I 12 I7
(4.11) <Ut ]—&é\f(x (le),)l[)])IU ) is relatively compact in (H,,!)?.

Since the symbols m¥ (x, ) are polihomogeneous in the sense of Section 2, we recall
that the operator M¥(z, D) can be decomposed in the following way:

(4.12) M?(z, D) = M (¢, D) + M (x, D),

where M{(z, D) € OPS", while M (z, D) € OPS°. By applying Theorem B.1]
and by the decomposition (4.12)) we get

<Utf + M (x, D)U”)

) M o D)V

is relatively compact in (H,,!)?.

In order to fit into the framework of Theorem 2.4] we write

P UI _ Iixk O ) UI + 0 M112(£L',D) UI
vty = o ot |uHt M} (z, D) 0 Ut
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Then the principal symbol of P is given by
_ kxk 0 0 mi*(z, )
p($777)_ |: 0 0 §0+ mfl(l',f) 0 )

for any n = (¢,&) € R4 |n| = 1. We notice that

12 —
e o] =0 { SO =0

for all A € RF, € RV,
Now if € = 0, then &, # 0 and m3!(z,0) = 0 and so A = 0; otherwise, if £ # 0 by
using the hypothesis (K), we get A = 0. Therefore, we get

{naw s o oo [3] <o} € (@nrm 12 =0},
Now we take
X(@) = [Ikox ’ 8}
and for all n £ 0, n = (&, &), we have
pen) 2] =0 mpties () [2]L[3] =

for all A € RF, € RV,
Now we can apply Theorem [Z4] of Gérard and we conclude that for any ¢ €
D(RY x Ry),

+oo 9 +oo 9
/ / |U1(m, t)‘ oz, t)dedt — / / ‘UIO(x,t)| o(x, t)dzdt,
0 R4 0 Rd

where U'Y denotes, in view of Theorem .2} the weak limit of U’ in L2(R? x R).
In this way we obtain

vl — ul® strongly in [L3,.(R? x R )%
|

Corollary 4.8. Assume that the hypotheses of Theorems 77 hold. Then
(U0, U19) werifies the following system, in the sense of distributions:

UtIO + MIQ(LL',D)UIIO — D}I(UIO,O)UIIO,
(4.14)

M21($,D)UIO — Q[I(x; UIO,O)UIIO + DII(UIO,O).

Proof. By taking into account the regularity hypothesis on @, the strong conver-
gence of {U!,eU} in L2 and the weak convergence of Ul we get
e ' Q(x, U, eUM) = Qr1(z, U, 0)0U?  weakly in L7 (R x Ry).
In a similar way we have
e ' DU, Uy — DI (U, 00U weakly in L7, (R? x R,).
Therefore, we can pass into the limit the other terms and we obtain the relations

EID). 0

Remark 4.9. We can weakly relax the assumption concerning the polihomogeneity
of our symbols by directly assuming the decomposition [EI2).



HYPERBOLIC TO PARABOLIC RELAXATION 2111

5. THE CONSTANT COEFFICIENTS CASE

In this section we want to show how, in the case of constant coefficient differential
semilinear systems, our theory can be easily simplified. First, we remark that in
this case we don’t need to use pseudodifferential theory; because of the constant
coefficient we can handle them with classical methods. We point out that also in
this case we will assume the existence of symmetrizers R(D) with block structure.
Since the coefficients are constant the principal symbol of R(D) depends only on
the variable £; more exactly it is a homogeneous radial function of degree zero of

&Er)=r (‘—g‘) Then the symmetrizers reduce to Fourier multipliers.

5.1. A priori estimate. Here we consider the system

d
1
Ul +> MpPo,u" = EDI(UI, U™,
=1
! d d
U+ MPoU + ey MU
1j:1 j=1
= gQ(x, Ul euy + DH(UT, U

(5.1)

with the hypotheses of Section 3.2, Section 3.3, Section 3.4 and Section 4.1, spe-

cialized to our simpler framework. Namely, we assume:

(A.4bis) There exists a symmetrizer for the system (51, R(D) € OPSY  and its
symbol r(§) is a positive definite matrix for || > 0.

(S.2bis) The symbol of R(D) has the form

(©= ("0 )

where 711(§) € Mpxk, m22(§) € M(N—k)x(N—k) are symmetric positive
definite matrices.
(Kbis) det[(M7")"M?'] # 0 for any j =1,...,d.
(B.2bis) D = (DI(z!,z11), DI (z1, Zz1)) € CL(RN;R* x RVN—k) DI(Z1)0) =
0, D'(0,0) = 0, and D!, is bounded in (Z%, ZI1), D! is a lipschitz
function in (Z7, Z!!), with lipschitz norm a.
(Dbis) Q(x, Z1, Z1H) e CY RN+ RN=F) Q(x, Z1,0) = 0 for any (z, Z!) € R? x
R* and Qpy(x, Z1, Z') is bounded in (x, Z1, Z'1); moreover, there exists
A > 0 such that 792Qr(z, Z1, Z1) + (Qrr(z, Z1, Z11)) Trag < —Araa.
Remark 5.1. (1) Obviously, the hypotheses (A.4bis), (S.2bis) are satisfied in many
cases; see [2].
(2) Obviously, the hypothesis (Dbis) can be replaced by the hypothesis (D) of
the variable coefficients case.

We also have in this case the following theorem.

Theorem 5.2. Let us consider the solution {U'}, {U} of the Cauchy problem
for the system (B.11). Assume U’ (x,0) € [LQ(Rd)}k, U (x,0) € [LQ(Rd)]N_k and
that hypotheses (A.4bis), (S.2bis), (B.2bis), (Dbis) hold. Then there exists g > 0
such that, for e € (0,eq), one has

(i) for any T > 0, there exists M(T') > 0, independent of €, such that
1T | L2 axio.ryy < M(T) and suppg 7 €U (- 8)]| < M(T),



2112 DONATELLA DONATELLI AND PIERANGELO MARCATI

(ii) {€2UM} is relatively compact in H;,} (R x R.),

(iii) {U?} is uniformly bounded, with respect to €, in L™ (R+, LQ(Rd)); namely,
for any T > 0, there exists M (T) > 0, independent of €, such that
supjo, 7y [|U7 ()| < M(T).

Proof. We apply the Fourier transform to the system (BI)) and we multiply in
L?(R%) by R(€)U obtaining the following inequality:
d [e? — —~ —~ S
a {7 Py (OUIP + |ri{2<f>Ufl2} = (ru (U1, 7' DI(UT e,
+ (re2(OUT, 7' Q(a, UT,cU™))a + (o2 (U, DU, U™

Defining the energy as in (3], taking into account the hypotheses, and using the
properties of the symmetrizer and Plancharel theorem yields the standard energy
inequality (44)). The remaining part of the proof follows exactly the same argu-
ments used in the previous section, so it is omitted. O

5.2. Basic ideas on strong convergence. The analysis of strong convergence
in this case reduces to analyzing the convergence of quadratic forms with constant
coefficients via the classical compensated compactness result of Tartar (see [52],
[53], [45]; see also H]).

Theorem 5.3 (Tartar’s compensated compactness). Let us consider

(1) a bounded open set Q C R™;

(2) a sequence {I"}22,, 1V : Q CR® — R™;

(3) a symmetric matriz © : R™ — R™;

(4) constants aék eR,i=1,....,q,5=1,....,m, k=1,...,n.
Let us define

fla) = (Oa,a), foralla e R™;

A=qXeR™: IpeR"\{0}, Y allm=0,i=1,....q
gk

Assume that

(a) there exists | € L2, (Q) such that 1Y — 1 in L2, (Q) as v | co;

(b) AV = Zﬁk aék%, i=1,...,q, are relatively compact in lecl (Q);

(c) fia=0;

(d) there exists f € R such that f(I) — f in the sense of measures M(S).
Then we have f = f(1).

Now we can state our convergence result

Theorem 5.4. Let {U!,U'!} be the solution of the Cauchy problem for system
(BT). Let us assume the hypotheses (A.4bis), (S.2bis), (B.2bis), (Kbis), (Dbis)
hold. Then there exist U0 € [L2(R¢ x [0, T])]* and UM® € [L2(RY x [0, T))|VN
such that, as € | 0 (extracting eventually subsequences),

(5.2) gt gl weakly in [L*(RY x [0, T))]",
(5.3) Ul — 0 strongly in [L3.(RY x RV F,
(5.4) vl —u'° strongly in [L3.(RY x RV F,
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and the limit profile (U1, UTI0) verifies the system

Ulo 4+ zd: MjlzajUHo = DL U, 0)Uo,

(5.5) ., 7
ZM]zlaleo = Qu1(z, UL, 0) U110 4 DI (U0, 0),
j=1

in the sense of distribution.

Proof. (2, (B3) follow from (i) of Theorem[5.2 and the energy estimate implies
that

d
Ul +> MpPPoutt
j=1
d
> MitoUt
j=1
In order to fit into the framework of Theorem 53] we set ¢ = (U, U’!). Then the

characteristic manifold A is given by

A={(\p) eR" xRN"*| Ine R\ {0},B(n,\) =0},

is relatively compact in (H l;i )2

where
d
oA+ | D Mg | m
B(n,A) = LV
Z Mjm(x)gj A
j=1
By using the hypothesis (Kbis) and by defining © = 1 (I’“OX’“ 8), we have f()\) =
MO and, of course, fi4 = 0. We apply Theorem [5.3 to show
(UH? — (UT0)? in the sense of measure,
and finally,
vl — ul® strongly in [L3,.(R? x R, )J*.
So we can pass to the limit into the nonlinear terms of the system (B.1I). O

Remark 5.5. An equivalent form of system (5.5) is given by (setting U'® = U)

d d
U + Z M?0; (in(a:, U,0) Z M,flékU>

j=1 k=1

—
o
D

~

I

d
> Mj20;(Q;} (=, U,0)D" (U, 0))
Jj=1

+ D{(U",00Q7} (2,U,0) :

d
> MoU - DU, 0)

k=1

The proof of the parabolicity of (6] follows the same arguments used in the vari-
able coefficients case.
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6. APPROXIMATION OF PRESCRIBED PARABOLIC SYSTEMS

In this last section we want to apply the theory of the previous sections to
approximate a generic given parabolic system, provided the Petrowski condition
holds. In fact, here we reconstruct a parabolic system by means of a suitable larger
semilinear hyperbolic system that relaxes on it. Two very large classes of parabolic
systems will be taken into consideration. The first are quasilinear parabolic systems
in divergence form and the second are the so-called “Reaction-Diffusion” systems.

6.1. Quasilinear case. We consider now the following quasilinear system in di-
vergence form:

d
(6.1) Ui+ Y 0 | F(U) =) By (U)o,U | =G(U),

Jj=1

where € R%, t € Ry, U = U(z,t) € R¥, N = (d+ 1)k (then k < &). Let us
denote F(U) € Myxq, (F(U)); = Fi(U) for any i = 1,...,d and B(U) € Myaxkd,

(B(U))ij = Bi;(U) for any ¢,j =1,...,d. Then we assume:

(C.1) B;;() € C*®RF; Myxp), forany i, j =1,...,d and Zm-(Bij—i-(Bij))T(U))\i)\j
> ¢o|A?I for any A € R? (strong parabolicity); moreover, B=*(U) is
bounded on U.

(C.2) F,(-) € CYR*;RF), for any i = 1,...,d, F(0) = 0 and B~Y(U)F(U) is
lipschitz on U.

(C.3) G(-) € Lip(R*; RF).

We have the following theorem.

Theorem 6.1. Let us consider the system (B), and let us suppose hypotheses
(C.1), (C.2), (C.3) hold. Then the solutions of the system

1
zZl+ - div z" = G(zh),

1 1 1
Zi' + Dz = 5B (212! + BT (ZE(ZY),

(6.2)
where (z,t) € R xRy, ZT = Z1(z,t) € R, Z1 = 711 (z,t) € My.xa, approzimate
the system (6.1]) in the sense of Theorem [{.6] and Theorem [{.7}

Proof. Tt can be easily shown that ([6.2) is a hyperbolic symmetric system. By
rescaling the variables, as in (BI3), the system (62) transforms into

{ Ul +div U = G(UY),

(6.3) Ul + DUT = —B~ (U U + B-HUNFUY).

The conditions (B.1), (K) of Section 4 are satisfied by the system (@3). Now by
setting DI1(Z1,Z1T) = B=Y(Z1)F(Z!) we can easily verify (B.2), and by denot-
ing Q(z, Z1,2!) = —B~1(Z1)Z!! we obviously get condition (D). We can apply
Theorem E7] and we obtain that the solutions to (E3]) satisfy, as e | 0 (setting
U = D),

U, + div(F(U) — B(U)DU) = G(U).
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6.2. Chemotaxis. We consider the following quasilinear system modeling chemo-

taxis [23)]:
ug =V - (Vu —uVv),

(6.4) { v = Av + u,

where z € R%, t € Ry, u = u(x,t) € R, v = v(x,t) € R. By following the notation

of Section 2, we have that the principal symbol of (6.4) is given by

L(x,t,u,f) = - (é _]_u) |£|2

It can be easily verified that the system (E.4)) is Petrowski parabolic in the sense
of Section 2. With the theory developed in the previous sections we can try to

approximate it. Let us denote Z! = (Z) € R? B(ZY) = (é _?I> € Magxad,

I = I4xq, Z'" = ZH (2,t) € Mayy, G(Z1) = (2) € R2. Then the system
1
zl+ ~ div " =Gz"h),

1

(6.5) 1 I 1INy 1T
Zi'+-Dz' = —=B 1(Z2")Z
€ €

is the approximating system of (G4). In order to apply our theory we need to
assume the following condition on the solution (Z!,Z!?) of (6.5) and (6.4):

(B) The solution Z! of the system (6.5) is bounded.
This allows us to circumvent condition (d1) of Section 3 which is not satisfied by
B~1(Z"), which has linear growth in Zf. We have the following theorem.

Theorem 6.2. Let us consider the system (6.4), and let us suppose hypothesis (B)
holds. Then this solution of system ([6.5) approzimates the system (6.4)) in the sense
of Theorem [{.6] and Theorem[4.7.

The proof of the theorem follows the same lines as the proof of Theorem and
it will be omitted.

Remark 6.3. The Brusselator model [31], [47] can be investigated in a very similar
way.

6.3. Reaction-diffusion type systems. Let us consider the reaction-diffusion
type system

d
(6.6) U= Y Aju(2)0;0U + f(U),
Ji=1
where x € R?, t € R, U = U(z,t) € R*. We make the following hypotheses:
(D.1) Aji() € CF(RE Myy), for any j,l =1,....d, and 37, ; A (z)\\ >
co|A]?I, for any A € R? (strong parabolicity).
(D-2) () € Lip(R%RY).
In order to approximate system (G.6), we define the linear operator B;(z) : Myxa
— Mpxa:

Bj(x)(W) = ZAJ-J(:C)W} forany j=1,...,d.
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Now system (6.6) can be written in the equivalent form

d
Up=>_ B;(0;DU) + f(U).

j=1
We have the following theorem.

Theorem 6.4. Let us consider the system (6.6), and let us suppose hypotheses
(D.1) and (D.2) hold. Then

d
1
Z+ 13 ot - ).
(6.7) =
ZII 1 BTa}zI _ 1A ZII
¢ +EZ 012" = —5 A2,
j=1
where (x,t) € RY x Ry, Z1 = Z1(x,t) € R*, 2! = 7' (2,t) € Myxa, Alz) €
Muaxkd, (A())jr = Ajk(x) approzimate the system (G.8) in the sense of Theorem

7.0 and Theorem [{.77.

Proof. The system (6.7)) is symmetric and hyperbolic. By rescaling Z!! = ¢U!! as
in (BI2) it transforms into

d

Ul +> Bo,ut = f(Uh),
(6.8) =t

Ul +Y Bl o;U" = —A(x)U".

j=1

Hence, by setting Q(z, Z!,Z!1) = —A(z)Z!, the dissipativity conditions (D) to-
gether with the hypotheses (B.1) and (K) of Section 4 are immediately satisfied.
Now, we can apply Theorems .6 and [£.7] Then since Z?Zl BJ-T(?‘jUI = A(x)DUY,
as € | 0, the solution of (6.8) satisfies the system (G.G)). O

Remark 6.5. Theorem can be applied, with slight modifications, to the more
general case of Petrowski parabolic systems in the sense recalled in Section 2. In
fact, let us consider the system

d
(6.9) U= Cin(2)0;0.U + G(U),
Jok=1
where z € R%, t € Ry, U = U(z,t) € R* and the matrices C; ;, satisfy the Petrowski
parabolicity condition given in Section 2. Let us consider the matrix Py from the
previous definition, and denote
W = RyU.

Then, the system (6.9) transforms into a strongly parabolic system; so we can apply
Theorem B4

To approximate system (G6) we can also follow a different approach by using
pseudodifferential theory. In fact, let us denote by

(6.10) Az, &) = — Z Aj k()€ &ks
ik



HYPERBOLIC TO PARABOLIC RELAXATION 2117

¢ € R4, the principal symbol of (6.6), and set A(x, D) = OPA(x,£). Now we set
(6.11) B(z, D) = OP[(—A(x,£))"/?].

We have the following theorem.

Theorem 6.6. Let us consider system (68), and suppose that hypotheses (D.1)
and (D.2) hold. Then the solutions of the system

1
Z{ + -B(z,D)2"" = f(2"),
1 1
ZI— =Bz, D)2 = -5z
t € ((E, ) &2 ’

(6.12)

where (z,t) € R4 x Ry, ZI = ZI(z,t) € R¥, ZI1 = ZH(z,t) € R¥, N = 2k,
approzimate system (6.0) in the sense of Theorem and Theorem [{.7}

Proof. By rescaling the variables as in (B.I2)), the system (6.6) transforms into

U{ + B(z, D)U'" = f(U"),
(6.13)
e2U}1 — B(z, D)U! = —U'!.

By using (D.1) we have that (6I3) is a hyperbolic system. Let us denote
M*'(x, D) = B(x, D), M**(z, D) = —B(z, D); by using hypothesis (D.1), condi-
tions (B.1) and (K) are satisfied. It can also be easily verified that the symmetrizer
of (612)) is given by the matrix Iyxy. Finally, we have to verify the dissipativity
condition (D). Setting Q(z, Z!, Z1) = — Z!! we get that hypothesis (D) is satisfied.
Now we can apply Theorem [£.6] and Theorem [£.7 and we obtain that the solution
of (6.13) satisfies, as € | 0 (by setting U° = U),

U, — A(z, D)U = 0.

APPENDIX A. FORMAL ASYMPTOTICS ON CONDITION (S.1)

In the case where (S.1) does not hold, we cannot expect a relaxation from hy-
perbolic to parabolic systems, but instead we will have a multiscale phenomena,
involving the simultaneous action of distinct relaxation mechanisms. To clarify this
fact, we follow the formal asymptotic approximations of Lattanzio and Yong [29];
namely, we consider the scaled system

d
1
(A1) Wi+ - ; Aj(x)W,, =

where W € R, (z,t) € R? x Ry, and A;j(z) are smooth N x N matrices, with the
following assumption:

(a) the first k components of B(W) are zero; that is,

with Q(W) € RN—*.
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Corresponding to this decomposition of @), we set

u All g1
W= ’ A5 = ;1 ;2
v A5t AZ
Furthermore, we assume:

(b) Q(u,v) =0 if and only if v =0, @,(u,0) is invertible for any w.
(c) Aj(x) #0forany z € R forall j =1,...,d.

We look for a solution of the form
05(1', t) ~ Z €k0k($, t) = Oo(l‘, t) + Z EkOk ((E, t)'
k=0 k=1
Recalling (A.J]) we introduce

B(W)

d
1

Since O, is expected to solve [Ad]) we want R(O.) = 0. Thus it follows that

B(0y) =0,
d
> 4j()O00z; = Bw (00)On,

j=1

d
Okt + ZAJ' (#)Op 1,2, = Bw(00)Op2.
=1

Set O = (:}Lk) The above equations can be rewritten as

k
(AQ) Q(UO, ’Uo) = O7
(A.3) Z (A}l(m)uoxj + A}z(x)v()xj) =0,

j=1

d

(A.4) > (A3 (2)uoa, + AP (2)v0x,) = Quluo, vo)ur + Qu(uo, vo)v1,

j=1
(A.5) ure + Y (AJ (@) k1.0, + AP (@) 0kg1,0,) =0,

j=1
d

(A.6) Vgt + Z (A?l(x)ukJerj + A?Q(:c)vkﬂ,mj) = Qu(uo, vo)uk+2

J
+ Qu (g, v0)Vky2.

From ([AZ22) and (b) it follows that vg = 0. Then [AF) reduces to

d
Z A}l(x)uo%. =0,
j=1
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by using (c) we get ug,, = 0. By using (b) and (A.4) we get v; = 0 and setting
= 0 in (AF) implies u1 = 0. Up to now we have found up = vg = u; = v; = 0.

By assuming inductively u, = v, = 0 and by using the previous relations and (b)
we get upt1 = vp+1 = 0. Hence, the formal limit is the null solution.
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