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RELATIVE ENTROPY IN DIFFUSIVE RELAXATION

CORRADO LATTANZIO AND ATHANASIOS E. TZAVARAS

ABSTRACT. We establish convergence in the diffusive limit from entropy
weak solutions of the equations of compressible gas dynamics with fric-
tion to the porous media equation away from vacuum. The result is
based on a Lyapunov type of functional provided by a calculation of the
relative entropy. The relative entropy method is also employed to es-
tablish convergence from entropic weak solutions of viscoelasticity with
memory to the system of viscoelasticity of the rate-type.

1. INTRODUCTION

The relative entropy method of Dafermos and DiPerna [5, 6, 10] provides
an efficient mathematical tool for studying stability and limiting processes
among thermomechanical theories. It is intimately connected to the second
law of thermodynamics and has been tested in various situations involving
stability and asymptotic behavior of shocks (e.g. [10, 3, 19]), relaxation
or kinetic limits in the hydrodynamic regime [27, 1], stability and limiting
processes among thermomechanical theories [5, 16, 17, 8].

The method hinges on a direct calculation of the relative entropy between
a dissipative solution and an entropy conservative (smooth) solution for the
underlying thermomechanical process, which provides a remarkable stability
formula [5, 6]. In more complicated situations involving the comparison of
two solutions with shocks it is supplemented with additional information,
e.g. [10, 3, 19]. The objective of this article is to extend the relative entropy
formula in situations where a dissipative solution of a thermomechanical
system is directly compared to a dissipative solution of a limiting system. We
use as test cases various paradigms of diffusive limits, the most significant
perhaps being the validation of the limit from the Euler equations with
friction to the porous media equation in the zero-relaxation limit.

We consider the system of isentropic gas dynamics with friction

1
pt—l—gdivxm:()

(1.1)

m®m

1 . 1 1
my + — divy + —V.p(p) = ——m
€ € €
with the so called diffusive scaling, which captures the effective long-time
response. In the limit ¢ — 0 this system approaches the porous media
equation
pt — DNap(p) = 0. (1.2)
1
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This problem has served as a paradigm for the theory of diffusive relaxation
[24, 18, 12] and has been justified either by asymptotic in time analysis
[13, 25, 21, 14, 15], or via direct analysis of the relaxation limit, for weak
solutions in [23, 22, 24] or for smooth solutions near equilibrium in [4, 20].

In this paper we compare directly a weak entropy solution of (1.1) to a
smooth solution of (1.2) using a relative entropy analysis (Proposition 2.1).
This, in turn, provides a convergence result to solutions of the porous media
equation that stay away from vacuum (Theorems 2.7 and 2.8). The novelty
of the present work is the simplicity of the proof following a Lyapunov
type of analysis; in addition some new situations are analyzed (for instance,
solutions approaching different end-states at +00), plus a rate of convergence
is obtained. Finally, in the spirit of [2, 8], the relative entropy inequality is
extended between entropy measure-valued solutions of the Euler equation
and the porous media in Section 2.4.

We then test some other cases of diffusive relaxation using the relative
entropy method. In Section 3, we consider the p-system with damping in
Lagrangian coordinates and establish convergence to a parabolic equation,
in the high-friction limit (Theorem 3.3). In Section 4, we consider the lim-
iting process from viscoelasticity of the memory type (4.1) to the system of
viscoelasticity of the rate-type (4.2) in the diffusive regime. We provide a
relative entropy estimation between the two theories and a convergence re-
sult (see Proposition 4.1 and Theorem 4.2) thereby extending for quasilinear
systems previous convergence results in the semilinear case from [9, 11].

It is remarkable that in all those examples the dissipation of the approx-
imating system can be split in two separate parts: the dissipation of the
limit diffusion equation, and a second part that captures the dissipation of
the approximating system relative to its diffusive-scale limit.

2. ISENTROPIC GAS DYNAMICS IN EULERIAN COORDINATES WITH
DAMPING

We consider the system of isentropic gas dynamics in three space dimen-
sions with a damping term:

1
pt+gdlvxm:0

(2.1)
1

mem 1

1
m; + — divy
€

where t € R, z € R3, the density p > 0 and the momentum flux m € R3,
The pressure p(p) satisfies p’(p) > 0 which makes the system hyperbolic.
An important particular case is that of the y—law: p(p) = kp” with v > 1
and k > 0. In (2.1), the variables (x,t) are already scaled in the so called
diffusive scaling. In the diffusive relaxation limit ¢ — 0, solutions of (2.1)
formally converge to the porous media equation

P — Dap(5) = 0. (2.2)
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The goal of this work is to study this limit via the relative entropy method.

We recall that (1,q1,q2,¢3)(p,m) : RT x R — R x R? is an entropy—
entropy flux pair for the hyperbolic system (2.1) if it satisfies the differential
relations:

8qj:(@+1 ﬂ)& 1 0On

am; ap ;mkamk ;mj om;

(2.3)
9 _ im.m,ﬁ_i_ ( )ﬁ
Op p2 " omy P om;

where ¢, j = 1,2, 3, J;; stands for the Kronecker symbol, and the summation
convention is used. Moreover, the entropy n(p,m) is dissipative (for the
underlying relaxation process) if

v(p,m)n(pa m) ’ (07 _m) = —VmU(Pv m) -m < 0.

An example of an entropy pair is provided by the mechanical energy

1 |m|?
a(o.m) = 25 4 n), (2.4
p
and the associated flux of mechanical work
1 |m|?
alp.m) = il 4 b (o). (25)
Here, h(p) = pe(p), where e(p) is the internal energy of the gas connected
to the pressure via €/(p) = %. Accordingly,
p(p
() = TN i) = pio) + ). (2.6
For the particular case of y—law gases, h takes the form
k 1
pl = p(p) fory>1;
h(p)={~v—1 7—1()
kplogp for vy = 1.
Smooth solutions of (2.1) satisfy the identity
1. 1 1 |m|?
n(p,m)e + — diva g(p,m) = = Vmn(p,m) - m = —€2|p <0, (27

The mechanical energy n(p, m) is dissipative for the relaxation process (2.1).

2.1. Hilbert expansion. We start by reviewing the Hilbert expansion as-
sociated to the relaxation process from (2.1) to (2.2). We introduce the
asymptotic expansions

p=potepi+ept+...,
m=m0+sm1+62m2+...,

to the balance of mass and momentum equations in (2.1), and collect to-
gether the terms of the same order, to obtain, respectively,

O(e™h) div, mg =0,
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O(1) Opo +divymi =0,
O(e) Op1 + divyms =0,
and
O(e72) mo =0,
O(™)  —mi=Vappo),
o(1) —my = Va(p'(po)p1) »
O(e) —mg = Oymy + div, (M) + Vs (p’(po)pz + %ﬂ’(m)fﬁ) :
£o

In particular, we recover the equilibrium relation my = 0 for the state vari-
ables, Darcy’s law m1 = —V;p(pg), and observe that pg satisfies (2.2).

Next, we focus on the asymptotic expansion of the entropy equation (2.7),
and in particular on how the hyperbolic entropy (the mechanical energy)
captures in the ¢ — 0 limit the entropy structure of the porous media
equation. Introducing the Hilbert expansion into (2.7) and using mg = 0,
we see that

9 (h(po) + h’(po)p1) + é div, (em1h/(po) + % (mah’(po) +mah” (po)p1))

2

m my - m

= _lmil® +e <|m1|2p; - 212> + O(£%).
Po Po Po

Again, collecting together terms of the same order gives

O(1) hpo)s + divs (muk(po)) — |mp0| ,
O(g) 9 (I (po)p1) + divy (mah!(po) + mah" (po)p1) = \ml\z%% — 2% .
Since m1 = —V,p(po), the leading order term pg in the diffusive limit sat-
isfies the energy identity

h(p)e — dive (I (p)Vap(p)) = W : (2.8)

Equation (2.8) captures the entropy dissipation of the porous medium
equation (2.2) and h(p) is indeed the entropy selected by Otto [26] in his
gradient flow interpretation of (2.2).

2.2. Relative entropy identity. Let (p°, m®) be a weak solution of (2.1)
that satisfies the weak form of the entropy inequality

1 1 |m|?
o)+ 2 divs alpym) + 5 ™ <0, (2.9)

(We drop the e-dependence of (p°,m°) except where emphasis makes it
necessary.) Let p be a smooth solution of the porous media equation (2.2);
such a solution will also satisfy the entropy identity (2.8). Our goal is to
devise an identity that monitors the distance between p° and p.
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Such identities have been obtained via the relative entropy method in the
context of problems of hyperbolic relaxation [17, 27, 1]. The relative entropy
is defined as the quadratic part of the Taylor series expansion between two
solutions (p, m) and (p,m); it takes the form

n(p,m|p,m) :=n(p,m) —n(p,m) —ny(p,m)(p — p)

+hiplp), (2.10)

while the corresponding relative entropy-flux reads
ai(p,m|p,m) = qi(p,m) — qi(p, M) — np(p, M) (mi — M)
- an(f)a m) ’ (fz(prm) - fi(:aa m))
m  m|2 m; My m; _
=-—my|—— —| +ph'(p)— K (p (——f>+fhpp, 2.11
3", T (W' (p) = W' (p)) PR > (plp),  (2.11)
where i = 1,2, 3, f; stands for the (vector) of the flux in (2.1),

filp,m) = mi% +p(p)I; (2.12)

1

and I; is the i—th column of the 3 x 3 identity matrix.

Now the question arises about how to select m in (2.10), (2.11). This
relates to a significant difference among the hyperbolic relaxation and the
diffusive relaxation frameworks: in the existing studies of hyperbolic relax-
ation limits one compares an energy dissipative with an energy conservative
solution. The fact that the limiting solution is energy conservative (and
smooth) is an important restriction in the derivation of the relative entropy
identities available in the hyperbolic relaxation framework (see [27, 1]). By
contrast, by the nature of the diffusive relaxation framework, the solutions
to be compared have both to be energy dissipative. To effect the comparison
we select an e-dependent solution (p,m) that adapts itself in the relaxation
process.

A suitable selection of m is proposed by rewriting (2.2) in the form,

1
o+ L, m =
prt g divam =0 (2.13)
m:_EVzp(ﬁ),

of the conservation of mass equation in (2.1) together with (a rescaled form
of) Darcy’s law. The energy identity (2.8) may also be expressed in terms
of (p,m) as

h(p): + %divx (mh (p)) = —5—.

In turn, (2.13) is embedded into the system of Fuler equations with relax-
ation, plus additional terms purported to be higher-order errors. A simple
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calculation shows that (p,m) satisfies

ot + 390177% =0
(2.14)

_ _ 1 _

mg + gﬁxzfl(p,m) = _gm + e(p, m) )
where (we use the convention of summation over repeated indices and) € is
given by

e:=e(p,m) = édivz ( ) — €0 Vap(p)

_ iy, (Nap(P)© Vap(p) )
_dx< - ) V(0 (0) (D)

= 0(e) (2.15)

and is thus an error term.

mem

The main result of this section is:

Proposition 2.1. Let (p,m) be a weak entropy solution of (2.1) satisfying
(2.9) and let (p,m) be a smooth solution of (2.13). Then,

I o 1 o
n(p,m|p,m)e + - dive g(p,m|p,m) < = R(p,m|p,m) — Q — E, (2.16)

where
Rmmmmzpj?a
Q = =V, myn(p.1m) (f;i) : <fi(,0772|p, m)> : (2.17)
p-cnn-2(5-2),

and e(p,m) is defined in (2.15).

Remark 2.2. The following remarks are in order, concerning the terms ap-
pearing on the right of (2.16):

(a) The coefficient of the quadratic term @ depends only on (p,m); it is
explicitly given by

1 1 m; _
(npmJ (p,m )pxz + Nmym; (P, M)0y mk) = gaxz (p]> = _6in33]'h/(p) )
and is thus of O(1) in e.

(b) Since e(p,m) = O(e), the coefficient of the error term E is of O(e).

(c) The term R(p, m|p,m) captures the dissipation of the relaxation system
(2.1) relative to its diffusive scale limit (2.2). It turns out to be the quadratic
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part of the dissipative relazation term with respect to (p,m). Indeed, for
2 .
R(p,m) = vmn m = %’ Rp = npmjmj, le = Nmy; —+ nmlm]mj Usmg
m m; 1
an<p7 m) = ;7 npmj (p7 m) = 772]7 Umkmj (pa m) = ;6147]’

we compute the Hessian of R,

HIml® omy
V2 R(pm)=| #° P’
(p,m) AP m; 2
—2—5 0y
1Y P i,j=1,2,3

and see that it has eigenvalues
2 2 2
A =0, /\273=*>0, /\4=*+*3|m|2>0,
P p P

and is thus positive semidefinite for p, p > 0. A direct computation also
2
shows that R(p,m|p,m) = p ‘% — %’ and justifies the notation used in

(2.17)1. The property R(p,m|p,m) > 0 is instrumental in the forthcoming
stability analysis; a similar property holds for all examples treated in this
article.
Proof of Proposition 2.1. By hypothesis (p, m) satisfies the weak from of the
entropy inequality
1 1 1 |m|?
n(p,m)e + = dive g(p,m) < =5 Vin(p,m) -m = _7u . (218)
€ € e p
Also, (p,m) satisfies the energy identity

o 1 . o 1 o o
n(p,m); + - div, q(p,m) = —;an(p, m) - m+ Vin(p,m) - e(p,m)

From (2.1) and (2.14) we obtain

(p— P)e + 204, (m; —mi) =0
1 c . (2.20)
(m —m): + gami<fi(P7 m) — fi(p,m)) = —S—Q(m —m)—eé

and use the smoothness of (p,m) and (2.14) to compute

0 (n (7, 0)(p = ) + V(B 1) - (m — )
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+ 200, (155, ) (= 1) + 200, (T, ) - (s m) = £, m)

1 2 — = pﬂcz . mi =M
+gV(p7m)77(P,m (mmz) (fz(pa ) fl(p7 )>

= —*van(/% m) : (m - ﬁl) - vmn(ﬁa ﬁl) ’ 6(/3, ﬁ”L)

A Pu, 0
(pam)1(P; T <m$> : <fi(p,m|,0, m)> (2.21)
To obtain (2.21) we used the identities
2 = = 8961‘7_”1' pP—0p
Vipmy (P ) <a ipm)) \m—m
0 dn di2 0i3\ [ Pz p—p
V(p m)n(pa ) ( v(p,m)fi(ﬁ, m) ) (mzl> . (m o
_ 2 N T L di2 o3\ (p—p
= V(p,m)n(pa m) <mm1> ( v(p,m) fz (ﬁ’ m) m— m

_ Pz m; — m;
=V? S _ N I
(pm) 77(/7 m) <m9(:7> <v(p,m)fl(pa m) : (m - m))
(resulting from the entropy consistency relations) and the notation
fi(p7 m|ﬁ7 m) = fl(pa m) - fl(ﬁ7 m) - v(p,m)fi(ﬁ» m) ) (P —p,m — ’I”T’L) :
Finally, combining (2.10), (2.11), (2.18), (2.19) and (2.21), we conclude
_ 1. _
n(p,m|p,m)e + — dive g(p,m |p,m)
1 oy _ _
<-3 [an(p, m) -m = Vpn(p,m) - m = Nm(p,m) - (m —m)

= Npm; (P, M) (P — D) — Ny (P, T0) 1704 (1), — mk)]

=V (é ) (5o

~ai(p.m) (npml (2+7)(p = ) + T (s ) (i = 1)

1
-5D-Q-E,
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where
_ my p(m m
Ezelpam (—p—p +ml—ml>:ep’m (_)’
(o) (= o= )+ = m =) ) = eom) - (22 =
m|* |m* m o |mf? N
D - —-m—-—m)+ —p—p)— myp - (my, — My,
_ 12
m_m
P b
and @ is as in (2.17). O

We conclude this section with two lemmas. The first establishes (under
additional hypotheses on p) a bound of the quadratic term @ in terms of
the relative entropy (2.10).

Lemma 2.3. Assume that p(p) satisfies for some A > 0

P < A% v pso. (A)
Then h(p) in (2.6) verifies, for some ¢ > 0,
p(plp) <ch(plp)  Vp,p>0. (2.22)
Also there exists a C > 0 such that for any i =1,2,3,
[filp,m|p,m)| < Cn(p,m|p,m). (2.23)

Proof. Recall that b/ = %. Hypothesis (A) implies p” < AR”. One easily
checks the identity

p(plp) = p(p) p )(p—p)

(p—p) // (sp+ (1 —s)p)dsdr,

and a similar identity holds for h(p|p). Then (2.22) follows from p” < Ah".
A direct computation using (2.12) shows that, for i, j = 1,2, 3,
mz-mj mim; N mm;

fij(p,m|p,m) = - 2 (p—p)

1
5 (dsemj + mibje) (me — my)) + p(p|p)dij
i m; m; _
- T plolp)ds
p< P ) ( > "5 ) (p|p)di
and (2.22) gives (2.23). O

The second lemma indicates a relation between the “metric” induced by
the relative entropy (2.10) and more traditional norms.
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Lemma 2.4. Let h € CY[0,4+00) N C?(0,+00) satisfies b (p) > 0 and

k
h(p) = o 1p'7 +o(p?), asp— +o0 (2.24)

for some constant k > 0 and for v > 1. If p € K = [§, M] with 6 > 0 and

M < 400, then there exist positive constants Ry (depending on K) and Cq,
Cy (depending on K and Ry) such that

— Clp_527 f07"0<P§R07/36K7
ER ,|7 _
Calp—pl|?, for p> Ry, p€ K.

Proof. Since p € K, there exist positive constants A and B such that for
any 0 < p < 400

h(p|p) = h(p) — h(p) — W'(p)(p — p) = h(p) — A— Bp,

h(plp) _ hlp) —A—-Bp

lp—pl" — p7
In view of (2.24), there exists Ry depending on K such that
_ 1 k _ _
h(plp)ziﬁlp—plﬁ for p > Ry and p € K.

Consider next the positive function

_ h(p|p _ _
B(p,p) = p(f;)y p€0,Rol, pe K, p#p

and note that lim,_,; B(p, p) = "2 > 0 and thus B(p, p) € C°([0, Ro] x K).
Hence, we have

h(p|p) = mlp—p|* for p € [0, Ro] and p € K
where m := min, (o, gy} sex B(p; p) > 0. O

Remark 2.5. Hypothesis (A) holds for large classes of pressure laws. Indeed,
(A) is trivially satisfied for concave increasing pressures. For convex pres-
sures, one checks that it holds for p(p) = kp” with v > 1. By contrast, (A)
is violated for p(p) = e?. For a y-law gas with v > 1, one computes that
h(p) = ﬁp(p) and thus (2.22) holds as an equality.

Regarding the growth condition (2.24), if p € C°[0, +oc0) N C2(0, +00)
satisfies p'(p) > 0 and

P'(p) =kyp" ' +o(p "), asp— foo, (B)

with k > 0, v > 1, then h(p) defined through h”(p) = @ verifies hypothesis

(2.24) and the results of Lemma 2.4 apply in that case.
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2.3. Convergence in the diffusive relaxation limit. Proposition 2.1 is
used in order to prove convergence from the Euler equations with friction
in the diffusive limit towards the porous media equation. We carry out the
analysis in two frameworks:

e multi-d periodic solutions;

e 1-d solutions in the real line with (possibly distinct) constant states

p+ at £oo.

In both cases, the main hypothesis is that p is a smooth solution of (2.2)
that sits away from vacuum.

Remark 2.6. It is worth to observe that other possible frameworks can be an-
alyzed with these techniques, and we restrict our ourselves to the aforemen-
tioned cases to avoid further technicalities. For instance, with small mod-
ification in the arguments below, we can consider multi-d solutions (p,m)
such that p — p. > 0 as |x| — +o00; m = —eVp(p) and such that p > 0,
pP— pPsx, ME Ll([O,T} X Rg)

2.3.1. Multidimensional periodic solutions. In the periodic case, we
work within the following framework, collectively referred to as (Hy):
(i) (p, m):(0,T)x T3 — R*is a (periodic) dissipative weak solution of
(2.1) with p > 0, satisfying the weak form of (2.1) and the integrated
form of the entropy inequality (2.9):

1|m|” ) o L ml?
T 4 hp) ) () — 5 20(t) dadt
Ty (555 410 05500

+ /TS <1|m|2 + h(p)) ‘t:OH(O)daz >0, (2.25)

where 0(t) is a nonnegative Lipschitz test function compactly sup-
ported in [0,T). The family (p%,m*) is assumed to satisfy the uni-
form bounds

sup / pfdr < K < o0, (2.26)
te(0,7) J T3

€12
sup / Lim + h(p®)dr < Ko < o0,
te0.1)JT3 2 P°
which are natural within the given framework, and follow from cor-
responding uniform bounds on the initial data.

(ii) p is a smooth (C?) periodic solution of the multidimensional porous
media equation (2.2) that avoids vacuum, p > ¢ > 0; m is defined
via m = —eVp(p),

The function

o(t) = /T (., m)da (2.27)

will be used as a measure to control the distance between two solutions. We
prove:
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Theorem 2.7. Let T > 0 be fized and assume p(p) satisfies (A) and (B).
Under hypothesis (H1), the stability estimate

p(t) < C(p(0) +e*), telo,T], (2.28)

holds, where C is a positive constant depending only on T, Ky, p and its
derivatives. Moreover, if ¢(0) — 0 as € ] 0, then

sup ¢(t) =0, ase 0. (2.29)
t€[0.7)

Proof. We proceed to establish the integrated version of (2.16) under the
regularity framework (Hj). To this end, we introduce in (2.25) the choice
of test function

1, for 0 <7 <t
O(r):=qE2+1, fort <7 <t+s, (2.30)
0, for 7 >t + k.

Taking the limit x | 0 gives

/(;'";|2+h< )> g//w I

Next, integrating (2.19) over (0,t) x ’]I‘3 gives

2 2 =
L em)ef = [ (4555 o
T8 \ 2 =0 T3 p

Finally, to justify the calculations leading to (2.21), we start from the
weak form of (2.20):

= [[ oo =+ Lontmi = mdsdt - [ 662,00~ p)|_ du =0,
(2.31)

/ wt + 1/}901 (fz(ﬂ,m)—fl( m))dﬂ?dt

P,
/LZJIO m—1m tod:r—//¢ ( iz —m) — é)dwdt, (2.32)

where ¢, 9 are Lipschitz test functions compactly supported in [0, T) x T3
and v is vector valued. Using the test functions

¢ =0(r)w(@)ne(p,m), b =0(T)w(®)Vmn(p,m)
with 6(7) as in (2.30) and w(x) = 1, and upon taking k } 0, this gives

/ / Jdzdt,
T3

(2.33)

/T:s (”p(@ m)(p — p) + Vmn(p,m) - (m — m
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where J is as in (2.21). Combining the above inequalities leads to

52// (psm|p,m)dzdr < o )+/0 /TB(|Q|+|E|)da;dT (2.34)

where @, E and R are given in (2.17).
Using (2.17), Remark 2.2 (a), Lemma 2.3 and (2.27), we deduce

t t
/ / 1Qldwdr < Cy / o(r)dr,
0 T3 0

where C1 depends on [|0z,;h'(p)||z>. The error term E in (2.17) is esti-

mated by
/ / |E|dwdr < 7/ / i pdadr + 2/ / - " dwdr
T3 T | P 2e T3
and, by (2.15) and (2.26),
2
/0 /1r3 % pdzdr < Cie’t, (2.35)

where C3y depends on K7, T and p through the following norms of derivatives
up to third order:

‘ i div. (pr(p) ® Vrp(p)>
p P L

Introducing the above estimates into (2.34), we obtain

1 t
. _
+ 222 /0 /1‘3 R(p,m|p,m)dxdr

t
< p(0)+ 4 / @(T)dr + Coelt.
0
Gronwall’s inequality then implies

o(t) < C(p(0) + %), te(0,T]
and (2.29) follows. O

1

Lo°

2.3.2. The Cauchy problem on the real line. Next, we consider the
Cauchy problem in one-space dimension for

1
pt—i—gmz:O

1 /m? 1
mi+ - —+plp) | =-5m.
e\ p " €

To avoid unnecessary technicalities with the behavior as |z| — oo, we assume
the initial data (pg, mg) take constant values outside a compact set [— Rg.Ro],

(po(x), mo(x)) = (p-,0)  for z < =Ry,
(po(x), mo(x)) = (p4,0)  for x> Ry

(2.36)
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for some p+ > 0. By the finite speed of propagation property, any solution
(p,m) will assume the same values outside the cones x < —Rg — kt and for
x > Ry + kt, respectively, with k calculated in terms of the maximum wave
speed on the range of the data.

Let p > 0 be a smooth solution of

pt — P(P)zz =0 (2.37)
with initial data py taking constant values
po(xz) =p_ forx < —Rgy, po(x)=py forx >Ry,

outside some compact set [—Rg, Rp], with p1+ > 0 as above. By standard
theory for the porous media equation (see [28]), the solution of (2.37) satis-
fies p(z,t) > ¢ > 0, and satisfies p(z,t) — px as © — too with sufficiently
fast decay (in fact exponential). Defining m = —ep(p), , we obtain m — 0
as ¢ — £oo.

By modifying the entropy pair (2.4)-(2.5) (using a trivial linear pair), we
define

o m) = n(pm) — ML) ()L )) < L hioe) +hip)),

P+ — P 2
. — ol ) = Rlp-)
q(p,m) = q(p,m) p—

so that 77(p+,0) = 0. The resulting (7 — §) is an entropy pair, and vanishes
at the end states (p+,0).
We next summarize the framework (Hg) for the relaxation limit:
(i) (p, m):(0,T)x R — R? with p > 0 is a dissipative weak solution of
(2.36), that is, it satisfies the weak form of (2.36) and the integrated
form of the entropy inequality

//[07+m)xRﬁ(ﬂym)9.(t)dmdt+ /Rﬁ(p’m)

1 2
> —2// I g 4wt
€ [0,40)xR P

with 6(t) a non negative Lipschitz test function compactly supported
in [0, +00). The family (p°, m®) is assumed to satisfy the uniform
bounds

0 o)
sup </ p° — p-|dz +/ p° — p+|daf> < Ky <oo, (2.38)
te(0,T) \J—o0 0

0(0)dx
=0

sup / n(p°,m*)dz < Ko < 00,

te(0,7) JR
with K7, K5 independent of €. Of course, this dictates analogous
uniform bounds on the energy norm of the initial data (p§, mg).

(ii) p is a smooth (C?3) solution of (2.37) that satisfies p > ¢ > 0; m is
defined via m = —eVp(p).
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We now denote by
o) = [ ipm ). (2:39)

This will replace (2.27) as a yardstick for measuring distance between solu-
tions in the one-dimensional Cauchy problem. Then we have:

Theorem 2.8. Let T > 0 be fized and assume (A) and (B) hold. If (p,m)
and (p,m) are under the framework (Hg), the following stability estimate
holds:

6(t) < C(¢(0) +£*), te (0,17,
where C' is a constant depending only on T, px, p and its derivatives up to
third order. Moreover, if $(0) — 0 as e | 0, then

sup ¢(t) = 0, ase 0.
te[0,7

Proof. Proceeding along the lines of the proof of Theorem 2.7, one derives
the analog of (2.34) for ¢ in (2.39). There is however a difference in the
derivation as applies to the Cauchy problem: the equations (2.31) and (2.32)
hold for test functions compactly supported in [0,T) X R. Thus we introduce
the test functions

¢ = 0(T)w(@)np(p,m), ¢ = O(r)w(@)nm(p,m),
where 6(7) defined in (2.30) and
1 for —R<z <R,
1+82 for R<z<R+6
1+82 for —R-6<z<-R
0 fore >R+ orx < —R—6,

w(x) =

into (2.31) and (2.32). Sending R — oo, using the asymptotic properties in
x of (p,m) and (p, m), and subsequently sending « | 0, we obtain the analog
of (2.33) and through that the analog of (2.34).
A second difference lies in replacing (2.35) by the estimation
€

t t
// //|P—(P—1x<0+P+lz<o)|d$dT
0 JR P 0 JR
trle
+maX{P—aP+}//‘_
0o JrRIP

< Ce?t,

where we used (2.15) and the constant C' depends on T', K in (2.38), and
also on p through the L°° norms of space-time derivatives up to third order
and the norms

| div, (T22T=0(0)) |

2 2
pdzxdr < H
L()Q

e
P

2
dxdr

p

atv;cp(ﬁ)
F;

F Li=(L2(R)) ‘ L2 ®)
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Again using Gronwall, we deduce
6(t) < C(¢(0) +¢*), te(0,1]
which completes the proof. O

2.4. Relative entropy for entropic measure-valued solutions. A vari-
ant of the relative entropy identity can be derived for comparing entropic
measure-valued solutions of (2.1) with smooth solutions of (2.2). Such cal-
culations are in the spirit of the recent works [2, 8], the difference here being
that two dissipative systems are compared.

Let v = {Vz,t}(x, feqy D€ a parametrized family of probability measures
(Young measures) that acts on continuous functions f(Ay, Am), (Ap, Am) €
Rt x R3, via

(Voar f) = / O A)di (V)

and such that the integral (when defined) is measurable in (z,t) € Qr. A
measure-valued solution of (2.1) consists of a Young measure {IJN}(I HeQr

with averages
<Vx,ta >\p> =p, <Vz,t7 /\m> =m, (240)
that satisfies in the sense of distributions the measure-valued version of (2.1)

1
pt—l—gdivmm:o

Am ® A

1

1 .
me + Z div, <Vx,t»

The Young-measure v = {Vx,t}( is called an entropy measure valued

x7t)€QT
solution if it also satisfies in the sense of distributions the averaged version
of the entropy inequality

1 1 Al
at<Vx,t7 77(/\[’7 )‘m)> + g dlv:r<Vz,t7 Q()‘pa /\m)> < _?<Vz,tu )‘p > , (2'41)

for n — ¢ as in (2.4)-(2.5).

Proposition 2.9. Let v = {Vm}( satisfying (2.40) be an entropy

z,t)EQT
measure-valued solution of (2.1), and let (p,m) be a smooth solution of

(2.13). Then, we have the following averaged relative entropy inequality
1 . _
8t<1/:r,t ’ 77(>\p7 Am'ﬁa m)> + g le.r(l/:r,t ) q(>\pv )\m|p7 m)>

1

_ 2.42)
A M2 (

< _ Zm TN o

- €2<Vz’t’/\p‘)\p ﬁ‘> Qe-¢

where

g (P 0
Q - 5v(p’m)n(p’ m) <mml) <<Vx,t7fi(>\97>\m|p7 m)>> ’
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. e(p/;m> YOy @Z - 7;) ),

and e(p,m) is defined in (2.15).

Proof. We use (2.10) to define the averaged relative entropy
<V1:,t s 77(/\/)’ /\m|/57 ﬁ’L)> = <Vx,t , n()‘pv )‘m)> - 77(/37 m)
= Np(P, M) Ve, Ap — P) — Veu)(p, M) - (Vaty A — )
The inequality (2.42) is built by using (2.41), (2.19) and the averaged version

of (2.20) and following verbatim the steps and calculations in the proof of
Proposition 2.1. O

3. THE p—SYSTEM WITH DAMPING

The p-system with damping in one space dimension is the system of con-
servation laws

U — =V =0
€

. (3.1)

v — gT(u)x =3

where 7 satisfies 7/(u) > 0 to guarantee strict hyperbolicity. The system
(3.1) is a model either for elasticity with friction or for isentropic gas dy-
namics in Lagrangian coordinates (denoted by (x,t)). Then u stands for
the strain (or the specific volume for gases), v for the velocity and 7 for the
stress.
In the high friction limit e — 0, solutions of (3.1) converge towards a
solution of the parabolic equation (see [23])
w—7(U)ze =0. (3.2)

We will indicate in this section a simple proof of that convergence using the
relative entropy identity.

For concreteness, we interpret (3.1) as a model for shear motions, u,v
take values in R. We place the hypothesis that 7 : R — R satisfies 7/(u) > 0
and the growth assumptions

7(u) = £|u|P + o(Jul?), asu— too, (H)
for some p > 1.

3.1. Preliminaries. The approach uses the mechanical energy
1 u
E(u,v) = 502 + W(u), where W(u)= / 7(s)ds
0

is the stored energy. The associated flux is
Flu,v) = —v1(u)
and they satisfy the entropy inequality

1
E(u,v)e + g]:(u,v)x <—-=v2<0 (3.3)
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indicating the dissipation of the mechanical energy.

The minimum of the mechanical energy &(u, v) on the “equilibrium man-
ifold” of the relaxation process M = {(u,v) : v = 0} is achieved and is given
by

W(u) = E(u,0) = Irjglné'(uw) :

Moreover, solutions of (3.2) satisfy the following energy estimate:
2
E(u,0)e = (T(u)T(u)a)e — (T(u)a)”,

or equivalently

E(u,0); + F(u, 7(w)r)e = —(1(u)s) . (3.4)

Relation (3.4) captures the equilibrium version of (3.3), as can be seen by
applying the Hilbert expansion to the relaxation system (3.1).
Indeed, introducing the Hilbert expansion

U:U0+EU1+52U2+...
U:U0+Ev1+62vg+...

to (3.1), we see after collecting the terms of similar orders that

O™ dyv9 =0,

O(e%) Opug + 001 =0,
and

O(e™?) v =0,

O™ v1 = p(uo)a

O(%) va = (p'(uo)u1)s -

In particular, we recover the equilibrium relation vy = 0, the Darcy’s law
v1 = 7(up)g, and the diffusion equation (3.2) satisfied by wug at equilibrium.
If the same expansion is introduced in (3.3), we obtain

E(ug,0), — (T(uo)m)z = —v%
which yields (3.4) upon using Darcy’s law v1 = 7(ug)y-
3.2. Relative entropy estimate and study of the relaxation limit.
To analyze the relaxation process, we consider the quadratic part of £(u,v)

with respect to the “algebraic—differential equilibrium” (@, 7), where 4 = ug
and ¥ = ev; = e7(@),. Namely,

E(u,vla,v) =E(u,v) — (T, v) — Eu(T,0)(u —a) — E(T,v) (v — 1)

1 _ _
= 5(1} — )2+ Wula).

As corresponding flux we shall consider
Flu,vlia,v) = Flu,v) — F(@,v) + Eu(a,0)(v — ) + E(T, 0)(1(u) — 7(@))
=—(v—0)(r(u) — 7(a)).
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As in the previous section, to simplify the calculations, we rewrite the equi-
librium equation (3.2) as follows:

1
ﬁt - *’l_Jz == 0
9
(3.5)
1 1

Ty — gr(a)x =50+
In this way, we are able to treat the term ¥y = e7(@),; as an error of order
O(g). A direct computation, along the lines of Proposition 2.1 gives:

Proposition 3.1. For any weak, entropy solution (u,v) of (3.1) and any
smooth solution (4,v) of (3.5) it holds:

E(u,v|a, @)t—l—%}"(m v|U,0)y < —6%(1)—17)2+T(ﬂ)m7'(u |@)—er(t)p(v—2).
(3.6)

The terms in the right hand side of (3.6) are analogous to the terms in
(2.16) of Proposition 2.1 for the Eulerian case, namely, the first term is
dissipative and is due to the damping of the relaxation system relative to
its diffusion limit, the second is quadratic in the flux, and the last term is
a linear error term. The quadratic term is estimated with the help of the
following lemma from [8].

Lemma 3.2. Let 7 € C*(R) satisfy 7'(u) > 0 and (H). If u takes values in
a compact set K, there exists constant C such that

T(ula) < CW(ulu), VueR, ueK.
Proof. Since u € K, K a compact set, using (H) there exists a constant C
such that

[T(u]a)] < C(uffP+1), weR,ueK.
Moreover,

W (u) . 7(u) 1

im ———= = =
lul—+o00 |ulPT jus+oo (p+ 1)|ulPsgn(u) p+1

and therefore, for some ¢ and A, we obtain
W(ula) =W(u) — W(a) — W (a)(u—a) > cufP™ - A,

for u € R, w € K. We select Uy so that for [u| > Uy we get clu[Pt! — A >
C(|u[P +1). Then

|T(ula)| <CW(ula) V|ul>Uy, ueK.
On the complementary interval u € [—Uy, Up|, we have
(u) >¢>0
and thus
T(ula) < Cy(u — 1) < CoW (ula) Viu <Up, ueK.
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Using Proposition 3.1, we obtain the main stability and convergence result
in terms of the quantity

O(t) = /Rg(u,vm,v)dx.

Theorem 3.3. Assume 7 satisfies 77 > 0 and (H). Let @ be a smooth
solution of (3.2), defined on Qpr =R x [0,T) with T > 0 fized, v = e7(1),,
be such that u is bounded and ||7(@)zt|lr2(Qr) < K < oo. Let (u,v) be a
weak, entropy solution of (3.1) such that ®(0) < +o00 and

Flu,v|a,v) =0, as x — £oo.
Then the following stability estimate holds:
P(t) < C(P(0) +¢*), tel0,T), (3.7)

where C' is a constant depending on T, the properties of T(u), and the func-
tion @ and its derivatives. Moreover, if ®(0) — 0 ase | 0, then

sup ®(t) = 0, ase 0.
t€[0,T

Proof. The proof proceeds along the lines of Theorem 2.7 and Theorem 2.8;
here we shall just sketch it.
We integrate (3.6) over R x [0,¢], t < T. The right hand side of (3.6) is
estimated using Lemma 3.2,
|7 (@) zeT(ula)] < CLW (ula) < CE(u,v|u,v),

and Young’s inequality

e (@ar(v —0)] <

1 _ et e
522 (v—179)%+ 5|T(u)xt| .
Then, (3.7) is a direct consequence of the Gronwall Lemma. O

4. VISCOELASTICITY WITH MEMORY

We conclude with an example where the diffusive scaling limit is a hy-
perbolic — parabolic system. Consider the following 3 x 3, one dimensional,
quasilinear system of viscoelasticity with memory effects:

U — Uy =0
1
v = 0(u)e = —2 =0 (4.1)
L 1
2 — —Up = — 572,
€ €

where p > 0 and the elastic stress function o satisfies the usual condition
o’(u) > 0 which guarantees hyperbolicity. The above system describes a
one dimensional viscoelastic material for which the stress S = o(u) + 1z is
the sum of an elastic part and a viscoelastic part of the memory type (see
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(4.1)3). The system is scaled appropriately so that it relaxes as ¢ — 0 to
the equations of viscoelasticity of the rate type,

U — v, =0 (4.2)
vy —0(U)y = PUgy - ’

In the latter system, the total stress T' = o(u) + pv, consists of an elastic
part and a Newtonian viscous stress. We refer to [9, 11] for studies of a
corresponding semilinear relaxation framework, using energy bounds. Here,
we focus at the quasilinear level, and pursue a relative entropy analysis to
explore the relation between the two systems.

The mechanical energy for (4.1) is

E(u,v,2) /u()d+12+12 S(u) + 202 + 22
u,v,2) = o(s)ds + -v* + —2° =X(u) + -v* + —=
) O 2 2M M )
with energy flux

F.(u,v,z) = —(eo(u)v +vz).

Weak solutions of (4.1) are required to satisfy the entropy inequality

1 1
E(u,v,2); + gFe(u,v, 2)y < 7E22, (4.3)

manifesting the dissipation of the mechanical energy. (Smooth solutions of
(4.1) satisty (4.3) as an equality.)

The equation capturing the dissipation of mechanical energy for smooth
processes of viscoelasticity of the rate type (4.2) reads

E(u, v,0)¢ + Fi1(u,v,0(u)y )y = —pu(va)?, (4.4)
where
E(u,v,0) = X(u) + %1}2
is the equilibrium energy for E(u, v, z) and
Fi(u,v,0(u)e) = —(o(u)v + pvvg).

Note that (4.4) is the leading order (with respect to the relaxation parame-
ter) asymptotic development of the energy dissipation inequality (4.3). This
may be seen, as in the previous sections, by expanding (4.3) in terms of the
Hilbert expansion; we omit the details here.

4.1. Relative entropy estimate and study of the relaxation limit.
Following the general procedure, outlined in Section 2.2, we recast the equi-
librium system (4.2) and the corresponding stress—strain response in the
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variables (@, 7, Z) with Z = eut, as follows:

Ut — Uy =0
_ _ 1_ — 0
vy — o)y — Chn = (4.5)
1
z-Lto, = —Sz+7,
5 5

where we shall treat the term Zz; as an O(e) error:
Zt = EMUL = EM(U(I_L)I + ,Uﬂ_h:z)x .
We define the relative entropy and relative entropy flux, respectively,
E(u,v,z|u,9,z) = E(u,v, z) — E(4, 7, 2)

—Eu(4,0,2)(u— @) —Ey(a,0,2) (v —0) — E,(4,7,2)(z — ),
F.(u,v,24,0,2) = F.(u,v,2) = Fo(4,0,2) — Eu(4,0,2)( — (v — 0))
—Ey(@,0,2)( —e(o(u) — o)) — (2 — 2)) — E.(4,0,2)(v— 1) ,

and derive the relative entropy identity:
Proposition 4.1. Let (u,v,z) be a weak entropy solution of (4.1) and let
(a,v,2) be a smooth solution of (4.5). Then

1
O E(u,v, 2|4,7,2) + —0:Fc(u,v, 2|4, 0, Z)
g

(4.6)
< —E(z — 2)? 4+ U0 (u|@t) — gt (2 — ).
Proof. We use (4.3) and rewrite (4.4) as follows:
E(a, 0, 2); + ng(ﬁ, 0,2) = —%22 + £Z0q -
€ Ue

Moreover, a direct computation shows
1
Oy (J(ﬂ)(u —u)+0(v—0)+ —2(z — 2))
1

+ é@x< —eo(t)(v—10) —ev(o(u) —o(a)) —v(z — 2) — Z(v — 17))

L 2(z—72)—e7m "(w)ug(u—u) + v (v — lztz—z
_—Pz(zfz)fszvm+a(u)ut(u )+ oy )+ " ( )
—0(t)z(v—0) — Uz(0(u) —o(u)) — é@w(z —z)— é?m(v — )

_ —l;z(z — 2) + ela(z — 22) — Ta (0(w) — 0(@) — o' (@)(u — 7)) .

Finally, putting all relations together we obtain (4.6). O
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Proposition 4.1 suggests to measure the distance between systems (4.1)
and (4.2) via the quantity

U(t) :/]E(u,v,z|ﬂ,17,2)dm.
R

For the stress function o € C?(R) we assume the hypotheses
o'(u) >0, (a1)
o(u) = £|ul? +o(Jul’), asu— too, for some p > 1, (ag)
and show the following stability and convergence results:

Theorem 4.2. Let T > 0 be fized and let (4, v,z) be any smooth solution
of (4.5) with in particular @ bounded in L*°. Let (u,v,2) be a weak, entropy
solution of (4.1) such that ¥(0) < 400 and

Fo(u,v,z|u,0,2) = 0, asz — %o0.
If o verifies (a1), (az), then
U(t) < C(T(0) +¢*), tel0,T),

for a given positive constant C depending only on T, the properties of o and
the limit functions @, U and their derivatives. Moreover, if ¥(0) — 0 as
el 0, then

sup U(t) =0, ase 0.
t€[0,7)

The proof employs the relative entropy inequality (4.6) and proceeds fol-
lowing Theorems 3.3 and 2.7; the details are omitted here.
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