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Abstract

Given a first-order nonlinear hyperbolic system of conservation laws endowed with a convex entropy-entropy
flux pair, we can consider the class of weak solutions containing shock waves depending upon some small scale
parameters. In this Note, we define and derive several classes of entropy-dissipating augmented models, as we
call them, which involve (possibly nonlinear) second- and third-order augmentation terms. Such terms typically
arise in continuum physics and model the viscosity and capillarity effects in a fluid, for instance. By introducing
a new notion of positive entropy production that concerns general functions (rather than solutions) we can easily
check the entropy-dissipating property for a broad class of augmented models. The weak solutions associated
with the zero diffusion/dispersion limit may contain (nonclassical undercompressive) shocks whose selection is
determined from these diffusive and dispersive effects (for instance by using traveling wave solutions), and having
a classification of the models, as we propose, is essential for developing a general theory.

1. Small-scale sensitive shocks and positive entropy production

Continuum physics modeling from small-scales to macro-scales Many models in continuum physics involve
augmentation terms containing small parameters such as the viscosity, capillarity, heat conduction, or other
parameters related to relaxation effects, the Hall effect, etc. These terms are typically modeled by second- or
third-order derivatives which are taken into account in the fundamental conservation principles of continuum
physics. For instance in a compressible fluid, when the viscosity effects are dominant, no region with a sharp
gradient can form. On the other hand, when the capillarity effects are dominant, highly oscillating patterns
are observed near sharp gradients of the solutions. In the present Note, the regime we are interested in is the
one when the viscosity and capillarity effects are small while being kept in balance with each other [6]. It
is natural to assume that the orders of magnitude of the physical coefficients (which depend on the fluid or
solid material under consideration) arising in (for instance) a combination of viscosity and capillarity terms
like (see below) v gy + K Ugge, are such that the ratio € = k/v? is of order 1. We can then write these terms
(for some 1,€) as VUyy + K Ugpps = neus, + En?eus,.

We are still assuming that the hyperbolic aspects of the flow are dominant, and the visocity and capillarity
effects are relevant only in a neighborhood of large gradients of the solutions. In the theory of nonclassical
shocks one is interested in describing the macro-scale features, that is, only the limit ¢ — 0 and to do so
we need to extract some “information” from the small-scales. Importantly, for the present Note, the global
dynamics of the shocks turn out to depend upon the small-scale physical modeling, and it is our aim here
to provide a framework in which general classes of interest can be derived and analyzed.

Systems of conservation laws endowed with an entropy We are interested in systems of the form

d
O+ 0;f7(u) =0, u=u(tz)eUCRY, t>0,zeR’ (1.1)

j=1
with unknown u = (u,) = (u1,...,ux) € U (an open subset of RY containing 0), and we assume such a

system to be endowed with a convex entropy-entropy flux pair (U, F) satisfying, by definition, D?U > 0 and
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DFJ = (DU)TDfJ, and normalized so that U(0) = 0, as well as f(0) = 0 and F(0) = 0. By definition,
physically meaningful solutions, also called entropy solutions, must satisfy the entropy inequality

d
OU(u)+> 0;F () <0,  t>0,z€R” (1.2)
j=1

The so-called entropy variable defined by
v=ov(u):=VU(u) el :=v(ld), u=u(v):= (VU)_l(v), (1.3)

will play a fundamental role in our approach. Performing the change of variable u € U +— v € VU(U) C RN
and setting

Fo):=f(u), U@ :=U), F):=F/(u), (1.4)

we rewrite (1.1) and (1.2) in the form:
d d
Ou(v)+Y 0 () =0,  QUW)+Y 0;F(v)<0, t>0,zeR" (1.5)
Jj=1 j=1

While many systems in fluid and solid dynamics fit into this class, still it does not fully describe the dynamics
of small-scale sensitive shocks.

A broad class of augmented systems with diffusion and dispersion More relevant physical models read

d d
ot +3 0, () =Y 0, uf],  ut =t x), (1.6)
j=1

Jj=1

in which € > 0 is a small parameter representing the amount of viscosity, capillarity, heat conduction, etc.
in the fluid or material under consideration and S7[uf] depends on (suitably scaled) first- and higher-order
derivatives £0;u® and £20;0,u°. We assume the normalization that if u = u®(x) is a constant function then
S9[uf] vanishes identically.

For a physically realistic model, we expect certain positivity and structural conditions to be imposed,
especially the entropy inequality (1.2). As we will see, some terms may add (non-negative) contributions to
the entropy itself, while some terms will add (non-negative) contributions to the entropy dissipation, while
other terms with divergence form will not contribute to the total entropy balance.

The fundamental requirement we want to impose on the higher-order terms is the following sign condi-
tion:

e—0

d
lim sup / / > VU (u)"0; 87 [uf] Odadt < 0 (1.7)
R xRN 575

for every solution u® to (1.6) and every (smooth and compactly supported) test-function 6§ = 6(t,z) > 0.
Clearly, if the condition (1.7) holds, then we deduce from the augmented model (1.6) that the limiting
solution u := limu® (if it exists in a suitable functional space) satisfies the entropy inequality (1.2). However,
the condition (1.7) is not explicit enough to be useful in practice, for instance for numerical discretization. We
are going to present suitable classes of models that are, both, physically relevant and numerically tractable,
and enjoy a positive entropy production property. Our notion guides us in identifying the interesting
classes of models (and later designing the schemes adapted to these models).
It is important to handle the condition (1.7) in the entropy variable, that is, to write

d d
Opu(v) + Zajfj(ve) = Zaij[vg], ¢ =0 (t,x), t>0,zeR?, (1.8)
j=1 j=1

together with the sign condition

d
lim sup // Z(va)Taij [v°] Odzdt < 0. (1.9)

e—0 R+ xRN j=1
Here, we have set S7[vf] := S7[uf] and (1.9) is required for all test-functions 8 = 0(¢,x) > 0 and all solutions

v& = v¥(x) to (1.8).



2. The positive entropy production property for augmentation terms
2.1. Arbitrary functions as test-functions

We proceed by suppressing the time integral in the dissipation bound that arises from (1.7) and we propose
the following notion which, importantly, no longer refers to the PDE under consideration, but imposes a
condition on the augmentation terms for general functions rather than solutions.

Definition 2.1 A nonlinear expression S[we] = (S7[w®])1<j<a of a sequence of functions w® : R — U C
RY involving w® and its (rescaled) derivatives ed;w® and €20;0,w*® has the positive entropy production
property if

liminf [ Vw® - S[w]8dz >0 (2.1)
e—0 Rd
(with Vw® - S[we] := Z;V:1 0jwl Si[we]) for all test-functions 6 = 6(x) > 0 and for any sequence of bounded
functions w® = w(x) with bounded total dissipation

lim sup [|w® || o @~y + lim Sup/ e |Vw® |2dz < +oo. (2.2)
e—0 e—0 Rd

We can prove that if the augmentation terms satisfy the positive entropy production property, then the
dissipation bound in (2.2) follows from the sole assumption that the total entropy is bounded. More generally,
the augmentation terms could also depend on time-derivatives, but such a generalization is more involved
since the time variable must be handled by using the equation [10].

Consider any nonlinear expression S{w®] = (S*[w®])1<q<q, having the positive entropy production property
(cf. Definition 2.1) and depending upon a sequence of functions w® : R? — R and its (rescaled) derivatives
e0aw® and €20,0,w® with a,b=1,...,d. Assuming the usual bound

lim sup |[w® || o (evy + lim sup/
e—0 e—0

£ |Vw®|* dx < 400, (2.3)
Rd

we can associate to w = (w?) a locally bounded measure i, defined over RV so that for every test-function
0=0(x)>0

(t, 0) := lim inf/ e Vu© - S[wf] 8dz > 0. (2.4)
e—0 Rd

This measure depends upon the choice of the sequence. As long as classical shocks are concerned, the

positivity of this measure implies that the physically meaningful shock wave is selected by our augmented

model. However, the actual values of this measure are required for selecting of nonclassical (undercompressive)

shocks.

2.2. Augmented models with space derivatives

While our results hold in several space dimensions, they are easier to present in one space dimension, so
we restrict attention here to

ug + f(u)y =0, u=u(t,z) €U CRY, (2.5)

with unknown u = (u,) = (u1,...,ux) €U (an open subset of RV). We assume this system to be endowed
with a convex entropy-entropy flux pair (U, F'), as described in the introduction, and we recall the entropy
inequality

In the entropy variable v = v(u) := VU (u) after performing the change of variable u € U — v € VU(U) C
RY we have

u(v)e + f(v)e =0, (2.7)
and observing that
vTu(v), = Uv)y, 0T (V) = F(0)a, (2.8)
we obtain
U(v)s + F(v), <0. (2.9)

As already mentioned, it is natural to express the high-order contributions in terms of v and we now proceed
by listing classes of augmented models of increasing difficulty. For simplicity in the presentation, we often
suppress the subscript € except when emphasis is necessary.
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It will be useful to have a short-hand notation for the “total” flux and entropy flux, that is, we will write
the augmented model in the form

uvle + [l =0, (2.10a)
and its entropy balance law in the form
Ulv]; + F™v], = D[v], (2.10b)
in which the following expressions can be determined for each model of interest:

F ] = f() + )+ ], FT o) = (o) + FPf) 4+ PP, (2.100)

2.3. Linear diffusion and linear dispersion

We begin with augmentation terms that are linear in v, and v,, with constant coefficients. Namely, we
consider

w(v); + f(0)e = € By + €2 Kvppy = (S[vs])w, (2.11)
in which B and K are given (N x N)-matrices. Our sign condition (2.1) is equivalent to saying
liminf [ (wS)” (5 Bw + €2Kw§x) Odx >0 (2.12)
e—0 R

for all test-functions 6 = f(z) > 0 and all sequences w® : R? — U C R satisfying (2.2).
Proposition 2.2 (Linear diffusion and linear dispersion) A necessary condition for the one-dimensional
augmented model (2.11) to satisfy the positive entropy production property in Definition 2.1 (see (2.12)) is:

BT + B is a non-negative matriz, K is a symmetric matriz. (2.13)

Moreover, the entropy inequality holds as follows:
1
U(v); + F™'v], = D[v] = —55”3(3 +B")v, <0, (2.14a)
where _ _ _
FTly) = F(v) + FPI[] + FPsP[], FPWy] = —cv™ Bu,,

. 2 2.14b
FDzsp[,U] — %(31}5[(1& — (UTKU)MC)- ( )

2.4. Nonlinear diffusion and nonlinear dispersion. Sufficient conditions

We proceed by successive generalizations of the augmentation terms and we now consider a nonlinear
version of (2.11), that is,

u()e + f(v)y =€ (B(v) vm)x + &2 (Vh(v)THh(v)m) = E(S[’Ua])

x

, (2.15)

x

in which B = B(v) is a given (N x N)-matrix-valued mapping and h = h(v) is an N-vector-valued mapping,
while H is a constant matrix. The choice of this structure will be further motivated below; at this stage, we
consider (2.15) as an interesting broad class of models.

Our sign condition (2.1) is equivalent to saying

lim sup/(wfc)T (6 B(w®)wg + 52Vh(w5)THh(w5)m> fdz >0 (2.16)
e—0 R

for all test-functions § = f(z) > 0 and all sequences w® : R? — U C R satisfying (2.2). It is convenient to
introduce the notation u(v); + (f™*[v]) = 0 where we now have

o] = P40, evy, €040 ) 1= f(0) + fPHE (0, ev,) + PP (v, evy, €204, (2.17a)
with
FP] = P (v, e0,) = eB(v) vy, (2.17b)

and . .
fPEP) = fPP (0, e0,, €%000) 1= —€*VA(0) " H h(0) 10

= —2Vh(v)TH Vh(v)vee — e2Vh(v)TH V2h()(vg, vz). (2.17c)
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Proposition 2.3 (Nonlinear diffusion and nonlinear dispersion) Provided the following properties hold:

B(w)T + B(v) s a non-negative matriz,
. . . (2.18)
H 18 a symmetric matriz,
the augmented model (2.15) satisfies the positive entropy production property in Definition 2.1 (see (2.16))
and, furthermore, the entropy inequality holds as follows:

U(v), + (F™'[o]), = D] = —%gvg (B(v) + BT (v))v, <0, (2.199)
where
FToUy] = F(v) + FPH[y) 4 FP#P[y), FPU[y) = —ev B(v)v,,
FPurly] .= —0vTVh(v)! Hh(v) g + %h(v)xHh(v)m (2.19b)

_ T (T 202 T _ e 2 T
=5 (3w K(v)vy — (v K(v)v +&°V2h(v,v,) Hh(v), = 5 (V" K(v)v),, +e°v; L(v)v,,

and
K(v) = V(o) HVA@), L) = SK() + V*h(v, ) HVA(). (2.19¢)

Observe that K(v) is automatically a symmetric matrix when H is symmetric. Note also that the model
(2.15) reduces to (2.11) if h(v) is chosen to be v. Observe that FP®P[y] is the sum of a term in a divergence
form and a quadratic term, while FP#[v] = —ev” B(v)v, would also have a divergence form if we restrict
attention to diffusion matrices deriving from a scalar potential b of the form v7 B = Vb and thus FP¥[v] =
—eb(v),. In the applications, the quadratic term related to B(v)T + B(v) will indeed have the required sign,
while the dispersion contribution from L(v) will also often be non-negative.

3. Nonlinear diffusion and nonlinear dispersion
3.1. Necessary conditions

We will now discuss the question of whether the term Vh(v)T Hh(v),, is the most general diffusive term
ensuring a good entropy structure. For clarity in the discussion we restrict attention to scalar equations with
a quadratic entropy, that is, with F’ := u f’

i+ f(u)s =0, %(uQ)t + F(u)s <0, (3.1)

Proposition 3.1 ( Necessary conditions. I) Consider the conservation law with quadratic entropy (3.1).
Given some continuous functions B = B(u), k1 = ki(u), and ky = ka(u), the augmentation terms in the
diffusive-dispersive model

g+ f(u), = e(B(u)ug), + €2 (k1 (w) (k2 (u)ug)z), = (S[u,sux,ezum})x (3.2)
satisfy the positive entropy dissipation property in Definition 2.1 if and only if the functions satisfy
B(u) >0, k1 (u) = cka(u), u € R, (3.3)

where ¢ s an arbitrary constant. This is precisely the structure already analyzed in Proposition 2.3.

We complete our discussion by analyzing the most general diffusive term that is linear with respect to the
highest derivative. An example ensuring the favorable signs below is S;(u,v) = by (u) v*?T and Sa(u,v) =
by (u) v29+! provided by > 0 and b < 0.

Proposition 3.2 ( Necessary conditions. IT) Consider the conservation law with quadratic entropy (3.1).
Given some functions S1 = S1(u,cu,) and Sy = Sa(u,cuy), assumed to be analytic in their arguments, the
augmentation terms in the diffusive-dispersive model

w4 f(w)e = (S1(u, eup) + €% Upe Sa(u, €uy)) | (3.4)
satisfy the positive entropy dissipation property (in Definition 2.1) if and only if
081 (u,v) — v 8185 (u,v) > 0, u,v € R, (3.5)

where

- 1 1
Sa(u,v) = /0 /0 So(u,v(1+m(s —1))) (1 — s)dsdm. (3.6)
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The corresponding entropy balance law then reads
1 _
§(u2)t + (FTOt[u])w = D[u] = —uzS1 (u, cuy) + e*ul 0155 (u, eu,) <0, (3.7a)

where y _
FPU] = uS, (u, euy), FPUPly] = —e%uuuuSs (u, cuy) — eu2Ss (u, euy). (3.7b)

3.2. Global entropy balance law

Denoting now the solution by v® and integrating in space over R, we find (provided the solution decays
appropriately at infinity)

d .
— [ UW®)dx = / DPH# (¢ ev2) dx <0,

and in particular ¢ > 0 — [; U(v®(t,x)) dz is non-increasing. We conclude our discussion in the present
section with the following observation. Note that the diffusion and dispersion coefficients and matrices may
well be degenerate. Finally, we make the following important observation. For every model we introduced,
if the sequence of initial data v*(0, -) has uniformly bounded entropy and the solutions v° remain uniformly
bounded in sup-norm, i.e. limsup,_,q ||v°|| L (®) < +00 and converge almost everywhere to some limit v, i.e.
v := lim._,g v%, then one has

fTv] — f(v) = 0 and F™'[v] — F(v) — 0 in the sense of distributions,
D[v°] is a sequence of locally uniformly bounded non-negative measures,

and, moreover, the limit is a weak solution satisfying the entropy inequality, that is,
u(v)e + f(v)s =0, U(v)e + F(v)y <0.

We also emphasize that specific models from nonlinear elasticity and phase transition dynamics are found
to fit within our setting.

For the proofs of the results announced in this Note, we refer to [10]. For the equations derived here, we
have also developed adapted numerical schemes that are “structure-preserving” [11]. For nonlinear hyperbolic
problems, many strategies were proposed in recent years in order to discretize certain algebraic or differential
properties; among many contributions, see [2] and [3]. A distinct feature of diffusive-dispersive shocks is the
richer variety of waves that are observed; yet these standard structure-preserving techniques are relevant for
dealing with the more involved models introduced in the present Note.
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