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Abstract

Starting with general hyperbolic systems of conservation laws, a special
sub—class is extracted in which classical solutions can be expressed in terms of
a linear transport equation. A characterizing property of this sub—class which
contains, for example, all linear systems and non-linear scalar equations, is the
existence of so called exponentially exact entropies.
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1 Introduction

The considerations in this article are motivated by a result of Lions, Perthame and
Tadmor [12] which allows a reformulation of scalar conservation laws in terms of
kinetic equations. The surprising aspect of this reformulation is that non-linear
differential equations turn out to be equivalent to equations with a linear trans-
port operator and a source term. This observation can be used to derive numerical
schemes for the nonlinear equations by discretizing the linear operator of the refor-
mulation [3, 6, 15, 10, 16], and it is useful to prove analytical properties of solutions
of conservation laws (see [12]).

To illustrate the basic ideas we consider a specific example. According to [12], the
problem to find the entropy solution of the Burgers equation
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can be restated as finding a solution f(¢,z,v) of the transport equation

or ol _om .
3t+vax_8v inZ(RxRxR") (2)

where m is a non—negative bounded measure which is chosen to ensure a particular
v—dependence of f

ft,z,v) = plu(t,z);v) for some function u(t, ). (3)

Here, p is the difference of two Heaviside functions p(u;v) = H(v) — H(v — u).
The relation between (1) and (2), (3) is as follows (for details see [12]): if u is the
entropy solution of (1) then f(¢,z,v) = p(u(t,x);v) solves (2) for some non—negative
bounded measure m. Conversely, if f,m solve (2), (3) then the v-average of f

(f(t,x,v),l)v::/Rf(t,x,v)dv:u(t,x)

is the entropy solution of the Burgers equation. To illustrate this structural property,
we test (2) with the function ¢(v) = 1. In view of the constraint (3) and the fact
that (0,m,1), = — (m, 0,1), = 0, we get

0

1+ o ), =00 (@)

An easy calculation yields

1
(o) 1, =, (u(wiv),0), = 50 VueR

so that (4) really turns into (1) showing that u = (f, 1), solves the Burgers equation.

The measure m which serves as a Lagrange multiplier to ensure the constraint f =

has the interesting property that its (¢, z) support is concentrated on the points of

discontinuity of u. In other words, for smooth solutions of the conservation law, f

automatically keeps the form p. This leads to the following statement which is the

basis for the investigations in this article: the smooth solutions u of equation (1) can

be obtained as average u = (f, 1), where f follows the evolution of free transport
of . of _

E‘*_Ua_x =0, f(0,z,v) :M(u0($)§v)' (5)

v

Since (5) is easily solvable, we obtain a formula for smooth solutions of the conser-
vation law in terms of the initial value

u(t,z) = <u(u0(x—vt);v),1>u. (6)

Note that (5) describes the free streaming of a particle ensemble (f(t,z,v) is the
number of particles which have the velocity v at time ¢ and position x). Hence,
the relation between (1) and (5) can also be regarded as a particle model for the



conservation law. In this context it is remarkable that the nonlinear behavior of the
solution to (1) can be described by an extremely simple, linear particle dynamics. On
the other hand, it is also clear that the simple free streaming leads to wrong results
as soon as shocks appear in the solution. In fact, shocks are naturally connected
to a deceleration of the flow (e.g. in the Burgers equation the shock speed is the
average of the speeds to the left and to the right of the discontinuity) but this effect
can not be captured with a model where the particles are not subject to any force.
Hence, the “collision” term d,m is required to replace, for example, high particle
velocities by the shock velocity.

In the following, we want to classify those hyperbolic systems of conservation laws
which allow a similar kinetic approach as the Burgers equation. More precisely, we
study general, autonomous hyperbolic problems of the form

U (t,x) + 0., F (U(t,x)) = 0, U(0,z) = U%x) (7)

with € R? and U = (Uy,...,Uy,)" (Einstein’s summation convention for repeated
indices will be used throughout). The aim is to characterize systems which are
equivalent to a transport equation for the vector density f = (f1,..., fm)*

of of

E + ’UgaTj = Q

where @ is a Lagrange multiplier taking the role of 9m/dv in (2). In particular, we
assume that @ assures a special functional form f(¢,z,v) = p(U (¢, x); v), satisfies
(Q,1),, =0, and is supported on the points of discontinuity of U (¢, ).

Here, we will focus only on the necessary condition for such a representation, that
smooth solutions can be written as velocity averages U (t,z) = (f(t,z,v), 1), where
f satisfies the simple evolution

of ., 9f _

2 0, 10.2,v) = uU"(@):v) (®

giving rise to the solution formula
Ult,z) = (u(U°(= — tv);v), 1), - (9)

Such a representation is obtained for a class of systems which we call ezponentially
exact. The property which characterizes these systems is related to the exponential
matrix E(U;¢€) = exp(—iéjAJ(U)) where A7 = VFJ is the Jacobian matrix of the
flux F/ (note that this exponential matrix occurs, for example, if linear hyperbolic
systems are solved with the Fourier method). More precisely, we call a hyperbolic
system ezponentially exact, if for any € € R? and k = 1,...,d the matrix valued
function U — E(U;€)A*(U) possesses a primitive 1(U;€). The equivalence be-
tween (7) and (8) is then obtained if p is chosen as inverse Fourier transform of fi
with respect to &.



In the case of Burgers equation, we have for example E(u, ¢) = exp(—ifu) which
has the primitive

i) = [ exp(its) ds (10)
and the inverse Fourier transform
p(u;v) = / d(v—s)ds =—(H(v—u) — H(v)).
0

Note that this is exactly the constraint used in our introductory example from [12].

Similarly, we find that all non—linear scalar conservation laws are exponentially
exact because primitives of EAF can always be found by a simple integration as
n (10). Also, the class of exponentially exact systems naturally includes all linear
equations since E AFis U -independent and thus is the Jacobian of the linear function
p(U; €) = E(¢) A*U. Apart from these major examples, there are also some non—
linear hyperbolic systems which are exponentially exact. As examples, we mention
the systems proposed by Brenier and Corrias [1] as well as the isentropic Euler
equations with constant pressure.

We conclude the introduction with an outline of the article. In Section 2, we present
the main results together with the required definitions and assumptions. Proofs are
contained in Sections 3 to 5. Finally, applications of the results are presented in
Section 6.

2 Statement of the result

2.1 Assumptions on the hyperbolic system

In the following, we will consider general hyperbolic problems
U (t, @) + 0, FI(U(t,®)) =0, U(0,z)=U"=) (11)

with € RY. We assume that the unknowns U = (U, ...,U,,)” are contained in
a connected open set S C R™ (the state space) and that F/ : S — R™ are C'-
functions. In the generic case d > 1 and m > 1, we also assume that S is simply
connected. Note that (11) is hyperbolic if all linear combinations &;A7(U) of the
Jacobian matrices A/(U) = VF/(U) of the fluxes have only real eigenvalues for all
¢cRtandallU € S.

Concerning classical solutions of (11), we consider the spaces £ of S—valued func-
tions U € CK([~T,T] x R?,S) which have uniformly bounded derivatives and for
which U ([-T,T] x R%) is a compact subset of S. Using this notation, our assump-
tion can be stated in the following way: for any U° € Fs° there exists T > 0 such
that (11) admits a classical solution U € _#}. (For symmetric hyperbolic systems,
existence of smooth solutions is shown, for example, in [13].)



2.2 Formulation of the problem

The original idea to rewrite smooth solutions of (11) in terms of a kinetic formulation
will be extended to general entropies. Here, a scalar function 7 : § — R is an entropy
function with entropy fluxes 6 : S — R provided

Vi VFI =V, j=1,...,d (12)

where V7 = (Vn)7. Of course, differentiability of n and 67 is required. If U is
a smooth solution of (11), relation (12) implies that the entropy n(U) satisfies an
additional conservation law

Om(U) + 05,607 (U) = 0. (13)

Our aim is to find a representation of n(U) as velocity average of a function f (¢, z, v)
which follows the simple evolution of free transport

S =0 J0.e) = w0 @),
or in other words,
(U (t,x)) = (pU° (& — tv);v), 1), - (14)

The question is, whether such a representation exists at all and how the kernel u
has to be chosen.

Note that the approach includes the problem to find a representation of the solution
U itself. In fact, with the linear entropies 7;(U) = U; and corresponding fluxes
0!(U) = F/(U) for j = 1,...,d, the conservation law (13) is just the i** member
of the system (11). If suitable kernels pu; exist, we will collect them in a vector
p = (p1,-..,1q)" in accordance with our notation in Section 1.

In order to give (14) a precise mathematical meaning, we have to require some
properties of u. For fixed U € S, we assume that u(U) is a compactly supported
distribution (we also write u(U;v) to indicate that p(U) acts on the variable v).
Introducing as usual &(R?) as the space of C* functions with a topology generated
by the seminorms

gn(p) = max sup [Vo%(v)|, € E[R), neN,

la|<n |y|<n

(we use standard multi-index notation) the compactly supported distributions &” (R?)
are the continuous linear functionals on &. Using this notation, we require that
U — p(U) is a continuous mapping with values in &’ which has some locally uni-
form properties.



Definition 1 By % we denote the set of all continuous functions p : S — &' (R?)
which satisfy for any compact K C S and any ¢ € &(R?)

| {((U), ) | < Crang (), VU € K

where N and Cg depend on p and K. The subset 4 C H contains all p for
which there exists a continuous mapping Vi : S — [&'(RY)]™ such that

V{(uU),) =(Vp(U),p)  Vpe &ERY).

In Proposition 8, we show that the right hand side in (14) is a tempered distribution
in z for every t € R. We use .#/(R%) to denote the set of tempered distributions
where . (R?) are the rapidly decaying test functions with a topology generated by
the seminorms

pu($) = max sup |(1+[x*)"V*y(x)|, ¢ €L (RY),neN
\a|§2nmeRd

On the other hand, if U € _#}, the function = — n(U (¢, x)) is uniformly bounded
for every t € [—T,T] so that it can also be viewed as a tempered distribution. A
more precise formulation of (14) is based on the following

Definition 2  Let n € C'(S,R) and u € # . We call ji a kinetic representation
of  if for all U° € _FZ§° with corresponding solution U € £ of (11), the equality

n(U(t, ) = (wU°(z - tv);v),1),

holds in /' (R?) for all t € [-T,T).

Our basic questions can now be stated as follows: When does an entropy 7 possess
a kinetic representation u? How does p look like, if it exists?

2.3 The result

To answer the basic questions from the previous section, we completely characterize
those entropies having a kinetic representation. The characterization is related to an
integrability property of a function involving the entropy and the hyperbolic system.

Definition 3 A function n € C'(S,R) is called exponentially exact entropy for
the system (11) if

U — V'(U) exp(—i&; A (U))A¥(U) (15)

has a primitive for every € € R¢ and k= 1,...,d. If all linear entropies satisfy this
condition, the system (11) is called exponentially exact.



We remark that exponentially exact entropies are also entropies in the usual sense.
This is easily seen by setting & = 0 in (15), in which case the primitives are just the
entropy fluxes. According to Lemma 12, exponential exactness requires in addition
that also the functions VAl AF, VT(AJ A* 4+ A'AJ)AF| etc. have primitives. We
will show in Section 5 that exponential exactness of 7 is equivalent to the existence
of a kinetic representation.

Theorem 4  Assume the system (11) satisfies the conditions in Section 2.1 and
n € CY(S,R). Then, n has a kinetic representation if and only if n is exponentially
exact.

The sufficiency part of Theorem 4, which is proven in Section 5.1, also yields a
complete characterization of the kinetic representation.

Theorem 5  Let i be an exponentially exact entropy. Then there exists a kinetic
representation p € &' with the property

Viu(U) =ViU)EU),  EU) = F, " exp(=ig; 4 (U)).

and (u(U),1) =n(U) for all U € S. Any other kinetic representation differs from
 only by a compactly supported distribution C € &' (R?) which is independent of U
and satisfies (C,1) = 0.

Since the integrability condition (15) is satisfied for any smooth 7 if (11) is a single
conservation law, we see that kinetic representations are particularly well suited for
the scalar case. For systems, however, exponential exactness is a real restriction and
kinetic representations are less natural.

3 The kinetic formulation

3.1 Basic observations

In this section we study properties of 7j(¢, z) = (u(U (x — vt);v),1),, where U € 7
and t € R. For any fixed t, 7 is a distribution in & which is defined by

(it ), ¥(@)) = [ (0(U()i0), b+ 1), do. (16)

We will see that 1) can be chosen from the space .% of rapidly decaying test functions.
Since t—derivatives of 7 lead to additional v—factors, we immediately consider the
more general functional

Gy(t, @) = (u(U(z — vi); v), 0(v)),



based on ¢ € &(R?) which is defined according to

(Go(t, @), (@), : = /Rd (WU (z); v), (V)Y (x + vi)), de. (17)

The proof that (17) defines a tempered distribution splits into two steps. First, we
need an estimate of the integrand in (17) which will be formulated in terms of the
&—seminorms ¢, and the .—seminorms p,, introduced in Section 2.2. We also use
(th))(x) : = 9 (x + h) to denote the shift operator.

Lemma 6 Letz,xz € R, |t| < T for some T >0,U € #0, n€x, € .(R?)
and ¢ € &(R?). Then, the estimate

C
(U @);v), p(v)p(@ + o))y | < Gormyaram () JEIJLPM(TWP)

holds for some M € N with M > d and C' > 0 depending on p,U,T and d.

Proof: The composition of U € 7 with u € %", which is a continuous &’—valued
mapping (see Definition 1), leads to = — u(U(z)) € CO(R?, &' (R?)). Since U € _#{
has a range which is contained in a compact subset K of S, we find the uniform
estimate

| (u(U(®);0),$(v)), | < Cam($), Vo€ ERY), z € R (18)

Here, M € N is chosen larger than d and Nk from Definition 1. The constant Cgx
has been included in C' which, from now on, is taken as a generic constant which
depends on y, U, T and the dimension d.

In view of (17), we apply (18) to the special test function ¢(v) = p(v)y(z + vt).
Using chain and product rule, we immediately get for |a| < M

VEp(o)] < C max [Vp(o)

lo| < |

o 1)]. 19
g‘lgﬁlvw(ﬂv )l (19)

Since 1 is rapidly decreasing, it is bounded in each of the .—seminorms. Hence,

bm (Tvt¢)

[Vai(z +vt)| < W

so that the result follows with (18) and (19). ]

In the next step, we combine the estimate with continuity properties of the shift
operator

pur(mhi) < (2 + 411 Y par () (20)
pm(thth — ) < Clhlpaa (), |h| <1 (21)

to show that (17) defines a tempered distribution.



Lemma 7 Letpe#,U€c 7, o€ &RY) and |t| < T for some T > 0. Then,
the functional ¢ — (G ,(t, ), (x)), given by (17) defines a tempered distribution
which satisfies the estimate

(Gt ), (@), | < Canr(@)par ()
for some M € N and C > 0 depending on u, U, T and d.
Proof: We first show that F'(¢,z) := (u(U(z);v), ¢(v)y(x + vt)), is a continuous

function in & which gives measurability. Integrability of F' over R? then follows from
Lemma 6 so that (17) is well defined. To show continuity, we split

|F(t,z+h) = F(t,2)] <[ (u(U(z + h);v) — u(U(@); ), 0(0) o) (@), |
+ [ (U (@ + h);v), 0(0)Toi(Tht) — P) (), |-

The first term vanishes for h — 0 because of the assumed continuity of p. For the
other term we need the estimates (20) and (21) which yield

|S|1iI])VIPM(7'vt(ThT/) — 1)) < CR+4TMP)Mprr1 ()|l

In connection with Lemma 6, convergence of the second term follows.

For the integral [ F(t, ) dx = (Gy(t,z),p(x)),,, we similarly obtain with (20) and
Lemma 6

[{Go(t,2), (), | < O+ AUTMP) Y qar(0)pa (4)

which finally proves that G(t,-) is a tempered distribution for every ¢ € £(R?). m

Our next result concerns differentiability properties of 7(¢, ) which is, by definition,
equal to G1(t, ). It requires a refined version of (21) which is easily obtained by a
Taylor expansion argument

pu(Th — ¢ — Bi0p,p) < Clhparsa(y),  |R| < 1. (22)

Proposition 8  The mapping 7j defined in (16) is contained in C®(R,.7'(R%))
with derivatives

<%> ilte) = (-1)" 3, MV% (u(U(z — vt);v),v%), .

Proof: Using again F(t,z) = (u(U (z);v), p(v)(z + vt)), we define

v

Ag:=|F(t+s,x) — F(t,x) — s (u(U(z);v), p(v)v;0; Tt (x)),, |
:| <M(U(w)7 'U)v So(v)Tvt(Tstﬁ - "zb - szaxﬂﬁ)(w»v |



With Lemma 6 and relations (20) and (22) we get for [sM| <1

Ay < 7 A (9) (2 + 4[tM )M s M |*pasy2(h).-

(1 + [2]?)
This yields both A;/s — 0 and an s—independent integrable majorant so that ¢ —
[ F(t,z) de = (Gy(t,x),(x)), is differentiable with derivative

d

% (Gw(ta w)a ¢(m)>m = (Gvikp(ta m)a 8%1/)(.’13))“3 = <_a$iGUi§0(t7 w)a ’l/)(l')>m )

or in other words 0;G,(t,x) = —0y;Gv,(t,x). Since v — v;p(v) is still contained
in &€(R?) we immediately get by induction that G,, € C*°(R,.#’(R%)) and

(%) Golt, @) = (-1)" Y %vgam(t,m).

|a|=n

where we have used (59) in the appendix. The result follows by setting p =1. =

Using Lemma 7, one can easily show in connection with the Schwartz kernel theorem
[7] that

(U (2);v), p(V)(®)) (g,0) * = /Rd (u(U(z);v), p(v)), P(z) dz

defines a unique distribution in 2'(R? x R?) (which is the dual of 2 = C§° with the
usual convergence of compactly supported test functions). Using results form the
proof of Proposition 8, we finally see that (U (x—vt); v) (the pullback of u(U (z); v)
by the mapping (x,v) — (& — vt,v)) is infinitely often differentiable with respect
to ¢ and satisfies the free transport problem

of of _

ot +vi3xi N

The v-average of this solution is, of course, 7j(t,x) = (u(U(x — vt);v), 1)

0,  f(0,2,v) = u(U(x);v).
3.2 Regularization

We study a regularization of 7

ﬁe(ta w) L= (ﬁ(ta y)a hE(w - y)>y (23)

which is based on a particular family of functions he. This family is obtained in the
following way: choosing H € C§°(R?) with H(0) = 1 and H(—¢§) = H (&), we set

H(€):=H(e€) and  he:=F 'H, e > 0. (24)

Since H, approximates the one—function for ¢ — 0, the inverse Fourier transform
he is a d—approximating sequence. The compact support of H,. assures that h. is
analytic. For our subsequent investigations, we need the following properties.

10



Lemma 9  The functions he are contained in .#(R%) and for any A € ' (RY),
the convolution A x h, converges to A in the .#'—topology as € — 0. If || < R and
M € N then the derivative g(y) : = Vghe(z — y) satisfies

par(g) < Cyled

where C,~ depend on H, M, R and €.

Proof: In order to show that the convolution of 9 € . (R?%) with h. converges to
1 in .#(R?), one can use .#—continuity of the Fourier transform

W he —p=F L Fpx (he —1) = FL(p(H — 1)).

It remains to show .%/—convergence of ¢)(H, — 1). Using product rule, the following
estimate can be derived

pM(Qﬁ(He - 1)) < CPM-H(?&) max sup |Va(HE — 1)(w)|

25
|| <2M pcRd 1+ |z|? (25)

In the case a = 0, we have H, — 1 — 0 locally uniformly so that convergence of (25)
is obtained in connection with the decay of 1/(1 + |x|?). For a # 0, the derivative
leads to a factor € and thus gives convergence. Using the relation

(A xhe(z), (@), = (M), ¥ * he(y)),
the .#'—convergence follows immediately.

To estimate the derivative Vihe(z —y), we use
9ly) = Vghd(@ —y) = Fo' (e =E(=i&) " H(-¢))

and the .¥—continuity of ! in the form pa/(F 1) < Cparia(tp). Since pasig
involves derivatives of order M = 2(M + d), This leads to a factor (1 + |z|)M
from the &-derivatives of exp(—ix - £) and another factor |a|™ (1 + S/e)!®! from the
maximum of the derivatives of (—i€)® over the support of H, which is contained in
a ball of radius S > 0. Finally,

pyra(He) < C(1+ (S/€)*)M gy (Hy)
so that
par(9) < C(L+ 2™ (L + S/e) Mo (1 + 5/e)lel.
With the remark that |a|” < exp(3)!e, the result follows. ]

Using these properties of the mollifying kernels h¢, we can derive the following result
for the regularization of 1.

11



Proposition 10  For any & € R?, the function 7ic(-,x) defined in (23) can be
written as

o0

_ t" 9"
et@) =3 0 8tZ

n=0

(0,z)
For € = 0, ic(t,-) converges to 7j(t,-) in .#'(R) for every t € R.

Proof: We assume that |{| < T and |z| < R for arbitrary T\, R > 0. According to
Proposition 8, the n—th time derivative of 7 is given by

(%) Ne(t, @) = Z % <Gua(t,y),V;j‘he(w —y)>

la|=n

Yy

where we have set Gya (t,y) = (u(U (y — vt);v),v%),. Considering one of the terms
in the sum and setting g(y) = Vih (x — y), we get with Lemma 7

| (Goa(t,9),9(¥))y | < Cam(v®)pai(9)-

With the estimate of pys(g) in Lemma 9 and gy (v®) < Cla|™ M!®! which can be
estimated further by ga(v®) < C(M exp(M))'®l, we obtain

| (G (t,9),9(y)), | < C(YM exp(M))*.

Since ) 4|, |a|!/al = d" (see (57) in the appendix) we conclude

(5) ate)

This relation allows to estimate the remainder term in the Taylor expansion of 7,
on [—T,T]. The convergence of 7. to 7 follows from Lemma 9. [

< C(dyM exp(M))".

4 The classical solution

As we have seen in Proposition 8, 77 € C*®(R,.'(R%)). Thus, the entropy n(U (t, z))
based on the classical solution U of the system of conservation laws (11) can only
coincide with ij if also n(U) € C®([-T,T],.'(R%)). A sufficient condition for this
smoothness property is exponential exactness. Before we can state a corresponding
result, we need a notion of symmetric products of the Jacobian matrices A', ... A%
We define all n—fold symmetric products A% through the relation

SGAY = Y —ean (26)

|ler|=n

12



For example, if e; are the standard unit vectors, then
. 1 . . o
A% =1, A% = A" Acitei = E(AZAJ + ATA").

Note that the exponential matrix exp(—i; A7) can be written as

exp(-it ) =3 CV gy = 3 Lcigan (27)

n=0 aENg
We thus have an alternative definition

A = (iV¢)® exp(—i&;A)

MNe—o- (28)

Definition 11 A function n € C'(S,R) is called entropy of order ng € Ny for
the system (11) if the continuous mappings

U — Vi(U)A*(U)A¥ (D), 0<l|a|<ng, k=1,...,d

have primitives.

We remark that entropies of order zero are just smooth functions with values in &
(due to an empty assumption) and that usual entropies for (11) are recovered as
first order entropies. Also, the entropies of infinite order are exponentially exact.

Lemma 12  An entropy n of (11) is exponentially exact if and only if it is of
infinite order.

Proof: Assume 7 is exponentially exact. Then, for any piecewise smooth, closed
curve I' in S and every € € R?, k € {1,...,d} we have

/VT ) exp(—i&; AJ(U))AF(U) dU =0
Taking the derivative V¢ of this integral at £ = 0 yields according to (28)
/ Vin(U)AX(U)A*(U) dU = 0 (29)
r

which shows that U +— V(U)A*(U)A*(U) has a primitive.

For the converse direction we note that the exponential series in (27) is absolutely
convergent locally uniformly in U € S. Starting with (29) for any o € Ni and
ke{l,...,d}, we find

/v nexp(—i¢; A7) AF dU =0

aeNg

for any piecewise smooth, closed curve I' in § which completes the proof. [ |

Now, we connect the order of 7 with smoothness of ¢ — n(U (¢, x)).

13



Proposition 13 Let n be an entropy of order ng € Ny for (11) and U € 7}
a classical solution for some T > 0. Then n(U) can be viewed as a mapping from
[T, T] to . (R?) which is (ng + 1)-times continuously differentiable. The deriva-
tives are given by

ot al

|a|=n—1

(5) o =cr ¥ Blvz [vnoacoatwp,o] e

and satisfy the estimate

\<(§)nn(v(t,w>>,w(w>>w

for some constants C and v depending on n and U.

< Cv" max pyg(V*)
|| <n

Proof: Since U € _#} has a compact range in S, we find that n(U) is uniformly
bounded in [~7T,T] x R?. Thus, n(U) defines a mapping with values in .#’(R?).
The time derivative

0

prdCAGE ViU () AU, m))iU(ta z)

oy,
is also uniformly bounded. Indeed, compactness of the range of U implies [V'n(U)| <

C as well as |A¥(U)| < C and the gradient of U is uniformly bounded by assumption,
0., U| < C. Hence, n(U) € C([-T,T],. ' (R?)) and

‘<%n(U(t,w)),¢(w)> < CdC3pa(4).

T

We continue with an induction argument, assuming that n(U) is contained in
C™o([-T,T],." (RY)) for some ng > 1 with derivatives (30) for 1 < n < ng. Since g
is of order ng, we can find primitives II(®*) of Vi A*AF so that

Vi(U)AXU)A¥ (U0, U = 9, TN (W),  |a|=no—1, ke {1,...,d}.

Hence, for any test function ¢ € . (R%), (30) implies

(@) o= 3 Gemas). o

|a]=no—1
Since U has compact range, the composition H(a’k)(U) is uniformly bounded. To

calculate the time derivative, we use that U satisfies (11)

0 0 0
(at,k) — _ (atsk) l N vy «@ k [
GlleP) = -V W) AW) 5 U = V() A*(U) AN U) A'(U) 5 U
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Taking into account that the |a|fold product A% is bounded by C1®l (see (56) in
the appendix), we find that II(®*)(U) € CY([-T,T),.7' (R?)) with

(GO 2. b@)) | < CaCm ),

T

In view of (31), this implies n(U) € C™+([-T,T],.'(R?)) with

no+1
(5:) @@= Y 2o, v [vhacatae,u] ).

|a|=no—1

Using the relation

all B!
> L—!amkvganAaAk: > %vganAﬂ

la|=no—1 I8l=no

which is obtained from (62) in the appendix, we get (30) with n = ny + 1. Finally,
2 lal=no—1 ]!/ al = d™~! shown in (57) leads to the estimate

‘<<%>n0+1 (U, m)),zp(m)>

As in the previous section, we consider special regularizations of n(U).

< O™ max pa(Voup).
|ae] <no+1

T

Proposition 14 Assume n is an exponentially ezact entropy and let U € 7}
solve (11) for some T > 0. Then, n(U) € C®([-T,T],”" (R?)) and the regular-
ization ne(t,x) = (MU (t,y)), he(x —y)), with he defined in (24) can be written
as

o0

t" 9",
nelt@) =3 o 8tZ

n=0

For € — 0, we get nc(t,-) = n(U(t,")) in #'(R?) for every t € [~T,T].

(0,2)

Proof: Since 1 is exponentially exact, Lemma 12 shows that n is an entropy of
infinite order which gives smoothness according to Proposition 13. We also get

‘ (%)nne(t, )

where go(y) = Vghe(z — y). In connection with Lemma 9 this proves that for
€[-T,T] and |z| < R

< C4" max py(9a)
<n

|




so that ne coincides with its Taylor series. The convergence n.(t,-) — n(U(t,"))
follows from Lemma 9. [

5 Proof of the main result

Our aim is to show that the exponential exactness of an entropy 7 is in one-to—one
correspondence with the existence of a kinetic representation (Theorem 4). More-
over, we completely characterize the kinetic representations (Theorem 5).

5.1 Sufficiency part of Theorem 4

Assuming that 7 is exponentially exact, we construct a particular kinetic represen-
tation p which also yields the existence part of Theorem 5. In the construction of
i, the hyperbolicity of the system (11) plays a decisive role. It is used to show that
the exponential matrix exp(—i¢; A7 (U)) is a tempered distribution in € and that its
inverse Fourier transform E(U;v) is a compactly supported distribution in v. The
proof of this fact (Lemma 16) differs from the existence proof for linear systems [18]
only in the treatment of the U—-dependence.

Then, in Lemma 17, we show that a primitive u(U) of V'n(U)E(U) is a kinetic
representation of the exponentially exact entropy 7. The idea in the proof is to show
that all time derivatives of 7j(t,z) = (u(U"(z — vt); v, 1>v at t = 0 coincide with
the time derivatives of n(U). The result then follows with the help of the Taylor
series representations in Propositions 10 and 14.

We start by quoting a result from [18].

Lemma 15  Let M be any m X m matriz. There is a constant C,,, depending only
on m such that

lexp(iM)] < Cp (14 |M])™ M)

where I(M) is the largest absolute value of the imaginary parts of the eigenvalues of
M.

Lemma 15 enables us to apply the Paley—Wiener theorem which characterizes the
Fourier transform of compactly supported distributions.

16



Lemma 16  Lel E(U;¢):= exp(—i&;AT(U)) and K C S be compact. There is a
constant Cg such that

|BU;¢)| <Ck(1+ €)™, VEeR, UeK

and U — E(U) can be viewed as a matriz valued mapping where each entry is a
reqular tempered distribution which depends continuously on U € §. The inverse
Fourier transform E(U;v) is a matriz of compactly supported distributions in v
which also depends continuously on U. The support is contained in o ball with
radius g < oo for U € K and for any ¢ € &(R?) we have

(BWU),¢) | <Cx Y, suwp [Viv), YUEK,
aj<n [Plsrict

where N depends only on the dimensions of x—space and state space.

Proof: For a vector n = £ +i¢ € C% we have |E(U;n)| < |E(U;¢)| |E(U;i¢)| so
that with Lemma 15 and the estimate

d
|B(U;i¢)| < exp(|GAT(U)]) <exp(rrl¢l),  rx = 51611;(2 |AT(U)]
j=1

we get
EU;n)| < Cr(L+ €)™ exp(ril¢l),  Ck = (rx + 1™

Observe that we have used the hyperbolicity which implies that &;A7(U) has only
real eigenvalues so that I(£; A7) = 0 in Lemma 15. If ¢ = 0, we recover the bound for
|E(U; ¢)| which also shows that each component of E(U) is a tempered distribution.
An application of Paley~Wiener theorem [17] yields 7~ YE(U;€)) € [£7™™ as well
as the result on the support. The continuity of £ in any bounded open set B with
B C S follows from the continuous U-dependence of

(Bw).p) = /R HOBU;€) d

where 1 € . is a test function. The U-independent majorant is given by C’B(l +
|€])™p(€). To show continuity of the inverse Fourier transform E(U) we pick a
smooth cut—off function x with the properties 0 < x <1, x(v) = 1 for |[v| <rp+1/2
and x(v) =0 for |[v| > rg + 1. Then

(BU), ) = (EU),9x) = (BU), 7 (o))

for all U € B which gives continuity with the previous result. Using the relation
again together with the polynomial growth of E in €, we derive the estimate

[{(BU),¢) | < CpmialF~ (X))

17



where C' depends on the set B and the dimensions d, m. Finally, with the continuity
of the Fourier transform, we have | (E(U),p)| < Cpmt24(@x) so that the result
follows by using that the cut-off function is supported on rz + 1. [ |

Lemma 17  Let 1 be an exponentially exact entropy. Then there exists a kinetic
representation p € 1 with the property Viu(U) = Vi(U)E(U) and (u(U),1) =
n(U) for allU € S.

Proof: According to Lemma 12, exponential exactness of 1 implies that all prod-
ucts V' A* A*F have primitives. Multiplying with £%¢; and summing over all |a| =
n—1and k=1,...,d we get with (26) that also

ViGA = (-1 YD Ve A%(geAh

|a|=n—1

has a primitive for every n € N. With an argument as in the proof of Lemma 12 it
follows that w(U; &) = Vin(U)E(U;€) is an exact one—form in U and hence

[ wienpenea -0, vpe s (32)

for any closed and piecewise smooth curve I' in §. Based on the inverse Fourier
transform w(U) = Vn(U)E(U) of &, we define
B U
(W(@),9) = [ (U000, U +9(0)(0) (33)
where the integral is along an arbitrary, piecewise smooth curve which connects
some fixed point U™ in § with U (independence of the value from the chosen curve
follows from (32)). If U varies in a closed ball B C S, one can choose, for example,

a combination of a curve I'g to the center of B and line segments. Together with
Lemma 16 we find for K = BUI'p

| <:u(l_])7(10> | < OKQNK ((10)7 VU € K. (34)

The constant N is chosen as maximum of N and rx + 1 in Lemma 16 and Ck
contains the length of I'p as well as the maximum of |V| on K and the constant
Ck from Lemma 16. If U varies in an arbitrary compact set K C S we get a similar
estimate by covering K with a finite number of balls to reduce the argument to the
previous special case. Together with the obvious linearity, relation (34) shows that
u(U) defined in (33) defines a compactly supported distribution. Since (u(U), ¢)
is even continuously differentiable in U we conclude that p € #! with derivative

18



Viu(U) = Vn(U)E(U). Since (w(U;v),1), = @(U;0) = Vp(U), we also have
by definition of y
U
(w(),1) = o Vi(U)dU +n(U") =n(U) (35)

for all U € S. To complete the proof, it remains to show that pu is a kinetic
representation of 7. In view of the convergence information in Propositions 10 and
14 this can be accomplished by showing that 1. = 7. for all € > 0 or, due to the

Taylor expansions, that
8 n
= | 5 ﬁe
-~ (&)

2 n
8t 776
While the case n = 0 follows immediately from (35)

7e(0,2) = ((u(U°(y)), 1) , he(z — ), = (U (), he (2 — y)), = 1:(0, )

Ve >0 (36)

t=0

the cases n > 1 require the explicit formulas for the time derivatives of n(U) and 7
in Propositions 13 and 8. We can thus reduce (36) to the problem of showing the
" relation A, (U%) =0 for alln > 1 and U” € _#§°, where

A (U = %va(aﬂ <M(U°),vkv°‘>—VTn(UO)Aa(UO)Ak(UO)&,;kU°>.

|o|=n—1

To calculate the derivative 8, (u(U°),v,v®), we note that according to (33)

VI (plU0)0°) = (eUi0)0?) = (iVe) o(Us¢) ¢=0

and due to (28), this yields
V' (uU;v),07) = Vin(U)AP(U).

v

Since 7 is exponentially exact, we can find primitives II(®*) of V7 A*A* and with
the definition 1P : = 3°¢_| ,T1B~ex-k) /| 8] we find with (60)

v

d
1
VI8 = 3 3 BVIAAR = VAP = VT<N(U),’U[3> .
k=1
Hence, 0y, <,u(U0),v°‘vk>v = 0, 1197 (U”) and we can write

An(UO) _ Z %vaamk (Ha-l-ek(UO) _ H(a,k)(U0)> )

la|]=n—1
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Using relation (62) in the appendix and the definition of II?, we obtain

d
Ay = 3 Blys (Hﬂ(UO) - Fﬂkzlﬁkrl(ﬂ—ek””(v“)) ~0.

5.2 Necessity part of Theorem 4

We now assume that a kinetic representation u exists for n € C'(S,R) or, in other
words, for 1 being an entropy of order zero (see Definition 11). The proof is then
carried out by induction over the order ng of 7.

According to Proposition 13, we know that for an entropy 7 of order ng, the compo-
sition n(U) with U € £} is (ng+ 1) times continuously differentiable. The relation
n(U(t,z)) = (WU(z — vt);v), 1>v then implies equality of the derivatives at ¢t = 0,
which we use to derive information about the v—moments of x4 in Lemma 18. The
trick is to use special initial values U%(z) = ¢(z - ) with z € R? being a fixed
vector.

The induction step is then completed in Lemma 19 where we show that 7 is actually
of order ng + 1 if a kinetic representation exists (again by choosing special initial
values which are constructed based on homotopies). This shows that 1 is of infinite
order and, in view of Lemma 12, that 7 is exponentially exact.

The section ends with a uniqueness result (Lemma 20) which completes the proof
of Theorem 5 in connection with Lemma 17.

Lemma 18  Assume 1 is an entropy of order ng € Ny with kinetic representation
p € K. Then (u(U),1) = n(U) and VT<,u(U;v),v6>v = V(U)APU) for all
UcS, |B|<no+1 and, if ng > 1, we get for any U* € #°

> 2lve [vmwtaste @) - 4@ 0o, v =0 61)

|ee[=mo

Proof: If i is a kinetic representation of 1, we know in particular that the equal-
ities
a\" a\"
i U = (=) 5
() ), = () 7

20

Vn € Ny (38)

t=0



hold in .#/(R?). First, we consider the case n = 0 which implies for all U® € _#;°
n(U°(z)) = (u(U"(@);v),1),.

Choosing the constant function U°(x) = U for any U € S, we obtain one of the
claimed relations. Next, we exploit (38) for n > 1. If n is an entropy of order
ng € Np, time derivatives up to order n = ng + 1 are available with Proposition 13.
Together with Proposition 8 for the derivatives of 7, we get from (38)

2 %vg (aW (@), viw®) —VT??(UO)A“(UO)A’“(Uo)aka()) —0. (39)

lee|=no

We start by choosing a special initial value U°. For given U € S and e € R™ with
le|] =1, we pick ¢ € C*°(R,S) with range in a small ball around U such that for €
sufficiently small

o(s) =U + se 0<|s| <e (40)

and ¢(s) = U for |s| > 1. Then, for any z € R, U’(x) = ¢(z - ) is contained in
Z°. Note that U is the pullback of ¢ under the mapping H, : R? — R defined
by H.(x) : = z - & which we also denote by U’ = H}¢. Since z # 0, VH, is a
surjective mapping from R? to R and the usual chain rule carries over to the calculus
of generalized functions [7]. Thus

d

On (W(U°), 0%0k) = O H (@), 0 0k) = HE— ((9), v 0k) 2.

Repeating the argument for the V* derivative and using the linearity of the pullback
operation, we obtain from (39)

1 Y 2o ()7 (L u@ue) - Vi9) 40044 0)8) <0

|et|=mo

Assuming that z; # 0, setting & = (z1,...,2j-1,2j41,...,%4)", and suppressing
Einstein’s summation convention over the index j, we obtain the following represen-
tation of the pullback of any A € 2'(R) (see [7])

A, =1 [ (dep (2 -20)) @

With test functions of tensorial structure 1 (x) = ;(z;)1(x) it easily follows that
H} is injective so that H:A = 0 implies A = 0. Hence, we obtain for all 0 # z € R?

5o [osere ()7 (L @) o) - T(0)4%(0)45(9)8') 0.

lee|=no
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Using (61), we rewrite the sum in terms of multi-indices 3 of length ng + 1

> 18 (di) (di (n(9).07) - VTn(¢)Aﬁ(¢>¢') ~o.
IBl=no+1

Now, taking the derivative V20 with |Bo| = no + 1, it follows that

(%) (d% (n(g), 0 ) - VTn(¢)A"°(¢>¢') —0, VBl =m.

This, on the other hand, implies that % (u(),vP)—V'n(¢)AP(¢)¢’ is a polynomial
in s of degree ng — 2 (see [7]) for any 3 of length ny + 1. Since ¢(s) is constant for

large |s|, it follows that the polynomial vanishes on an open set and thus must be
identically zero. Hence,

L {u(6).0°) = V(@) 4% ()¢ (41)

and since the right hand side is contained in C(R), we have (u(¢),v?) € C*(R) and
(41) is satisfied in the classical sense [7]. Due to (40), we conclude that all directional
derivatives of U — <,u(U), vP > are continuous, so that for any B3 of length ng + 1
the claimed relation

VI (uU).0%) = V(U)A°(U)

v

holds. Inserting this partial result back into (39), we now get with the abbreviation
Aok = Vi(A%Fex — A% AF)

!
> %vg [Aar (U0, U] = 0.
lal=no

which completes the proof. [ |

Lemma 19  Assume n is an entropy of order ng € Ny with a kinetic representa-
tion. Then n is of order ny + 1.

Proof: We have to show that V) A®A* has a primitive for every a of length
no and k € {1,...,d}. According to Lemma 18, we know that VnA*"€ has the
primitive (u(U;v);v%vy), if 4 is a kinetic representation of 1 so that it suffices to
show that

Aok (U) = Vin(U)(Ae(U) — A%(U)AHU))

has a primitive. Note that in the one dimensional case (d = 1) we have Ay =0
since A®Tel = (Al)lal+l = A> Al In this case, the proof is complete since the zero
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function has a primitive. In the general scalar case (m = 1,d > 1) the function
Aq k is a continuous scalar function depending on a scalar variable U and thus has a
primitive by the fundamental theorem of calculus. Hence, we can focus on the case
m > 1,d > 1 for which we have assumed that S is simply connected. From Lemma
18 we use the relation

> %vg [Aak(U”)0:, U] =0 (42)

|ee|=no

and start with the observation that Aq x(U?)0,, U is compactly supported if VU =
0 outside a compact set. Assuming this property of U°, we can test (42) with the
function 1 (z) = /B! where |8| = ng. Then, V® is zero unless a = 3 in which
case it identically one. Thus (42) implies for any U® € _#§° with vanishing Jacobian
for large |z|

(Ao (U*)0,, U, 1) =0  V|al=no. (43)

Using the continuity of U + Aqx(U) and a density argument, we can even show
that (43) holds for any U° € C*(R?) with compact range in S if VU is compactly
supported. The remainder of the argument relies on the observation that (43) can
be converted into an integral over an arbitrary closed C? curve v : [0,1] = S

1
(4 Ao (7(5))3(5) ds = 0 (44)

by choosing a special sequence of initial values. Relation (44) then implies that Aq g
is exact (see, for example, [4] for a proof of this result in the case d = 3 which is
based exactly on our smoothness assumptions and which can easily be extended to
general dimensions).

In the construction of a sequence of initial values we make use of the assumption that
S is simply connected which implies the existence of a mapping H € C?([0,1]*;S)
and a point U such that s — H (s, 1) is the given curve s — ~(s) and that H (s, 0) =
U for all s € [0,1]. We then take a sequence ¢, € Z(R) with supports in (—2,2)
such that ], tends to the indicator function of [0,1] which we denote by Ay .
Next, we pick a sequence of smooth functions ¢, € C*°(R) such that 0 < ¢, < 1,
Pn(—2) = p(x), Yn(z) =1 on |z| < n, Yp(z) = 0 on |z| > n + 2 and satisfies the
uniform bound [¢/,| < 1. We then set t, () = ¢, (21) - - - P (x4) and

Un(z) : = H(pn(21), 9n(2))

which is contained in C? and satisfies U (z) = U (and hence VU? () = 0) for large
enough |z|. Moreover, we have the point-wise convergence U? (z) — (1) Xjo,1)(71)
and, with |z|o = max?_| |z;|,

wﬂmz(ﬂ%wm%wmmmm) 2loo <m

23



which converges to (¥(z1)AX],1j(z1),0,...,0). We now split the integration in (43)
into contributions from the sets |z;| < 2 and |z;| > 2. To estimate the latter, we use
the fact that ¢, (—z) = ¢, (x) and that U (z) = H (0,1, (x)) for |z;| > 2. Hence
also U (—z) = UL (z) and (9, UL)(—x) = —0,, U (z) so that

[ a(@)9, 08 @) de = 0.
|z1[>2

The remaining set |z1| < 2 is split further into the part where ||, < n so that

Aok (U (2)) 00, Up(x) = Aot (¥(pn(1)))¥ (0n(21))¢) (1)

and in the part |&|, > n. Note that VU? is nonzero only in |z|x < n + 2 and
that the volume of S, = {z : |z1| < 2, n < |&|oo < n + 2} is of order n¢~2. Since
A s (U2)8,,UY is bounded uniformly in n, we see that

1
nllngoﬁ/ Ao (U0, UL dz = 0.

Hence, we find with (43) and the considerations above

. 1 ! .
0= Jim 7 [ Rar(U20,Uldz = [ Aas(r(e)i()ds
|z|<n 0

which is (44) with k = 1. For other choices of k, the same idea can be applied. =

Lemma 20  Let puy, 2 be two kinetic representations of an entropy n. Then C =
p1 — pi2 € &'(RY) is independent of U and satisfies (C,1), = 0.

According to the Paley—Wiener theorem, u(U) € & implies that the Fourier trans-
form Fu(U) of u(U) is an analytic function, i.e.

A S 4 .
FuU;€) = Y = VOFu(U:§)le—o-
aeNd
Since the derivatives of Fu(U) at £ = 0 are related to velocity moments

VEFWU; €)le—o = (=1)* (u(U), )

we find with Lemma 18 that the series of U derivatives is

> (—iﬁ)av%(uma(v) = Vi(U)E(U;€). (45)
aeNd .
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With the estimate

, (64
> | EE v A w)| < (V@) exple) 14 W)
oeNg

we see that the absolute convergence is locally uniform in U so that Fu(U;§&)
is U—differentiable with derivative VZFu = VE. If we have two kinetic repre-
sentations pi,pue € £, we thus find that V7Fu; = V7Fpuy or, in other words,
that F(u1 — p2) is independent of U. Denoting C = p; — p2 we conclude that
(C,9) = (F(p1 — p2), F~'4p) is also independent of U for every ¢ € .. Using the
result from Lemma 18 that (u;(U),1) = n(U) for all U € S we see that (C,1) = 0.

|

6 Examples

6.1 Scalar equations

In the case of scalar conservation laws, the state space S is an interval (open and
connected subset of R) and we assume that 0 € S which can always be achieved by
a simple transformation.

A crucial property which distinguishes scalar equations from the case of systems is
the abundance of entropies and — in our case — the abundance of exponentially exact
entropies. In fact, any function € C'(S,R) is exponentially exact since

d

U
0 (U) exp(—i&; A (U) AM(U) = W/O 7'(s) exp(—i&; 47 (s)) A" (s) ds

(note that A’ are 1 x 1 matrices, i.e. scalars). Setting F = (F',...,F%)T”, so that
F' = (A',...  AYT a kinetic representation of 7 is given by

U
w(U; ) = /0 i (3)8(v — F'(5)) ds + n(0)(v) (46)

Since d(v — F'(s)) is the inverse Fourier transform of exp(—i;47(s)). We remark
that the relation n(U(t, ) = (u(U%(x — vt);v), 1>v can also be related to the s—
average of the solution

ft,z,s) =n'()X(5;U°(x — F'(s)t))

of the kinetic equation

of ;
E +AJ(S)

9 _

5= =0 f(0,2,5) = n/(s)X(5; U (@) (47)
J
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where X (s;a) = H(s)—H(s—a) is the difference of two Heaviside functions. Indeed,
for any test function ¢ € Z(R), we find with (16) and (46)

0:1:—1) U T = UO(m)IS T ,S S ax
(u(0 (@ = vt)0), 1), 0@, = [ [ a6+ P dsde,

Taking into account that [’ g(s)ds = [; X(s;a)g(s)ds for any integrable function
g, we obtain with the coordinate transformation (z, s) — (x — F'(s)t, s)

(uU(@ —wt);v), 1), ,9(@)), = (ft,2,5), 1), $(@),

which shows that also n(U(t,x)) = (f(t,x,s),1),. The reformulation (47) has been
used in [5, 14, 12] and turns out to be very appropriate in the scalar case.

6.2 Linear systems

For any linear function n : R™ — R, the vector C* = V™exp(—if;A7)A* is inde-
pendent of U and thus has the linear function U — C'-U as primitive. This implies,
in particular, that all linear systems are exponentially exact and that the solution
can be represented by U(t,z) = (u(U%(z — vt);v), 1>v where component 4 of p is
a kinetic representation of n;(U) = U,.

More general exponentially exact entropies can be found in the one-dimensional
case if S is simply connected. In fact, any C? entropy n with C? entropy flux ¢ is
exponentially exact. To see this, we note that

0%n
Bij =
K oU;0U;

is a symmetric matrix and V'nA = V¢ implies, by taking another U derivative,

92¢

BiiAin = a0,

(We write A instead of A in the 1D case). Hence, BA is symmetric giving rise to
BA = (BA)" = A"B" = A" B and by induction

BA" = (A™)"B = (BA™)". (48)
Finally, we conclude that
o~ (—i6)"
B(U) exp(—i€A)A = 2) — B(U)A™ !
n=
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is also symmetric and, with the Lemma of Poincaré, that U — V(U ) exp(—ifA)A
has a primitive. A similar argument in the general case of linear systems is only
possible if the matrices A’ commute. This is due to the relation

B(&A)"AF = (BAF (A7)
which generalizes (48) and which yields symmetry only if A¥AJ = AJAF,

We conclude that linear systems are always exponentially exact and that kinetic
representations can also be found for non-linear entropies in the one—dimensional
case and in the general case if the Jacobian matrices A7 commute.

6.3 Non-linear systems in one dimension

For general non—linear systems in one space dimension, the assumption of exponen-
tial exactness is very restrictive. From Lemma 12 we know that it is equivalent to
the requirement that all powers of the Jacobian matrix A = A! have primitives.
Therefore, it is not surprising that most systems are not exponentially exact [8, 9].
In this case, one can still define

U
wu(U;v) ::/0 E(W)dW  E=F; " exp(—itA)

but the the solution formula is satisfied only approximately
Ul(t,z) = (uU°(z — vAt);v), 1), + O(At?). (49)

However, if the main motivation is to find a numerical approximation method for
the hyperbolic system, then relation (49) can still be valuable [8, 9].

Although it is difficult to find exponentially exact non-linear systems, it is not
impossible. Simple examples of exponential exactness are given by completely de-
coupled systems and linear transformations thereof. The flux vector is of the form
FU) = (F1(U1),...,Fn(Uy)) so that A(U) and all its powers are diagonal matrices
for which primitives are found by integration.

While decoupled systems are essentially a repetition of the scalar case, there are
also more interesting examples like special isentropic Euler systems. The variables
in these 2 x 2 systems are mass density p > 0 and momentum density m € R. For
abbreviation, we also introduce the velocity u = m/p. Then, the systems have the
form

9p , Im _

ot ox
S o (0 () =0 !
ot g WU TPWI)=
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where the pressure p is a given function of p which satisfies p’ > 0. Setting up
the exponential matrix based on A = VF with F = (m,m?/p + p(p))7, a straight
forward calculation shows that the isentropic Euler system is exponentially exact
under the condition that p'(p)/p = p"(p)/2 which singles out the pressure laws of
the form

p(p) = C + Dp? C,D >0.

In the case p(p) = Dp? it is known that (50) can be decoupled into two independent
Burgers’ equations which shows again that exponential exactness is related to a
certain simplicity of the system. A kinetic representation is in this case

plpio) = (1) aX(o —ulicto)), <o) = Vi)

with « depending only on D and X(s;a) = H(s) — H(s —a) defined as in the scalar
case.

The case of constant pressure p(p) = C' leads to a representation of the form
p(p,u;v) = (1)pd(v — u) which is considered more detailed in the next section.

Apart from the examples above, a whole class of exponentially exact systems has
been reported by Brenier and Corrias [1]. They derive an infinite hierarchy of con-
servation systems for which the exact solution can be written in the form of a
kinetic representation as long as the solution is smooth. Each system in this hier-
archy (which contains Burgers equation (m = 1) and the isentropic Euler equation
(m = 2) with p(p) = Dp? as special members) can therefore be taken as nontrivial
example.

We conclude with a remark on exponentially exact entropies. Similar to the linear
case, one can show [8] that any strictly convex entropy of the one-dimensional
hyperbolic system is exponentially exact. As requirement one needs that the state
space is simply connected and that the system itself is exponentially exact.

6.4 Non-linear systems in higher dimensions

Motivated by the one—dimensional case, we check whether special isentropic Euler
equations also lead to exponentially exact systems in the case of higher dimensions.
Already for d = 2, we find that exponential exactness can only be achieved if p is
constant [8]. Let us therefore consider the system in d > 1 dimensions

op  Om;

P

ot + 0z
om;

-I—i u;u; = 0
ot 8xjp2]_
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After some calculations we find that the linear combination fjAj can be written as
block matrix

&A= <_(5(.)u)u u®£fT(§ : U)I>

and the exponential matrix as

o e (1 +iu- € —ig" 1 i ) .
AT — u-€ _ u-€ . T
exp(—ijA7) =e <z(£ wpu T—iuee) " \ive e (1 +iu-§& —i€ ) .
The products exp(—i¢; A’ )AF are obtained from the expression

exp(-ig A A" = (g ) e GEwCw) ¢ it we)  (61)

by setting ¢ = e for k = 1,...,d. To check that (51) has a primitive, it suffices to
show

o . 0 ;
8—pe"“"5 (Cr —i(¢ - w)ée) = rme‘l“'fi(s cu)(¢ - u)
and
G G G W) = 5 G i
M my

which is an easy calculation. Thus, the system of isentropic Euler equations with
constant pressure is exponentially exact in any space dimension and therefore is
intimately related to a kinetic formulation (see also Brenier [2]). According to The-
orem 9, the kernel p is obtained as inverse Fourier transform of a primitive of the
exponential matrix. It is easy to check that (Nl ¢ )e*i“'£ is a primitive having the
inverse Fourier transform

(o uio) = () pilo )

7 Conclusion

In this article, we have investigated a remarkable relation between hyperbolic sys-
tems and the simple transport equation of free flow. The considerations are based
on the observation that solutions of linear systems can be written as velocity av-
erages of solutions of the free flow equation. Such a kinetic representation even
carries over to smooth solutions of certain non-linear equations or, more generally
to corresponding entropy conservation laws. The property which is necessary and
sufficient for an entropy 7 to have a kinetic representation is a generalization of the
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usual condition that the functions V™ A* have primitives which are called entropy
fluxes. The additional requirement is that all functions Vi A*A* have primitives
where A% are |a|—fold symmetric products of the matrices Ak. Any entropy n satis-
fying these additional integrability conditions is called exponentially exact and the
attribute is given to the underlying system if all linear entropies have this property.

From the definition it is obvious that all entropies for scalar conservation laws are
exponentially exact because primitives can be found by simple integration (for the
same reason, usual entropies are easily obtained in the scalar case). This explains
from a new point of view why kinetic representations are particularly well suited for
scalar equations. It also explains the difficulties in finding kinetic representations
for systems of conservation laws because the integrability conditions are no longer
trivial (for the same reason, usual entropies are difficult to obtain for systems).

Although the class of non-linear exponentially exact systems is not empty, as we
have shown in the example section, it seems to be quite small. This suggests that
the representation of general hyperbolic systems by a free transport equation with a
source term which is only supported on the points of discontinuity of the solution is
too restrictive. Kinetic representations for general systems therefore require either
a more complicated source term or modifications in the transport operator (see [11]
for an approach in this direction).

A Symmetric products

Let A',..., A% be m x m matrices and o any multi-index of length n > 0. We
define an n—fold symmetric product A% by the relation
1 . 1
—(GA = Y —ean, (52)
|a|=n
Using Einstein’s summation convention over the repeated indices Ay, ..., A,, we have
explicitly

(GGA) =&, -6, AN - A

If I(A) is the multi-index which counts in its entry j the number of components
Ak = j, we can write

(GANY = )" gx Y A A

laj=n (A=«

Inserting this relation into (52), we get

o al
A = Tall dooAM A (53)
TIN)=a
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By taking all A7 equal to the identity matrix I, we find together with (52)

%(§1+...+5d)n: Zéga al Z 1]. (54)

|
|a|=n |a| IMN)=«

One checks easily that V?(fl + -+ &)™ /n! = 1if |B] = n. Applied to (54) this
yields

B Y o1=1 (55)

Now, if | - | is a sub-multiplicative matrix product, we conclude from (53) and (55)
d A el
49 < (m |AJ|) . (56)
]:
Using the special vector & = (1,...,1)" in (54), we also find the important relation

> lodt _ . (57)

|er|=n

Similar to relation (53), we can define the symmetrization of any quantity F de-
pending on n indices Ap, ..., A\,

o!
a . _
F '_|a|! E F(A1, .., ).
IA)=«a
We then have
]! ca e
Eny O F(A g, ) = E FE F=. (58)

|ler|=n

If F' depends on some additional variable @, a similar relation holds for n—fold
derivatives
0 0

1
i L F(,. .. =Y —vere
6:’1;/\1 6:'1;/\n (>\17 ) >\77/) a' V:l: (59)

la|=n

(In fact, any multiplication with an object which is completely symmetric gives rise
to such a representation.) If G depends on n + 1 indices, the symmetrization with
fixed index Ap4+1 = k is denoted

)= X
GY(k): = |a|’1(§_ G,y A, k).
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A relation between the completely symmetrized expression G*t€+ and G*(k) is
given by

d
6P = =3 BGAE),  B=ater (60)
8] &

Indeed, with (58), we find
S Bl o3 5 oltag gogy (61)
|B|=n+1 A - k=1 |al=n o! ‘

and since VB(£%¢,) = a!fB, (60) follows from (61) by taking &-derivatives. Replac-
ing formally € by V,, we get similar to (61)

@ BB — : M ai a
6%‘H 3 via _;g:n Ve aka (k). (62)
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