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1. INTRODUCTION

In this paper we address th question of differentiability of the flow generated by a strictly
hyperbolic system of conservation laws. The primary motivation for the introduction of shift dif-
ferentials comes from the theory of hyperbolic conservation laws [5,6,13], in particular the evolution
of first order perturbation of initial data. Other potential applications are variational problems
and optimal control of solutions.

It is well known that if S is L! contractive semigroup generated by a scalar conservation, then
in general the map u — Syu, for fixed ¢, is not differentiable in the usual L' differential structure.
However, for any Lipschitz continuous map, one can introduce a new differential structure on the
space BV, defining a tangent space T3, at u € BV: given a set I' of continuous paths « : [0,60*]

6 — () € BV, with 7(0) = u, consider the equivalence relation ~ defined as

- . 1 ~
YA lim oy () =5 (w0 = 0. (L.1)
=00

The tangent space Ty, at u is by definition the elements of the set I'/ L. Every equivalence class
can be regarded as a “first-order tangent vector” at the point u. The standard choice is to consider
a family T, of tangent vectors which can be put in a one-to-one correspondence with L!(R). More
precisely, T, is defined as the family of all equivalence classes of the maps

0 —v,(0) =u+ v, v e L'R). (1.2)

As it is shown in [6], this choice is not adequate for describing a first-order variation of the flow
map S;: in fact it happens that « — S;u does not map T}, = L' into Ts,u = L'.
For example consider Burgers’ equation

ug + [u?/2] =0, (1.3)
with the family of initial conditions
u’(0,z) = Oz - Xjo,1] (). (1.4)

By x1(z) we denote here and in the following the characteristic function of the interval I. Choose
for example U = - x[9,1)(%). In this case u’ corresponds to the path (1.1) with tangent vector
v=x-xp,1(x) € L'(R). Assuming ¢ > 0, the corresponding solution of (1.3)-(1.4) is

Oz
9
u(t,x) = 110t XJo, 1—0—07&](:6)' (1.5)

Observe that, for ¢ > 0, the map 8 — u?(t, -) defined in (1.5) is Lipschitz continuous but nowhere
differentiable because the location 2(t) = v/1 + 0t of the shock varies with 6. Therefore, the limit

w00 _ 0

im & W
AT ag 0 >0

is not well defined as an element of the space Ts,; = L*(R).

In [6] it is studied a different space Ty, of tangent vectors, u € BV(R), which can be put into a one-
to-one correspondence with L!(Du). Here Du denotes the (signed) Radon measure corresponding
to the distributional derivative of u. The basic idea is the following. In the special case where v is
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continuously differentiable with compact support, to v it is associated the equivalence class of the
map 0 — u?, where u? is implicitly defined as

u (x + Ov(z)) = u(z), (1.6)

for all # > 0 sufficiently small. It is then shown that this correspondence can be uniquely extended
to the whole space L'(Du). Observe that in (1.2) the graph of u? is obtained by lifting the graph
of u vertically by fv. On the other hand, in (1.6), the graph of w is shifted horizontally by fv. This
motivates the term “shift-differential” used in the sequel. A map which is differentiable w.r.t. the
tangent vectors in T, is said to be shift differentiable.

The main result in [6] shows that the flow generated by a single conservation law u — Syu is
shift differentiable “almost everywhere” w.r.t. ¢, i.e. outside a countable set {tx}ren.

In [?] it is introduced a different approach to first order perturbations of a strictly convex scalar
conservation law. The main result of [?] is that if the initial datum wug satisfies (ug), < C, then
the limit

. 1. Si(ug + 0v) — Spug
w = lim

6—0 0 (1'7>

exists in the weak* sense of measures, for all v € L' N LT°>°, and the map v — w is a linear and
bounded operator from LT to the space of bounded Radon measures on R. This means that the
operator ug — Siug is Gateaux differentiable in ug, in some weak sense. It can be shown that if
u + v generates a shift tangent vector, then the measure w is equal to aDu, where a € L'(Du) is
the shift tangent vector generated by Si(ug + 6v). Of course the limit (1.1) is much stronger than
(L.7).
In [8] the construction of shift differentials is extended to the case of vector valued function w.
If u: R—R"™ is a BV function, a shift tangent vector is defined in terms of:
i) a decomposition of u into n scalar components;
ii) a n-tuple of functions (vy,... ,v,) € L*(Du), determining the rate at which each component of
u is shifted.
This is accomplished by assigning a matrix valued function A : R — M} ", where we denote
with M ™" the set of diagonalizable n x n matrices with real eigenvalues. The eigenvectors of
A correspond to the local scalar decomposition of u, while the eigenvalues of A determine the
shift rate of the correspondent component of u. Denoting with (-, -) the scalar product in R”, the
assumption on A are: A
A1) ifl%, r; denote the left and right eigenvectors of A, normalized such that |r;| = 1 and (I7,r;) = 67,
then they are Borel measurable and uniformly bounded;
A2) the eigenvalues \; belong to L'(Du).
Given A € M}J*" satisfying A1, A2, the main result of [§] is the construction of an equivalent class
of paths v: 0 —uf € L},. which determine the shift tangent vector A.
In this paper we consider a class of paths v : § — u? € L},., and show how these paths generate
a space T, of tangent vectors at u € BV. Relying on the previous observations and the results of
section 4, we will call the elements of T, shift tangent vectors.
Before introducing the space T, in section 2 we study a simple case: we consider a constant
matrix A and a piecewise constant function u with a single jump. In this case the path 8 — u? €
L} (R,R") is defined considering the solution of the linear equation

loc
ou? ou?
R (18)

The study of this simple case leads to the introduction of a new distance d on the space M} <"

~

such that (M};*", d) is a complete metric space.
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In section 3, relying on a simple decomposition of u in terms of its measure derivative, we define
the matrix valued functions A which can generate shift tangent vectors at u. These vector valued
functions are called admissible generators. Our definition is much less restrictive than the one in
[8]. B

It is obvious that two matrix valued functions A and A define the same path if, roughly speaking,
their difference acts on the vector space “orthogonal” to u: for example, if | € R is a left eigenvector
for the constant matrix A and Du(z) is orthogonal to [ for all # € R, then the path generated
by (1.8) is independent from the value of the eigenvalue A\ corresponding to I. It follows that,
differently from the scalar case, a path § — u? € L}, does not determine uniquely the admissible
generator, in general. However, we give two criteria to say whether two matrix valued functions A
and A define the same shift tangent vector or not.

In section 4 we show that our definition coincides with the one given in [6] for the scalar case.
In some sense our construction gives the most natural path, as the path 79 (u) considered in (1.2)
is the easiest choice in that case. Moreover we show that the matrix valued functions considered in
[8] are admissible generators and the definition of shift tangent vector given there coincides with
ours.

Finally in section 5 we address the question of the application to hyperbolic systems of conser-
vation laws. Extending [6], we introduce the shift differential of a map ® : L} . — L} . Roughly
speaking, ® is shift differentiable at v € BV if ®(u) € BV and for all shift tangent vectors A € T,,,
® maps a path generating A into a path generating a shift tangent vector B € Tg(,). In general
the semigroup S; generated by an hyperbolic system of conservation laws is not defined on the
whole L} . but on an L!-closed subset of BV. Since with our definition there are shift tangent

loc?

vectors generated only by paths v(6) with

lim Tot.Var(y(f)) = +o0,
0—0

we need to restrict the space T, i.e. we need to consider a subspace M(u) of T,. The shift
differential of a map ® is now defined using M(u) instead of the entire T,,. Finally we give three
examples of the applications to the Lipschitz continuous semigroup S; generated by a hyperbolic
system of conservation laws.

The first example consider a simple 2 x 2 Temple class system, i.e. a system whose rarefaction
curves are straight lines. In this case we show that the shift differentiability of the map v — S;u
occurs only if we restrict the space T, to the shift tangent vectors that shift independently the
two Riemann invariants. We show also that this subset M(u) of T), is the biggest set M(u) such
that the shift differentiability of the map u — S;u occurs. The last two examples show that in
general it is difficult to determine which subspace M(u) of T, should be considered to prove the
shift differentiability of the map u — S;u, and this subspace could be very small.

2. THE RIEMANN PROBLEM FOR LINEAR SYSTEMS

We begin with the most elementary case: a Riemann problem for a linear hyperbolic system
with constant coefficients. Without any loss of generality, we consider a function u € L} (R;R")
with a single jump in 0, i.e. u(x) = vX[o400)(x), v € R", and a constant matrix A € M;*". We
recall that with M/;*" C M"*™ we denote the space of n x n diagonalizable matrices with real
eigenvalues: if with r;,l* € R™ the left and right eigenvectors corresponding to the eigenvalues

A € R, then

PN ATy >0, Iri| = 1, 1, r;) =67, i,j=1,....n, (2.1)
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where (-, ) is the scalar product in R", 55 is the kronecher’s delta and | - | is a norm of R™. For
sake of definiteness, we shall use |(v1,...,v,)| = |v1]| + -+ + |v,|, but all the following results are
valid for any equivalent norm in R™. To define in this simple case the shift tangent vector A at u,
we consider the linear system

’U’(O:m) = vX[O,+oo) (.’II),

whose solution is

n

u(t,z) = (I, u(0, — M\it))r; = Z Xt oto0) () (1E V)74, (2.3)

i=1
where (-, -) is the scalar product on R™. We now introduce a notation for the functions obtained
by (2.3). This notation is the obvious generalization of definition 2 in [8].
Definition 2.1. Ifu € L}, and A € M[*" are as above, we denote by A% xu the solution of (2.3)
evaluated at time 0, i.e.

n

A xu(z) = u(0,2) = > Xioa, +o0) (@) {1, V)7 (2.4)

i=1

Note that this definition coincides with definition 6 of [8], since the matrix A is constant; in
particular each component (I*, u)r; of u is shifted of the amount 0\;.

In the following sections we shall need to estimate ||A% «u — A? x u| 1, where A, A € M. If
we denote by u(t, z) the solution of

U+ Au, = 0
- 2.5
U50m" 2 o) 29
an explicit computation gives
1A% 5w — A x| :/ (6, 7) — (6, )|dz
B (2.6)

_ / (1, 2/8) — (1, 2/0)]dz = Ollu(1) — T(1) |11,

where we use the fact that v and w are self similar. The last formula, divided by 6, can be used to
define a distance on the space of diagonalizable matrices:

Definition 2.2. Given two matrices A, Ae M} ™ and a vector v € R™, consider the two Riemann
problems defined in (2.2) and (2.5), and denote by u(t, x) and u(t, x) their respective solutions. We

define the function d(A, A;v) as
d(A, A;v) = ||u(1) — a(1)|| . = /R lu(1,x) — u(l, z)|dz. (2.7)

Moreover we define the distance J(A,Z) by

d(A, A) = sup d(A, A;v). (2.8)

vilv|=1

In the following theorem we prove that d is actually a distance in M} ™".
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Theorem 2.3. The function d: M*™ x MJ*" — R defined in (2.8) is a distance on the space
of diagonalizable matrices M[;*". The space (M}*",d) is a complete metric space.

Proof. 1t is obvious form (2.7) and (2.8) that d(A A) >0 and d(A A) d(ﬁ A).

Suppose now that d(4, A) = 0. By definition, the distance d(A, A) can be defined as the L'
distance between the two solution of the Riemann problem (2.2) and (2.5), respectively: thus to
prove A = Ais equivalent to say that the matrix A is uniquely determined by the solution of the
Riemann problems (2.2), when v varies in R™. Assume that v is equal to a right eigenvector of A,
namely v = ry, with 1 < ¢ < n. Then the solution u of (2.2) is a single shock traveling with speed
Ae,

u(t7 :L') = TKX[AN,—FOO)({L')?

and since by hypotheses d(A, A; ;) = 0, u must be a solution also of the equation (2.5): in fact
and u are self similar, and thus if they coincide at ¢ = 1, they are equal for all ¢ > 0. Consequently
(2.3) implies that

A/Tg = /\ng. (2.9)

Since (2.9) holds for all £ € {1,...,n} and A € M *", it follows A = A.

~ ~

To prove C/Z\(A, j) < C/l\(A, E) + d(g, A), for all A, Z,ﬁ e M;*", note that for all v € R™ we have

d(A, A;v) = Ju(t) = Tt)]| < Jut) = @) L0 + [GE) — @) o (2.10)
= d(A, A;v) + d(A, A;v) < d(A, A) + d(A, A), '

where u is the solution of (2.2) with the matrix A. Taking the supremum of the left-hand side of
(2.10), we conclude

d(A,A) < d(A,A) +d(A,A).
This concludes the proof that d is a metric. We now prove that this distance makes MSX" a
complete metric space.

For any v € R" and 4, A € M} *™ we can write
v — Au| < / (1, 2) — @(1, )|dz = d(A, A v). (2.11)
R

In fact, from (2.2) and (2.5) it follows

/R u(t,z) — it x)dz = — /0 t /R Au(t,2)s — Ali(t,2)pdadt = H(Av — Av).  (2.12)

Now let Ay € M} ™" be a Cauchy sequence in (MSX”,C/Z\), and define uk(t) as the self-similar
solution of the Riemann problem (2.2) with the matrix Ay and initial datum vx[o+c)(7). Since
g (t) — ue(t)|| 22 < td(Ay, Ag), we have that, for any fixed t, uy(t) — ui(t) is a Cauchy sequence
in L1(R), converging to a unique limit u(t):

lim / lug(t, ) — u(t, z)|dx = 0. (2.13)

k*}+(>0 R

Note that (2.11) implies that Ay is a Cauchy sequence in M™*"  and then there exists a matrix A
such that
lim A* = A. (2.14)
k—+o0
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If we write equation (2.2) with the matrix A* in weak form and we let & — 400, (2.13) and (2.14)
imply for all ¢ € C1(R,R) that

// u(t, 2)pe(t, ) + Au(t, x) oy (t, z)dxdt +/ v(0, z)dx = 0, (2.15)
R+ xR R+
so that u is a weak solution of the system
uy + Au, = 0
2.16
{ u(oa .CL‘) = UX[0,+00)(37)> ( )

This concludes the proof, because it is well known that the system (2.16) has a solution for all
v € R™ if and only if A is diagonalizable (see [12]). O

Remark 2.4. 1t is easy to see that the space M}*"™ is not a vector space: for example

o[ o=l )

and while the two matrices are in M;*", their sum is not. The same result can be proved for the
product of two matrices. Note that M} *" is star shaped, and in fact d satisfies also

d(aA, aA) = ad(A, A), (2.17)

for any a > 0, A,ﬁ e M} ". While M;*" is a manifold, the distance d does not define a

Riemannian structure: namely it can be shown that there are no metric tensors generating d.
A corollary of theorem 2.3 is

Corollary 2.5. The distance d is stronger that the usual operator norm |- |: for any two matrices
A, A e My
|A—A| = sup |Av — Av| < d(A, A). (2.18)
veR™

Proof. Formula (2.18) follows immediately from (2.11) and the definition (2.8). O
The following remark will be important in the following section.

Remark 2.6. Consider two matrices A, A € M} *™. It is clear that |A— Al = 0 implies E(A, A) =0,

but in general, fixed a vector v € R™, we could have Av = Av and d(A, A;v) > 0. Consider for
example the vector v = (1, —1) and the following matrices

Lo [3 0] [t 42 1][-r 0][2/5 -1/
YYlo o310 P4 7| T -1 200 9|15 2/5 |
With easy computation one can verify that d(A;, As;v) = 44/5 while Ajv = Ayv.

3. SHIFT TANGENT VECTORS: THE VECTOR CASE

In this section we introduce a space of shift tangent vectors for a function u €BV(R; R™). These
are functions in L}, (R; R™) whose distributional derivative is a bounded vector measure on R. We
define f = Du/|Dul, the Lebesgue decomposition of Du w.r.t. its total variation measure |Dul.
Without any loss of generality, in the following we assume u right continuous.

We now give the following definition:

7



Definition 3.1. Consider a matriz valued function A : R—M}*". Given v € BV(R;R"™), we
say that A is a admissible generator of a shift tangent vector at u if

[ 44, 0: 56 1Dul() < +2c, (3.1)
where d(A(y),0; f(y)) is defined in (2.7). We denote the class of admissible generators for u as
Adm(u).

For all u € BV, it is easy to prove the existence of the following limit

u(—o0) = mglzloo u(z).

Since our definition of shift tangent vector at u depends only on the derivative Du of u, we assume
u(—o00) = 0. Given u € BV, we can obviously write

u(x) = u(—00) + / FW)X (o0 (1) [ Dl (9) = u(—00) + / FW)Xlyton @I DUl). (32)

If A(y) is an admissible generator for u, then we consider for any y the solution w(t,z;y) of the
Riemann problem
{ wy + A(Y)w, = 0 (3.3)
w(0,z;y) = fY)X[y+00)(2);
and we define the path § — A% xu € L}

loc &

A% wu(z) = /R (0,25 9)| Dul(y /Z T W), FW)) X[y, 100) (T = Xi(y)0)7i (y) | Dul(y)
(3.4)

/Z (I'(y DX [y+7i ()0, +00) (@)7i (y) | Du| (y).

If A is constant, (3.4) coincides with (2.4). With these notations we can rewrite condition (3.1) as
/ / lw(l,z;y) — w(0,x; y)|dedy < +oo. (3.1)
R JR

We first show that the function A? x u is well defined as an element of Llloc for all 6 > 0.

Lemma 3.2. Given a function u € L} N BV(R;R™), the function A xu defined in (3.4) is a

path in L} _(R;R™) such that

loc

1A% s — ufl 2 <6 / d(4,0; (1)) Dul(y). (3.5)
R

Proof. Since we have

s

w(b:9) — w(O.ai)|dz|Dul(y) = 0 [ d(4,0:7)IDul(y) < +x.
8



the function w(6, z;y) — w(0,x;y) is in L'(|Du| x dz), and then (3.4) is in Lj,, thus defined a.e..
Finally, if we change the order of integration, we can write

A7 5w — ul| 2 :/ |A9*u(;v)—u(x)|d:v=/R /R(w(e,:c;y)—w(O,x;y))lDul(y) dx

Sl

The conclusion follows.

Remark 3.8. In general the function A% xu needs not to be in BV(R; R™) if n > 2. In fact, consider
the following example

(3.6)

w(bi) = w(0.2:9)|del Dul(y) = 0 [ (4,05 F)IDul )

“+oo

1

u=(uy,uz) = < QiX[i’+oo)(x),O) € BV(R;R2),
i=1

and the matrix valued function defined as

A<i>={__2; pl =l 0 ) 1)

(O, 0) T <i—27%
w(, ;) =< (1,2Y) i —270 <z <i+27 (3.7)
(1,0) x>i+270

If we set |(v1,v2)| = |v1| + |v2|, an easy computation shows that d(A(7),0; f(i)) = 2—i+2 < 3, and
then A is an admissible generator at u. The weak derivative of (3.7) has measure norm 1 + 201
and thus, for all 0 < 6 < 1, A? x u is not in BV(R;RR?). The scalar case is a particular situation,
since for all ¢ € C}(R) we have

/RAQ*U dx—// (0, z;9)¢ (x)dz| Dul(y)

+oo
- / F ) Xy (51600 () () = / f(w) / &' (2)da| Dl ()

+Xi(y)o

]R2
/ F@)6 + X(©)0) Dul(y) < ||l|co Tot. Var(u).

This implies that A% x u €BV(R
In general we can prove the followmg theorem:

Theorem 3.4. Assume that the left eigenvectors I'(y) of A(y) € Adm(u), satisfying (2.1), are
uniformly bounded by a constant M. Then the function A? xw is in BV for all 8 > 0.

Proof. We recall that by (2.1) the right eigenvectors are normalized. If ¢ is a C}(R) function and
we denote with ¢’ its derivative, we have

/RAG*u( dx_//RQ w(0, z;y)¢ (z)dx|Dul(y)
. +00
= I T x)dx | |[Du
/ Z< ). Wiy ( Lo @ )r )

/Z (i (y (1)é(y + O\ | Dul(y) < 2nM||¢]| o Tot. Var (u).
9



This concludes the proof, since the above formula is a definition of the space BV. [J

Remark 3.5. Definition 3.1 is the largest class of admissible generators at « € BV. One can restrict
the class of admissible generators, for example assuming the matrix valued function A € Adm(u) to
be uniformly diagonalizable in the sense of theorem 3.4, or using the distance d in (3.1) instead of
d(A,0; f(y)). However all the following results are independent of the set of admissible generators,
and then we will use definition (3.1).

Before giving the definition of shift tangent vector, we prove the following theorem.

Theorem 3.6. If A and A are two admissible generators at u, then

tipint 747w~ A« s > [ [A@)F) - A) 1) IDulw).
R

0—0 ) B (3'8)
1imsup§||A9*u—A9*u||L1 §/d(A(y),A(y);f(y))|Du|(y).
6—0 R

Remark 3.7. Note that by formula (2.11) we have

| A = Awsw)| IDaw) < [ daw). A sl

Note also that
/d(A(y),g(y);f(y))lDUI(y) S/d(A(y),O;f(y))!DUI(y)ﬂL/d(g(y)70;f(y))\DU\(y) < o0,
R R R

if A, A are admissible.
To prove the theorem we need a preliminary lemma.

Lemma 3.8. The function (A% xu — u)/0 converges to A(y)f(y)|Dul(y) in the weak sense of
measures.

Proof. If ¢ is a C2(R) function, we have

/R A *u(xe) — u(x) () de _//R2 <w(0,x;y) ; w(O,x;y)) ¢(z)dz|Dul(y)

Z/Zﬂ"(y),f(y)m(y) <; /yy ¢($)d:v> | Dul(y).

+0X;:(y)

(3.9)

Since ¢ is uniformly continuous in R, we have that

Yy

o1
glm g o(x)dz = X (y)o(y),
—0 Y+ (y)

for every y € R. Note that (2.7) yields

S0 ), F@)raty) (; | ¢><x>dx) < 8llcod(A(y), 0: £ (),

i=1 +0X; (y)
10




and then we can use Lebesgue’s dominated convergence theorem in (3.9) when 6 — 0:

0 —
lim A% xu(x) — u(z)
6—0 R 0

b(x)dz = — / S W), )i (v)6w) | Dul(v)
Ri=1 (3.10)

- / A@)f(9)é(w)|Dul(y). O

Proof of Theorem 3.6. Since A(y)f(y)|Du|(y) is the weak limit of the sequence (A% xu —u) /0, the
linearity of the integrals gives

*Uulxr) — NG*'LL X e
i [ ALwula) A0 )y — - [ (46 1) — A1) ot D),

for all ¢ € C1(R), and a standard argument yields

uf(x) — u?(z)

0 dx.

/R W) F() = A(y) F )| 1Dul(y) < lim inf /

0—0

The other inequality follows from a argument similar to (3.6): since

/ ’Ae*u(q:) - ﬁe*u(x)‘ dx = /
R R
< [ Juwlb.ai) - @6, 550 |dx|Dulw) = 6 [ d(A), Aw): £0) Dulw),

R2 R

fim sup 47 w1 — A7 w1 < / d(Ay), Ay); F()Dul(y). O
6—0 R

dx

/R (w(6, ;) — T(8, 7)) | Dul ()

it follows

In the following example, we prove that the limits in (3.8) may in general be different.

Ezample 3.9. Consider the vector function u = (uy,us) defined as

0 <0
n 1 n—1 i 1 n—1 c 9
. (A (3
ui(x) = ngm{ci,l} Z§+37<x<2§+37, c;=0,1,2
=1 i=1 i=1
1 1 ' r>1

ug(x) = 0,

and the fixed matrix A defined as

A_Ol_l—llO}ll
|1 0] |1 1 0 —-1]2|1 —-1|°
The function wu is essentially Vitali’s function multiplied by the unitary vector (1,0). We now study
the integral

10)= 5 [ @)~ u(@)da.
11



where u? is the solution the system (2.2) evaluated at time 6, namely

W0 () = %ul(x—e) <1> 4 %ul(ﬂa) (_11> .

Note that by the definition of u, we have I(37") = I(37!). An explicit computation of I(371)
gives

1+3_1 -1 1+3_1 -1 1 1 3
I(37Y) = 3/ b (x) — u(z)|de + 3/ lus  (x)|dz =3 <6 + 3> =—.
—3—1 —3-1

With the same construction we can compute

1(2/3") = 1(2/9) = g <108 + ;) = %-

Note that

/rA )| Dul(y) = /Rmezls%,
(A(4).0: /()| Dul(y) =

AV

9

3
/R2Du(y) =2 3

as theorem 3.6 requires.
We now introduce the main definitions of this paper.

Definition 3.10. Fizu € BV(R;R"™) and consider the partition of Adm(u) defined by the following
equivalence relation L if A, A € Adm(u), then A LA if

lim sup — / ‘Ae *u(z) — A x u(z)| dz = 0. (3.11)
0—0

We define the shift tangent vectors A at u as the elements A of the set Adm(u)/ L.

Remark 5.11. In general, given u € BV, it is difficult to give a precise characterization of the
equivalence class A. For example, if u € C(R;R™) and A, A € M}*" are two constant matrices,
the application of Lebesgue dominated convergence theorem shows that

lim 1/ |A% % u(z) — A? *u| = / | Aug(y) — gux(y)|dy,
6—0 0 R R

and thus in this case AL A if Aug(y) = Zum(y) for all y € R. Remark 2.6 shows instead that if u

has a jump, in general A and A belong to different equivalence classes. However, using (3.8), we
can say that if

/R d(A(y), Ay): £ (9))|Dul(y) = 0.

then AL A. Conversely if

[ 465w - A s 10ul0) > 0

then A% x u and A? x u generate two different shift tangent vectors.
12



Definition 3.12. Consider a path 0 — u® € LY(R;R"), defined in some interval 6 € [0,0*]. We
say that the path u® generates the shift tangent vector A € Adm(u)/r/\\J if for some admissible
generator A € A we have

: 1 0 0 _
g%§||u — A% xu||pr =0. (3.12)

Remark 3.13. Tt is easy to prove using (3.11) that the above definition does not depend on the
choice of the representative A € A. Moreover, if it exists, the shift tangent vector A, not the
admissible generator, is uniquely determined by the curve § — u?.

4. EQUIVALENCE OF THE OTHER DEFINITIONS

In this section we show that definition 3.12 coincides with the definition of shift tangent vector
given in [6] for the scalar case and in [8] in the vector case.

If w is a function in BV(R;R), then instead of a matrix valued function A € Adm(u) we have a
function a € L*(Du): in fact in this case condition (3.1) reduces to

/R la(y)|| Dul(y) < +oo, (3.1)

since d(a, 0;v) = |a||v|. Moreover it is easy to verify that the set Adm(u)/ ~ coincides with L*(Du),

because in the scalar case the limits (3.8) coincide and then a~a if and only if @ = @ almost
everywhere w.r.t. the measure |Du|. We recall that in [6] the shift tangent vector a € L'(Du) is
defined by the equivalence class w.r.t. the L' norm of the path a? o u, where

(a? o u)(z + 0a° (x)) = u(x), (4.1)

and a? is a Lipschitz continuous function such that

lim/ |a9(y) — a(y)| |Du|(y) =0, limsupLip(8a’) <1, lim ||fa’||o = 0. (4.2)
0—0 Jp 9—0 0—0

In [6] it is shown that this class is uniquely determined by the function a € L*(Du), so that the
definition is consistent.

The following proposition shows that our definition of shift tangent vectors coincides with the
one above.

Proposition 4.1. Given a € L'(Du), let a® be a Lipschitz continuous function such that (4.2)
hold, and let a® o u be the L, function defined in (4.1). Then

: 1 0 0 _
%1_%5”@ ou—a’ xulpr =0, (4.3)

where a’ x u is defined the path in L}, defined in (5.4).

0

Proof. 1t is simple to verify that the function a” ¢ u can be written as

+o0
o ou— / F@) Xy 00 (& — B (1)) | Dl (1),
13



and, using (4.2), with easy computation we obtain

Ta® o —a? s ulde < 7 // D X{yot0) (& — 00° (1)) — FW) X0y (& — 0a(y)))]| [ Duul(y)dx
_14M(M—G@WDM@%—WG—MDMM7

and then (4.3) is verified. O

We now consider the vector case. Given u € BV(R;R"™), we recall that in [8] a shift tangent
vector is determined by a matrix valued function A : R — M} *" having the r;, I as right and
left eigenvectors, and the \; as eigenvalues such that the functions r;, I° : R — R"™ are Borel
measurable and uniformly bounded and )\; € L'(|Du|). In this case the path A? o u is defined by
considering a matrix valued function A? : R — MJ*"™ such that
i) for each given 6 € (0, 6*], its right and left elgenfunctlons 79, 1% : R — R™ and its eigenvalues

)\f : R— R are Lipschitz continuous and bounded. Moreover, they remain constant outside a

compact interval K¢ C R;

ii) for each ¢ =1,...,n one has
lim {W(m) — (@) + |[0® — 1) + [N (@) — )\i(:c)}} dji () = 0, (4.4)
6—0 R
glﬂ(l) 0% (Lip(r?) + Lip(I"?) + Lip(\) + |\ ]|s0) = O, (4.5)
—
: 6 0 7,0 A —
ti miax(|\] o} [ (I (e) = ri(a)]| + 1) = 02)] ) D) =0, (4.6)
J R
77 [loe = 1, sup ||| o0 < 00, (4.7)

i,0

Next, for any integer k& € 7Z, let P,f € R be the points P,f = %93/4, and let I,f and J,f be the
open intervals centered at Plf and with lengths %93/ 4 and 63/4, respectively. Finally set

=" ((P) ul — 0N (P))) r(PD), for z € IV, (4.8)

=1

The last result of this section shows that, following definition 3.14, A%ou generates the shift tangent
vector A determined by A € A.

Proposition 4.2. If A is defined as above, then A is admissible. Moreover, if we consider the
path A? xu defined in (3.4), we have

lim — HA0<>u A s =0. (4.9)

6—0

It follows that A? o u generates A, where A is the shift tangent vector determined by A € A.

Proof. By the assumptions on A, there exists a constant M such that

sup 1] oe < M. (4.10)
14



The matrix valued function A : R — M} ™" is then uniformly strictly hyperbolic on R, and for
every y € R the distance d(A,0) is bounded by

d(A(y),0) = sup d(A(y),0;0) = sup D X(@)(I'(y), v)ri(y)

vERM, vER™, |
vl=1 =1 =1

<Z|)\ | sup (I*(y),v) SMZ‘)%(?/)

vERM,
[v]=1

(4.11)

Since \; belongs to L' (|Dul|), (4.13) implies that A is admissible. Now we prove (4.9).
For any y € R we evaluate the L! distance between the solution of the Riemann problem (2.2)
with matrix A(y) and the one with matrix A%(y): if v € R™ has norm |v| = 1, we have

d(A(y), A’ (y);v) = ZX[Ai(y)t,—i-oo)(x)ai(y)vU>ri(y)

_ZX[)\"(y)t ooy (@) (170 (y), 0)7] (y)

L1
n

<D ly) = AW (), )] (4.12)

=1

spto0) () (L @), 0ri(y) = (), 0} () )

L1

< MZ Aty r+max{uwoo}z(M!r — ()] + 1) ~ 1 w)]).

We note in fact that the integrand function is different from 0 only for

v € [ mac{ ] mas 1o
It follows from (4.12) and (4.4)—(4.7) that

im | d(A@), A°W))IDul(y) = 0. (4.13)

If M is a bound also for I*? in (4.7), a similar argument gives

d(A°(PY), A% (y);v) < M |y — Pk\ZLlp (A9)
=t (4.14)

+ly - Pk’maX{H)\QHOO}Z<ML1p 7) + Lip(i™%) )
i=1

If y is in JY, (4.14) and (4.4)—(4.7) yield

lim ; d(A%(PY), A (y))| Dul(y) = 0. (4.15)

6—0
k
15



The conclusion follows easily from (4.13) and (4.15), noting that
1A% ou — A% xul = Z/ |A? o u(z) — A% xu(z)| da
PR

S/RE(A(y),A‘g(y)MDu](y)+zk:/Jg d(A%(y), A(y))| Dul(y). O

5. APPLICATION TO SYSTEMS OF CONSERVATION LAWS

In this section we study the shift—differentiability of the flow generated by a hyperbolic system

of conservation laws. Following [6], we consider an operator ® : L}  — L}, ..

Definition 5.1. We say that ® is shift—-differentiable at w € BV(R;R™) along the shift tangent
vector A € Adm(u)/ X if ®(u) € BV(R;R") and there exists B € Adm(®(u))/ ~ such that

1
;gEHBG*@(u) — (A% xu)||,, =0, (5.1)

for some A € A, B € B. Moreover if there exists a map A : Adm(u)/~ —s Adm(®(u))/ ~ such
that for all A € Adm(u)/ ~ the limit (5.2) holds with B = AA, then ® is shift differentiable at u.

In other words @ is shift differentiable at u if it is shift differentiable along each direction
A € Adm(u)/ 2. Note that Adm(u)/ ~ is not a vector space, except in the scalar case.

Remark 5.2. This definition points out a major difficulty when one is dealing with the semigroup
S generated by a system of conservation laws: in fact the domain D of definition of S is an L!
closed subset of BV, while in general the definition of shift tangent vector uses a path not in BV.
Moreover using the same example given in remark 3.3, one can show that there exists shift tangent
vectors such that if # — u? is any generating path, then

lim Tot.Var(u?) = 4-oc0.
0—0

The above remark motivates the following definition:

Definition 5.3. Let ® : L} = D Dom(®) — BV such that (5.1) holds for u,v € Dom(®). Given

loc

a subset M(u) C Adm(u)/ <, we say that ® is M(u)-shift differentiable at u if there exists a map

A Adm(u)/Q D M(u) — Adm(®(u))/ 2 such that for all A € M(u) the limit (5.1) holds with
B=AA.

In the rest of this section we consider the application of these definitions to the flow generated
by a hyperbolic system of conservation laws

vy + f(v)ac = 0
{ v(0,z) = wu(x) (5:2)

where v € R™ and f : R” — R" smooth. We recall that, under various assumption of f (see
[1,4,10]), (5.2) generates a unique Lipschitz continuous semigroup S; : [0, +00) ® D — D such that
— D contains all the functions u with sufficiently small total variation with values in some compact
set K;
16



— there exists a constant £ such that
[Stu — Ssw||L, <Lt —s|+ [Jlu—wlL,);

— each trajectory Siu is a weak entropic solution of the Cauchy problem (5.2) with initial datum
u;

— if u is a piecewise constant function, then, for small ¢, S;u coincides with the function obtained
piecing together the solutions of the corresponding Riemann problems.

We are interested in the shift differentiability of the map w — Siu, for fixed t. The first example

shows the application of the above definitions to the semigroup S; generated by a simple 2 x 2

Temple class system. We recall that in the case of Temple class systems the domain D of the

semigroup can be extended to vector valued functions with arbitrary large total variation (see

2,3).

Ezxample 5.4. Consider the following Temple class system:

Ut+<“i“>z - (5.3)

Ut+< v ) = 0
U+ v "

If we choose the two Riemann coordinates w; = u 4+ v and wy = v/u, the system becomes

(wl)t = 0
{ i . (5.4)

(w2)t + wil(w2)x =

We assume that the initial data wy o, w20 € BV(R;R) assume values in some square [a, b] X [a, b] C
R?, with a,b > 0. It is well known that the domain [a,b] x [a,b] is invariant for the semigroup S;
generated by (5.3) ([2,3]). If we consider the characteristics lines of the second equation, i.e. the
integral lines of the ODE

. 1 .
v w1 o(x t= w1 o(2)dz, 5.9
{JC(O) ~ @ = [ o) (5.5)

then the solution of (5.4) can be obtained by the method of characteristics:

w1 (t, x) = wl,O(-r): w2(t7 .%') = wQ,O(y(ta w)) (56>
The semigroup S; is then

S, BV(R;[a,b] x [a,b]) x [0, +00) — BV/(R; [a, b] x [a, b])

(wn,0,w20) s (wa(t ), walt, 7)) = (wro(2), wao(y(t,z)) O

The class of shift tangent vectors M(wy g, ws,0) € Adm(wy g, ws0)/~ that we consider are those
generated by shifting independently the two components w; and ws: more precisely, M (w0, w2 )
is the class of shift tangent vectors generated by the set of admissible generators

{A eMP?: A= [Aol AO ] A1 € LY (Dwy), \p € Ll(DwQ)} . (5.8)
2

It is clear that in this case M(w,,wa,0) is homeomorphic to the space L!'(Dw; o) x L*(Dwsy),
and then it is a vector space. The following result is essentially theorem 3 of [6].
17



Theorem 5.5. Suppose that u — Siu is Y —shift differentiable at u, where

A0

-~ 2X2 _
Y_{AeMd .A_[O o

},Ai ecg(R),z':1,2}. (5.9)

Then u— Syu is M—shift differentiable.
Proof. The proof is an easy extension of the proof of theorem 3 in [6]. O

If 0 is less than min{1/Lip(\1),1/Lip(A2)}, then A x w; coincides with the function implicitly
defined by
(A 5 w;) (z + ONi(x)) = w;(x).

If we write (5.5) for the shifted case, we have

1 0

; — z” (t,y)

{ B M rxwip(zr) = t= / M s wy o(2)dz, (5.5")
2(0) = y v

and then the solution is
Sp(AY w0, A+ wa0) (2% (8, ) = (AL *wr,0(x”(, ), Ag * wa,0(y))- (5.10)
We can write

2 xw20(y(t,z) + 02 (y(t, 2)))
(t,y(t, ) + OXa(y(t, z )))

)
2 (t,y(t, z) + Ora(y(t, z))) — x)
. .

> >

(5.11)

Now we show that

2 (t,y(x) + 0 (y(t, x))) — 1 ’ wi 0(y(t, )
0 - wi,0(x) /y(t,:n) A (z) Dunolz) + Cwig(z)

Xo(y(t,z)), (5.12)

if Dwy o is continuous in z, y(¢,x). Indeed (5.6%) is differentiable at § = 0 if and only if w; o is
continuous in z, y(t, z), and its derivative coincides with (5.12). It is clear that the convergence in
(5.12) is in L'(Dwsy(t)) if and only if the atomic part of Dw; and Dws are disjoint at t = 0 and .
In fact the left hand side of (5.12) is uniformly bounded for all § > 0, and (5.12) holds outside the
countable set of jumps of wy . Using Lebesgue’s dominated convergence theorem the conclusion
follows.

The map A : M(w1 9, w2,0) — Adm(S;u) is then

UQ(x wl(:v) (t.2) Al(z)le(z) + ’wl(SC) )‘Q(y(t7x))

v1(x) x o)
{ ! ) — 1 / wy (y(t, x)) (5.13)
y
Using theorem 5.5 we can say that, given w = (wq,w2) such that the atomic parts of Dw; and
Dwy are disjoint, the map w — S;w defined in (5.8) is M (w1, wy)—shift differentiable for all ¢ such
18



that the atomic parts of D(S;w); and D(S;w)s are disjoint. In this simple case it is easy to prove
that A is a bounded linear operator from M(wq g, w32 ) to M(ws(t), wa(t)).

Note that one cannot expect the map w — S;w to be M(w)-shift differentiable for a bigger set
M(w). Consider in fact figure 5.1a. In this case the initial condition u is one single shock along the
first Riemann invariant. The solution S;u is then a single travelling shock. In this case Adm(u) is
all M}*". Consider a matrix A € M}*", and assume that the function A% % 4 has two jumps for
6 > 0: this implies that the A is not in the class M(w) considered in (5.8). The solution S;(A% xu)
is in figure 5.1b: in fact it is easy to prove that the new jumps are splitted in waves of the two
families. It is then clear that for all ¢ > 0 the map u — S;u is not shift differentiable along A: in
fact no matrix A € M}*" can generate the wave patterns of figure 5.1b if ¢ > 0.

tA '[A

- —P

A, OA,

Figure 5.1a Figure 5.2b

The following examples show that in general the map u — Syu is not M(u)-shift differentiable
even if M(u) contains very simple tangent vectors. The conclusion is that, given a hyperbolic
system (5.2), it is very difficult to determine the class M(u) in which the shift differentiability of
the map v — Syu occurs. Moreover the set M(u) could be extremely small: in example 5.6, M(u)
is only bidimensional.

Example 5.6. Consider the wave—fronts configuration of figure 5.2a: three shocks of different fami-
lies interact at the same point, but only two survive to the interaction. It is clear that, by standard
Glimm’s interaction estimates, one can construct this configuration if the vanishing shock has size
of the order of the product of the sizes of the other two. For simplicity we assume that the two
surviving shocks do not change in position or size: this can be achieved considering a systems in
which two equations are independent of the others, for example the 3 x 3 system

Vg — Ug =0
1
Ut+<> = 0
v x
24+ (=3+2)2zz+v, = 0

Consider the configuration of figure 2.b, in which the vanishing shock has been shifted of an amount
f: the admissible generator A is then

where [ is the identity matrix, and Z is a point between the vanishing shock and the other two.
The shadowed region represents the centered rarefaction wave generated by the interaction of the

two surviving shocks.
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Figure 2.a Figure 2.b

Assume without any loss of generality that the interaction occurs at ¢ = 1. Since we are dealing
with systems in conservation form, we have for all ¢ > 0 that

/ Si(A? xu)(z) — Syu(x)ds = / A% wu(z) — u(x)de. (5.14)
R R

From the picture it is clear that the path § — S;(A% x u) does not generate any shift tangent
vector, if ¢ > 1: in fact, since the two surviving shocks do not move, the shift tangent vector must
be 0, but using the conservation property (5.14) one has

;/R }St(Ae *xu)(x) — Stu(x)‘ dzx > %

/RSt(Ae *u)(x) — Spu(z)dz| = |o], (5.15)

where o is the size of the shifted shock. With the same analysis, it is clear that the u — S;u is
shift differentiable along A € Adm(u) if and only if the three shocks are shifted in such a way that
they will meet at the same point. If we denote with s; the speed of the i—th shock, the shift rates
of the three shocks are

Ai = &1 — 86, (61,6) € R?, i=1,2,3.

The vector (£1,&2) gives the direction in which the interaction point is shifted.

In example 5.6 the instability w.r.t. the shift differentiability can be related to the structural
instability of the point of interaction of the three shocks (see [7]). We recall that the solution S;u
of (5.4) is said to be structurally stable at the point (7,&) € RT x R if, on the half plane ¢ < 0, the
function
u(t,z) = lim u(r +nt, &+ nx) (5.16)
n—0+t

satisfies one of the following conditions:

— u is a constant function;

— wu contains one incoming shock and no other wave;

— wu contains two incoming shocks and no other wave.

In [7] it is shown that limit (5.16) exists and it is a self similar weak solution of

In the case considered in example 5.6, the self similar solution contains 3 incoming shocks, and
thus it is structurally unstable. In the next example we show that the same results can be proved
for solution structurally stable in each point of the half plane RT x R.

20



Ezample 5.7. Consider the (triangular) system

u+ (=3 +uwu, = —vy
Vg + VU, 0

In this case the second equation is decoupled. This implies that the 2—waves move with a speed
independent on the value of u: then it is possible to construct the wave—pattern of figure 5.3a, for
initial data chosen carefully and small enough: a Lipschitz continuous solution of the first equation,
a shock and a centered rarefaction wave of the second equation interact in such a way that only
the shock will survive.

A

\J
\J

X X
Figure 5.3a Figure 5.3b

In figure 5.3b it is represented the solution corresponding to A? x u, where A is the same as in
example 5.6. Using the same analysis of example 5.6, one can show that the path 6 — S; (A% x u)
does not generate any shift tangent vector: in fact also in this case the surviving shock does not
move, and then the shift tangent vector should be zero. A computation similar to (5.15) gives

1
/ ‘St(Ae *u)(z) — Su(z)|de > / | Du|(z).
0 Jr R
Note that in this case the solution is structurally stable in the whole plane RT x R.
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