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ABSTRACT. We investigate finite difference schemes which approximate 2 x 2
one dimensional linear dissipative hyperbolic systems. We show that it
is possible to introduce some suitable modifications in standard upwinding
schemes, which keep into account the long-time behaviour of the solutions, to
yield numerical approximations which are increasingly accurate for large times
when computing small perturbations of stable asymptotic states, respectively
around stationary solutions and in the diffusion (Chapman-Enskog) limit.

1. INTRODUCTION

Let us consider a one-dimensional 2 x 2 linear system with real coefficients
ur + oy + o, =0,
(1)
vt + YUy 40U, = Cu — N,
for z € R and t > 0, with the initial conditions
(2) u(z,0) = up(z), v(z,0) =vo(x), forxecR.

We assume that the system is strictly hyperbolic: the eigenvalues of the matrix

_ (> B
4= < v 9 )
1
e =3 [(@+8) == 0745,
are real and distinct, which is simply equivalent to the condition
(3) (v —8)* + 48y > 0.

Clearly, according to the general theory of linear hyperbolic problems, see for
instance [15], for every initial data in some suitable functional class, there exists
a corresponding global solution in the same class. However the stability of this
solution, i.e. its global boundedness in time, is more involved, and mostly connected
to the behavior of the equilibrium problem, when the source term vanishes, namely
the problem restricted on the manifold v = %u with u solving

(4) up + o uy =0,
for o = a+ % G. It is well-known that a necessary and sufficient stability condition
for problem (1) is given by the so-called subcharacteristic condition, see [16, 11]:

the coefficient 7 is positive and the speed of the equilibrium problem has to be
bounded by the speeds of problem (1), i.e.:

(5) n>0, Ao <a® <Ay
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This simple example is a useful prototype for more general nonlinear relaxation
systems which arise in various contexts, see again [16, 11] for examples and
references. Recently, in [8] and [2], a quite complete theory of global existence and of
the asymptotic behavior of smooth solutions for this type of systems was developed,
actually in a nonlinear and fully multidimensional framework. This theory, which
in the case of our special example will be briefly summarized in Section 2, needs
for an extra assumption, the so-called Shizuta-Kawashima condition [14, 8], which
guarantees for a sufficient coupling between the source and the advection terms. In
the present example this condition is just equivalent to impose the strict inequalities
in (5). Roughly speaking, under these assumptions, it is possible to prove that for
every perturbation of a given stationary solution to problem (1), the corresponding

solution decays in the LP-norm to its unperturbed state as O (t_%(l_%)), for

p € [1,00]. Moreover, when the asymptotic state is given by a constant state, it is
possible to compare this perturbed solution with the solution 4 of the Chapman-
Enskog expansion, which in the present case is given by

(6) U + o, = Vilge,

with v = n% yn — %CQ — (04—5)@]. Notice that, the strict subcharacteristic

inequalities are equivalent to the condition v > 0. So, equation (6) enjoys well-
posedeness of the Cauchy problem and, again under the previous assumptions, it
is actually possible to prove that the difference between u and the diffusive profile

4 decays in the LP-norm as O t_%(Q_%)), for p € [1, o], so a factor % better than

the simple decay to the steady state. Clearly, if the Shizuta-Kawashima condition
is violated, no decay is in general expected, as follows easily for instance in the case
8 =0.

In this paper, numerical approximations related to these asymptotic results will
be introduced and discussed. Following the ideas in [5], where the case of a scalar
hyperbolic equation was considered, we are looking for Asymptotic High Order
(AHO) schemes, i.e.: schemes which are high-order accurate, with respect to the
local truncation error, when restricted to every element of a given family of stable
asymptotic states. Here we show that, for 2 x 2 dissipative hyperbolic systems,
it is possible to introduce AHO schemes which are compatible with the behavior
predicted by the qualitative analysis, respectively for the long-time asymptotic and
in the Chapman-Enskog regimes. The main idea we are going to apply is to modify
standard upwinding schemes to keep into account the long-time behaviour of the
solutions. In Section 3, we present some results of convergence and error estimates
for general upwinding finite difference schemes for systems of the form (1), under
the strict subcharacteristic condition. Section 4 contains the description of our new
schemes, which are AHO respectively around the perturbation of general steady
states and in the diffusion limit. CFL estimates are presented, to guarantee the
monotonicity of these schemes. Some numerical tests are presented and discussed in
Section 5, to show the better performance of our schemes with respect to the usual
pointwise approximation of the source term, and even with the classical upwinding
of the source proposed by Roe in 1986 [13]. In particular, we show by numerical
tests that the L global error of our main diffusive adapted AHO2p-scheme decays
as O(1/t), in agreement with the decay given by inequality (32), for a given fixed
space step, against the decay as O(1/+/%) of the other schemes.

Finally, let us remark that our approach is somewhat related to the ideas
motivating the so-called well-balanced schemes, see for instance [1, 7, 9, 3, 12],
and the book [4], which however are more relevant on different time scales and
contexts, as for instance for inhomogeneous source terms.
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2. ANALYTICAL BACKGROUNDS

Let us consider system (1), which first will be rewritten in a vector form, by
setting U = (u,v) and

1= (5 5) =0 5)

System (1) reads now
(7) U, + AU, = BU.

The first order system (7) is said to be in Conservative-Dissipative form (CD-form),
if the matrix A is symmetric and the coefficient (, in the matrix B, vanishes. Our
first goal is to reduce every 2 x 2 system, which verifies some suitable assumptions,
to the CD-form, to enter the framework in [2].

Proposition 2.1. Let n > 0 and assume the strict subcharacteristic condition
(8) Ao <a” <AL

Then there exists a non singular linear change of variable such that system (1) can
be set in the CD-form.

Proof. First let us remark that, by an elementary computation, condition (8) is
equivalent to the single inequality

p
) 82— o) 0.
Let us introduce the following change of variable
(10 U
“\gqg r v

with ¢ = —%r and r given by

r = [577 <777 -2 (a- 6)4) 11

By condition (9), this quantity is well defined, real and positive. The new unknowns
(,7) solve the system

ST~

1/2

iy + (o + £B)iiy + 23, = 0,
(10)
b+ ity + (5 = $B)8, = -0,
which is in CD-form. O

Therefore, according to the previous result, from now on and without loss of
generality, we shall restrict our attention to the following model problem
us + aug + bv, =0,
(11)
v + bug, + cvy = —dv,

where the constants a, b, ¢, and d are real, b # 0 and d > 0. For system (11), we
have some useful estimates. First of all we can prove a contraction principle of the
solutions in the L2-norm.

Proposition 2.2 (L2-stability). Under the assumptions given above, the solutions
of the Cauchy problem (11)—(2) wverify

(12) / (e, O + oz, ) 2)dz < / (lu(z, 0)[2 + [v(z, 0)[2)dz
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Proof. Starting from system (11) and multiplying the first equation by u and the
second one by v respectively, we get,

1 1 1
§8t(u2 +0?) + 8w(§au2 + buv + Ecvz) = —dv*.

By integrating we have

t
/(u2 + %) (z, t)dx + 2/ / dvidzdt = /(u2 +v?)(x,0)dz,
R 0 Jr R
and this ends the proof. O

To obtain the estimates for the L', L> and BV norms, we need to diagonalize
the system. First let us rewrite system (11) in the vector form (7), with

(3 )m (),

Now we can diagonalize the matrix A:
A= RAR™

where A = diag(A1,\2), and R = (rM 7?) is the column matrix of right
eingenvectors, i.e. Ar() = X\;r(®, i =1,2. Introducing the notation

(13) w=R'U,
problem (11) becomes,

Wt + AWt = BW,
(14)
w(z,0) = wo(z) = R~1u(z),

where B = R™'BR.
If we choose the matrix of the diagonalization of the system (7) as

1 1

(15) Rz(_(a—Al) (A2 —a) ),
b b

the corresponding source term is then given by

o d —(a—/\l) ()\2 —CL)
(16) b= ( (@-X) —(ha—a) )

Now we can prove the main result about monotonicity and L!-contraction
properties of system (11). Let us set
L=L(\) = max [Ail.

1=1

For any given vectors C, D € R%, set C < D if ¢; < d; (i = 1,2); if C < D, let us
denote the corresponding interval by [C, D]. Also, for each interval I = (z1,22) C
R, we set 7 = (29 — 21)/2L.

Proposition 2.3. Let w and W be two weak solutions of the Cauchy problem (14)
in R x (0,T) (T > 0), for the initial data w° and W° respectively. Let [C, D] C R?
be an interval with non empty interior such that w, W € [C, D]. If the matrix B is
given by (16), then for each interval (z1,x2) C R and for all t € (0, min(7,T)), we
have

a7 > [ wlaes Y

T2
0_ -0
[w; — w;]+dz.
i=1,2 /@1 +tL i=1,27%1
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Proof. Define v =w —Ww. Multiplying the ¢ component of the equation (14) by the

Heaviside function H (v;), where v; = w; — w;, i € {1,2} we get

(18) 8t[vi]+ + )\iax[vih = Z Bin(Ui)Uj, i€ {1, 2},
je{1,2}

where we used the relations H(v)v = [v]+ and H(v)d.v = 0.[v]+.
Let © be the domain contained in the plane (z,s), with boundary defined by the
union of lines ¢1, ¢, ¢3, ¢4 defined in parametric form as

o1 : {i:g y € [z1,x2], P2 {a:

s
x
e {2
Then, by the Green-Gauss formula

// (Os[vil+ + NiOz[vi]+) deds = / —[vi]wdz + Ni[vi] 1 ds
Q a0

%y-i—mg Yy e [.132 — Lt,xg],

T
S

I
A

—ay y € [x1, 21 + Lt].

ty Yy € [v1 + Lt,xo — Lt], @2 {

T2 xo—Lt
19) =- / W+ [ oy

€1 x1+Lt
(1) [0 s (1-3) [
By (18),
N / +[<y Oy = [+ [] X ot
- <1 + %) Aiu[vi(%)hdy - <1 - %) AT1+Lt[Ui(¢4)]+dy~

Since —L < X\; < L (i € {1,2}), it is (1 £ X\;/L) > 0 and

ey T . D)y < [ vt [ |3 b

1Lt o je{1,2)

The thesis is then achieved if

Z bin(Ui)Uj S 0.

ije{1,2}
We have,
(22) D bgH)oy < Y balvile + Y Y bilols
ijef1,2} i€{1,2} i€{1,2} j#i
(23) = > (bui+ Yo b o
i€{1,2} i
The proof follows from (16). O

Clearly, from Proposition 2.3 we can easily deduce, by standard arguments, L'
and L°-estimates, as well as obvious comparison properties of solutions, and, as
the system (11) is linear, the same estimates hold for the derivatives of solutions.
More precisely we use the following result in the sequel:
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Corollary 2.4. Let w® € C™(R) such that
d*w?
dzk
Then the Cauchy problem (14) has a unique solution w € C°([0, +oo[, L'(R)) and

there exists a constant K > 0, not depending on w°, such that for0 <k <m, p=1
and p = oco:

(24) € LYR)NL>®(R) for 0 <k < m.

d*w? dw"
(25)  [lopw(t)ll, < K= e, 10ew( O)llp < K(l—~llp + 1w llp)-
Now, we are in position to investigate the asymptotic behavior of solutions to
problem (11). Here we refer to the results in [8, 2] about the Cauchy problem for

a general n X n hyperbolic symmetrizable one dimensional system of balance laws

(26) Ui+ f(U)z = g(U),
with the initial condition
(27) U(x,0) = Up(x),

where U = (ug,u2) € Q C R™ x R™ with ny + ny = n. It is also assumed that
there are n; conservation laws in the system, namely that we can take

(28) g(U) = ( q(%) ) . with ¢(U) € R™.

In [8], it was proposed a general framework of sufficient conditions which
guarantee the global existence in time of smooth solutions, by showing that
dissipation, at least for small data, can prevent shock formation. Actually, for
the systems which are endowed with a strictly convex entropy function & = &(U),
a first natural assumption is the entropy dissipation condition, see [6], namely for
every U, U € Q, with g(U) = 0,

(&'(U)-¢&U))-gU)<o.

Unfortunately, it is easy to see that this condition is too weak to prevent the
formation of singularities. A quite natural supplementary condition can be imposed
to entropy dissipative systems, following the approach first proposed by Shizuta and
Kawashima [10, 14], which for system (26) reads

(29) Ker Dg(U) N {eigenspaces of Df(U)} = {0},

for every U € Q, with g(U) = 0. It is possible to prove that this condition, which is
satisfied in many interesting examples, is also sufficient to establish a result of global
existence for small perturbations of equilibrium constant states, see [8]. Clearly also
system (11) fits this framework. In fact the system is entropy dissipative for the
entropy function &(u,v) = 3(u? + v?), if and only if d > 0, and the condition (29)
is satisfied if b # 0. Therefore we can apply all the results proved in [2] about the
asymptotic behavior of dissipative hyperbolic systems to system (11). Here we just
state two main results of time decay. More details and proofs are contained in [2].

For s > 0, set B, = maX{HU(O)HLl, ||U(0)||HS}

Theorem 2.5. Let (u(t),v(t)) be a smooth global solution to problem (11)—(2),
withb# 0 andd > 0. Let p € [1,00]. The following decay estimate holds, for some
positive constant C' > 0:

(30) 1D (), o(®) |1r < Crnin{ 1,67 30112k gy
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For the dissipative part v(t), we have a more precise estimate, for some positive
constant C' > 0:

(31) D7 0@)|er < Crnin{1,47 309 =202 Ay

Another interesting result concerns the convergence to the Chapman-Enskog
expansion of problem (11), which is given by the parabolic equation (6).

Theorem 2.6. Let 4 be the solution of problem (6), with o* = a and v = %, and
the initial condition given by (2). Under the assumptions of Theorem 2.5, we have
the following more accurate decay estimate, for some positive constant C > 0:

(32)  1D%(u(t) — a(t)llee < Conin1, 1 BADB 2

3. NUMERICAL APPROXIMATION

Here we introduce and discuss general finite difference approximations for system
(11) and we prove some convergence properties and error estimates.

3.1. Construction of the schemes. We approximate the differential part
following the direction of the characteristic velocities, so first we study the methods
for the system in diagonal form (14) obtained by the choice (15). We denote by
w = (w!,w?) the exact solution.

We denote by h the uniform mesh-length and by x; = [ h the spatial grid points
for all [ € Z. The time levels t¢,,, with ¢ty = 0, are also spaced uniformly with
mesh-length At = t,,41 — ¢, for n € N. We denote by § the CFL ratio § = At/h,
which is taken constant through the paper.

We consider the Cauchy problem (14). The initial data w° is supposed to be
smooth and is approximated by its node values. The approximate solution W}* =
(wll’n, wzn)T is given by

wrtt—wr A )
P T (Wi = W) = o (Wi = 20+ W)

(33) =B Wiy + BoWS +BiW},, 1€2Z, neN

WP =w(z), [eZ,

where Q = diag(q1, g2) is the diagonal matrix of the artificial diffusion terms ¢; > 0
(i € {1,2}), and B_; = (51';1)1',]':1,27 By = (6;)ij=12 and By = (5;)ij=12 are
2 X 2 constant matrices that define the source approximation. Those matrices may
depend on h.

We set

Wx(x) =W itz € [x;,x41]
and
Wa(z,t) = WR(x) ift€ [tn, tni1]
The scheme (33) can be seen as a linear function
(34) WRAT! = Sar(WR).
More precisely we have

(35) wli,n—i-l = Si(VVlrila VVlna VVl’r—Li-l)v (&S {172}5 leZ
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with

Si(VVlTiv W, Wl’h) = Oéi—lwziq,n + aéw;"n + aiwliJrl,n
(36)

+At Z </81j wl 1n + wl N + le-i—l n) ’

je{1,2}
where, for all ¢ € {1, 2},
i ) 0. i _ i ) o

(37) a_q = 5/\1 + 5(]717 ap=1-40q;, o= _5)\1' + 5%’ .
For any function v defined on R with values in R?, we set
(38) O(x) = (P(x — h),p(x), Y(z + h)).
The function Sa¢ is then defined by
(39) Sac(¥)(x) = (S*(P(x)), S*(¥(x))) -

3.2. Convergence for smooth data. We assume that the scheme satisfies the
two following properties:

(1) Consistency
The scheme (33) is consistent with problem (14), i.e

(40) B_1+Bo+ B, =B+hC,

where C' = (€ij)ij=1,2 is @ 2 X 2 constant matrix not depending on h and
At.

(2) Monotonicity
For all i € {1,2}, the operators S% defined in (35), are monotone
nondecreasing in all their components, i.e.

1 . .

(41) 51j7 950 jZO VZ#],

(42) Aig=1-0G+ AtfY% >0, Vie{1,2},
Ai—1= (Z\i + % + At >0,

(43) Vie{1,2}.
Ain = —5;\i + % + AtSY > 0,

For t > 0 and = € R, by using the notation (38) for w, the local truncation error
T(z,t) is defined by
w(z,t + At) — Sarw(., t)(2)

At

T(x,t) =

which can also be written

w(z,t + At) — S{(W(x,t))

T'(x,t) = i € {1,2}.

(‘x? ) At ) ¢ E{ ) }

It is obtained straightforwardly by Taylor expansions:

A At . i
T"(z,t) = Tﬁttwl(aﬁ,t—i—QiAt) hq 8mw (x,t) —h Z Gijw
jef{1,2}
(44)
—h Y (B = 810w (w,t) + O(R?).

Jje{1,2}

In this formula, 6; € [0,1] and the last term depends on the spatial derivatives of
w, up to third order.
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In view of proving convergence, we need for the discrete truncation error, which
is defined as

Ta(z,t) =T (x,t) for € [xg,z41].

The scheme is first order in the following sense:

Proposition 3.1 (Accuracy for smooth data). Consider a smooth initial data w°
such that

d*wO
(45) T € LYR)NL®(R) for 0 <k <4.
Then the discrete local truncation error Ta(xz,t) for the scheme (33) satisfies
(46) Y UTAGHI +ITAG O] < C(AE+h).
i€{1,2}
Here
d* w0 d*wO
4 < -
(47) 001021]:24( T 1+‘ — DO)

and C1 is a uniform constant.

Proof. We can express 0w as a linear function of w, d,w, 0., w. As a consequence,
there exists a constant Cy,

Co < Cysup  sup ([|95w(.,t)[l1 + 105 w(., 1)l]oc)
k<3 t€[0,+o0[

such that
(48) o TGOl + 1T )lloo] < Co(At 4 h).
1€{1,2}
Moreover, it is easy to see that for p =1 or p = oc:
T (o t) = TAC, O)llp < PIOST ()]s i € {1,2}
which, with corollary 2.4, gives the estimate (46). O

We prove now that the scheme is stable.

Proposition 3.2 (L! stability). For the matriz C defined in (40), we introduce
the quantity

(49) = sup {&:+ Z Gji}t
ie{1,2} s N

Under the monotonicity assumptions (41-43), the scheme (33) is L'-stable: for all
WS € LY(R) it holds

(50) W&l < ™ [WRlly, Vo> 1.
Proof. The norm of Wi can be written as

DI

i=1,2 l€Z

WA h

wll,n - 631(wll+1,n - wll—l,n) + 6é(wll+l,n - 2wll,n + wll—l,n)

+at Y (Bl + Bl + Bl )

7j=1,2

(51) < B> |wi,|A

i=1,2 l€Z



10 D. AREGBA-DRIOLLET, M. BRIANI, AND R. NATALINI

Here A; is defined by
Ay = [Ai o] + |Ai 1|+ il + ALY (185 +18%] +18}])
J#i
with quantities A; j defined in (41-43). By those assumptions and by the definition
of C' we obtain that

A; <14 7hAt.
Hence
WAl < (1+5h A6)[WA
and this gives (50). O

We have also a uniform bound for the scheme:

Proposition 3.3 (L™ stability). Under the monotonicity assumptions (41-43),
the scheme (33) is L>-stable: for all W8 € L*(R) it holds

(52) Wl < 1+ TR AYIWR oo < ™ [WR e, V0 > 1.

The proof is similar as the one of proposition (3.2) so we omit it.
We have proved consistency and stability, so we have convergence.

Theorem 3.4. Let w° be a smooth initial data satisfying (45). We suppose that
the monotonicity assumptions (41-43) are verified and that 6 = At/h is fized.

For all T > 0 the scheme (33) converges in L>([0,T], L*(R) N L*>*(R)) towards
the solution of the Cauchy problem (14): there exists ho(T) > 0 such that for all
h < hg (T)

(53) tes[%pT](”WA("t) —wi D)l + Walt) =w(, D)]le) < (2T +1) C (At + h)

where C is defined in (47).

Proof. Let us fix t € [0,T]. There exists an integer n such that t, <t < t, ;. We
set
wa(z,t) = w(z,t)  for x€ [x,xi41].
For p =1 and p = oo, we have
IWalst) =w(,Dllp < WA =walstn)lp
(54) + lwaltn) = w( tn)llp
+ w(otn) =w(, D)y -
The two last terms of this inequality are easily estimated:
Iwalstn) = w(tn)llp + [IW(, tn) — w(, )], < C(h + Al).
In order to study the other term, we introduce the following notation:
V' =wal(ytm), m=0,...,n.
We have
WA =waltn)llp
ISAe*Sae(VA) = Sx:*(VA)ll»

ISar(VA™H) = VAl -
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By LP stability:
IWE —walsta)lly < [Sac(VR) = VAll,e"
+[San(VA) = VE||pe™-
+ ...
+ 1SadVA™) = VAl -
(55)
We then sum over p € {1,00}. We may apply the consistency result (46) to each
term in the right-hand side:

Vit (x) — Sai(V)(z) = AtTa(z,t;), j=0,...,n—1.

Summing up all the terms gives

T
WX = walsta)ll + WA =w(, tn)lloc < AC(AL +h) 55— -
As ¢ is constant we have
ART 1
}ILIE%) Ate%m -1 r
which ends the proof. O

Remark 3.5. If ¥ = 0, the scheme is L' contracting and we have for all h and At:

300 (IWaot) =Wl W) = ) < (741) O (At -+ )

4. AsympTOTIC HIGH-ORDER SCHEMES

In this section, we study the discretization of the source term, defined
by coefficients @,1,0,1 introduced in (14), to present some schemes which are
increasingly accurate for large times, with respect to the asymptotic behavior of
solutions. This property of accuracy is required in order to get better results for
large time simulations when computing perturbations of non constant stable states.
Actually, given a stable solution z (or a family of stable solutions), we say that a
scheme is Asymptotic High-Order of order ¢ (AHOq) with respect to this stable
state if the scheme is accurate of order ¢ when restricted to this solution, see [5].

4.1. The construction of an AHO4 scheme for stationary solutions. Here,
we consider the case of a perturbation of a generic stationary solution. Let us first
develop the formula (44) for a smooth solution w:

3
T(z,t) = 2A—h <%8§W($,t) + O(h5)>
A 4
_2Q_h (h28£w(x,t) + %8;1W(£E,t) + O(h6)>
(56) )
—hCw(z,t) — h (531 - 53,1) Bpw(z, 1) — % (531 + 53,1) 02w(z, )

3, 1
e (B1 - B1) dwiaat) + 00 + At/ (1 — 0)0%w(x, t + OAL)dD.
0

The terms O(h*) involve only spatial derivatives of w. Let us now consider the
stationary solution z, namely the solution of problem

(57) AD,z = Bz.
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First, we remark that if \; Ay = 0, i.e. ac— b%> = 0, then all the stationary solutions
are constant with respect to x. Hence for such solutions:

T(x,t) = —hC7z.
Any scheme with C' = 0 is an AHO-00 scheme. In the following we suppose that
(58) ac —b* # 0.
For smooth data we get
(59) %z = (A"1B)kz

We compute the local truncation error (56) on this particular solution. It does not
depend on t anymore and we denote it by Tsq:():

Tstat(x) = _g (Q(AilB)Q + 20 + 2(@1 — @,1)([\713)) Z(if)
R, - L ~
(60) —— (=B+3(B,+B_1)) (A 'B)?z(z
. (=B+3( )) (A1 BYs(a)

. (Q(A—lé) +4(By — 93_1)) (A~1B)2(z) + O(hY).

Example 4.1 (pointwise approximation of the source term (AHO1-UP)). Fixing,

for the differential terms, the upwind approximation Q = diag(|A1], |X2|), the basic
scheme gives a first-order approximation even on the stationary solution:

o 0 0 _ bii bio _ 0 0

0 0 ba1  bao
Example 4.2 (upwinding of the source term (AHO2-ROE), [13]). An improvement
on the previous example is given by a second order upwinding scheme:

PR H(A)bir H(M)bio g 1 bir bia
02 by by |

T2 HOw)ba H(o)bas
oL [ (1= HA1))bir (1 — H(A1))biz ]
Jbas |

roe

(62)

2| (L HO))ba (1-H()
where H(-) is the Heaviside function and where, as above, @ = diag(|A1],|\2|).

A more accurate scheme is given by our AHO4 scheme, which is fourth order on
the stationary solution, as soon as all terms between round brackets in (60) vanish.
The AHOA4-coefficients B_1, By, By are then uniquely defined by

B_y =B/6+QA'B/S,
(63) 930_23/3 hQ(AT'B)? /4,
= B/6 — QA"'B/S,

or equivalently

1 bi1(4/3+ @ /M) bi2(4/3 + @ /M)
Bt = 8 | bar(4/3+G2/X2) baz(4/3+ G2/ o)
g0 _ 2 bir Do adh [ Aa@ibin Aadibia
RT3 By b ANNZ | A dod iob
ba1 b2 A1G2b21 A1G2ba
1 b11 (4/3—=q1 /M) 512(4/3—(11/)\1)
(Lho Y ~ B .
8 | bar(4/3 - G2/A2) b2 (4/3 = G2/A2)

The scheme is of fourth order for long times, as expressed in the following
proposition:
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Proposition 4.3 (Asymptotic high order). Let z be a smooth stationary solution
of system (14). Let wo be a small and smooth perturbation of z.

Then, there exists a constant Cy such that the local truncation error T'(z,t) of
the scheme (14)-(63) satisfies:

1
64 T(.,t)||oo < Cymin At+h,h4+—>.
(64 IOl < Camin A
Proof. This result is an easy consequence of the uniform boundedness property (52)
and of Theorem 2.5: there exists a constant K > 0 such that for all ¢ > 0:

K
[W(,t) = 2floc < —.

NG

Hence, using the notation (38) for w and z, we can write:

(.t + A0 — 7] 887 = )
17 )]0 < + | Tstat]l oo + :
At At
So, we find
K K
T~7t o < 74’0/]144-—,
17,0 T AVt AL AtVt

To conclude, it is enough to use the consistency result (48) in the proof of
proposition 3.1. (]

We address now the problem of the monotonicity of our schemes. Clearly the
schemes AHO1-UP, given by (61), and AHO2-ROE, given by (62), are easily seen
to be monotone under the standard upwind CFL condition. For the scheme AHO4
we have the following result.

Proposition 4.4 (Monotonicity). The scheme (14), coupled with (63) satisfies the
monotonicity requirements (41 - 43) under the following assumptions:

3\
(65) h < min |~ |,
1<i<2 [by|
221\
(66) h< ’# if min(a\;,a)s) <0,
a
bii Ji 4
(67) bl @ A
3(4|Ai| + hlbi|) |l 3
and
At - adhg; 2\ "
(68) h — 12‘122 <q * | | <4)\1/\2/\7 + 3))

Moreover these conditions are not empty.

Proof. We recall that for system (14) we have 511,522 < 0, 612,521 > 0 and that
Ao # 0.
We begin with condition (43). It can be written as

ﬁ + Bﬁ + Q ﬁ + @ 0
2h 6 XN \2h 8 ) 77
(69) - ~ 4 1=1,2.
2h 6 A\ 2R 8 |~
Adding those inequalities shows that necessarily ¢; > 0. Let us denote
LY . bii G
ry = Si=——, Q; =

7 2h7 7 2a m
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Conditions (69) read as

Si S
T — —+ai(m— —) =0,
3, 4 i=1,2
—Ti — ?‘f’o{v (T7+Z) >0
Condition (65) insures that r; > % > %, so that we have to verify that
Oéi_ri—’_Si/g, i=1.2
r; + Si/4
which also writes
bii i )
(70) A LR )
3(4Nil + Rlbi]) — A

Consequently, under the assumptions of the proposition, condition (43) is satisfied.
Condition (41) is satisfied if and only if

4 g
3£ 20

(71) 5 “adh G i=1,2 j#i.
3 A N T

The first inequality is ensured by assumption (67). If a\; is non negative, the
second inequality is satisfied. Else, we have to insure that

8[Aid; | [Ai]

lald g

h <

As Ig\i’l < %, assumption (66) implies that this inequality is satisfied. It remains to

verify that (42) holds. Let us denote
2 adh (ji

A =2 .
3 g

This quantity is non negative and (42) can be written as

1— % (q —hémi) >0, i=1,2

Taking into account the facts that ¢; > 0 and 13” < 0, this is equivalent to the CFL
restriction (68). To end the proof we remark that the sign properties insure that
the conditions (65-68) are not empty. O

4.2. A AHO scheme for the diffusion limit. In this section we construct a
numerical scheme for system (11) which is high-order accurate with respect to the
parabolic asymptotic problem (6). The numerical error decay in time faster then
the error of other schemes.

We consider for simplicity only the case ¢ = —a, so looking at the adimensional
problem satisfied by U (z, b~ t):

U + AUy + vy = 0,
(72) )
vy + Uy — AV, = —dv,

where @ = a/b and d = b='d. The Chapman-Enskog limit of system (72) is given
by

(73)
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Let U} = (u},v}) be the numerical approximation of the analytical solution U =

(u,v) to problem (72). Let us consider the following finite difference approximation

Ut -uy A RQR™!

AL +2_h(f+1— 1) - o (Uf =207 + Ufy)

(74)
= RB_ R'UT, + RBoR™'UT + RB\R™'UY,,
Let £\ = +/1 + a2 be the eigenvalues of matrix A and

RZ(—(alJrA) \la )

~ A0
Q=<OA),

Q=RQR'=0Q.

Taking

we have that

We set also
C =RCR™', By =RBLR™', k=-1,0,1.

By Taylor expansion, the numerical approximation (74) is consistent with system

Q

(75) U+ AU, — BU =h EUm+(731—73_1)U¢+CU + O(R? + At).

Going into details, for different schemes, the Chapman-Enskog limit of system (75)
gives:
e for the source term pointwise approximation (AHO1-UP), given by (61),
we have

(76)
0= —1a,,
e for the upwinding of the source term (AHO2-ROE), given by (62), we have
d (0 1
‘Bl_‘Bl_ﬁ(O _&)a C_Oa
G + @0y = (% +hd - h%) -
(77)
0= —%
o for the Asymptotic High Order (AHO4) given by (63), we have
d (0 1 ad> (0 1
Bl_B‘“?(o —Zz) C‘ﬁ(o —a)’
o 1 S 40 A A Y
U +a <1 + hm) e = [m +hy h(4>\3+ha2(i)} Uz,
(78)

N

VT T q(erhazd) e
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Notice that, for all schemes the consistency with the parabolic system (73) is of
order O(h). In all cases, the diffusive term has a perturbation of order O(h). In
particular, the pointwise approximation is the most diffusive one. Moreover, we
observe that the AHO4 approximation has a perturbation of order O(h) also on the
drift term.

According to this discussion, it is worth looking for a scheme which is at least of
order O(h?) with respect to the parabolic problem (73). Consider system (75) with

Q = Q = diag(q,q),

(79)

U + g + 0 = h [Suge + (81 — B e + (Bly — B3 )ve + cr1u + c120]
+0(h? 4+ At),

Ut e — @vp +dv = h[$vee + (BY — By ue + (B3 — By e + o1t + caav]

+0(h? + At).

Assuming enough regularity on the data, the decay properties of the solution, stated
in Theorem 2.6 allow us to consider, when ¢ goes to +oo, the following reduced
system,

(80)

U + @ty + V2 = h [ e + (B — By e + (Bl — B )ve + cr11u + c120] |

Uy +dv=h (8% — B3 s + caru+ ca0v] .

Then, choosing c11 = c21 = 0 and setting v;; = }j — igl, 1,7 = 1,2, from the
second equation we have

v, = LM

A

Replacing this expression in the first equation and neglecting second order terms,
we get

_ 1—h721>} {1—/1721 q 2
up+ a—h( —cio=——— || Up = |=——(1—h 4+ h=| Uge +O(R*+AL),
t [ 711 12d_ heon d— hea ( 712) 5 ( )
We now look for coeﬂicients c., and 7, such that the drift and the diffusion terms
are equal to @ and 1/d respectively.

e studying the drift term, we have

1 — hyo1) —yi1(d — h
o) =) )
d—hCQQ

Then, to have ¢, and . independent of h, we choose

1—h
(81) a:a+h@uj—1§

— hCQQ

Ci12 = ’711627 Ca2 = ’72165-
e studying the diffusion term, we have

2(1 — hya1)(1 — hyia) 4 hg(d — heg)

v 1—hym q
82 d="——""(1-h +h=- = = .
( ) d— hCQQ ( 712) 2 2(d — hCQQ)
We then write,
d/ _ 1~+ 1
d )
therefore,
J - h(=2d(v12 + Y21) + 2¢22 4 d2q) + h2(2dya1 712 — dgcas)

QJ(CZ — hCQQ)



AHO SCHEMES FOR DISSIPATIVE HYPERBOLIC SYSTEMS 17

For coy = 72162, we obtain that d’ = 0 if
_dg
Y12 = 5

To summarize, a class of finite different schemes of the form (74), consistent of
order O(h? + At) with respect the asymptotic problem (73) is defined by selecting

: - d
(83) cii=c1 =0, ci2=vnd, c2="ud, Yi2= Eq

There are still some parameters to define, which will be chosen to guarantee the
monotonicity properties of the scheme. Let us focus on the particular case ¢ = A
(upwind approximation for the first order derivatives), which arises if we look for
the minimal artificial diffusion in the scheme.

Proposition 4.5 (Monotonicity for the AHO2p scheme). Let ¢ = A and set at =
A+ a. The scheme (33) with coefficients B_1, By, B1 defined by

Ao d [ —2a:(\+1) a_
DY ay —2a_(N2+1) )
(84) By =1 (B-By £l +nC),

r_ dg —at 0 ~ _ d3q a4 —a_
g0 ) om0
satisfies the monotonicity assumptions (41 - 43) under the conditions:
Al < ~ 2\h .
202 + hd(A + a)(A\% + 1)

Proof. Let us consider system (72) in diagonal form

4
85 h< =,
(85) ;

Wy — Ay = £ [—(a+ Nw + (A —a)z],
(86) i

z+ Azp = 5 [(@+ Nw — (A —a)z],
and the general numerical finite difference approximation (33). Starting from
relations (83), we then construct the AHO2p-coefficients B_1, By, B (84) to satisfy
conditions (41 - 43).
First of all, we look at condition (41). We have to prove that

Sk . .
i > 0, for i # 3.
Clearly, from consistency (40) and setting I =By — B_4, we have
- 1/~ - . -
(87) Bi1=§<B—BoiF+hC).
Since h goes to 0, in practice we have to impose that

(88) Bii — i) > 8% >0, for i # j.

ij =
Setting ax = A\ £ @, we can write

~ Ci ay —a_
B=-2 .
2\ ( —a4+ G- )
So, to verify the inequalities (88), it is enough to show
j -

- d -
(89) o0 > |Y12], oo > Y21,
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taking then the off-diagonal values of Bo small enough, for instance
2 1 ) ~ . .
(90) 5 =3 (@;j - |%j|) for i # j.

Now we can compute I'. We have
P — p-rp— 1 /a -1 Y11 Y12 1 1
22\ a1 Vo1 Y22 —ay a-
1 [ o-(m—aymz) = (21 —ay22)  a-(y1 +a-m2) — (Y21 + a-722)

~ o
A ay(y1 — agyiz) + (21 — apy22)  ay (v +a—yi2) + (921 +a—vy22)

So inequalities (89) read now

da_ > la_(y11 4+ a_y12) — (Y21 + a_729)]
(91) -
day > |ag (y11 — a4v12) + (Y21 — ayy22)] -
The best we can do is to put to 0 the right hand side in both the inequalities, which

gives, recalling that vi2 = %:
—a_(y11 — Y22) + 21 = a2_7q,
at (11 — Y22) + 21 = a3 G
Solving the linear system, we find
~ dq
(92) Y11 — Y22 = dqa, Y21 = 5 = M2

We can quantify the influence of the matrix C' in the monotonicity. Let us just
consider the parabolic case. It is clear, that since the limit h — 0 is relevant, we
can start from conditions (92). Now we have that

- d (a. -1 0 711 11
C =R 'CR=—

2)\(a+ 1 )(0 Y21 —ay a—
d —aya_y +apyar @iy —a_v
2\ —aiyii —apyr apa—y11 +a—vo
Then inequalities (88), can be refined to
(93) Bij — sl + heiy > B > 0, for i # j.
Using conditions (92), we need to verify both

h h
94 14+ —(a_vy11 — 0, 1—— 0
(94) + oy (@71 —921) >0, oy (@7 +721) > 0,
which are equivalent to
(95) L L >0
T\t 2
So, the optimal choice is given by
- d,
(96) Y11 =0, Y22 = —dga, y21 =712 = Eq
with the restriction on the space step
4\
(97) h < —=.

dq
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To summarize, up to now we have defined

F_dq 1 (0 O~
2 1 —2a ) YT\ 0 Aed, )

From these two relations we obtain in diagonal variables, I and C defined by (84).
To complete the construction of the scheme and the study of monotonicity, we
need to verify condition (42) and (43). In this case, they are given by

At
(98) 1—7q+At6220 i=1,2,
A 1 A .
EAN & 4 —1,2.
(99) Stz S L izo, s,
From (87), we have
- 1 . i d 1\ B
ot = 5 (ﬂn — Al =+ hcu) = 70+ <q— X) - %,
MRS W i d 1\ 5
5221 = 3 (ﬁQQ — 532 — Y22 + h022) = _Za_ (q + X) - %,
T i d 1\ 3
Bh = B} (511 — B + A1 + hCn) =% <Q+ X) - 711,
D i d 1\ 3
Bas = B (522 — B39 + F22 + hcz2) = 1% (q - X) - %
From (99), the coefficient 39, has to verify the relations,
1 d 1 -
(100) E((J‘F)\)‘Fiﬂu(q— X)—ﬁ(ﬂ >0,
1 d 1.
E(q —A) - §a+(q—|— X) — B =0,
and (39,,
1 d 1 -
(101) 7la+A) - iaf(qux)—ﬁgz >0,
1 d 1 ~
Fla=A+ga(g-7) - fys 2 0.

For ¢ = \, a good choice for 39, and (39, should be given by

d A4+ 1 - d N+41
(102) 511 +(T), 532:_§a7( h\ )-

Substituting these two expression in condition (98), we get the following restriction
on the time step At,

At At N +1
1-— 7)\— da+(T) > O,

(103) I A
t At - A +1
1——X——da_ >
h 2 ( A )20
Therefore,
2\h
(104)

< = .
= 2X2 + hday (A2 + 1)

To conclude, from relations (90) and (102) we get the AHO2p-coefficients B_1,

Bo, By defined by (84), under the monotonicity assumptions (97) with ¢ = A and
(104). O
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5. NUMERICAL TESTS

In this Section our aim is to show how, for large time simulations, AHO schemes
give better numerical results than standard approximations. Therefore, we focus
our attention on the numerical error as a function of time: for all tests, we fix the
grid steps h = O(1072) and At satisfying the CFL conditions, and we plot the error
as the time ¢t = nAt increases.

For all schemes under consideration we set Q = diag(|\1|, |A2|). The reference
solution is obtained by the Roe-type scheme AHO2-ROE (62), with h = O(1073).

5.1. Test n.1. Let us consider system (11) around the stationary and time-
asymptotic stable solutions given by

(105) u=ug — bvge?” Ja, v =1vpe!?’,

for some constants ug, vo and for p = —ad/(ac — b?).

First, we compare AHO4 scheme, with the standard first-order pointwise upwind
scheme (61), that is actually just an AHO1-UP scheme, and with the AHO2-ROE
scheme (62). The parameters in the test are a =1, ¢ = —a, b=1and d = 5. In
Figure 1, we plot the [*-error for problem as a function of time. Remark that, even
if the total time of simulation is 7" = 5, this interval is divided in 8 sub-intervals to
plot the error curve.

In figures (a) and (b) we have the evolution of the error, when the initial data
are taken to be the stationary solution. In this case all the schemes do not exactly
preserve this stable state, but anyway AHO schemes show a better accuracy, which
is proportional to their formal asymptotic order. In figures (¢) and (d) we show the
evolution of the error when the initial data are given by small compactly supported
perturbations of the stationary solutions. In that case, the errors evolve in time,
and the AHO2-ROE and the AHO4 improve clearly their accuracy for large times.
Moreover, we show that the AHO4 scheme gives a good approximation also at
intermediate times, when the perturbation is still present in the solution. In figure
2, we plot the solution U as obtained by the AHO4 scheme at time 7' = 2.5 (see
the bottom figure 2). To see the properties of the AHO4 scheme, we plot at the top
of these plots, the pointwise difference between the approximates solutions, given
by schemes AHO1-UP, AHO2-ROE and AHO4, and the reference solution, which
is obtained by the Roe-type scheme AHO2-ROE (62), with h = 9(1073). Again,
the AHO4 scheme is better performing.

5.2. Test n.2. Let us consider for system (11), the constant equilibrium state
uw = 1 and v = 0. The parameters in the test are again a = 1, ¢ = —a, b =1
and d = 5. We consider a small compactly supported perturbation of this constant
solution as initial data, and we expect a diffusive behavior of the solution, near
the corresponding solution of problem (73). Actually what we look for is always
a better approximation of the hyperbolic problem, but to obtain that, we need to
force the high-order consistency with the main terms in the asymptotic behavior,
which are given by the diffusive expansion.

More specifically, here we compare the AHO2p scheme (84), with the standard
first-order pointwise upwind scheme (61), and with the AHO2-ROE scheme (62).
The reference solution is always obtained by the AHO2-ROE scheme with h =
0(1073).

In Figures 3-(a) and 3-(b), we plot the different approximations of the function
w at times T' = 43 and T = 350. In Figures 3-(c¢) and 3-(d), we plot respectively the
I' and [* errors as a function of time. Again, even if the total time of simulation
is T' = 350, this interval is divided in 8 sub-intervals to plot the error curve.
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function u - er I function v - er I
1 T 0.1 T
up —— UP ——
AHO4 - AHO4
[ ROE = ROE =
0lr ———— 0.01 F
0.01 + 4
0.001 F
X EI S : E
le-04
1e-04 | 1
1e-05 | I I 1e-05
16-06 . . . . . . 16-06 . . . . . .
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7
(a) (b)
function u - er I” function v - er 1
1 T 0.1 T
UpP —— UP ——
AHO4 AHO4
ROE - ROE "~
o1y 001 |
0.01 F E| 0.001 ¢ . *
e
0.001 ¢ E| le-04 ¢
1e-04 . . . . . . 16-05 . . . . . .
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

(©) (d)

FIGURE 1. Test n. 1. (a)-(b) evolution of the {*°-error, when the
initial data are taken to be the stationary solutions (105). (¢)-(d)
evolution of the error, when the initial data are given by a small
compactly supported perturbation of a stationary solution.

The numerical results show a clear better performance of the AHO2p-scheme
in particular for large times, as expected by our asymptotic analysis. To end, in
Figure 4 we compare all the considered schemes with the solution of the diffusion
limit problem (73).

Actually this better performance is not surprising, and can be explained in terms
of a better time decay of the error for the AHO2p-scheme. We denote respectively
by 4% for the analytical solution of the parabolic problem (73) and by u! the
solution of (72). From Theorem (2.6), we know that

(106) I(@"” =)@~ < Ct7,

for a positive constant C.

By construction, for large time, the scheme AHO2p closely follows the parabolic
asymptotic problem (73), and so we expect that the same decay property (106)
should then hold for the error function, namely

(107) e(t) = [ U0z — u™) O~ < O,

where U" Ho2p 18 the numerical solution of (72) obtained with the AHO2p scheme
(84).
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FiGURE 2. Test n. 1. Bottom: plot of the solution U as obtained
by the AHO4 scheme at time T = 2.5, starting from a small
perturbation of the stationary solution. Top: pointwise difference
between the approximates solutions, given respectively by schemes
AHO1-UP, AHO2-ROE and AHO4, and the reference solution

Then we look, from numerical tests, for a constant C' and an exponent of decay
~ which best fit the equality

(108) e(t) = || = UM)(t)l|z= = Ct7,

for different numerical approximations U”.
Using two instants of time ¢; and ts, to evaluate v, we have the following estimate

 Infe(t1)/e(ta)]
v hl[tg/tl] ’

and C' is estimated by
C ~tle(t1) =~ tge(ta).

In Table 1, we show the values obtained for different schemes, where u'” is our

reference solution of (72), always obtained by the AHO2-ROE scheme with a fine
grid, to say h = O(10~?), and, where the solution 4 of (73), has been computed by
Crank-Nicolson scheme with the same fine grid. The table shows that the AHO2p-
scheme, unlike all the other schemes, closely follows the theoretical time decay
behavior of the analytical solution.
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[(u — M) O)[[ L~ = Ot
u y C
ol 0.942868 0.385312
AHO2p | 0.934315 0.050421
UP 0.480781 0.071943
ROE | 0.497644 0.035540
TABLE 1. Evaluation of constants v and C for relation (108),
where the solution u is given, first by the approximation of 4%
computed by Crank-Nicolson scheme with a fine grid and then
respectively by the schemes AHO2p (84), AHO1-UP (61), and
AHO2-ROE 62.
function u function u
114 ; 1.05
up ——
112 b ..'zi AHOS ''''''''' | 1.045
ROE 1.04
ir 1 1.035
1.08 - B 1.03
1.025
1.06 | 1
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1.04 - B 1.015
102 | il 1.01
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1 N
0.98 : : : : 0.995 : : :
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(d)

FIGURE 3. Test n. 2. (a)-(b) plot of different approximations of
the function w at times T' = 43 and T' = 350. (c)-(d) time evolution
of the I' and [* errors. for the different approximations.
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