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Abstract. We consider the large time behavior of monotone semigroups
associated with degenerate parabolic equations and monotone difference
schemes. For an appropriate class of initial data the solution is shown to
converge to rarefaction waves at a determined asymptotic rate.

1. Introduction

Our main point of interest is the large time behavior of two solution operators,
one continuous, the other discrete, when acting on a certain class of initial data.

The continuous example is the solution to the class of degenerate parabolic
equations of the type

t+ f () = AW)sx, (1.1)

where u is scalar, f is convex and A'(u) = 0. When A(u) = |u|”-u,y > 0, we have the
convective porous medium equation.

The discrete example is the class of monotone difference schemes for the scalar
conservation law ((1.1) with 4 =0). We write the scheme in the following way:

w1 (x) = u"(x) — AA4(g (" (x — pod), ..., u"(x + god)), (1.2)
where we chose xeR rather than on a mesh
AXx
A= A (Au)(x) =u(x) —u(x —d), po20, qo>0, d>0,

and several conditions on the numerical flux g will be specified. The parameter d
is not necessarily small.
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The scalar conservation law
u,+ f(u),=0 (1.3)

is invariant under the transformation
f

, t=—, v>0, (1.4)
A%

and it has continuous, self-similar solutions of the form

u_ §<a(u_)

r(x,t)=R<§>= a‘1<~§> a(u_)§§§a(u+), (1.5)
X
U, a(u+)<?

where a(u) = f'(u) and u_ <u, are the values at F oo; these solutions are called
rarefactions. With respect to the variables %, defined in (1.4) Eq. (1.1) changes to

U+ f (u)g = v A(u)se

and its solutions are close to solutions of (1.3) when v is small.

For the monotone schemes in (1.2) this scaling procedure, in effect, changes d
to vd, and the consistency with (1.3) is merely a consequence of the consistency of
g with f.

We will prove that for a fairly large class of initial data, the error
between solutions in (1.1) and (1.2) and the appropriate rarefactions
tends to zero in IF,1<p=<oco. More specifically u=R+ K and |K| 4=
c(ln )1/ + 2P =I0+112P) | < p < o0, and the rate of decay for K, without the
Int term, is the real rate for Burger’s equation (when f(u) = 1/2u? and A(u) = u).

In the next section we will prove a proposition which states the result in the
more general framework of monotone semigroups that satisfy a consistency
condition.

In I}, the example of Burger’s equation shows that we stay at a positive distance
from rarefactions.

The complementary situation, when u_ >u, and (1.1), (1.2) admit travelling
waves, was treated in Ref. [3] and [1]. It was shown there that these travelling wave
solutions attract in L! a large class of initial data.

In [4], there are results about the L* behavior of the equation u, + f(u), = cui,,
¢ >0, without a rate.

2. Monotone Semigroups

For u_ <u, we define U = L*(R) by

supu(z) —u_|dx < oo,

z<x

U= {ueL"",u_ Sux)Suy, |

x<0
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infu(z)—u,

z2ZX

dx < oo}.

]

x>0

As in [1] we consider a semigroup T(t), teR, or Z,, defined on U, and
satisfying:

(1) ugvae=T@t)u<=<T(t)v ae. (monotone),
(2) u—vel'=T(tu—vel' (preserves L),

(3) u—vell= TO Tt — T(t)y = T) u — v (conservative),
4 Tz, = t,,TEtci Tu=u(x —h) Et?anslation invariant).
A Lemma of Crandall and Tartar [9] shows that, given (2) and (3), the property
(1) is equivalent to
%) | Tt — T(t)v|p: < |u—vl|y, if w—vel (L' —contractive).

With this we form T§ =6, ,, T(«)d,, where 0 <a < 1, §,u = u(hx) and note that Tj
is also an L!'-contraction. If teZ ., , then o is by definition equal to 1.

The next condition makes T(t) consistent with a self-similar solution. Suppose
there exists p(x)e U which is Lipschitz continuous, p’ 2 0, |p’|,» < 00, and such that

(6) | Thp — 011 +amPlLr = Ch?.

Then,

Proposition. |T(t)u —6,,p|., < C(lng)1/P+ Q2P =2 +AZD > 1 1 < p < o0,
uel.

Remark. The constants C are not the same and they don’t depend on h or ¢t etc.
Before proving the proposition, a few remarks about (6): We note that an equation
which is invariant under (1.4) has a solution operator T(z) which satisfies
01, T(2)d, = T(ah), and therefore the left-hand side of (6) is identically zero if
T(t)p = 011 +np- For Eq. (1.1), (6) represents the following local condition:

Let v satisfy

v+ f (), = hA(V),,
(0, x) = R(x) =r(x, 1) (see 1.5). (2.1)
Then
[o(ah, x) — r(1 + ah, x)| 1+ < Ch?.
Here p(x) = R(x).

For (1.2), to be consistent, we take

X
p(x) = R<B>. 2.2)

Condition (6) now amounts to the requirement that the local truncation error
for consistent monotone schemes is of O(h?) in L!, where h is the mesh-size. Since
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rarefactions are Lipschitz continuous with bounded derivatives, we will be able to
prove this in Sect. 4.
Proof of Proposition. First, let p=1 and define:

u'(x) = (T()u)(tx) = 6, T(t)u. (2.3)
We then have the identity:

1
[u' — plp: =;| T(t)u—6y,pl,

and what we need to show is:

Int
' — plp < c“T. (2.4)

It suffices to consider t =neZ ™, since, with t =n + «, for some 0 <o < 1,
| T(n+ &)t — 1 yn+ Pl = | T(M)u — Oimplor +1T(@)0ymp — O1/m+mPlLr
=|T(Mu—0yuplL + n|d, T(O‘)51/np _5n/(n+a)P|Ll

C
<| T(n)“—él/npiu +;~

Next, dropping the L! subscript, and by (2.3),
[u"*t —pl=18,+, T(n+ Hu—p|

n
= n+—1|5n T(l)él/nén T(n)u - 5n/(n+ l)pl

n n
< m | Ti/nu" - T}/npl + n+—1| Ti/nP - 5n/(n+ 1)Pl

n .1
n+1 n?

<

< n_ C
—n+1'” pl+

by (6).

Assume that [u/ — p| < C(In j)/j for 2 < j < n with C independent of u,, where
[ug — pl: = M. This is true for n =2,

Inn 1
n+1 <C
lu pl= n+1+ nn+1)

_c 1n(n+1)+ 1 l—ln 1+1 écln(n+1),
n+1 n+1\n n n+1

and the induction step is complete.

To prove the case p = oo, we first observe that we can restrict our attention to
ue U, u increasing, since for any ueU, our definition of U allows for two functions
., 0,€U, increasing, such that ¢, <u < ¢,. The monotonicity of T(t) then yields

ITOu —r]= = | TO @ =1l + | T(Ou— T(O) ] -
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<\ T()¢,~ rly= + | 9, — Tyl by Condition (1)
S2°TO e =1l + 1T @, — 7= (2.5)
To continue the proof for p = co, we fix x, and let [ = p(x,) — u'(x,) and without
loss of generality let [ = 0. We also let M = |p’|,» and x, = x; — /M. Then,
pOx) Z u'(x;) + M(x —Xo), Xxo=x=xy,

since they are equal at x = x; and the derivative of the function on the right side
of the equality is always bigger.
Since u'(x) is increasing (T(t) preserves monotonicity),

u(xy) + M(x —xo) Zu'(x;) Zu'(x), XoZx= Xy,

and therefore,
. X1 . X1 1 ll
lu —P|L‘éi(/’—“)dxgxfoM(x_xo)dX=§M-

And now, since the L* norm is invariant under 9,,

1 1/2
lT(t)u—al/,p;Lw=Ju'—ple§\/2MJu'—p1Lmgc(%) ,

Finally, in I

| T(t)u — 51/zp|1:’° S T(u — 51/tplll,°°_ VP T(t)u — 51/tp|11./1p
< C(In £)(V/2P+ W2 g~ A/ +(112p)

3. Quasilinear Parabolic Equations

We consider (1.1) when A(u) is smooth in (u_,u, ), and it is differentiable with 4’
nonnegative and Lipschitz continuous in [u_,u,]. We have thus included the
porous medium equation when u_ = 0. The results in Ref. [2], and the extensions
in Ref. [1] show that there exists a unique solution operator satisfying (1)—(5)
of Sect. 2.

Volpert and Hudjaev regularize the equation by adding artificial viscosity and
they obtain estimates independent of the viscosity parameter. In the statement of
their theorem they need more smoothness on 4(u). Osher and Ralston overcome
this difficulty by modifying the initial data.

We let i satisfy the following equation which incorporates both regularizations:

iy + f (), = (A@) + Vil)
0, x)eU, = {peUu_+e<p=<u, —¢}. (3.1)

Standard results on parabolic equations yield smooth classical solutions to

3.1 [5]
Our claim is that it suffices to verify property (6), i.e. Eq. (2.1) for smooth
solutions # with a constant independent of ¢ and v. To show this we use the
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estimates in Ref. [2] together with the arguments in Ref. [1] which yield

+

§lux,t) = i(x, ) wy(x)dx < € [u(x, 0) — i(x, 0)| w,(x)dx,

where

w;(x) = exp(— (1 +x3)'7)
and
Ky=24 sup (If' )]+ (1+4HA )
[u_uyl
Now take ##(0,x) = R,(x) =7,(1,x), the rarefaction which connects u_ +¢ to
u, —e&. Then
|u(ah, x) — r(1 + oh, x)ILi(WAdX) < |u(ah, x) — ti(ah, x)ILl(Wldx)
+ |a(0(h, X) - rs(l + dh, x)lLl(wAdx)
+ lrs(l + aha x) - r(l + ah’ x)[Ll(wAdx)
_S_ eKj'ahV(l» X) - re(la x)lLl(w;‘dx) + Ch2
+|r.(1 + ah,x) —r(1 + ah, x)ILx(Wldx).
Now let ¢—0 and then 1 —-0.
It remains, therefore, to show Eq. (2.1) when A(u) is smooth and 4'(u) = a, >0
in [u_,u,] and that the constant C doesn’t depend on a,. This last part will

become evident from the proof.
We let ¢ =v —r. Then ¢ is a Lipschitz continuous function which satisfies

e+ (fr+ @) = (f(r)x=hA(V)sxs
$(0,x)=0, see (2.1)). (3.2)

We multiply (3.2) by a regularized sign function of ¢?, which is the derivative
of a regularized absolute value function denoted by L, and defined as follows:

&
IZI_§9 IZI>8

Then the regularized sign function is given by

sgnz, |z|>¢
Li(z) = ,
-z, lz| <&

(e

1 We thank the referee for suggesting the use of a regularized sign function. This replaces the original
less elegant argument
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and, from (3.2) we obtain:
h + o0 h + h + o0
g J L@)+ (I) J L@+ ) — 1= h(f) J L) AG +1)e. (33)

+ o
The first term on the left, in (3.3), is | L,(¢)(h) which tends to [@L1ax)(h) as

&¢—0 by Lebesgue’s Dominated Convergence Theorem.
The second term on the left, in (3.3), after integrating by parts, is equal to:

h + o h+wq

—I I L@e:Lfe+d)—101=~] [ x;¢,<g[f(¢+r) f0]1.

o0

The integrand above tends to zero pointwise and is dominated by sup f'(u):|¢,/|.

uelu_,uy]
Therefore, by the Dominated Convergence Theorem the integral tends to zero as
e—0.
Finally, we consider the term on the right in (3.3). After integrating by parts
and differentiating, we obtain:

=‘

h + oo
—hg_f L) A(r+ )+ 1) = — f L”(¢ ¢ A'(r + P)rs,

(=}

since L(¢)p2A'(r + ¢) = 0. (We note that this is the only place where we used
A’ =0 and that we didn’t need A’ strictly positive.)
We now have

+ h +

h
- hg | Ly@) A~ hbf J LA+ ) — A () $ars

-

The second term tends to zero as ¢—0 by virtue of the same Dominated
Convergence Theorem, and the first term is estimated by

h
hg IA(r)xIBV(ax)(T)dT <h? sup |A(r)xlBV(dx)’

0<t=<h

where the BV (dx) norm is defined by
1 +
191Byax = :Egﬁ _I lg(x + h) — g(x)|dx.

In conclusion, after letting ¢ -0, (3.3) yields | ¢ |14y (h) < Ch?, which is the desired
estimate.
We close this section with the example mentioned in the introduction which

uses Burger’s equation:
1,2\ _
u, + (7” )x = Uxxs
0 x<0

u(O,x)=H(x)={1 >0
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Here one can solve explicitly, using the Cole-Hopf transformation, and obtain

0
[ el =102 =321at g,

0

u(t, x) =+ ,
J’ eyx/Zt—h/Ze—yz/Mdy
— o0

where
_Jy y=20
Y+=0 y<o
Here the rarefaction is given by
0 T<o
t
ro=1" 0<><1
t t
1 X1
t

To obtain the asymptotic expansion of u(x, t) for x <0 we let s = x/t and integrate
by parts in the numerator to obtain

® 2 1
(s—1)y/2 —y2/4td =< —140(- )
ge ¢ Y s—l{ " (t)}

where O(1/t) is uniform in s 0.
In the denominator the dominant term is:

0 1x y2 ) —x/24t )
vy \dy=2_/te™2vD - dy.
.
Therefore, one obtains

1
—x/2yt
\/{e(x/zmz [ edy

u(t, X) = + Ka

where |K | pg- S ct 7' TV2P, R™ = (—00,0), 1 < p < 00. One can therefore verify that

lu—7|pg)(t) 2 lu— 7| g () Z cot" P27, 1<p=<oc0, Co>0.

4. Monotone Difference Schemes

We consider (1.2) and impose the following conditions on the numerical flux
g=9g(_p,,..., 4, ), a function of py + g, + 1 variables:

(@) g(u,...,u)= f(u).
(b) g is Lipschitz continuous everywhere and dg/du; are Lipschitz continuous

in the domain u_, Su_, ;< Suy,.
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(c) The function ug — A(G(U— g5 .. sUg) — GU_(po+1)s-- - > Ugo—1)) 1 nONdecreas-
ing in each of its arguments u_, _,...,U,.

For example, the Engquist-Osher (upwind) and Lax-Friedricks (dissipative)
schemes, all satisfy these conditions which imply properties (1) through (5) of Sect.
2 for the solution operator. Unfortunately, Godunov’s upwind scheme does not
satisfy the second part of (6)2.

For simplicity of notation take Ad =1 so in (2.2) p(x) = R(x). Then, condition
(6) is equivalent to

|r(1 +h’x)_r(19x)_Adg(r(1’x _pOh)9'--5r(1>X +q0h))’L1 é ChZ,

with r(t, x) = R(x/t) from (1.5).
First, one easily verifies that
Ir(l + h3 X) - r(l’x) - hrt(1> X)|L1 é ChZ’

since the expression inside the L' norm is compactly supported, always bounded
by Ch and bounded by Ch? in the smooth regions which are outside some
neighborhoods of a(u_),a(u,) of measure less than Ch.

Next, by the mean value theorem

A;9(R(x = poh),...,R(x + qoh))

=h qz f@(. L OR(x — i)+ (1 — O)R(x — (i + 1)h)...)dOR (x — (i + n,)h),

i==po 0 0U;

for some 0=#; =< 1,

=hy

23 (R()...., R()) R (x)

13

+hZ}—§3 (... OR(x —ih)+ (1 = OR(x =+ 1h)...)
i 0 i

dg .
- *Ou.(R(x)’ ..., R(x))dOR (x — (i + n;)h)

0
+ hza—j(R(X), - RO))R (x = (i +m:)h) — R'(x)) = hf (R); + K.

Because of our assumptions on g and since |R'|z, < C, we get |K,|.: < Ch? and
the result follows.

In closing, we wish to mention that the result of the Proposition yields the
following L rate of convergence to rarefactions for monotone schemes:

|uh _ Rle < Ch(1/2)+<1/2p)(1n 1/h)(1/2)+(1/2p)’ 1 < p< o0,

where £ is the mesh size (which is related to the number of iterations in time), and
u"(0,x) = @(x/h), peU.

2 We thank the referee for pointing this out
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The well-known results on convergence of monotone schemes [6—8] hold for

general L' n BV A L* initial data. Our rate of convergence, hIn(1/h) in L, is an
improvement over the previous rate, h'/2, given in Refs. [6,8]. This is because, for
our special case, it was possible to adopt a more direct type of proof of convergence.
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