ERROR ESTIMATES FOR THE RUNGE-KUTTA DISCONTINUOUS
GALERKIN METHOD FOR THE TRANSPORT EQUATION WITH
DISCONTINUOUS INITIAL DATA

BERNARDO COCKBURN * AND JOHNNY GUZMAN 1

Abstract. We study the approximation of non-smooth solutions of the transport equation in
one-space dimension by approximations given by a Runge-Kutta discontinuous Galerkin method of
order two. We take an initial data which has compact support and is smooth except at a discontinuity,
and show that, if the ratio of the time step size to the grid size is less than 1/3, the error at the time
T in the L2(R\ Ry) —norm is the optimal order two when Ry is a region of size O(T1/2 h1/2 log1/h)
to the right of the discontinuity and of size O(T/3 h?/3 log1/h) to the left. Numerical experiments
validating these results are presented.
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1. Introduction. In this paper, we present the first error estimates for the
Runge-Kutta discontinuous Galerkin (RKDG) method for the transport equation with
discontinuous initial data. These results are obtained for a formally second-order
accurate RKDG method applied to the model problem

U,+U,=0 in R x (0,7), (1.1a)
U(-,0)=Uy(-) on R, (1.1b)

where the initial condition Uy has compact support; it has a discontinuity at « =
0 and is smooth everywhere else. Roughly speaking, we show that the quality of
the approximation at time T is of second order in the size of the mesh, h, outside
a region of size O(T*/?h'/? log1/h) to the right of the discontinuity and of size
O(T'?3 h?/3 log 1/h) to the left. An illustration of this result can be seen in Fig. 1.1.

The RKDG method was introduced by Cockburn and Shu et al. in a series of
papers [10, 9, 8, 6, 11]; see also the monographs [4, 5] and the review [12]. Most a priori
and a posteriori error analyzes of discontinuous Galerkin (DG) methods for hyperbolic
problems have been carried out for either the semidiscrete version of the method or
for DG methods using space-time elements; see [7], where the development of the DG
methods up to the end of last century is described. To the knowledge of the authors,
the only a priori error analysis for the RKDG method is due to Shu and Zhang [19]
who proved, among other things, that the same method considered here (but applied
to nonlinear scalar conservation laws in several space dimensions) converges with order
two in the L>°(0, T; L?(R%))-norm provided that the solution is smooth. In this paper,
we continue this effort to understand the RKDG method and analyze it in case of
solutions that have discontinuities. As a stepping stone towards the goal of solving
the much more complicated case of nonlinear scalar conservation laws in several space
dimensions, we consider here the simpler model problem (1.1) and find, for each time
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Fic. 1.1. The two parts of the region Ry containing the numerical layer of the RKDG method:
To the left (top) and to the right (bottom) of the discontinuity of the exact solution w. The approz-
tmate solution up, was obtained by using h = 1/100 and k/h = 0.3. The time T is 0.5.

T, the region Ry around the discontinuity of the exact solution U(-,T) such that the
approximate solution uy, (-, T") given by the RKDG method converges with the optimal
order of two in the L?(R \ Rt )-norm.

To do that, we use an approach which is a modification of the classical L2-
argument to obtain error estimates in the L>(0,T; L?(R%))-norm, see, for example,
subsection 2.7 of [5], where the semidiscrete case is treated. The modification has
three main features. The first is the use of the decomposition of the error of the
approximation given by the RKDG method proposed by Shu and Zhang [19]. The
second, the use of special projections that allow us to obtain the full order of con-
vergence of the approximation; see [3]. In our technique, without these projections,
the order of convergence is reduced by 1/2. The third, the introduction of suitably
chosen weights thanks to which we can localize the estimates and make the difference
between the region to the left of the discontinuity and that to the right of it.

Similar weights were originally used by Johnson et al. [16] to prove local L? error
estimates for a singularly perturbed reaction-convection-diffusion problem approxi-
mated by the streamline diffusion (SD) method; see [17] for L* results. Recently,
Guzmédn [13] proved similar results for a DG method. Moreover, if one approximates
(1.1) with either the standard SD or DG method and linear space-time elements, one
can show using techniques in [16], [13] that the numerical layer resulting from dis-
continuous initial data is contained in a region whose size is at most O(log(1/h)h'/?)
from either side of the discontinuity. In this article we show that in one side of the
discontinuity, the size of the numerical layer can be reduced to O(log(1/h)h?/?) for
the RKDG method. We accomplish this by taking advantage of the monotonicity of
one of the two weight functions that we use; see Theorem 4.11 below.

Results of this type were obtained many years ago for finite difference methods
for the model problem (1.1) with discontinuous initial data; see [1], [14], [2] and [15].
Indeed, by using of Fourier techniques, the size of the numerical layer to the left of
the discontinuity was shown to be different to the size of the numerical layer to its
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right for some schemes; see (1.13) in [15]. In particular, the results concerning the
size of the numerical layer for second-order accurate finite difference methods with
fourth order dissipation in [15] are exactly the same result we prove in this paper for
the RKDG method.

The organization of the paper is as follows. In section 2, we introduce the RKDG
method under consideration and state and discuss the main result, Theorem 2.1. In
section 4, we prove the theorem, and in section 5 we display numerical results showing
that the result is sharp. We end in section 6 with some concluding remarks.

2. The main result. To state our main result, we first give a precise definition
of the RKDG under consideration. The RKDG method is obtained by discretizing
the equations in space by means of the DG method and then discretizing the resulting
system of ODEs by a second-order TVD Runge-Kutta time stepping [18]; see [9].

We take uniform grids in both space and time. Let {I;}; be a uniform partition of
the real line where I; = (1;_; 2, .'I;j+1/2). Denote the mesh size by h = w11/ —%;_1/2
and the midpoint by x; = (2;41/2+2;_1/2)/2. Accordingly, the RKDG approximation
at each time t" = kn, where k denotes the time step, is taken in the space

Vi = {v € L*(R),v|;, € P'(I;) Vj € Z}.
For any function v € Vj,, we define the jump in v at the nodal point x;, /5 by
[lj1/2 = v(@i10) = v(@500)-

The RKDG approximation { u} }52 is defined as follows. For n > 0, u}™" is the
element of V}, such that

1
Z ntl Z{ (ull, vn); 2 —(wp,vn);} +k H(wy,vp), (2.1a)

J

where wj € V3, is given by

Y (i) =Y (ufl,vn); + kH (up, on), (2.1b)

J J
and
Z D, Qx j+1/2)[Q]j+1/2~ (2'1C)
J
Here (w,v); fl wovdz. For n =0, we set
uy) =P_(Uyp). (2.1d)

Here the projection P_(v) of a function v in the space
H}(R) = {v: R — R such that v|;, € H'(I;) Vj € Z},
is defined as the element of V}, satisfying, on each interval I;, j € Z,

(P-(v),1); = (v,1); and P_(v)(x J+1/2) (;v;ﬂ/z).
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This projection was introduced by [20] in the framework of DG methods for ODEs
and was later used in [3] to obtain optimal error estimates for DG methods for one-
dimensional convection-diffusion problems.

We can now state our main result.

THEOREM 2.1. Let U be the solution of the initial value problem (1.1) and let
ul be the solution of the RKDG method (2.1) at time T = N k. Suppose that X :=
k' <1/3 — € for some fived € € (0,1/3), then there ezist constants 3 > 0 and C' > 0
such that for any s > 4

k
1U(T) =y [l z2ysery < CTh*(1+ (7 )'/2) + Ch* + |[U(T) = P-(U(D)|l 2 0\ -

€
where the interval Rr is given by

Ry =T + Bs log(1/h)e ™t (=ATT/3T/3 p2/3 \=1/271/2 p1/2),

and C' is independent of h, k, T and €.

A couple of remarks are in order. The first is that our hypothesis that the CFL
condition A < 1/3 — € is reasonable since it is well known that the RKDG under
consideration is L2-stable under the CFL condition

A< 1/3,

see, for example, [9, 12]. Taking € > 0, allows us to take advantage of the damping
properties of the RKDG method. We would have to significantly modify our approach
to deal the case € = 0 and the result might be very different.

The second remark is that this error estimate extends the result by Shu and Zhang
[19] for smooth solutions to non-smooth solutions, in the special case considered here,
of course. Indeed, in our case such result would read

1U(T) = uy |12y < C 12,

provided the initial condition Uy is smooth. Our results says that the same rate of
convergence in h holds if the region Ry around the discontinuity x = ¢ is removed
from R.

3. Idea of the Proof. Since the proof of Theorem 2.1 is very technical, we
explain here the idea it is based upon. Suppose we are interested in establishing error
estimates to the left of the line ¢ = z, that is, suppose we want to prove

| U(T) = uy 2@y < CIUT) = P-(U(T)l| L2 @\)

k
+CTh* (1 + (ﬂ)l/z) +Ch? (3.1)

where R, = (T — Bs log(1/h)e *A"T/3T/3 p2/3 —o0).
To do this, we do not bound U(T) — u® directly. Instead, we compare ul' with
a smooth approximation u of U so that

1U(T) - U}ly ||L2(R\ﬂz;) = [u(T) - UhN||L2(R\Jz;)'
We then obtain a bound of the form

[u(T) = ui | 2 ymzy < Cllon (T ((T) = up) )l 2wy,
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where ¢ is a suitably chosen positive weight function.
The function ¢; will be of order one in the region of interest, will satisfy

(¢1)t + (¢1)2 = 0.

It will be a decreasing function in z which is exponentially small near the the line
x = t; as a consequence, it will have an internal layer. Moreover, ¢; will satisfy

D} (¢1(z, 1))
¢1 ('Ta t)

It is clear that the parameter M is nothing but the size of the above mentioned layer.

In this way, we reduce the original problem to that of showing a weighted stability
result for the error. In solving this problem, we will try to match the size of the layer
of the weight function, M, with that of the internal layer produced by the numerical
scheme to the left of the discontinuity. Indeed, roughly speaking, we will show that if
we take M = e I\"7/3T1/3 p2/3  we obtain that

| | < % for all (z,t),l =1,2,3,4. (3.2)

161 (T)((T) = up )l z2my < Cllor(0)(w(0) — up)l 2y + CT A (1 + (%)”2)- (3-3)

Finally, if we take that up = Up in the region of interest and since ¢4(0) is
exponentially small when ug # Uy we would arrive at (3.1).

A similar argument is used to estimate the error to the right of the discontinuity.
In this case, however, it turns out that we cannot choose the corresponding weight
function ¢ to be a decreasing function in x. This leads to a larger numerical layer to
the right.

Most of this paper is dedicated to proving a result similar to (3.3) for the two
different weights ¢; and ¢o. Next we illustrate one of the main ideas behind the
proof of such an estimate by proving a similar result for a continuous problem; the
techniques will be similar but more simple.

To this end, we have to find a continuous model for the equation satisfied by the
error e. Although the model equation for stable second-order accurate finite difference
methods with constant coefficients is of the form

2 3
e +e; =coh ey — c3h’epran,

where ¢35 > 0, see [15], we are going to work with a simpler equation in order to simplify
the computations; the final result will be the same. Thus, let e be the solution of

e;+ e, =h%esy in RX (0,7), (3.4a)
e(z,0) =eg(r) on R,

where eq is smooth with compact support, and suppose we are interested in proving
a weighted stability result of the form

[o(T)e(T)|2 @) < Cll¢(0)eoll- (3.5)

where ¢ solves ¢ + ¢, = 0, is a decreasing function in = and satisfies (3.2).

In obtaining the estimate (3.5), one important question is: how to pick M in an
optimal way? To answer this question, we proceed as follows. First, we multiply both
sides of (3.4a) by ¢%e and integrate in space and time and to obtain

T
16(T)e(D)[72m) = [16(0)e(0)[Z2(r) + h2/0 (esa(t), 9*(t)e) dt.
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By using that e ,.e = %(ez)mm - %((ex)z)x

2 r 2 _ h’2 r 2 2 3h’2 4 2 2
h /O (ezwz(t)> ¢ (t)e) dt = ? /0 (¢ (t)’ (6 (t))waca:) dt — 7 0 ((¢(t)) ) ((eI) )Z) dt
h2 T 3h2 T
= [ (P Ohar @)+ [ (PO (€0)?) dt
0 0

In the last equation we used integration by parts and the fact that e has compact
support. Now we use that (¢?(t)), < 0 to get that

2 T
16D Faqsy < 16(0)e(0)[Zage) + o / ((62(8)) s €2(1))

cn? [T
< 100wy + G [ 1900 e

In the last equation we used (3.4a). Finally, by Gronwall’s inequality, we have

CTh2 cTh?

36M3)

16(T)e(T)[72 @) < l16(0)eollLs @) (1 +

)

and we see that we must choose M = CT/3h?/3 to obtain the wanted estimate.

Note that if ¢ is not a decreasing function in x then M will have to be larger in
order to prove stability. This actually happens when dealing with the numerical layer
to the right of the discontinuity. This is why the layer to the left of the discontinuity
is smaller.

4. Proof. In this section we give a detailed proof of Theorem 2.1. We proceed
in several steps.

4.1. Step 1: The Error Equations. First we define a suitable approximation
u to U. The smooth approximation u will satisfy

Ug + Uy =0 in R x (0,7), (4.1a)

u(z,0) =ug(x) on R. (4.1b)

where ug is a smooth function which agrees with Uy on (—oo, —h) U (h, c0) such that
|D'ug(z)] < Ch™! forx € [~h,h], 1 =1,2,3,4. (4.2)

We then obtain the equations satisfied by the error e} = u(t") — uy. To capture
the two-step nature of the RKDG method under consideration, we follow [19] and
introduce the function

w(z,t) = u(z,t) — k ug(z,t), (4.3)

and the corresponding error, namely, el = w(t") — w}. Finally, we write, for p = u
and p = w,

e =& -, (4.40)

& = P_(p(t")) — ph (projection of the error ey), (4.4b)

n, = P_(p(t")) —p(t") (interpolation error). (4.4c)
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In addition to the projection P_, we also have to introduce the similar projection
P, given on I; by

(P (v),1); = (v,1); and P+(v)(;v;il/2) = v(xjtl/z).

The projections Pi are strongly related to the bilinear form H(-,-) defined by
(2.1c), as we can see in the next result.
LEMMA 4.1. We have, for any w € H,ll(R) and any vy € Vp,

H(w— P_(w),v) =
H(un,w — Py (1)) =

, (4.5a)
(4.5b)

Proof. The identity (4.5a) follows from the definitions of H and P_. Using
integration by parts we can rewrite H(p, q) as

H(p,q) = — Z{(pm, 9); +a(&]y 5)plj1/2}-

The identity (4.5b) now follows from the above equation and the definition of P,. O
The equations for the error are contained in the following result.
LEMMA 4.2. We have, for any v € H}(R),

SE 0 = D60 + K H(ELD) + Balo) + By(v) (460
S (€ 0y = Y€ ) + S H(EL o) + SH(ELY)
b (P (0) + %Eg(v) + %Eg,(v) +Ea(v) + Bs(v),  (46b)
where
k3
Er(v) = 6 Z(Uttt(C ),v)js

Es(v) =Y (& = &iv = Pi(v));,

E3(v) = Z(nﬁ, — 1, Py (v));,
Ey(v) =Y (&0 — (&0 +€8)/2,0 = Pp(v));,

Es(v) =Y (it — (mz +03)/2, Py (v);-

J

Here, C" is a function of x lying in the interval (t",t"1).
Proof. Let us begin by proving the identity (4.6a). For any function v in H} (R),
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we have, by the definition of §, and 7, (4.4), that
D (Ehv); =Y fle,v); + (nf,0);}
J J

= Z{(eﬁﬂ Py (v)); + (e, v = Pr(v)j + (my,v)5}
= Z{(eﬁﬂ Py(0); + (&, v = Pr(v); + (1, Pro);}-

To suitably rewrite the first term of the right-hand side, we notice that by definition
of w, (4.3), and since v is smooth we have

D (™), vn); =Y (u(t™),vn); +k H(u(t"), vn),
J J
for any v, € V3. Hence, by subtracting the equation defining wj, (2.1b), we obtain
> (emvn); =Y (e vn); +k H(el,vn). (4.7)
J J
Now, taking v, = P4 (v), we immediately get
D (e, Pr(v); =Y (en, Py(v); +k H(ell, Py (v))
J J
=Y (€h Py(v); + k H(EL,v),
J
since, by the properties (4.5a) and (4.5b), we have
H(ey, Py(v)) = H(P_(ey), Ps(v)) = H(&,, Pr(v)) = H(&,v).
As a consequence, we get
> (€nv)y =Y (el Pe(v); + k H(ELv)
J

:Z{(gg,v — Py (v); + (g, Pr(v));}
Z(J nov); +k H(EN )

:Z{(gg =&y v — Py (v));+ (g, — s Py (v)}
_Z(J nv);+k H(EL,v) + Ex(v) + Es(v),

by definition of F5(v) and E5(v). This proves the identity (4.6a).
It remains to prove the identity (4.6b). For any function v in H}(R) we have
that,

Z(S;H_l?v)j = Z{(§Z+17 P+(v))j + (§Z+17U - P+(U))j}

J

= Z{(GZ“, Py(v)j + (™ Pe(v)); + (€0 v = Pr(v);},
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by the definition of &, and 1, (4.4).
Next, we rewrite the first term of the right-hand side. By Taylor’s theorem

3

u(z,t+ k) = %u(x,t) + 1w(x t) wg (z,t) + %uttt(o:, <),

DA

where ¢ depends on x and is t < ( <t + k. After a simple integration by parts, we
have

S, 0); = 32 St )5 4 3 (wt™), )+ 5 Hw(t"),0) + Ba(v).

J J
Subtracting the equation defining u"Jrl (2.1a), we get for any v, € Vj,
n+1 1 n 1 n k n
PR CANTATEDY 2 (ewon)s + 5 (ew, vn)j + 5 H(ew, vn) + Ei(va),

J J

and using (4.7), we obtain

k k
Z(ez-‘rlvvh)j = Z(eﬁ,vh) + §H(6$,Uh) + *H(eﬁﬂ)h) + E1(vn).

, , 2
j j
Finally, taking vy, = Py (v) and using (4.5b) this equation becomes

S P )); = S0 Pye)); + S H(E, )+ SHEL ) + Fa(Py ().

This implies

DA€ 0 = el P ) + L H(EL )+ SHE ) + Bu(Py0)

] +Z{ TP (), + (€0 Py ()}
- Z( o)+ 5H( nov) + SH( ws ) + E1(Py(v))
+Z{ (=i, Pr(v); + (€07 = &0 v — Pe(v);}
—Z +§H (€ v )+§H( ,v) + E1 (Py(v))

+ 5Eg(v) + %Es(v) + Ey(v) + Es5(v).

4.2. Step 2: The weights. Theorem 2.1 will follow from estimates of quantities
of the form

[o( ") (u(t") — up)lL2(®)

where ¢(x,t) is a suitably chosen weight function. Here we describe the weights we
are going to work with.
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Since, as we stated in the introduction, we have different results on the left and
on the right of the discontinuity, we consider two slightly different weight functions
¢1 and ¢o. The weight ¢, will be of order one in the region x < t 4+ z1, for some
number x; < 0, and "small” in the region x > t + z1 4+ d; for some d; > 0 , whereas
the weight ¢4 is of order one on the region = > t 4 x5, for some number x5 > 0, and
”small” in the region x < t4x9 —ds for some ds > 0. A very important property that
will allow better results to the left of the discontinuity is that ¢ (z,t) can be chosen
as a decreasing function in x.

We take the functions ¢;, for ¢ = 1,2, as solutions of

Git + ¢ip =0 in Rx (0,7),
¢i(x,0) =b;(z) on R,

for some initial conditions b; and bs. We choose the initial conditions b; and by so
that ¢ and ¢ satisfy:
PROPOSITION 4.3. We have

c < @i(x,t) <C for (x,t) € Q;(0), (4.8a)
¢i(z,t) < b for (z,t) € R*\Q;(d;), (4.8b)
(1) 1 (z,t) <0 for all (z,t), (4.8¢)
D (¢, t) | | | Dh(¢i(,t)) c _

‘ (G0, ’ ‘ oi(z. 1) ’ < F T for all (z,t),1 =1,2,3 (4.8d)
RO(S, ¢;) + RO(S, (¢i)z) < C for all squares S with sides

of length T =i R, (4.8¢)

where

Ql(d) = {('73’
Qa(d) = {(x,
di log

)iz <t+xz +d},
)iz >t+xg —d},
(l/h)f(if’l_'“h'”,

t
t

RO(D, x) = max,cp |x(r)| / min.cp |x()|, for any domain D, and ¢ and C are posi-
tive constants independent of h, A\ and T. Here T = % and K; = /\K—n The parameters
K;, v; and m; satisfy K; >1,0<~; <1 and m; >0 fori=1,2.

In the rest of this paper we assume that the CFL number satisfies A < 1/3.
Therefore, often we will use that }% < % < 1. Also, since T1™7ipYi = (%)1_7% > h,
we see that RO(S, ¢;) and RO(S, (LQS,)T) are bounded for squares S with sides of size
h.

The construction of by and by is very similar to the construction of weight functions

used in [16]. We include it in the appendix for completeness.

4.3. Step 3: The error in one time step. Next, we find how the weighted
error changes in a single time step. This information is captured in a key identity
contained in the following result.

LEMMA 4.4. Let ¢ be any solution of the equation ¢¢ + ¢, = 0. Then we have

k
o™ e T 2my + Tn = lo(™) 17 2Ry + 59((¢2)z) +Up(p) + Ep,  (4.9)
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where
Z{ Pt )ENT 112 + [ TEL 11 2}
=Z@j v), ©;(v) = (&, — & v(t™) (€ — &0)ss
Un(9) :=||<zj>(?f"“)<£3+1 =& m)-
Moreover,

By =2 E1(Pp(¢*(t"T1)EL)) + 2 Ea (¢ (t"T)EL) + 2 Bs(¢* (1" 1))
+ Ba(¢*(t")€0) + E3(6°(t")€)) — % D — €L (S (E)aabl)s

J

+ Sl + 527
where
kg n 2 ny en k Y
S =- F : ( w) (¢ )mma:(gl )gw)j and Sy = Z Z MME 0 )E )
j J

Here 07, i = 1,2, depend on x and t" < 7 < ¢"F1.

Before proving this result, let us briefly discuss some of its salient features. Notice
that:

e This result is completely independent of the fact that the approximate solution
is piecewise linear in space. It only takes into account the nature of the Runge-Kutta
time stepping method we are considering.

e The term J; containing the jumps across inter-element boundaries captures the
dissipative nature of the DG-space discretization. In the analysis, it will allow us to
control the terms of the right-hand side.

e The term O((¢?),) will allow us to distinguish between the behavior of the
error to the right and that to the left of the discontinuity. Since ©((¢?),) < 0, this
term enhances the damping properties of the method to the left of the discontinuity.
This property does not hold for for ©((¢3),) which will have to be controlled by the
jumps in J,. This is the technicality that captures the fact that the approximation
properties to the left and to the right of the discontinuity of the exact solution are
very different. This results in a region R whose size is significantly smaller to the
left of the discontinuity than to its right.

o If the initial condition Uy were smooth we could then take ¢ = 1 and the above
result would be the first step in the L?-error analysis, see [19]. In such a case, the
estimates of the terms of the right-hand side play a crucial role, with the exception
of the term ©((¢?),.), which is identically equal to zero.

o Note that this lemma also contains the first step of the L2-stability analysis of
the RKDG method under consideration, which we obtain by setting ¢ = 1 and u = 0.
In this case, the equation (4.9) becomes

[l 22wy Z{uh MY = lunlfe) + iy ™ = willZsg)- (4.10)

The second term of the left-hand side reflects the dissipative nature of the DG-space
discretization of the method whereas the second term of the right-hand side captures
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the anti-dissipative nature typical of explicit schemes. The condition that the dissi-
pative term dominates the anti-dissipative is nothing but the CFL condition. As we

are going to see, a sharp estimate of the term |[u}*" — w}||z2(r) allows us to see that
the method is L? stable provided A < 1/3.

Let us now prove Lemma 4.4.
Proof. We begin by considering the trivial identity

et DEL T2y =l )T = E)lIT2w)
+2) (€L Qe — e eI k) -
i

If we subtract (4.6a) from two times (4.6b) we get
2> (&t ) = {(€nv); + (€8,v),} + kH(E, v)
J J
+2E1 (P4 (v)) + 2E4(v) + 2E5(v).

Taking v = ¢2(t"T1) €7 in this equation and v = ¢?(t") £? in (4.6a), we obtain

2 (L Qe = oM Tamy + 9™ TELIZ: )
i

+EH(&, ¢ (E)ER) + KH (&, 6*(t"TH)En)

+2E (P (62 (t"T1)En)) 4+ 2E4 (¢ (t"F)ER)
+2E5(¢* (")) + B2 (07 (t")En)
+E5(¢(t")Er) +Z Eo (@) = @7 (t)EN);,

and hence,

o™ e 2wy = 6™ ER T2 @y + I (ERH = €01 22wy
HRH (&, ¢ (E")ED) + KH(E], ¢ (8" T)ER)
+2E) (P (6°(t")ER)) + 2B4(9* (" F1)ET)
+2B5(6° (")) + Ea (67 (t)E)
+E3(¢°(1")€0) +Z AP = G ()R

Since, for any v € H} (R)
H(v, *(t)0) =H(6(t)o, 6(0)0) + §Z< (1)),
=75 Z J+1/2 +3 Z 3
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we get
(")t 12wy +In = 6(E)EN T2 @y + Ur(9)
k
+5 D AL (62 (M)a€l); + (€0, (62" )a0)5}
J
F2E1 (P (6 (1" 11)ER)) + 2E4 (82 (1" F1)ED)
+2E5 (¢2(t"“)£") + Ez(¢2(t”)£”)
+E3(¢ )+ Z €, (P2 (") — 2 (t™))EM) ;. (4.11)

Using Taylor’s expansion, we see that
2(637 (¢2(tn+1) ¢2(tn))§w - _kz gua ¢2 tn)) Ew)
J k2
5 )& (P (t"))wabln)s + St

2 &
J

Here we used that (¢?); = —(¢?),. Similarly,

By Z tn+1 ] Z{ )J

k2
(€5, () aal)s} + 5.

Therefore,
SZ« B G E)E) + (€0 ()L,
+ SAE @ - S NeD)
:Z{ (D)) + (€0 (67 (1))€0)5}

2
—kzéu, ()€l — o (€ — € (A ())asl) + 1 + 5

J

- §@<<¢2>w> - %QZ@E — €0 (B (") axll) + 51 + o

The result follows after inserting the above identity into (4.11). This completes the
proof. O

4.4. Step 4: Bound for ¥;. In order to bound ¥, we first need a bound for
||€ntt — &n|lr, for each interval I;. By exploiting the fact that ' — & is linear
on each element, we express "1 — €7 in terms of its mean and derivative on each
element. More precisely, if v € V}, then for x € I; we have

v(x) = v(ws) + vg(a5) (2 — 25) (4.12)
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where the average of v on I; is #(z;) = +(v,1);. The representation we are seeking
is contained in the following lemma which is proved in the appendix. For the rest of
this paper " will denote a number satisfying ¢t < ™ < t"*! which depends on z;
the values of ™ may be different in separate occurrences. It will appear in different
places when we use Taylor’s Theorem.

LEMMA 4.5. For x € I, we have

(§u+1 — Ew)(,ﬂf) :7[5&]]‘71/2 - %[fw - gu]jfl/Q + 6hR3a] ﬁRLj
L K 6 6
+(Galen —&lime + gaflag — 3By + 55 Rag) (@ — 2y),

(4.13a)

and

. . . N k. 12
(€0 = &N (@) = = k(€Na(z;) - [5 =172 + (6750805172 + 75 Rug)(@ = @),

(4.13b)

where

R, = / (0 — ) (& — x;)de, R = / (" — () /2) (& — ),

J J

R3,j :/ uttt(ﬁn)dz, R4,j :/ uttt(t?”)(:zz — SCj)dl‘
1 I;
Now we calculate the term ||(£7F! — fg)H%z(Ij). We are going to express it in

terms of the vector [£"];_1/2 := ([£1]j-1/2, [§0)i—1/2)-
LEMMA 4.6. If A= £, then

€t = EnllZaqr,y = F [€7]-1/2AE 512 + Y5 (4.14)
where
(e iz C0v3 a2 a2
A= <§Z(A) W) ) =9 3N, Z(0) =302 -2,
and
% ko, B3 K 6 6
Y; h(GhR3’J ﬁRLj) + 12(6h3R4,J 3 — Ry + ﬁRQ’j)
3k koo % k
+ 2h(7[£u]j—1/2 - %[fm - §u]j—1/2)(6*h33,j - ﬁRl,j)
W o3k . % 6 6
+ 255 Galn = &ilim1/2) (G By — 3 B + 15 R2,)-
Proof.

By using (4.13a) and the fact that flj (x—z;)? = }f—; and ij (x — z;)dz =0, we
get that '

- h3
16 = &allieqyy = R (& = &) (@) + H (& = €h)a(w)))

—3k2 . koo k3 k

= h( [Euli—1/2 — 5% 57 1&w — &ulj—12 + an B — ﬁRl,j)Q
h3 3k k3 6 6
12(h2 [ — &ulim1/2 + @RM - ﬁRl,j + ﬁRZj)Qa
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and the result follows after a few simple algebraic manipulations. O
Note that, by simply setting ¢ = 1 and u = 0, we obtain an identity which is used
for the L?-stability analysis, namely,

HUHH - wh||L2(I ) — =k Z - 1/2A L 1/2

where [u"];_1/2 := ([u}]j—1/2, [w}]j—1/2). Indeed, inserting this expression in the
identity (4.10), we get

HUZHH%Z(R) +k Z[un]j—l/Q( [-A)u L 1/2 = = [l uy HLZ(]R)a
J

where I is the 2 x 2 identity matrix. Therefore, the method is L?-stable if the matrix
%]I — A is positive semi-definite. This occurs precisely for A < 1/3.

Note also that, although we do not need to take A < 1/3 to achieve L2-stability,
we need to take this choice in our error analysis. As we are going to see, taking
A < 1/3 — € with € > 0 ensures that the matrix %H — A is positive definite and, as a
consequence, the terms involving the jumps of £} and &} in the right-hand side of the
identity (4.9) of Lemma 4.4, can be controlled by the term Jy.

We now state and prove the bound for ¥y (¢;). We will need the following nota-
tion:

(€512 == ([(t") EMj-1/2, [0t T1) ERTj—1/2)-
LEMMA 4.7. We have
‘I’h((/)i) <k Z[¢i£n]j—1/2 Bi[cbi&"]ﬁ,l/g

+C Killoi(t") (il — mi) 1221,
+C Kill i (") (™ = (i + ) /2)| 221,
+C Kik®|| s (" Yures (0™) |72 gy

where

C
IB%Z-—A—i—?]I.

i
Proof. To simplify the notation, we drop the subindex i. We have

\Ilh(¢) = Tl + T27

where

T =Z¢2 (212, " TONETT = €021,

B3 [ (60 = Ran O - €00 s
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We first estimate the term 77. We multiply (4.14) by qbz(xj_l/g,t"“) and we
bound the terms of the resulting right hand side separately. Since
¢2(33j—1/27tn+1) :¢2(Ij—1/2,tn) + k(¢2)t(xj—1/279n)
¢(9€j71/2»tn+1> =¢(xj_1)2,t") + ke (1_1/2,0"),

by using inequalities (4.8d) and (4.8¢), we have

ke (5172, 8" )€1 /28651 j0 < KIGE™) 1 /2A[08")5 1 o
Chl=>

+k(T1 ”YK)[¢€ Ji—1/20[p€" ]] 1/2°

Here we used that the entries of A are bounded for A € [0,1/3].
Using (4.8e) and the Cauchy Schwarz inequality, we get from the definition of
Ry jforl=1,---,4, that

6oy ) B SR 4+ S R 4 R )
< Clllo™) (my = m)llz2 ;) + o) (m™™ = (it + 1) /2) 22 (,)
FCRC @™ Yuree (01721, -
Therefore, if we again apply (4.8e), multiply and divide each term of Y; by K 1/2 and
apply Young’s inequality we obtain
62212 7)Y < B 1 /alGE™ L
+C K[ o(t™) (i, — mi) | 72(r,
+C Ko™ ™ = (g + 1) /222
+C Kot Yusee (0") 1721, )-
Hence,

h.,C C

T < kZ[¢§n]j—1/2(A+ ((T) 7 K) )€ 1/2

+C K|l iy — i) 72,
+C K|lo(") (™ — (i + nw>/2)HL2(l )+ C K Eo(t" et (0") |72 ) -
To bound T, we see from (4.14) that
Ty < 37163051720 = Gy (HOE" 128197 1o + ),
J
By using the inequality

1_

Ch
16 (@j—1/2, ") = O* (" )| ooy < [ ] A

T'-7K
the inequality (4.8e) and the Young’s inequality, we obtain

16 (@j—1/2, ") = O* (" )| oo (1) (K[ DE™]j-1/2A[9E€"]5 1 )

C’h1 K
Tl WKk?[(bS ]] 1/2H[¢£ ]g 1/2°
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By the triangle inequality and (4.8e) we have

6% (212, ") = G (") || Lo (1) 1Y5] < Clo(wj—1/2,t" )Y,
Therefore,

h, . C C n
?)1 7E+E)H[¢f [y
+C K o(t™) (i, = mi) 721,

+C K o(t™) (™ = (i + 1) /2221,y + MRS Jueee (0™) 72 ) -

T, < kZ[¢€n]j—1/2((

By combining the estimates of 77 and 75 and using Z h 1,y
concludes the proof. O

IN
—_
o
=)
a.

4.5. Step 6: Estimates of E;. We state two slightly different estimates for
Ep(¢;). One would be applied with the weight ¢; and the other for ¢o. To simplify
notation, for the rest of this section we let ¢ = ¢;, K = K;, m = m,; and v = ~; for
t=1ori=2.

LEmMA 4.8. If K is sufficiently large, then

Bu(g) < (L4 Xm2) S8 Y1067, 1 ll0€™! 0 + 200167 )

J

k h h Ck o

Hap + 1+ () ‘”)+(T>2 M) e HI6EE o @)
h cT

+H1+ (%) 250 27)+(T)2 )= e =)z )

CT n n n n n
+= (o) ™ = ml 72wy +k6||¢(t Yt (072 m))-

B1(6) < G Y10, 1516675 _uya + 0(1(6%)e)

J

h

k h
2(3/2—-2v)
Hop +(1+(3) +(

h Ck
2—-3 1-2 n\en|(|2
T) T+ ( ~) 7)ﬁ}H(ﬁ(t &ullT2 )
h h h C’ T
1 = 2(3/2—2) )23y RS S0 Vil g n _ ,ny\|2
L+ (Z P22 1 (22797 4 (2)1 ) o) i — 1) e
C n n n n n
+= (@) 0 = w72y + KIS (0172 y)-
The proof of this lemma is contained in the appendix. Here we would like to point
out that the main tool in proving this result is super-approximation. The super-
approximation result involving are weights are similar to the ones used in [16] and [13].

For the sake of completeness we include proof of the following super-approximation
lemma in the appendix.
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LEMMA 4.9. If P=P_ or P = P, andl = 0,1,2, then there exists C > 0
independent of h such that for all v € V}, the following estimates hold:

o™ ()(&* (t)v — P(¢*(1)v) |21,
+hllo™ () (6% (v — P(¢*(t)0))ll 121,
Ch
WW() 221,
Ch2—7/2

s 1/2

I~ (D5 (¢ (8))v — P(Dy(6* (1)) ()

+ hllg™ (8)(DL (67 (1))v — P(DL(6°(1))0))all L2(1,)
COh2—01+2)y Cpi-U+1)y
= (=) (142) 2+ + TA=y)(+1) {41

No@vllLz,),
(4.15b)

Let us illustrate how we can use Lemma 4.9 to prove Lemma 4.8 by showing how we
can bound one of the terms appearing in the definition of Fj,.

LEMMA 4.10. Let t" <t <"t and vy, € V},, then for1=0,1,2,
W |Ex (DL (9% (8))vn)| + h[Ea(DL (62 (8))vn))|

Ck t
< qore YI0€"; 116"
J

hosi/a—ae1y) | Py2aes/2—at2)y), CF 2
+(1+ (%) 7+ (?) K )W||¢(tn)vh||m(n§) (4.16)

CT n n n n n n n
+7(||¢(t ) = M) T2y + o) ™ = i) 172y + K lueet (0™ 72 ((ry)-

If we take [ = 0, v, = &) and t = t", then we get the Fy term appearing in the
definition of Ej,.
Proof. Using (4.13b) and the properties of Py we get that

h!| Ba(Dy (6% (t))on)| = hllZ & — &0, Dy (07 (1)) — Pa(Dg (67 (8))on))5|

—hllz wli- 1/2+ B Rl,g)
(x — x5, DL(¢*(t))vn — Py (DL(¢*(t))vn));]-

By multiplying and dividing the last equation by ¢(t",z;_1/2) and using (4.8e) we
get

WD, (0)n)
< 12 3 o)1l + 2R 0007 2y 2)) %

J

1671 (8) (D5 (&% (1)) o, — P (D5 (6 (8))un)ll (1) (4.17)
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where we used that ||z — x|[12(7;) < Ch?3/2. 1f we use (4.15b) we see that

kh'= W‘Z €072l 1167 (O(DL(S ())on — P (DL O)on)l 221y

C C
J

h . c h 3 c k.
((?)Q(ZH/Q UHM@*‘(;)?(HS” (l+2)7)m)f||¢(t JonlZamy.  (4.18)

By the Cauchy-Schwarz inequality we get that |R; ;| < Ch%/2|nR — Nullz2(r;)- Hence,

32N Ryt )| 1167 (O(DL(6(1)on — Py (DL(@%()on))l 221,
J
c c ok
< (K2(l+1) + K2(l+2) )7”¢(tn)vh”2LQ (R)

h _ h cT
+((T)2(1 ¥)(1+1) + (
T T

P == [l — 11721, (4.19)

Therefore, if we plug (4.18) and (4.19) into (4.17) and use Z h<1,y<land K >1we

can bound h!|Ey (DL (¢?(t))vs)| by the right hand side of (4 16). In a similar fashion
we can bound h!|E,(DL(¢?(t))vs)| to conclude the proof. O

4.6. Step 7: Estimates for O((¢?),) and the final estimates for the error
in one time step.

4.6.1. Case 1: The weight ¢;. In this case, the only estimate we need for
O((¢7)z) is simply

O((¢1)x) <0, (4.20)
which follows from (4.8c). Collecting the estimates for W), and Ej, and O((¢?),) we
can give the right bound for the weighted ¢, error produced after one time step.

THEOREM 4.11. Let 0 < € < 3 and suppose that X\ < 1/3 —e. If 1 = 2/3,
m1 = 2 and
E = CE€, (421)
for a sufficiently small fixed constant ¢ > 0, then
o )Ex gy < (0 + ) 61(M)ERI
1 L2(R) = 711 Eullz2w)
T - n n n
FOC + D6 0 = 1) e
T — n n n
+O(5 + € e ) — m) 22y

+C( + € 1) K (o0 (8™ )uaee (0™) 172wy -
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Proof. To simplify notation we let ¢ = ¢1, v =1, my = m and K = K;. If we
insert (4.20), the result of Lemma 4.7 and (4.15) into Lemma 4.4 we get

k

(™ D€ 2@ + 701(6%)2D)
1 C
kY 106" ja((5 — (L A= A)[@E™5 )5
J
! h o as /e hey o Ch .
+H1+ T (1+ (?)2(3/2 ) 4+ (?)2 Sv)ﬁ}Hﬁb(t €2y
h h cT
HOK + (14 (?)2(3/2_2”) + (%)2_3”)T}|l¢(t")(n$ —m)llZ2e)

cT
HCOK + ==}l i = i)l + K llOE uans (07)][72(x) )

where we used that |(¢?).| = —(¢?),. in this case where ¢ = ¢;. We see from the term

bz, Ck

(T) KT\|¢@”)€3H%2(R)

that we are forced to take v = 2/3. Substituting v = 2/3 and m = 2 and using our
hypothesis (4.21) we see that

o™ )& 2y + kD [¢€"];-1/2D[¢€"]5_1 2
J

k
< (1+ DIOEE s ey

cT
+(== 1+ Ce (o) (my — mlZaey + IeE) ™ = (0 +00) /2122 w))

k
cT - n n
+(71+C€ DES ot uere (0172 ) -
where
1
D= ((5 - - A) (4.22)

Here we used that % <1.

The proof will be complete if we can show that

kY [GE"]-1/2D[dE"); 5 > 0.
J

This occurs when D is positive semi-definite. This is guaranteed by our hypothesis
A<1/3—e 0O

4.6.2. Case 2: The weight ¢. In this case we do not have that ©((¢3),) < 0,
therefore we must find an appropriate bound for this term. The bound actually is
true for both ¢; and ¢s.
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LEMMA 4.12. Let ¢ = ¢y, K = K;, v =; for either i =1 ori=2. Then,

kO((¢%)a) < C’“Zwe Li—1/20[@€" 5y

k h h h Ck
v DN(1-27) 2N\(B—4y) NGB=6y)y 2™ ny\¢n||2
g+ (L ()07 4 (207 4 ()07 o) o
h h h crT
HL ()07 ()0 4+ ()N T o) o, — 1) e

CT n n n n n
JFT(H‘ZW Y = T2y + 1o Yure (6 )||%2(R))-

Proof. By using (4.6a), we have

N A B H(E @)l - )

k n n n k n n n
+5 B2((62(1")a(€0 — &) + 5 Bs((07(#")x (&5 — €0))-
The result now follows if we apply Lemmas 7.9, 4.10, 7.7, and 7.3. O
Now we can bound the weighted ¢o error in one time step.

THEOREM 4.13. Let 0 < € < % and suppose that X < 1/3 —e. If 79 = 1/2,
mo = 0 and

1

% CE, (4.23)

for a sufficiently small fixed constant ¢ > 0, then

n n k BI3h
||¢)2(t +1)£u+1“%2(R) S (1 + f)||¢2(t )571”%2(]1@
T _ n n n
+C(5 € Do) =0l )
T _ n n n
+C(E +e€ 1) ||¢2(t )(T’w - nu)”%?(R)

T
+C(

=t e ) K (g (™ Vures (0" 172 gy -

Proof. Again, to simplify notation we let ¢ = ¢, v = v2, m = mg and K = K.
If we insert (4.15) and the results of Lemmas 4.12, 4.7 into Lemma 4.4, we get

C
o™ e | L2y + K Z[Qsﬁn]jq/z((% - g)ﬂ —A)[@E"]} 1)

k
<(1+ 3T + ﬁ)||¢(tn)§n||m
cT
+(C K + 7)(”(25(15”)( w = T Ze@ + o)t =01 72my)

CT
+CK + T)k6||¢(t")uttt(9n)||1:2
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where we used % < 1 and our hypothesis v = 1/2 and m = 0. In fact, we only needed
our original assumption m > 0 for this inequality. We choose m = 0 which minimizes
the numerical layer. If we now use our hypothesis (4.23), we see that

62t 2y + kS (67 1/2DIBE": o
J

k n n
<(1+ T)Hsz(t )5u||2L2(R)
CT — n n n
(= +Ce D Nl (™ = 72wy
cT

+(T +Ce ) [l (i — M) 72w

CT — n n
+(T+C€ DES [[o(t™ st (0") 172 gy

where D is defined in (4.22). By our hypothesis A < 1/3 — ¢, D is positive definite.
This proves Theorem 4.13. O

4.7. Step 9: Conclusion of the proof of Theorem 2.1. Let K; and ¢; be
as in Theorem 4.11. Choose 21 = —2sK; log(1/R)A\"7/3T'/3h?/3 for some s > 0,
where x1 appears in the definition of ¢;. We choose s sufficiently large below. Since
r1 < —h

”U(T) - u;zv||L2(—00,T+z1) = HU(T) - uhN||L2(—OO,T+r1)
< ||771]7||L2(—00,T+z1) + ||§7],LVH%2(—OO,T+3?1)

= |[P-(U(T)) = U(D)|12(~c0,7+a1) + €2 122~ o0,701)-

By (4.8a), we have [|€) || 12(—oo,m421) < Cllo1(tV) (€Y )| L2(r). Hence, we only need to
bound ||¢1 (tV)&Y || 2 (). Now we apply Theorem 4.11 for n < N

k
o1 (€2 @y < (1 ) en (" HE 2wy

cT _ nly( e
e+ C Dl s = ni e
o ) it = D72 w))

cT

+(T +Ce )R on (8" et (0" ) 172 gy -

We decompose the real line as R = S, U SS where S,, = (—oo, t" + x1 +
5K log(1/R)A"T/BTY3h2/3) = (—oc0, t™ — sK1log(1/h)A\~7/3T/3h2/3). Notice that
u(-,t") = U(-,t") in S,. Hence, by approximation properties of the projection oper-
ator P_, we have

cT _ n— n n—

(5 + CeDllon s = Hllzags, )
cT _ n— n— Lol

+H(=m + Ol i = ni M Eags,
cT ¢r

+(T + CE_I)]{?6 ||¢1(tn_1)uttt(9n)H%2(sn,1) S (T + 06_1) kQ h4.
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It follows from (4.8b) that ¢(z,t" ') < h® for x € R\S,_;. By using (4.2) and
choosing s > 4, we can easily show that

cT

(T+C 71)H¢(tn 1)(77 7T’u )H%Q(R\Snfﬂ

cT _ ne
+(T+C 1)||(]5(t 1)( T _nu )||L2 (R\Sn-1)

cT crT

+(T +CeDE (" e (0|72 mrs, 1) < (T +Ce HE Rt

Hence,

n\ ¢n k n— n— CT _
1" B aqmy < (L ) 0n (" En gy + (S + C R A,

and it follows by Gronwall’s inequality that

cT
o1 (T)EN 172y < (14 €)[[61(0)ERI72 ) + (T +Ce HTkh

= (14 Ol OV (P (U) ~ P-(wo)faqey + (S +Ce YTk A

Again, using that Uy = ug in (—oo, —h) and using the decay properties of ¢1(0), we
have

cr .
o1 (EM)EN 1 Z2m) < (T +Ce YT kR + Ch°.

Therefore, using this result and (4.8a) we get that
Tk .
IU(T) = i | 2(—o0, T—2.5 K1 tog(1/mpr-7/311/302/3) < CTh? + 0(7)1/%2 +Ch
+||P7(U(T)) —U(T)12(=00, T—2s K1 log(1/R)A-T/3T1/3R2/3)

Since K1 = =, we can choose (3§ = 2 to obtain

Tk

€

U (T) = up | 22(— oo, 7— g s 1og(1 /myr-T/3e-171/382/8) < CTh? + C(—)"/2h? + Ch?*

HIP-(U(T)) = U(T) | L2(~ 00, 75 stog(1/m)A-7/2e-1T1/312/3)

The estimate in the region > T + Bslog(1/h)A~'/2¢~ T /2h1/2 can be estab-
lished in a similar fashion.

5. Numerical Experiments. The purpose of this section is to verify our main
result, Theorem 2.1, and to present numerical evidence suggesting that it is sharp.

5.1. L? errors. To verify the estimate of Theorem 2.1, we consider the problem
(1.1) with periodic initial condition Uy(z) = sin(?mc) + x(z) for x € [0,1] where x
is the characteristic function of the interval (1 1 4) We use uniform spatial meshes,
uniform time stepping and take CFL = XA = k/h = 0.33.

We w1ll 1nvest1gate the error at time 7" = 1. The mesh ¢ will denote a mesh with
size h; = 1000 We compute the L? error to the left and right of the singularity « = 1

and T = 1. Specifically, we compute the following errors
eLe :=UT) = un(T) 20,3 —5n2/2)
eRy :=||U(T) —up(T )||L2( Lyshl/2
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We then compute the orders of convergence defined by

L
log(;7747)

log(2)
log(7)

log(2).

We list the results in Table 5.1. As we can see, the optimal orders of convergence
are realized; this confirms the prediction of Theorem (2.1). Note that we did not use
a logarithmic factor in this computational experiment. We simply took the region
around the discontinuity as Ry = 1 + (—5h?/3,5h1/2).

oLy :=

oR, =

TABLE 5.1
Error to the left and to the right of the singularity

¢ eL, oL, el oRy

44e-8 - .58e-8 -

dle-8 1.98 | .15e-8 1.96
28e-9 199 | 389 1.98
.70e-10  1.99 | .95e-10 1.99
18e-10  2.00 | .24e-10 1.99
44e-11  2.00 | .60e-11 1.99
.20e-11  2.00 | .15e-11 2.00

N O U W N =

5.2. Behavior of the error near discontinuities. To show that our results
are sharp, we explore a very precise form of the error near the discontinuity for the
special periodic initial condition Uy(z) = x(z) for = € [0, 1].

We would study the error near the discontinuity @ = 1/4 and T' = 1. We do this
by scaling the error near the discontinuity and plotting the results for different h. To
the left of the discontinuity, for each fix mesh size h we plot the scaled error

errorL(y, h) == |U(1/4 + h*® 4, T) — un(1/4 4+ h?/3 y, T)| .

Note that here y < 0. The results are given in the top of Figure 5.1. Note that as we
decrease h the graphs seem to be converging. This reflects the fact that the scaling
h2/3 is the correct one and that our results are sharp.

Similarly, to the right of the discontinuity we define, for y > 0,

errorR(y, h) == [U(1/4 + h'/? 4y, T) — up(1/4 4+ hY/? 4, T)|.

Since the above function is very oscillatory, we are going to consider its “envelope”
which we denote by “envelopeR(y, h)”; see the middle of Figure 5.1. In the bottom
of Figure 5.1, we plot those envelopes for various h in Figure 5.1. Notice that the
graphs seem to be converging as we decrease h. Again, this reflects the fact that the
scaling h'/? is the correct one and that our results are sharp.
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Fi1c. 5.1. History of convergence of the scaled error to the left of the discontinuity (top) and of
the “envelope” of the scaled error to the right of the discontinuity (bottom) for different values of
the meshsize h. In the middle, we see an example of the scaled error to the right of the discontinuity

and its “envelope”.
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6. Concluding remarks. The approach developed in this paper could be ap-
plied to the study of general RKDG methods for the model problem under consid-
eration. The only difficulty in carrying out such a task is that the use of high-order
accurate Runge-Kutta methods quickly complicates the calculations. If we solve ex-
actly in time, however, a characterization of the region containing the numerical layer
should be fairly easy to obtain for any given polynomial degree p for the DG dis-
cretization in space. This constitutes the subject of ongoing work.

7. Appendix.

7.1. Construction of weights. To finish the construction of the weights ¢
and ¢o we only need to construct the initial conditions by and bs.

bi(z) = ((x —x) /KT h“) , and  be(x) =1 ((xz — )/ K, T2 h”‘) .

The function v is given by

Wo(r) = / T o),

where g € C°(R) and is such that g(s) = |s| for |s| > 1.
Now we can prove Proposition 4.3
Proof. Since we have the following representation of ¢ for i = 1, 2:

b1 (2, 8) = by (z — 1) = b ((:c ) — )/ KT ml) ,
do(z, 1) = bo(z — 1) = P ((x2 — (- b))/ KT m2) :

it is not difficult to show that these results can be easily obtained by using the following
properties of ¥:

c<Y(r)<C for r <1,
P'(z) <0 for z €R
P(r)y=e" for r>1,
¥ (r)] + [ ()] + [ ()] < Clop(r)| for 7 €R,
W )+ [ () + [ ()] < Cl'(r)] for r €R,

and that, for any interval I of unit length, RO(I, )+ RO(I,v¢') < C. This completes
the sketch of the proof. O

7.2. Proof of Lemma 4.9. The proof is very similar to the super-approximation
proofs contained in [16] and [13].

Proof. To simplify notation we drop ¢. By approximation properties of P, we
have that

ID% (6% = P(D4(6%)0) 121, + BII(DL(6%)0)e = P(DL(6%)0)e 21y
< Oh2||(Dﬁc(¢2)v)m”L2(1j)'

Since v, = 0, we have that

R2[[(DL(6*)0)aa |l z2(1;) < WPIDE2 (670l p2(ry) + 207 | DS (6 )va |l 221,
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Using (4.8d), we obtain

1D%(¢*)v — P(DL(¢*)v)l 22 1) + PI(DL(¢*)v)e — P(DL(6°)0)a |l L2(1,)
COp2-+1)y B2- 3 (+1)y

T 1h2 1/2
S Fawaa e 19 ea + Fasanm gare 19109 el iy (1)

If we multiply both sides by ¢~! (here we use (4.8¢)) and set [ = 0 we arrive at
(4.15a). The inequality (4.15b) follows from (7.1), (4.8d), (4.8e) and (7.4). O

7.3. Proof of Lemma 4.5. We start by proving (4.13b). If x; is the character-
istic function of I, then

S 1 k 1
€~ Eilay) = (60— €15 = TH(ELX3) + 1 (Ba) + o))
Since x; € Vi, Ea(x;) = 0. By the properties of P_ we have that E3(x;) = 0. Also,
from the definition of H we have H (&), x;) = —h(&})z(x5) — [§n]j—1/2. This shows
that

&= E(e5) = ~h(ED)ale) ~ T (72)

Using (4.12), we have
(60— ED(o) = (€L~ €z =2/ [ (o= 2
= %{’fﬂ@ﬁ’xﬂw — ;) + Ea(x;(z — ;) + Bs(x;j(z — 2;))}.

3
We used that flj (x —a;)? = %
Again, since x;(z —x;) € V4, we see that Ex(x;(x—2;)) = 0. By the definition of

E3, we have Es(x;(x—x;)) = Ry ;. Also, H(&), xj(z—xj)) = — ij (@ —x;)(&))ade —

(x —a5) () p)E0] 172 = §[€0]-1/2 since (£}), is constant on I; and Ji, (@ =
xj)dz = 0.
Therefore,

6k 12
(Eo — &u)al(zy) = ﬁ[&?]jflﬂ + ﬁRl,j-

Equation (4.13b) now follows from (4.12), (7.2) and the above identity.
Subtracting (4.6a) from (4.6b) we have

(€t —¢nv) = SH@:; —&0,0) + Bi(Py(v) — B2 (v)/2 — E3(v)/2
+E4(v) + E5(v).

Using this representation and following the techniques used to prove (4.13b) we
can easily show (4.13a).

7.4. Proof of Lemma 4.8. In order to prove Lemma 4.8 we will state and prove
a series of lemmas. Most of these lemmas are bounds for the terms of E;. We first
state standard inverse estimates.
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LEMMA 7.1. There exists a C > 0 such that for every v € P'(I;)

0(j4172)] + [0(wj-1/2)] < CRT3 ol 21, (7.3)
and

||U/||L2(I]~) < Ch_lH’UHL2([].). (7.4)

We also need the following preliminary estimates.
LEMMA 7.2. Let t" <t <t"T!, then for vy €V},

c
167 @O (P(8*)vn) = 6*(O)vn)llzary) < 52 16E ) onll L2, (7.5)
and for K sufficiently large

1™ () Py (& (t)on) |21,y < 2ot onl 21y (7.6)

Proof. By (4.15b) we have

67 PG Oum) — P Ouliey < (1) + (20 S ol

The inequality (7.5) now follows from K > 1 and % < 1. The inequality (7.6) easily
follows from (7.5). O

The following result compares £, to &;}.

LEMMA 7.3. Ift" <t <" and K is sufficiently large, then

le(M)En T2 ®) < Cllo(EEN T2 @) + Cllo™) (ny — m) 72 zy-

Proof. Using (4.6a), we have

oOERIT2 ) = Y (€0, &2 (DER); + RH(EL *()EL) + Ba(° (1)E1) + Es(d7(DED).

J

By applying (4.8e) and the Cauchy-Schwarz inequality we get

1
D (€ 6P (MER); < ClleE™En Ty + oM 22r)-

J
If we use (4.8e), (7.3) and (7.4) we get
n n n n 1 n
RH(EL, 0*(O€0) < Clo(")&0 Ty + gllo(EL T2 r)-
By using (7.5) and taking K sufficiently large we get
n n n n 1 n
Ex(¢*(t")€n) < Cllo(t™)&nl 72wy + §||¢(t)£w”%2(R)'

If we use (7.6) we get

1
Es(6*(t)&l) < Cllo(t™)&n]1 72wy + §||¢(t)§$\|%2(m<)'
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Combining the last four inequalities proves Lemma 7.3. O

We will need a different bound than what is given in Lemma 4.10 for the case
l=0and v, =¢] or v, =&,

LEMMA 7.4. Let t™ <t < t"t1 then

| B2 (¢ (£)e0)| + | Ea(¢* ()60

Ck k
<1+ Am*z)? > (9™ 1 o lldE™ )y + 5@(\(¢2)x\)

J

h Ck

19N2(3/2—27) ny\en||2
Gl

h n n n
+H1+(z) 2672 27)) (™) (i =)y

CT n n n n
= (o) (m T2y + KOO ue (07172 ry)-
Proof. As was done in the proof of Lemma 4.10, we see that

[E2(¢7(8)€)| = IZ 72 5”]; 12(6(t) (@ = 27), 67 (1O (1)EL — P (0*(H)EL)));

+ Z RLJ (@ = 25), 0~ (1) (D* (W)€ — Py (6*(D)EL)));]

S Ml +M2a

where

My = WZI S(tM)EM -1yl 167 (O(S (DE: — Pr(@* D)z r,)

My = W YRt i)l 07 (DGO = Pr(6*(DEN 21,
i

We first bound Ms. Using (4.19) with v, = &7 and | = 0 combined with the
inequalities K > 1, % <1 and v <1 we have

Ck ny¢n||2 cr n n ny |12
My < Sz € By + o) 0 =) 21 (7.7)

For the next term we use (4.8¢) and (4.15a), to obtain
Ckh3/2—2v
= T20-7) 2
Ckh3/%~ 7/2
ZI

T(l ¥ /2K1/2

Z @) (€ j—1/2] 6(E") 0|l L2,

Ni—1/2l 116" (@) ()N (€Dl 2,

Using Young’s inequality, we have

Ckh3/2 2 .
Far g LDl -val ol inc

*k‘z ()& 12 + (5 )2(3/2 27)K2T|\¢(t V&2 (my- (7.8)
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If we use (4.13b), the triangle inequality and the fact that |z — ;| < h for z € I},
then

116G @)= N2 (ED: 201y < 05167

Ch—(+7)/2 o Ch—7/2 by
+m|[¢(t )Euli—1/2] + m||¢( ") — ma)llL2(1;)
where we also used |Ry ;| < h%/?||n? — Nullz2(1;), (4.8d) and (4.8e).

Therefore,

Ckh3/2=7/2 Z

Fa—nyafise 2. 1P E]-12] (&™) (@)2 (™)) (€l 21y

<oy 8

h %
K 'T K'T

2(1—7)
) + %

<T>2<3/2 NED [S(E™E; )

J

k 2 T n n2
k

Ck
<A AN 22 S [B(ENT 0+ 750(1(67)a))
J
cT
+T\|¢(tn)(n$ — )72y

Here we used that K = A" K, % <1,v<1and K > 1. Combining this inequality
with (7.8) we get

Ck k
My < (14 X7 =2 S (0(E)ERE o + 5O((6)a)
J
h C’k
HE PO ()€
cT
+7||¢<t"><nz; Al

where we used that K > 1, A < 1 and m > 0. Therefore, combining the estimate of M;
and M, gives the right bound for |Ea(¢?(¢)€7)|. We are left to bound |E4(¢?(¢)ER)].
To this end, we write

|Ea(¢*(0)€0)| = |Ea(0*(t)€0) + Ea(¢* ()& — &1)]-

We can follow the proof of the bound for Eo(¢?(t)£7) to obtain

Ck
[Ba(¢* (€] < (142" == Z[qﬁ(t")ﬁlﬁ]?q/z
+5700(6%):]) + (1+(T)2(3/2 ) KHqﬁ(t )ullLe g

R ors/9_00CT o n
L+ G2 = o) 0, — 1) ey

cT
+ﬂ(||¢(tn)( ma =2 ) + Kl et (07172 gy )-
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If we use (4.13a) and (4.13b) and the properties of Py, we have

K3 12

o T 3 lt2)

B0~ €)= Yy lell; 1o+

J

(@ —aj, $* ()& — &) — Pr(*(1)(&l — €0)));

< Q1+ Q2+ Qs,
where
¢ n
Q= Wz |Ro jo(t",x;_1/2)| D;
QQ = h3/2 Z ‘R4’J¢ t y Lj— 1/2)|D
(s := h1/2z “)eulj-1/21 Ds,
and

= o™ (O)(@* ()& — €0 — Pr(8* (&0 — €Dl 2y
Following the proof of the bound for M5, we can show

Ck

@< w7

CT
(™) €Ty + —— o) (0 = M) T2y + 16 ™ = WD ),

where in addition we used Lemma 7.3. Similarly, we can show

cT
Q2 < 7||¢(t”)€"||L2(R + = (o™l = M2y + K llO(E e (0") 172 s))-

In order to bound Q3 we first bound D, using (4.15a)

Ch?=2v oo o
|D;| < W(W(t Vullrzr; + 1ot &l L2(1;))
Ty (e @E D (€5 = €al 12y
Ch2=2
S Baf 7)K(\|<f>( "l + 1) (e — )l L2 (1))
Ch1=/2

=0 2 1/2
e Q@D

In the last inequality we used Lemma 7.3 and the inverse estimate (7.4). Therefore,

Ck h
Q3 < a [¢(tn+1)§g]?_l/2 + (T

J

Ck .
)2(3/2=27) ||¢§ 72(r)

h o CT n n
+(;)2(3/2 QW)TW@)(% — )z

+-0(1(6)a),
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where we used that v <1, K > 1, and A < 1. Hence,

|Ba(*(t)(&0 — Z G I3 P
+ﬁem&>n u+ﬂfW2”> o(m)en |2
24 7 KT ullL2((R)
h cT
1 () EL o) o, — ) e
CcT

+7(||¢(tn)( a = T2y + KOS Yueer (07172 ((w))-

This completes the proof of Lemma 7.4. O
LEMMA 7.5.

€~ 6 (Pl < (2 1) ) + 250

J

2— 3'yCT

+(T) et ms —n)liaw.  (79)
and
k2 n e n " h Ck A en
\—EJ}(& i (0 ()e€i)i| < () g lle ) e
h CT
+(;)1’2”K7k||¢(t”)(n3 = 1)z -(7-10)

Proof. The results are simple consequences of (4.8d), (4.8e), the Cauchy-Scwharz
inequality and Lemma 7.3. O
LEMMA 7.6. For K sufficiently large

B (P (¢* ("€ < 87||¢(t”)§ 72y + CTR S Jueee (0") |72 )

Proof. By applying Cauchy-Schwarz inequality, (7.6) and Young’s inequality we
obtain Lemma 7.6. O
LEMMA 7.7. Let t" <t < t" ™! and vy, = & or v, = €. Forl=0,1,2, we have

hlIE (D3 (62 ())vn)| + hl|E5(Dl (&*()vn)]

< 16TH¢(I¢")€"HL2(R) + (||¢ ) = Doy + 16 (i — 1) 12 ))-

Proof. This result easily follows from the Cauchy-Schwarz inequality, (7.6),
Lemma 7.3, and Young’s inequality. O
LEMMA 7.8. We have

23y Y™ Ck
K3T

23y~ cr

[S1] + [S2] < (T) et N2 ) + (T) e 0 = ni)IZe -

Proof. This follows from (4.8d), (4.8e), the Cauchy-Schwarz inequality and
Lemma 7.3. O
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Now we can prove Lemma 4.8 which is a simple consequence of the lemmas of
this section.

Proof. We start with the proof of (4.15). If we apply Lemma 7.6 , Lemma 7.4,
Lemma 7.7, (7.9) and Lemma 7.8 we get (4.15).

To prove (4.15) we proceed as the proof for (4.15), but instead of using Lemma 7.4
we apply Lemma 4.10 only and we use (7.10) rather than (7.9). We also use Lemma
7.3.0

7.5. Auxiliary Lemma. The following lemma is used to prove (4.12).
LEMMA 7.9. Let ¢ = ¢y, v =v; and K = K; fori=1ori=2. Ift" <t < "1,
then

C’k
AL ((0)a (65~ €01 < T SI087]5-0aM67)
B ot s Ck . o
HG PO + 1) >5u||%z<R>

h — cr n n n
+(1+(%)2(1/2 7))7\@5(15 ) = )1 22wy

Proof.
R2IH (&, (6°(8))a (S0 >>|
= kZ\jij (@) (B (€ = €)a)y + €@y D672 (D(ER = €Dy 2l

By applying the Cauchy-Schwarz inequality , (4.8d), (4.8¢),(7.3) and Young’s
inequality we have

k| Z &1 (@741 o) [(6)a (B (€L — ED)]j1/2]

h

Ck ) Ck.
< 7zj:{[d’ﬁn}jq/ﬂwfn]j—uz‘*‘(?)2(1/2 W)TH(ZW V&N T2 ) -

The product rule gives
IZ —&u))x)il = IZ{( s (0%)aa () (€0 — €));
(&L, (8 (€L — EDa)s -

Applying the Cauchy-Schwarz inequality (4.8d), Lemma 7.3 and Young’s inequal-
ity we have

R (a6 600 < ('

o)l — )2 gy)-

If we use (4.13b), (4.8e), (4.8d) and Young’s inequality, we see that

(leE™)EnNZ2 ey
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Ck
KD (60 (0%): (& = €Da)s| < 7 DI00MEN 12
J J
h Ck
+((%)2(1/2—v) + 1)ﬁ||¢(tn)53||%2(11@)
T

) 0y = 1) B

This concludes the proof. O
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