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HERMITE METHODS
FOR HYPERBOLIC INITIAL-BOUNDARY VALUE PROBLEMS

JOHN GOODRICH, THOMAS HAGSTROM, AND JENS LORENZ

ABSTRACT. We study arbitrary-order Hermite difference methods for the nu-
merical solution of initial-boundary value problems for symmetric hyperbolic
systems. These differ from standard difference methods in that derivative data
(or equivalently local polynomial expansions) are carried at each grid point.
Time-stepping is achieved using staggered grids and Taylor series. We prove
that methods using derivatives of order m in each coordinate direction are sta-
ble under m-independent CFL constraints and converge at order 2m + 1. The
stability proof relies on the fact that the Hermite interpolation process gener-
ally decreases a seminorm of the solution. We present numerical experiments
demonstrating the resolution of the methods for large m as well as illustrating
the basic theoretical results.

1. INTRODUCTION

Challenging problems in large scale scientific computing typically involve multi-
ple spatial and temporal scales. For hyperbolic problems this entails the propaga-
tion of short waves over many wavelengths. In such cases, one expects high-order
methods to be particularly efficient. In recent years, a number of high-order finite-
element methods have been developed and applied to wave propagation problems
[B, @, 13]. In contrast, the application of high-order nodal based finite-difference
methods has lagged. A possible explanation for this is difficulties associated with
the application of boundary conditions. (See, e.g., [I8] for a somewhat complicated
approach to dealing with this issue.)

In this work we develop the basic theory for a different class of node-based
methods of arbitrary order. The ingredients of our method, which could be applied
independently, are:

i: The association of derivative data, or equivalently local polynomials, with
each grid point. Using Hermite interpolation, this allows us to derive meth-
ods of arbitrary order using 2u-point stencils in u space dimensions.

Received by the editor January 7, 2004 and, in revised form, February 4, 2005.

2000 Mathematics Subject Classification. Primary 35G20.

Key words and phrases. High-order methods, hyperbolic problems, stability.

The second author was supported in part by NSF Grants DMS-9971772, DMS-0306285, NASA
Contract NAG3-2692, and the Institute for Computational Mechanics in Propulsion (ICOMP),
NASA Glenn Research Center, Cleveland, OH. Any opinions, findings, and conclusions or rec-
ommendations expressed in this paper are those of the author and do not necessarily reflect the
views of NSF or NASA.

The third author was supported in part by DOE Grant DE-FG03-98ER25235 and the Institute
for Computational Mechanics in Propulsion (ICOMP), NASA Glenn Research Center.

(©2005 American Mathematical Society

595

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



596 JOHN GOODRICH, THOMAS HAGSTROM, AND JENS LORENZ

ii: The use of high-order Taylor series in time to evolve the solution on a
staggered space-time mesh. Employing the Cauchy-Kowalewskaya recur-
sion (e.g., [6, 12]), time derivatives of a local solution are calculated using
the Hermite interpolant and the partial differential equation itself. For
constant coefficient linear systems in any number of space dimensions, the
Taylor series truncates for piecewise polynomial data except at the break-
points. Then the evolution is exact so long as a CFL-type condition is
satisfied. Here the use of a staggered mesh is crucial, as it allows us to
evolve the data at a point where the piecewise polynomial is smooth.

Certainly these ingredients have been used elsewhere in different contexts: meth-
ods for hyperbolic systems using piecewise cubic Hermite interpolation have been
proposed by Yabe and coworkers in [19] 20, 2T] and studied further in [I7]; high-
order Taylor series methods for ordinary differential equations are discussed in [I5];
and the use of staggered grids to facilitate time-integration of hyperbolic equations
is a key part of the so-called central difference schemes for hyperbolic conservation
laws [14]. However, we believe their combination with arbitrary-order Hermite in-
terpolation to solve hyperbolic systems and the convergence analysis we provide is
new.

At first glance Hermite methods might appear less efficient than high-order meth-
ods requiring only function data; after all we are introducing many additional de-
grees of freedom. However, we will demonstrate that the Hermite methods allow
significant subgrid resolution, so that the number of degrees of freedom required
per wavelength is comparable to other techniques. An advantage of our approach is
that the time-step stability restrictions are determined by the cell size independent
of the order. Thus much larger time steps can be taken.

The outline of the remainder of the paper is as follows. In section 2 we describe
in detail the basic method for space-periodic problems. In section 3 we analyze our
method for constant coefficient systems in one space dimension. The convergence
proof is based on the observation that Hermite interpolation generally decreases
a seminorm of the solution. In sections 4 and 5 we generalize the analysis to
systems with variable coefficients and nonperiodic boundary conditions, which is
conceptually straightforward but technically detailed. Again we emphasize that
the boundary treatment is completely natural, requiring no changes in the basic
discretization. In section 6 we consider systems in multiple space dimensions using
tensor-product grids. Here we must generalize the seminorm in an interesting way
to obtain the convergence theorem. Finally, in section 7 we present a number
of simple numerical experiments which demonstrate the resolving power of the
methods as well as the basic theoretical results. An appendix collecting various
facts about Hermite interpolation and solutions of hyperbolic systems which are
used in the analysis is also included. Proofs of these facts or proof outlines are
given for completeness.

We note that the methods are applicable to nonlinear hyperbolic-parabolic sys-
tems. Extension of the theory to cover that case as well as applications of the
method to the study of compressible flows will be reported elsewhere.

2. HERMITE-TAYLOR METHODS FOR PERIODIC PROBLEMS

To begin we describe the method for the simple model problem
(1) Ut = AUy, u(x,O) :f(x)a
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where f(z) is a smooth 27—periodic function and a is a real constant. For reasons
detailed below, we use staggered space-time grids and our grid data includes not
only approximate function values but scaled space derivatives of orders 1 through
m. Precisely let:

(2) O<zi<a1<z3 <2< <ay_1<ay<z1+2T=TyN,1.
Set

Gy, = {:vj+%:j€Z}, xj+%+N:xj+%+27r,

G, = {a:j:jEZ}, TjtN = T; +2m,
(3) hj+%::cj+1f:cj, hj:xj_i_%ij_%.

Starting at time ¢,, a full step of the method proceeds as follows (see Figure [):

it On each cell [z;,x;41] (i-e., each interval bounded by adjacent points on
the current grid), construct the Hermite interpolant of the function and
derivative data at the nodes x;, x;41. This will be a polynomial of degree
2m + 1. We express it as an expansion in local coordinates centered at the
staggered grid point, Tip1:

2m—+1

(4) pj+%($atn) = Z Clo (x—a:j+%>l.

1=0
ii: At each point on the staggered grid, z,, 1, compute a temporal Taylor
series,

2m—+12m—+1—1

(5) P =Y > an(r-) ¢t
=0 s=0

To compute the coefficients ¢;; we note that time derivatives of a smooth
solution to () may be directly expressed in terms of space derivatives.

® ) ® ) Y tny1
T T T
T T T
® -7 07 @ T 07I1I— @ tn+%
7 T
T T

@7 >0 7 @7 >0 7T @ tn

i3 Ly Tj+i Tj+1

FIGURE 1. Schematic of the numerical process for a full time step.
Solid circles represent the base mesh and open circles represent the
dual mesh. 7 is the Hermite interpolation operator, and 7 is the
Taylor evolution operator.
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Writing this relationship recursively:

0°u 0°u
6 8 a0
(©) ot~ ‘ot 1oz
Applying (@) to Pjy1 we derive a simple recursion for the coefficients ¢y,
s=1,...,2m+ 1 (recall we have computed the ¢;):
l+1
(7) clsza( + )CH_LS_l, 1=0,...,2m+1—s.

We note that we have included all nonzero terms in (@) as computed by

@.

iii: Evaluate the series at ¢, 1 = t, + % to derive:

10 ! E\®
(8) ﬁ@(ijr%,thr%)% Z Cls(i) s l:0,...,m.
s=0
Since we have included all terms in the Taylor series, the right-hand side
of () represents the exact values of the solution of the governing equation
with the piecewise polynomial data so long as the domain of dependence of
the solution at (z;,1,t,,1) on data at ¢, is included in the cell, that is, if
2 2
the CFL-type condition

(9) ag < min (.Tj+1 — T LTyl —xj)
is satisfied.
iv: Repeat the process on the dual grid starting at ¢,, 41 producing data on the
original grid at time t,1.

Functionally, the method requires two procedures: an interpolation procedure,
Z, which, on each cell, transforms the derivative data at the endpoints to the local
expansion coefficients, ¢jo, of {@) and an evolution procedure, 7, which applies the
recursion ([7) to compute the space-time expansion coefficients ¢;s and updates the
data using (8). Generalizations of the method to more complex problems require
generalizations of the evolution procedure, 7, while the interpolation procedure
remains unchanged. We note that by evolving the piecewise polynomial data on
the dual grid we are able to consider a point where the approximate solution is
smooth, and for constant coefficient problems, satisfaction of the CFL constraint
results in the evolution being exact on the grid.

2.1. Extensions. We now consider how to generalize the method to systems, vari-
able coefficients, and multiple dimensions. The treatment of boundary conditions
will be discussed in section 5.

2.1.1. Constant coefficient systems. We begin by looking at the constant coefficient

system:
(10) uy = Au,, A= AT ¢ R4
(11) u(z,0) = f(x), flz+2m) = f(x).

In this case the data consists of approximate function and scaled derivative values
for each of the d components of the solution on the grid. The Hermite interpolation
step leading to (@) is carried out componentwise and is thus identical to the scalar
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case. The result is an R%-valued function each of whose components is a polynomial
of degree 2m + 1. From the perspective of the data the coefficients ¢;y are now d-
vectors.

Similarly, the space-time polynomial in (B is vector-valued, described by coeffi-
cients ¢;s € RY. They can be recursively computed using:

0u 0%u
12 A"
(12) ots ots—1ox’
which implies the vector recursion:
[+1
(13) Cls — ( )AClJrl)S,l.

As in the scalar case, it is easy to show that (B)) contains all nonzero terms in a
temporal Taylor series for a solution of (I0) with polynomial data. The update is
exact on the dual grid if the appropriate CFL condition, determined by the spectral
radius of A, p(A), is satisfied. This is stated in the following lemma.

Lemma 2.1. Suppose p(z,t,) is an R*-valued degree 2m + 1 piecewise polynomial
function of x with breaks at xg < 1 < --- < xn. If p(x,t) satisfies @A) fort > t,
and the time step, k, satisfies the CFL condition

k .
p(A)§ < min (ijrl — L1, T x]-) ,
then p(x;41,t,,1) is given by (), where the coefficients satisfy (I3).

Proof. The result follows directly from ([3]) and standard domain of dependence
considerations [16, Ch. 3,6]. O

2.1.2. Variable coefficients. We now consider the spatially-periodic, forced, sym-
metric hyperbolic system:

(14) uy = Az, t)uy + Bz, t)u+ F(z,t), A= AT, u(z,0) = f(z),
(15) flx+2m) = f(x), F(zx+2m,t)=F(z,t),

(16) Az + 27, t) = A(z,t), B(x+2m,t) = B(z,t).

Here u, f,F € R%, A, B € R¥*¢,

As in the constant coefficient case, we compute R%-valued Hermite interpolants
on each cell; i.e., we compute the coefficient vectors ¢;g. However, a terminating
local space-time expansion of the form (B) no longer exists. Thus we give up on
exact local evolution of the data, specifying instead the degree of the Taylor series
in time we wish to use. To be precise, denote by p(z,t), t, <t < tn+%, the solution
of (I4)) with initial data p(x,t,), which is a piecewise polynomial function of degree
2m + 1 with breaks z; as before. Let x; < x;;1/2 < zj41. Then for a time step
satisfying the CFL condition

k .
(17) :I:G[Ij’fl?j-%—lr]r’la)t(G[tn,tn#—%] P(A)§ < min (xj_H T it Tty T xj) ’
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we choose ¢ > 2m + 1 and replace () by the approximate expression

10 AN
(18) ﬁ@(l']Jr%,thr%)%ZOCls <§> :ﬁT(q»)p?Jr%

Recursions for the space-time coefficients ¢; follow from differentiating (4] in space
and time and applying Leibniz’ rule (see, e.g., [8 Ch. 9]):

I s—1

1 . .
(19) Cls = g E E (’L'+1>A[l_z’s_1_]]ci+1’j
=0 j=0
1 I s—1 1
LN S gl 4 Dplle
+s¢:oj:oB st '

Here, for any function G, vector or matrix-valued, we are using the notation of [§]:
1 oHi@
- x,t .
114! 0zt ot )

In (IJ) all functions are evaluated at (z;,1,tn). We note that the right-hand side
of (T9) only involves t-derivatives of order up to s — 1, and thus the recursion may
be initiated by space derivatives of p alone. If we choose ¢ > 2m + 1, then space
derivatives of p of order greater than 2m + 1 appear. Although these are zero
initially, their time derivatives generally are not. We finally note that the degree of
the Taylor series in (I8)) decreases as the order of the spatial derivative increases.
In some implementations for nonlinear systems it may be advantageous to use the
same degree for all derivatives. Such issues will be discussed in a later work.

(20) Gli-d] (z,t)

2.1.3. Multiple dimensions. We now consider a symmetric hyperbolic system in R*:

(21) up = Z#:Aj(x,t)uxj + B(z,t)u+ F(z,t), Aj= Af, u(z,0) = f(x),

Jj=1

under the assumption that all functions are 27-periodic d-vectors or d X d matrices
in all space variables. We introduce tensor-product grids of type (@) with N; points
in each coordinate direction:

(22) Gr=Q)GCni» Gn=Q) Cn.i,
i=1 i=1

Ghi = {xm‘% A Z}’ Tijryrn = Tigy T2,
Gp; = {x” 1] € Z}, Tij+N; = T4j + 27
We set
(23) h; = max max((@;,j4+1 — i), (Tij41 — Tij_1))
and
(24) h = mzax h;.
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Thus a cell on the base grid takes the form

m
(25) ®[xiyjq,’xi7ji+1]a

i=1

and the coordinates of its interior dual grid point are

(26) (x17j1+%,x2)j2+%,...,.Z‘MJ“JF%).

On these grids one can define tensor-product Hermite interpolants of degree
#(2m + 1), that is, polynomials of degree p(2m + 1) that are sums of products of
polynomials of degree 2m + 1 in each variable x;. The nodal data used to define
the interpolants is

27 — D" Ju, 0<v; <m.
e ({1507

(Here we introduce the notation D; = 0/0x;.) Obviously, the computation of each
interpolant can be reduced to the composition of one-dimensional Hermite interpo-
lation operators along coordinate directions. For example, in two space dimensions
one might first interpolate in the x;-direction along the top and bottom of each
cell for each order, vo, of the xzo-derivative. That is, one would compute 2m + 2
polynomials centered at z; ; 41 half located at the top and half located at the

bottom. Thus to each power, (z1 — xl’jﬁ%)l, one associates 2m + 2 coefficients
computed with D3?u at 29 4, and 2 j,+1. Applying the one-dimensional interpo-
lation operator to these produces the analogue of ({):

2m—+12m+1

ll l2
(28) Pjyigjors (@22 ta) = D Y o (fﬂl fl,;1+1) (f@*ffz,jﬁ%) )

1,=0 I2=0
or in R*:
2m—+1 2m—+1

l;
(29) Pjrt gt (X1, T, b Z Z cy - lOH(xZ_$i7ji+%) .

1,=0 1,=0

To evolve these polynomials in time, we look at the special case A; = constant,
B =0, F = 0. Then, if we insist on exact evolution, the Taylor series in time
must in general be of degree p(2m + 1), which is of significantly higher degree than
required simply to attain the order of accuracy 2m + 1. We note, however, that
carrying the series to higher degree does not require any additional spatial data.
However, for variable coefficient problems, it does lead to additional derivatives of
coefficients to be evaluated. In the final section we will present some numerical
experiments related to the degree of the temporal Taylor series. Thus in general we
will as above choose a temporal degree ¢ > 2m + 1 and approximate the updated
data by the analogue of (IS):

I s
(30) (H vl DVl) (xl,jl—i-%a'-- #JMJ’_ ’ n+ Zcm VS <> .
i=1 "

(For g sufficiently large some of the terms in the sum above will be identically zero,
but we include them for ease of notation.)
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In the constant coefficient case the coefficients again satisfy a simple recursion:

“w
(31) Clyolys = Z @AJ‘%»--lj,lzj+1zj+1---zusf1,
j=1

with a more complex formula generalizing (I9) holding in general. In either instance
one generates the coefficients for increasing s starting with ([29)), the output of the
Hermite interpolation.

To complete our discussion, we must also consider the domain of dependence of
the updated solution at a mesh point over a half-step. Given a unit vector e € R
the maximum wave speed in the direction e is given by

“w
(32) cle)=p (D 4|,
j=1
leading to the CFL constraint

k . .
(33) 61‘0(6)5 < rnjm (xi7j1+1 —Tide Tl — x”7) , i=1,..., .

Note that for an isotropic problem on a uniform mesh this reduces to the one-
dimensional CFL condition (I7). Also, in the case A; constant and B =0, F =0
we have the generalization of Lemma 2.1t

Lemma 2.2. Suppose p(z1,...,Z,,t,) is an R%-valued degree yi(2m + 1) tensor-
product piecewise polynomial function of x with breaks at the edges of the tensor-
product grid described above. If p satisfies ([2II) with A; constant and B =0, F =0
for t > t, and the time step, k, satisfies the CFL condition (B3)),
then p(x17j1+%7'"7$u,ju+%7tn+%) and its derivatives are given by BQ) with ¢ =
w(2m + 1) and coefficients satisfying ([B1).

2.2. Algorithm. We are now in a position to give a complete description of the
algorithm for space-periodic problems. Note that the details of the evolution steps
depend on the particular case as described above. Of course many variations on
the algorithm, such as variable time-stepping, are possible.

Initialize: Determine parameters and initial conditions.

1: Choose a primal and dual grid, as well as a time step, k, satisfying the
appropriate CFL restrictions.

2: Choose the maximal derivative order in each direction, m, to be carried on
the grid as well as the order, ¢, of the temporal Taylor series.

3: Initialize the data on the primal grid. That is, compute and store the
required function and derivative values from the initial condition, f, at the
nodes of the primal grid.

Time Step: For n =0,..., Ngeps — 1

1: For all cells on the primal grid

it Use Hermite interpolation to transform the data at the cell vertices to
the Taylor coefficients, ¢, ...1,0, of the interpolating polynomial at the
node of the dual grid contained within the cell.

ii: Use the recursion implied by the partial differential equation to com-
pute the space-time Taylor coefficients, c;,...;,s, of the solution of the
PDE with the piecewise polynomial initial data, centered at the node
of the dual grid contained within the cell.
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iii: Evaluate the series at t = t,, + % to obtain the required function and
derivative data at the included dual grid node.
2: For all cells on the dual grid
i: Use Hermite interpolation to transform the data at the cell vertices to
the Taylor coefficients, ¢, ...;,0, of the interpolating polynomial at the
node of the primal grid contained within the cell.

ii: Use the recursion implied by the PDE to compute the space-time Tay-
lor coefficients, Cly-l,s5 of the solution of the PDE with the piecewise
polynomial initial data, centered at the node of the primal grid con-
tained within the cell.

iii: Evaluate the series at t = t,,11 = t,, +k to obtain the required function
and derivative data at the included primal grid node.

3. CONVERGENCE ANALYSIS
FOR CONSTANT COEFFICIENT SYSTEMS IN ONE SPACE DIMENSION

In this section we prove the basic convergence result in the simplest case: con-
stant coefficient systems in one space dimension ([0)—(II)). The proof is facilitated
by considering the discrete evolution of the interpolants rather than the evolution
of the grid data that determines the interpolants. Thus we express the algorithm
in terms of the interpolation operators Z, 7, defined on the primal and dual grids
respectively, and the exact solution operator, S, over a half step k/2. Recalling
Lemma 2Tl and assuming that the time step satisfies the CFL condition hypothe-
sized there, the evolution of the grid data by Taylor series followed by interpolation
is equivalent to:

i: Let p° = Zf;
ii: Forn=0,1,..., let

(34) ptr = ISp",
(35) prtl = ISpnta.

Obviously, the stability and accuracy of the proposed method are determined by
the properties of Hermite interpolation. Denote the Lo-inner product and norm of
2m-periodic functions by

(Fo)= [ F@Tg@ e, lol?=(0.9).

and the Sobolev norms on HY

Jers the space of 2m-periodic functions with ¢ weak
derivatives in Lo, by

q

117 = D IDY fI.
v=0
In some instances we will use these norms, as well as the uniform norms || - ||cq, on

subintervals (a,b). In such cases the subinterval will be explicitly included in the
index: || f|lfaca,p)s | fllcaa,p)- Also, let

(36) h = max(mjax hj, mjax hj+%).

We begin with standard results on the interpolation error which follow directly
from the Peano kernel representation. Such results are proven in more generality
in [2] in one and two space dimensions, and extensions to higher dimensions via
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induction arguments are straightforward. Note that interpolation on each of the
meshes has the same properties, so we state results for Z only.

Lemma 3.1. The Hermite interpolation operators, T and I, satisfy:

(37) lg—Zgll < CR™|D*" 29|  for ge HLT?,
(38) ID™ g —Zg)| < Ch™HD*™ || for ge HXT,
(39) lg—Zgll < CR™ D™ g|| for ge HJG

If one sets g = ¢ — Zq in the last equation and observes that Zg = 0 for this g,
then one obtains

Corollary 3.1.
(40) lg — Zqll < Ch™ D™+ (q — Zq)||  for g€ Hpel.

per

Stability of the algorithm depends on the stability of the interpolation process.
A direct analysis in Ly fails because the operator norms, ||Z|| and ||Z||, are not
bounded by 1+ O(h). Instead we make use of the following crucial Orthogonality
lemma, which is closely related to the well-known integral relation from the theory
of splines (e.g., [I1, Ch. 6.2]).

Lemma 3.2. For all f,g € HJL,

(Dm“If, D (g — Ig)) -0.

Proof. As this lemma is central to the stability of the algorithm, we give its simple
proof. Noting that Z f restricted to each interval (z;, x;41) is a polynomial of degree
2m + 1 and integrating by parts we have

(Dm+1:z'f7 Dm+1 (g _ Ig))
N=1 ey
Z/ Dm+1IfTDm+1(g—Ig)d$
j

Il
~ o

(_1)(m—k‘)D2m+1—kIfTDk'(g _ Ig)|?:+l

(41) N-— lm

7=0 Lk=0

Tj41
+(—1)m+1) / D27l (g — Tg)dx| .
zj
However, since by interpolation,
Dk(g —-79)=0, z=uz;,2;41, 0<k<m,
and since Zf is a polynomial of degree no greater than 2m + 1,
D*" 2T =0,

all terms on the right-hand side of equation (4I]) are zero. Thus the lemma is
proved. O

If we define the semi-inner product

(pa Q)m—i-l = (Derlp, DerIQ)a D, q € Hgéjl )
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then the Orthogonality lemma says that any interpolant, Z f, is semi-orthogonal to
any interpolation error, g — Zg. Clearly, for every f € H™1!

per
f If+(f=1f),
DMHLf = DML 4 DmEL(f T,
Applying Lemma with ¢ = f we obtain
(42) ID™HLFP = 1D LF|P + DTN =IO, f € Hpat

per

In particular,
(43) |D™HLf|| < |ID™TLFY|, f € HTL

per
In this sense the interpolation process is stable w.r.t. the seminorm, | - ||m+1,
corresponding to the above semi-inner product. This is the key fact that allows us
to prove convergence.

Lastly, we make a technical assumption concerning the grids: namely, that for
some fixed positive constants ¢y, co,

(44) C1 max(hj, hj+1) S thr% S Co rnin(hj, hj+1).
3.1. Convergence theorem. Let u be the solution to (I0)-(II)) and set
u" =u(-,nk) and utE =y, (n+ 3)k).

Denote the corresponding approximations by p™(x) and pite (z). We measure the
error in the Ly-norm. Thus we consider

Ju" —p"|| and [u"tE - prtE|| .

Precisely we prove that the error in the propagated piecewise polynomials is one
order less than would be obtained by the direct piecewise Hermite interpolation
of the solution. The strategy in the proof is to first estimate the error using the
semi-inner product defined above, where stability automatically follows from (Z3)).
We then bootstrap the result to estimate the error in Ls. Here Corollary B plays
a key role, as its right-hand side is estimated in the first step.

Theorem 3.1. Let A = k/h > 0 and let T > 0 be fized. Suppose f € (H2m+?)* and
that the hypotheses of Lemma [Z1] hold. Then there is a constant C, independent of
h, so that

[u™ = p"|| + [[u" 2 — ptE | < CRPTY D22 f|| for 0<nk<T .

Proof. Substituting the exact solution into the equations (34)), (35]) defines the local
truncation errors, "™ and n”*é,

(45) utr o= ISut 4",

(46) Wt = TSuMTE gt

Since Su™ = w2 and Su"tz = u"!, the local truncation errors are in fact
interpolation errors,

(47) nt = unte ffu”Jr%,

(48) ptr = M Tt

and we obtain from Lemma [3.1]

(49) ™[ + [ F2 | < Ch®™ 2| D2 H2 )
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Let

1 1 1
en:unipn’ en+2 :un+2 7pn+2

denote the errors. By subtracting the equations (B4) and (B3] from the equations
(@3] and (@6l), we obtain the error equations

(50) e"ts = ISe" 4",
(51) "t = I8e"ts 4t
Also,

== = f-If
is an interpolation error; thus,
(52) 1] < Cnh®™ 2| D22 1|

As mentioned above, we cannot directly use these error equations due to the fact
that the Ly-operator norms of Z and Z are not bounded by 1 + O(h). Therefore,
the above considerations are not sufficient to prove the theorem.

If instead one measures the local truncation error in the semi-norm, || - ||m+1,
one obtains an estimate ||"|,s1 = ||[D™F1n"|| < Ch™*L. Combining this fact
with ([#3]) we can prove convergence, but we do not get sharp bounds on ||e”||. For
this reason, the remainder of the proof uses a combination of the Lo-norm, || - ||,
in which the local truncation error is O(h*™*2), and the semi-norm, || - |lm41, in
which the interpolation is stable.

Estimates in the semi-norm || - ||,,+1. Apply D™"! to the error equation (50
and obtain

Dm+1€n+% _ Dm+lj'Sen +Dm+1nn )
Since " = u"*t3 — Zu"T% we can apply Lemma 3.2 and obtain
(53) ||Dm+1en+% ”2 — ||Dm+1j86n”2 4 HDm+177n||2 .
For simplicity, if we estimate the local truncation error, we will only write the

correct powers of h, but we will not write how the estimate depends on f. Thus
we have

(54) D™ tent 2|2 = | DM HISen |2 + O(h*mH2)

Next we consider the first term on the right-hand side of the above equation. Write
DS = DMHIZSe™ + DM (Se™ — ISe™) .

Using Lemma again one obtains

(55) D™ H1Sem||? = | D™HZSe|)? + | D™ (Se™ — TSe™)||? .

Let us set
e = || D™ e, 6, = || D™F(Se™ — ISe™)]| .

Then, using ([B4), (B3)), and the fact that S preserves the semi-norm we find

(56) ai+% =¢e2 — 62 + O(h?™+?) .

From the above equation one obtains the recursive error estimate

2., <24+ 02,

1
nt+s —

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



HERMITE METHODS FOR INITIAL-BOUNDARY VALUE PROBLEMS 607

It turns out that the resulting error estimate, |[D™+em|| < Ch™2 for nk < T, is
not good enough to prove the theorem. Therefore we proceed differently and first
obtain an estimate of the quantities 6, = ||[D™t!(Se™ — ZSe™)||.

From (B0) we obtain

62 =¢? — ai+% + O(h?m*2) .

Therefore, noting that inequalities analogous to those we derived also apply at the
even half-steps,

J
Z (2 +00,1) < ef+CIRP"H?

(57) Ch*™ 1 for Jk<T.

IN

Error estimates in the Lo-norm. Having established the bound (E7)) we now
treat the error equations (B0, (BI)) in the Lo-norm:

lent3 ) < IZSem| +Cnimt
[|Se™|| + ||Se™ — ZSe™|| + Ch2m+2
€™ + ||Se™ — ZSe™|| + Ch?m+2.
Here we have, using Corollary [3.1]
|Se™ —ZSe™|| < Ch™H|D™(Sem — ZSe™)||
= Ch"s,.

VARV

Therefore,
le™* 2|l < lle"|| + Ch™ 16, + Ch*™+,
and, consequently, using the analogous inequality for the even half-steps:

J
(58) |le’ T || +]e’ 2| < Chm T Z(én+6n+%)+0h2m“ for 0<(J+Dk<T.

n=0
Finally,
N N (12, 1/2
S atdiy) = c(301) (@ +e2,))
n=0 n=0 n=0
< ChVApmts
= Ch™.
Using this bound in (B8], the theorem is proved. O

4. CONVERGENCE FOR VARIABLE COEFFICIENT SYSTEMS

We now extend our convergence analysis to approximations to ([4]). The main
difference in this case is that the local evolution by a truncated Taylor series (IS])
is not exact. Thus we must specify the degree, ¢, of the Taylor expansion. Our
notation will be

(59) Pt =TTy,
(60) pn+1 _ IT(q)pn+%.

This is a slight abuse of notation as the Taylor series in time is not defined at the
break points; in fact, we only use it on the dual grid. In our analysis the operator
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T is followed by an interpolation, so its values on the dual grid are all that is
needed to make sense of the formulas.

In this case we will also need pointwise estimates of the piecewise Hermite inter-
polants and bounds on the solution of (4] in terms of local properties of the data
and coefficients. These essentially standard estimates are given in Lemma and
Lemma in the Appendix.

4.1. Convergence theorem. We now state and prove a generalization of Theorem
B The new feature in the result is the necessity to account for the truncation
error in the temporal Taylor series.

Theorem 4.1. Suppose ¢ > 2m + 1, A, B and F satisfy the assumptions of
Lemma @2 with r = q+1, and f € C?>™+2. Let u be the solution of (I4), and p the

per
numerical approzimation to u computed via the degree (2m + 1,q) Hermite-Taylor

method with ¢ > 2m + 1. Then for any T > 0 there exists C' depending on T, F,
f, A and B but independent of the mesh such that:
[ —p"| + "= = p" | < CR for 0<nk<T,

where

k=min(2m+1,q — %)
Remark. Clearly if we choose the minimal value of ¢ = 2m + 1 our error estimate
is one-half order lower than in the constant coefficient case. We recover the earlier
estimate by taking ¢ > 2m + 2. However in practice we have seen an advantage
to choosing ¢ > 2m + 1 only for marginally resolved cases with m large. Some
comparisons will be made in the final section.

Proof. We copy the proof of Theorem B.I] but with the additional time truncation
error term. Precisely we write

"t = I(Su™ — Sp”) + Z(Sp” — TDp™) + Su” — ISu”
(61) = IS +9" +",
where S), denotes the solution operator for the homogeneous problem (F = 0) and
A", ™ are the truncation error terms:

V= I(Sp" = TWp),
and 1" is defined as in ([@H]). We begin with the equality for the error semi-norm:
(62) DT 2|2 = | DMHLSye™ + DR 4 (| DT 2,
From Lemmas Bl and we then have for any ¢ > 0:
ID™ e 22 < (1 ch) || DTS e
(63) +(1+ (ch)™H||D™ Y™ ||2 4+ Ch2™ T2,

To proceed further we must estimate the Taylor truncation error term, which we
accomplish in the next lemma. The idea behind the estimate is to express p™ in
terms of u™ and e™.

Lemma 4.1. Under the assumptions of the theorem we have for some constant C
independent of h:

||Dm+1,7n||2 S Ch2q—4m (th + ||Dm+len||2 + ”enHQ) ;
H,ynHQ S Cth—2m+2 (th 4 HDm—i—lenHZ 4 HenHQ) .
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Proof. By Taylor’s Theorem we have for any space derivative of order [, 0 <[ < m,
evaluated at (z;,1,t,,1):
oatl Sp”
l n __ g(ql),n) 2 2q+2—21 ) 2
(04) | (Do = TO0) P ORI x|t (e O
From Lemma[@.2]and using the fact that p™ is piecewise polynomial of degree 2m+1
we bound the right-hand side of (64)) by

2m-1 i n 2
Ch2at2=20 1 1 4 E max (ajp, (x,tn)>
€

]:0 z (wi71i+1)

We write
p"t =TIp" =Zu" — Te".
Then by Lemma we bound the right-hand side of (64) by

2q+2-21 —(2m+1 n
Chzig (1 + thr(% )”e H%IM-%—I(;Q,%H)) )

Again applying Lemma [@.1] to bound ||D™*14"||? and recalling (@) we obtain

N m 1
D™ P < oY N Ry (Dlspn - T(q’l)Pn) (Tigv—1/2, tny1/2)]*
1=1 1=0 v=0
N—-1 )
2q—2m+1 —@2m+1) | _ny2

< C Z hzi% (1 + hi+% e ‘|Hm+l($i,$ri+1))
1=0

S Cth—4m (th 4 ||6n||§1m+1) .

Applying the well-known inequality
le™ [ Frmss < C (D™ em|” + [le™]?)

we reach the first result. Similarly

N m 1
2 < e SRS (DISp" = TN (@i 1yt )P
i=1 1=0 v=0
N-1 (
2q+3 —(2m+1) 2

< o m (S N e o)
i=0

S Cth—2m+2 (th + ||Dm+1en||2 + ||€n||2) .

This completes the proof of Lemma 11 O

Returning to the proof of Theorem [£1] we now have
D™+ 2|2 < (14 ch)|| D ISpen |
+ R (|D™ P 4 (e )|?) + CR,
where & = min(2g — 2m — 1,2m + 2). Defining as before
en = DM, 6, = [ DT (Spe™ — IShe™) |,
we use Lemma 3.2 to deduce
e 1 < (14 ch)||D™TISpe™||? — o7 + Ch2~ 41 (€2 + [e"]|?) + ChF.

1
ntsz —
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By Lemma we conclude that

D™ SR (eM)? < (1 + Ch)ep + Chlle” |1,
Since ¢ > 2m + 1 we finally have
(65) eny1 < (L+Chyey = + Chlle™||* + Ch™.
From (B8) we conclude

n

(66) ey SO OnY ([l + 1))
§=0

(67) 3 (55. + 5§+%) <chi Tty eny (||ej||2 +|leits ||2) .
§j=0

§=0
Finally we estimate the Lo-norm directly. In particular, we have
N -
le™* =] < 1ZShe™ || + Iy 1 + In" |-
Estimating the truncation errors as above we have
™| < Ch>™+2,

and by Lemma 1] and ([G6])

1/2
n

Iyl < Crett 4 cnmm R ST (2 + T AR) |+ cnrmeny.
7=0

Finally we write as in the proof of Theorem BTk

|ZShe™| < |Spe™|| + Ch™ s,

< (14 Ch)|le™|| + Ch™Hs,,.
Set
. . 1 1 . . 1
E™ = max(||le’], [¢’72[]), E""% = max(|le’], | =)).

j<n Jj<n

Then combining the last few inequalitites and recalling that ¢ > 2m + 1 we find
E™2 < (14 Ch)E" + Ch™ 15, + Ch>™+2,

Using (67) this implies for nk < T*

Em 4+ grts < ot 4 ot (5j+5j+;)
2

(5j+5j,%)2

n
=0

2

Ch2m+1 _|_ Chm-{-%

-

I
=)

J
< Ch™ts 4 Ccpmtapnte,

Choosing h sufficiently small we can clearly eliminate the term involving Ents:
from the right-hand side. Noting that

L F
k=m+ =
2 )
we have completed the proof of Theorem .11 O
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5. INITIAL-BOUNDARY VALUE PROBLEMS

We now counsider the initial-boundary value problem defined for = € (0, 1):

(68) ug = Auy+ Bu+ F,
(69) u®(0,t) = MEuP(0,t) +45(1),
(70) ub(1,t) = MPuT(1,0) + 45 (1),
(71) u(z,0) = f(x).
We assume, for simplicity, that A is diagonal:

AR
(72) A= ( D0 )
where

AR e Rirxdr AR O,
Al e Rirxdr AL 5 O,

ul
()

thus corresponds to a splitting into right-going and left-going characteristic vari-
ables, and the boundary conditions (69), ([{0]) explicitly express the incoming waves
in terms of outgoing waves and inhomogeneous data. We note that any symmetric
system can be diagonalized and the incoming and outgoing characteristic variables
identified, which is all that is needed to construct the discrete approximations. For
variable coefficient problems it is possible for the number of right-going and left-
going waves to be different at each boundary, but for simplicity we exclude this
possibility. The results extend to that case, however. It would also be possible for
the number of ingoing and outgoing waves at a boundary to change as a function
of time. Again we exclude this possibility, which would require further analysis.

We note that the problem (G8)—(70) is strongly well-posed [16, 7.6]. Away from
the boundaries the local estimates of Lemma still hold. Near them, however,
they must be modified to take account of the boundary data, so that additional
inhomogeneous terms appear. Global estimates thus take the form [16, 7.6]:

The partitioning

(73)
e 2 t Tu(0, 7)|? Ju(1,7)|?) dr
;(HD GO+ [ (D70 + D, nP) )
mo Lo §inL in R
s0eamt§(||wf|2+ [ (i renp + 12 15 or Y ar ).

Time derivatives and mixed derivatives of the solution can be expressed by space
derivatives; thus analogous estimates hold for them.

5.1. Description of the method. We introduce staggered grids satisfying (d4)
as before:

O:x0<x% <rp <23 << <Ay <zxzy =1,
Gh=A{r; 1, 0<j<N—1}U{z,zn},
Gp={z;, 0<j< N}
Note that the boundary points are included in both meshes.
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Given Hermite data of order up through m on one of the grids, the (m,q)
Hermite-Taylor update on the interior of the dual grid is carried out precisely as
in the periodic cases described earlier. Thus we need only describe how to update
the solution and its space derivatives at the points xy and z .

The concept of our boundary update is as follows. Updated function and de-
rivative values for outgoing components, u”(0,t) and uf(1,t), are computed using
one-sided formulas, that is, via (I8)) applied at the boundary point. We then up-
date the incoming components by insisting that the boundary condition and time
derivatives of the boundary condition are satisfied at the new time level. Time
derivatives of the approximate solution appearing in the differentiated boundary
condition are replaced by space derivatives using the equation (G8]).

For definiteness we look at an even half-step where we propagate data associated
with the piecewise polynomial p™ from Gj to G. Applying the update directly
at © = 9 and x = xy we obtain values for the solution and its scaled space
derivatives:

T(q,l)pn (07 tn+%)’ T(q’l)pn(la tn—&-% )7

via (I8)). Note that these values only use one-sided spatial information and typically
do not satisfy the boundary conditions. Thus we will use the boundary conditions to
update the incoming characteristic variable and its space derivatives. Specializing to
the left boundary, x = 0, we will derive recursion relations allowing us to effectively
express D'u’* in terms of D'u’ alone. We use the one-sided Taylor updates to
compute this outgoing data.

In what follows the vector space-time coefficients ¢;; are understood to be ap-
proximations:

The tilde is to remind us that they are distinct from the coefficients c;; used in the
Taylor update (I8). The coefficients ¢;; approximate the space-time derivatives of
u at the current time, ¢,. Also it is to be understood that all updates are at the
point (z,t) = (0,¢,41).

We compute the approximation to u” and its derivatives via @s):

q—! k s
S L(F
(75) Clo = E Cls <2> :

s=0

Note that the ¢;; are obtained by a modified interpolation routine computing the
expansion of the interpolating polynomial at an endpoint. The boundary condition
([@9) itself provides us with our approximation to u”(0,t,, 1 ) directly:

(76) el = MEek + 4L

Proceeding to first space derivatives we use ElLo and (68) to compute an approx-

imation to ul:

&y = AVey + (Béo)" + FF,
which can be substituted into the time derivative of ([69)) to produce an approxima-
tion to ul*:
et = Mrtefy + MM + 0,
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(As the boundary coefficients are functions of time alone their scaled derivatives
are expressed by a single superscript.) Finally, we compute an approximation to

w10 using ([©3):
R ~R ~ \R R
C10 = (A™)” (001 (BCoo)™ — F ) .
This process, though involved, can be repeated as desired. Proceeding recursively,
suppose we know all space-time derivatives of order up through v — 1, as well as

the outgoing data provided by (75]). That is, we have values for ¢, I +j <v —1
and 51L0a I < m. We compute the derivatives of order v as follows.

i: Approximate scaled order v space-time derivatives of u” are computed using
derivatives of ([G8). (See (I9).) In particular, for j = 1,...,v we set

I s—1

1 lS

(1) dho= LYY nARId

i=0 j=0
1 I s—1 L 1

= > (B[l—%)s—l—j]éij) 4 2 pLfts-1],
S S
i=0 j=0

Note that if we proceed sequentially in j all terms on the right-hand side
are known.
ii: Take the vth time derivative of (G9) to compute &3,:

(78) et = ZML[” ek 4 LI

iii: Finally, using (68]) compute sequentially for j =1,...,v
JAR &, = (y -7+ ]_) G — FR,[j—l,y—j]
-1 v— ]
(79) o Z Z i +1 AR Jhmbyms 12] Ciid1,io
11 =0 i5=0
j—1 v—j

R
S (i, )
1%2 :

i1=01i2=0

(Here the prime denotes the exclusion of the i; = j — 1, io = v — j term
from the double summation.)

At its termination, this process produces all the required derivatives of p"+%, which
are the coefﬁcients ¢1o- At x = 1 we carry out the analogous process with the roles
of ¢ c - and ¢ c” reversed and (69) replaced by (Z0). The update process for even time
steps is identical. We note that this process defines an affine map between the
outgoing Hermite data and the incoming Hermite data. We represent these maps
via the following notation:

(80) ety =pPhmely + T,z = a,

,0

(81) ey =PRTER 4+ TR v =ay,

WhereT:norT:nJr%.
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5.2. Stability analysis. We first note that the Orthogonality Lemma still
holds in this case, that is, for functions in H™*1(0,1), so long as 0 and 1 are
nodes. Also, we note that equations ((7)—(79), with appropriate interpretation
of the coefficients ¢ and ¢, are satisfied by the exact solution u. A simplified
stability and convergence analysis can then be constructed for problems where the
Taylor time evolution is exact, that is, when

(82)  A(x,t)=A, MF(t)=MF, ME@t)=M~% B=0, F=0, v=0.
Precisely we have:

Lemma 5.1. Suppose p™ is a C™ piecewise degree 2m+1 polynomial relative to the
grid G, and Sp™ denotes the exact solution of [G8)—-[Q) for t, <t < byl equal

to p" at t = t,. Suppose further that (82) holds and that p™ is compatible; that is,
p" satisfies B0)-@I). Then if ([IT) holds, Sp™ satisfies B)-BI) at t =t, 1.
Proof. For systems satisfying [82)), u”(0,t) is given by

(u);(0,t) = (ub);(AF ALt — At).
Thus if the data, p"(z), is a degree 2m + 1 polynomial on = € (0, AXAt + ¢€), then
1

1
2m+1—1 L .
A AL
=y B prgn)
, 15!
7=0
2m—+1—1 )
= Y (At
7=0

Thus Sp™ satisfies the computational update formula (70). As our assumption that
the compatibility conditions hold ensures a smooth solution, (T7)—(79), which are
consequences of the equation and boundary condition, are also satisfied. (I

Now we must consider the semi-norm ||D™+! p"||. We consider the simplest case
when the reflection matrices are zero, that is, MY = O, M® = O. Then the
boundary conditions imply

(83) Diuf(0,t) =0, Diuk(1,t)=0.
Moreover, the system decouples into scalar equations:
(84) uﬁt = Afufm, uﬁt = Af‘ufz.
Combining this with (83]) we find

mr_ [ p@+AF), 0<z+ A<,
(85) (Sp™)i —{ 0, otherwise,

(86) (Spn)ZR:{p(:C-l-Ait), 0<az+ARt<1,

0, otherwise,
which implies

(87) I+ Spm|| < [[D™ "
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Combining (87) with Lemma [B:2] we deduce the basic stability inequality:
[D™ | < DSy
< | D™

In this special case we can now repeat the arguments leading to Theorem B.1] to
prove:

Theorem 5.1. Let 0 < A = k/h < p(A) and T > 0 be fized. Let u solve ([G8)-
(M) under the assumptions of Lemma 51l and suppose in addition that M* = O,
M? = 0. Let f € (H>*"*t2)4 be compatible with the boundary conditions and let p
be the numerical approximation based on degree 2m + 1 Hermite interpolation and
degree 2m + 1 Taylor evolution with time steps satisfying the CFL condition. Then
there is a constant C, independent of h, so that

[u — p"|| + lu"*2 — p"F 3| < CR2™HY D> 2 f|| for 0<nk<T.

Theorem[B.T]can be generalized to problems with variable coefficents and nonzero
reflections using the techniques of section M and the estimates of ([73). The idea
is again to estimate the error in truncating the Taylor series. Of course (B8) is
replaced in the argument by an inequality of the form (65). We have not carried
out the details, but present some simple numerical experiments to illustrate the
method’s performance.

6. CONVERGENCE IN MULTIPLE DIMENSIONS

We now extend the convergence result to multiple space dimensions, that is, to
@1I). For simplicity we restrict attention to the constant coefficient case:

(88) Aj(z,t)=A;, B=0, F=0.

Generalizations follow using the arguments of section @l We will also choose the
degree, ¢, of the temporal Taylor series to be u(2m + 1) so that the evolution of
the piecewise polynomial data is exact on the grid. In the experiments section we
show that this isn’t necessary.

Now we may express the evolution of the interpolants as in section Bl that is,
by B4)-B5). To generalize the proof of Theorem Bl we must generalize the semi-
inner product and Orthogonality lemma to be compatible with piecewise Hermite
tensor-product interpolation.

6.1. Norms and interpolation. We introduce

(89) £l = D> 1D,
a€Q,
(90) el = I e = 11
where Q, is the set of p-dimensional multiindices defined by
(91) Qr = {ala; € {0,r}}.

In other words, | f||,,,;-) measures all partial derivatives of f involving derivatives
in the coordinate directions of order r or 0. We also denote by Hg] the space of
all functions for which | - ||, is finite. Obviously, ’Hg } contains the Sobolev space
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H)h.. However, the degree p(2m + 1) tensor-product interpolants we are using

are, in fact, elements of 'HLmH] but are typically not elements of H,SmH)“ for p > 1.
We also inductively define a new semi-inner product for g > 1 by
(92)
Iz p

w o N;
(fag)u,[m+1] = H D;'n+lfa H D;n—Hg + Z Z hi,ji (fa g)u—l,[m-&-l] |~T7‘,:Ii,ji .

j=1 j=1 i=1 j;=1

(Clearly, the new inner product depends on the mesh, which is suppressed in our
notation.) Note that if we expand this out we see that each term involves inner
products of derivatives H;;il D;”H applied to f and g on r-dimenional faces. On
one-dimensional faces we simply use the inner product from the previous sections.
An inner product associated with the dual mesh is defined analogously.

We first note the following estimates of the interpolation error. For pu = 2
the estimates ([@3)—([@5) follow from results in [2] and can be generalized to higher
dimensions in a straightforward manner. Inequality (@) follows from the arguments
leading to Corollary Bl A crucial point in (@4]) is that the convergence rate for
approximations to g in || - [, m41] is the same as for approximations to D;”*l g in
Lo despite the fact that derivatives of higher order appear.

Lemma 6.1. The Hermite interpolation operators, I and 7, satisfy:

(93) lg—Zgll < CH*™*2|g|,pmin for geMF",
(94) g = Zgllupmrny < Chm+1|9u,[2m+2} for gGHEmH],
(99) lo=Zgl < CH™glupmin for g€HHY,
2 o Tol < CNlg Ty Jor 9K

We also have the generalization of Lemma [3.2]

Lemma 6.2. For all f,g € HLmH],

(Iﬂ 9- Ig) =0
s [m+1]

Proof. We proceed by induction on g and note that the lemma holds for p = 1.
Also, restricted to the face x; = w; j,, the function Zf is a (u — 1)-dimensional
interpolant and g — Zg is a (u — 1)-dimenional interpolation error. Thus each term
in the double sum in ([@2)) vanishes by the induction hypothesis. Hence we need
only consider the first inner product on the right-hand side of ([@2]). Looking at the
integral on an arbitrary cell, integrating by parts the derivative D/TH from g —Zg
to Zf and noting that in the cell interior Dim”l'f = 0, we obtain for the integral:

m p—1 p—1
S0 [ Dt [ oy s ppt T bt — o)
i=0 By j=1 j=1
pn—1 p—1
+ (_1)z+1/ DZerlJrz H D;n-&-lzf . DZL*Z H D;”'H(g —Ig),
_ j=1 j=1

where F. are the cell faces with normal in the z,-direction. Let Z, denote the
interpolation operator in x, and Z (#=1) denote (1 — 1)-dimensional interpolation
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in the other variables. Then
-1
(97) I=1W Yo7,
Using the fact that D:L"’il'#g = D:{“ig on F, we can rewrite the typical integral
on a given face as

u—1 p—1
[T op=zevppeiviz,p| - T] oy (Dp-tg 20 0Dpy)

Jj=1 J=1

Summing over all faces with x,, = x,,; and using the induction hypothesis we can
write this as
3 (Im—l)ﬂ 5— I(u—l)g)

f~ — DZ’LﬂJrlJri:ZMf'7 g _ D:Lnfzg
By the induction hypothesis this inner product is zero, completing the proof of the
lemma. O

p—1,[m+1]
where

Secondly, we show that the new inner product can be used to control the semi-
norm appearing in the error estimates:

Lemma 6.3. There exist positive constants C1,Cs independent of the grid Gy, and

the function g € HLmH] such that

Cilg

nima) < (95D ma1) < CollgllZ -

Proof. The second inequality follows directly from the standard Sobolev inequality
in one dimension:

(98) [f(@)] < C(IIFIl+ D™ 1)

followed by repeated integration. (Note that the scaling of the terms in (O2)
involving lower-dimenional inner products is necessary here for C; o to be grid-
independent.) For the first inequality, we first prove by induction on p the following
auxiliary inequality:

Ny Ny
99) AP S CH [ (f Pppman + D D P @105 Tpg,)

jl:l jpzl

We assume h < % Taking 1 = 1 and considering an interval (z;,z;41) we have
Tj+1

max f@) < Pz 17 DS

T Se<win By
< ) 1 ey HIPFIG, 20

< Pl ey max @)+ DAL,

which implies

2 < 9F2(,. 2 .
(100) IJSI?g?E(j+1 f (x) — 2f (I]) + 2‘|Df‘|(wj,$j+1)
Integrating (I00) yields

(101) 102y < 2y (@) +IDF IR ) -
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618 JOHN GOODRICH, THOMAS HAGSTROM, AND JENS LORENZ

Summing over j and estimating ||Df]|| by ||[D™*!f] yields @9) for p = 1.
Now assume that the analogue of (I0]]) holds in dimensions up through pu — 1.
That is, for a cell

p—1

(102) Cirripr = Q@i jir i ji11),

i=1

(103) W12, < CR (P muag,) + D,y )

where the inner product is restricted to the cell. Now consider a pu-dimensional cell,
Cji,...j,- For any fixed x,, € (x,;,, 2y j,+1), (I03) holds. Integrating in x, then

yields

(104) I£12,, . <CRH L+ 1),

where

Tp,jp+1 9

(105) I :/ P2 @ T,
xuuu!:

(106) -[2 = / (f('vxu)7 f('wxp,))u 1,[1], Ciiron, j“_ldxpu
T m

Now we apply (I0I) to estimate I; and Is:

(107) L < 2k 01 (PP, T,)

Tp,jp+1 9
+/ (D/Lf) (ijla s amu—l,jufwxu)dxu )
xr

12¥m

I, < 2hp,,ju+%(f('7xu,ju)7 f('wxp,,ju))y 1,[1],C54

Lpuyjp+1
(108) +2hu,ju+% / (Duf('7xu)vDuf('ax;t»ufl,[l],cjl j

_____ Wldxu.
Hadp

Noting that all of the integral terms are bounded by (f, f)“’[l]’cjl _____ 5, we conclude
that (I03) holds in dimension p. Equation ([@3) follows from summing over the cells
and bounding (£, )1 by (fs )i

Now we prove the lemma by induction on 1, again noting that we have already

proven it for u = 1. Note that

(109) 19171 <Z/Dm+ gl 1,[m+1]d$i+2||D§”“9||2>-
%

Using the induction hypothesis we have

IN

/|Dm+19‘u L] dx; C/(D:’“rl‘%D;n‘Flg)ufl,[erl]d!L‘i

C(ga g)u,[m+1];

IN

(110)
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and by (@) with p replaced by g — 1 and f replaced by D" *'g:
IDrtgl? = [P (P

< Ch! / (D;""g, D" g) i1 1y das

(111) +COpHt Z . Z /(Dgfl“g)?(ijN ey Ty, ) da

< C(9,9)ufmt1)-
This completes the proof of Lemma O

6.2. Convergence theorem. We can now use this semi-inner product to gener-
alize Theorem [B.1] to the multidimensional case.

Theorem 6.1. Let u solve 1) with B =0, F =0 and A; = A;, constant. Let
d
fe (HLQeTH]) and let p be the numerical approximation based on degree 1(2m+1)

Hermite tensor-product interpolation and degree u(2m + 1) Taylor evolution with
time step k satisfying B3). Finally, let T > 0 be fixed. Then there is a constant
C, independent of the grids, so that

= o™+ ("% = R < CHP™ flu oz for O <nk <T.

Proof. As in the proof of Theorem B.J] we use the fact that the Taylor formula to
advance p™ in time is exact at the nodes. Thus we repeat the arguments of Theorem
311 using the analogues of Lemmas B.IH3.2] proven above.

Set

(112) e2 = (e, e") uim+1]> 02 = (Se™ —ISe™, Se™ — fSe”)m[mH],
and, by Lemmas and [6.3]
(113) Nt =u" = Tu" (0 ) = O(RPF).

Then using Lemma we derive (BO) and (&7). To estimate the error in the Lo-
norm we again follow the arguments from the one-dimensional case and use (@8] in
conjunction with Lemma [6.3] to conclude

(114) |Se™ — ZSe™|| < Ch™T16,,,
which leads to the final result. O

7. NUMERICAL EXPERIMENTS

In this section we present the results of a series of simple numerical experiments
which demonstrate the resolution capabilities of the Hermite methods and illustrate
the theoretical results.

An accepted framework within which to compare the efficiency of methods of
different orders is to find the minimal number of points per wavelength required
to propagate a wave a given number of periods with a fixed accuracy (e.g. [9, Ch.
3]). For standard central difference methods and periodic problems, this number
is always greater than two, approaching two points per wavelength in the limit
of infinite order, which yields the Fourier pseudospectral method [5]. As Hermite
methods require more work and storage per point, to be competitive they must
have superior resolution; that is, they must be capable of using fewer than two
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620 JOHN GOODRICH, THOMAS HAGSTROM, AND JENS LORENZ

points per wavelength. This will be demonstrated below. Note that more extensive
experiments can be found in [7]. Also, the methods are used to discretize high-order
radiation boundary conditions for the linearized Euler equations in [10].

Consider the initial value problem () for ¢ = 1 with

(115) fla) = e,

and where w is an integer. We assume a uniform mesh of width A and evolve
the discrete solution with the m-derivative Hermite method. To study subgrid
resolution we allow

(116) lwlh > 7,
i.e., the function f(z) = €“” may oscillate between consecutive grid points zj, zj1.
We set
(117) &=wh,
and note that the wavelength of the wave u = e @+t ig
2T
(118) A=
|l
Therefore,
A 2m 21
(119) A_m _zm
h |wh| €]

where A/h is the number of mesh points per wavelength A. For example, £ = 7
corresponds to two mesh points per wavelength, £ = 27 corresponds to one mesh
point per wavelength, and £ = 7/10 corresponds to 20 mesh points per wavelength.

Define the error function (the maximum is taken over all Tip1 IS G’h),

(120) error(§, m, A\, n) = rnax{|u(:cj+%,nk) - pn(;pj+%)|}.

We show some representative results for the error function (I20). We have fixed
the CFL number as A = .8 and the number of half time steps as n = 200. For these
values the functions

(121) & — n(&,m) = error(§,m, A = .8, n = 200)
19 Crrors for model problem \=.8, n=200, m=1,2,3 1.9 orrors for model problem,A=.8, n=200, m=1 to 5
1t ] 1
08 = 0.8
g m=1 [m=2 - m=1[m=2 [m=3 [m=4
“‘g/ 06 | g 0.6
- 5]
3
04 } ] 0.4
02 } m=3 0.2 m=>5
0 0 K
-4 -3 -2 -1 2 1 2 3 4 -8 -6 -4 -2 0 2 4 6 8
$

FIGURE 2. Error functions (£, m) for || < and |{] < 27
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log,, of maximal error for |£| <7 and m=1 to 10 1 log,, of maximal error for |£|<27 and m=1 to 10
0
0
—1k
-2 —~ -9tk
= g
g N
% 4 e
2 g —af
5} 2
b% —6 ioo —5k
=2
-8 —6}
—7t
—-10
gL
~12 _9
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

FIGURE 3. Logarithm of error functions maximized over |{| < 7
and |¢] < 27

are plotted in Figure Pl for |£] < 7 and m = 1,2,3 and for |£| < 27 and m =1 to 5.
Note that the functions vanish to high order at & = 0, which is to be expected for
any high-order method.

Again fixing A = 0.8 and n = 200, we have maximized these functions over &
and have varied m from 1 to 10. In Figure [3 we plot the functions

(122) m — log,gmax{n(¢,m) : [¢] <7}
and
(123) m — log o max{n(&,m) : & <2x}.

From these figures it is clear that, for m large, subgrid resolution is achieved.
Thus the number of degrees of freedom required is comparable to that required by
high-order difference methods, while we may take significantly larger time steps.

It is also of interest to study the convergence of the method in the limit m — oo
when the number of wavelengths per cell is large. Ainsworth [I] has considered this
problem for finite-element methods applied to the Helmholtz equation.

error for model problem, A =.8, £ =50, n=1 106 error for model problem, A=.8, £=100, n=1

101

102

error
error

100

1072

10-*

104 10-6

m

FIGURE 4. Logarithm of error functions with increasing m
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TABLE 1. Errors at ¢ = 100 in 1d with a uniform mesh

‘ N ‘ CFL | error ‘ Pobs |
40 0.8 | 4.36E —2
80 0.8 | 1.64E —3 4.7

120 0.8 | 2.90E —4 4.3
40 0.8 | 4.52F —2
80 0.8 | 1.63E —3 4.8

120 0.8 | 3.00E —4 4.2
25 0.8 | 1.36E —3
50 0.8 | 3.98E—6 8.4
75 08| 1.16E—7 8.7
25 08| 1.11E -3
50 0.8 | 4.20E -6 8.0
75 08| 1.22E -7 8.7
10 0.6 | 237TE -2
20 0.6 | 5.10E -7 15.5
30 0.6 | 9.73F — 10 | 15.4
10 0.6 | 8.92F — 3
20 0.6 | 4.68E —7 14.2
30 0.6 | 9.21FE —10 | 15.4
10 0.8 | 232F -1
20 08 | 7.7TTE -7 18.2
30 0.8 | 9.78F — 10 | 16.5

OO ©O| O O O O U Ui

—_
o

—
o

—_
ot

—_
ot

[
ot

—_
(@)

—_
=)

—
[«

J—
-3

Ju—
-3

| | 1| | ] ] ] ] e ] ] e ] ro] ro| o] ro| | o |
[
o

—
-3

10 | 21 8 0.4 |237TE -3
10 | 21| 16 0.4 |135E—-9 | 20.7
10| 21| 24 0.4 |531E—-12 | 13.7
10 | 22 8 04| 234E -3
10 | 22| 16 0.4 |138E—-9 | 20.7
10| 22| 24 0.4 |523E—12 | 13.7
10| 25| 10 0.8 | 3.05F — 4
10 25| 15 0.8 | 9.13E—-8 | 20.0
10| 25| 20 0.8 |9.78F — 10 | 26.3

Following that work, we fix N = 1 and plot the error after two full time steps
for £ = 50 and £ = 100. (See Figure @) The graphs are qualitatively similar to
those shown in [I], exhibiting, in particular, nonmonotonic behavior in increasing
m followed by a superexponential convergence. Note that, in contrast to [I], our
calculations include the effects of time-stepping.

We now consider full-blown implementations of the method in one and two space
dimensions and study the order of convergence under mesh refinement. In all cases
we take m = 2,4,7,10. In our first experiment we solve

(124) up = (1 + Si;”) up + (2, 1),

with periodic boundary conditions on the domain
(125) (z,t) € ]0,2x] x [0,100],
where f is chosen so that the solution is

(126) u(z,t) = cos (16(x + t)).
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TABLE 2. Errors at ¢ = 100 in 1d with a random mesh

|m‘ q‘ N‘CFL|error ‘pobs|

2 5 55 0.8 | 5.34F — 2
2 51110 0.8 1.95F -3 4.8
2 5| 165 0.8 | 3.02E —4 4.6
2 6 50 0.8 | 9288 —2
2 6 | 100 0.8 3.33F—-3 4.8
2| 61150 0.8 | 5.08E — 4 4.6
4 9 25 0.8 | 1.26FE — 2
4 9 50 0.8 | 5.81F -5 7.8
41 9| 75 0.8 | 1.23E—6 9.5
4|10 25 0.8 | 1.26FE — 2
4|10 50 0.8 | 582F -5 7.8
4110| 75 0.8 | 1.23E—6 9.5
7115 12 0.8 | 9.50F — 3
7115 24 0.8 | 1.35FE —6 12.8
7115 | 36 0.8 | 5.46FE —9 | 13.6
7116 12 0.8 | 9.47TE — 3
7116 24 0.8 | 1.35FEF —6 12.8
7116 | 36 0.8 | 5.46E —9 | 13.6

10 | 21 10 0.8 131K -3

10 | 21 20 0.8 | 347E —10 | 21.8

10 | 22 10 0.8 | 1.34FE—3

10 | 22 20 0.8 | 3.48E — 10 | 21.9

We varied both the number of mesh points, N, and the number of terms, ¢, in
the temporal Taylor series. In most cases we chose a CFL number of 0.8 and
various numbers of mesh points. For the larger values of m and minimal ¢ this
was sometimes unstable. Then we found that the method could be stabilized either
by decreasing the CFL number or by increasing ¢. (The latter method is typically
more efficient.) We compute an estimated convergence rate by comparing errors
for different meshes and computing

log (22)
Pobs = .
log (1)

In our first experiment we use a uniform mesh, with results shown in Table [
(The errors are relative Iy errors at ¢ = 100.) Clearly, the observed convergence
rates are consistent with the theory. Lower rates are observed only when errors are
at a level where roundoff plays a role. We see that increasing ¢ had little or no
effect on the accuracy, but for m large had significant effects on the stability.

In our second experiment we solve the same problem, but introduce random
perturbations to the mesh. Precisely we set

(128) zj=(j+m)h, x1=0+35+751)h

(127)

with 7 chosen randomly from a uniform distribution on (—.2,.2) and & = 2F. Thus

the mesh is not smooth. Note that the CFL constraint in this case is based on the
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TABLE 3. Errors in 1d at ¢ = 100 with a reflective boundary condition

Lm |
2

| N | CFL | error | Pobs |
40 0.7 | 5.04F — 2
80 0.7 | 1.85E — 3 4.8
120 0.7 | 4.51F — 4 3.5
40 0.7 | 4.32FE — 2
80 0.7 | 1.26E — 3 5.1
120 0.7 2.02F — 14 4.5
25 0.6 | 4.74F — 3
50 06| 541FE —6 9.8
75 06| 1.23FE -7 9.3
25 06| 1.12E — 3
50 0.6 | 4.06FE —6 8.1
75 06| 1.0TE -7 9.0
10 04| 1.82E—2
20 04| 4.74F —7 | 15.2
30 0.41]9.24F —10 | 15.3
10 04|937F -3
20 04|4.18FE -7 |14.5
30 0.4 | 748F —10 | 15.5
10 0.5 | 5.26FE — 2
20 0.5|3.36F—7 |17.3
30 0.5 | 8.66F — 10 | 14.7

O O O O O O O O] U
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o
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—_
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(@)
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(@)

—
-3

—_
EN|

ES{ENIEN]EN{IEN NN BN | BN | N O S S N T T O O TR
—
S

—
-3

10 | 21 7| 03]|838E—-3
10121 14| 03 |1.14E-8 |19.5
10 | 22 7| 03] 115E—-2
10122 14| 03|131E—-8 |19.7
10 | 24 7| 04]817E -2
10124 14| 04 |136E—-7 |19.2

smallest cell. Here it was never necessary to decrease the CFL number to achieve
stability. The results are given in Table[2l We use average mesh width to compute
Pobs- Of course this is somewhat imprecise. Given this imprecision, the agreement
of the observed and theoretical convergence rates is reasonable. The results are
essentially independent of q.

In our third set of experiments we test our implementation of nonperiodic bound-
ary conditions as described in section Bl Here we solve the system:

sin x
(129) ULt = 5 Ula tU2e + f1,
sin x
(130) Uzt = e+ —5—Uze + f2,

where z € [0,27] and f1, fo are chosen so that

(131) uy = sin (16x) cos (16t), wug = cos (16x) sin (16t).
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TABLE 4. Errors in 2d at ¢t = 100

| m| ¢ N]CFL] error | Pobs |

2| 5| 50| 0.8|560E—2
2| 5(100| 0.8|110E—-3]| 5.7
21 7| 55| 0.8|4.09E—2
2] 7|110| 08|132E—-3]| 5.0
2(10| 60| 0.8|266E—2
2110|120 0.8|853E—-4]| 5.0
41 9] 20| 0.7|4.085—3
41 9] 40| 0.7 |577TE—-6| 9.5
4113| 20| 0.7]3.65E—3
4|13| 40| 0.7 |772E—-6| 8.9
4118| 20| 0.7]3.65E—3
4|18 | 40| 0.7 |772E—-6| 8.9
7115 6| 06]990F —2
7115 12| 0.6 |527TE—6|14.2
7122 6| 0.6 |715E—2
7122 12| 0.6|6.99E—6|13.3
7130 6| 0.6 |715E—2
7130 12| 0.6|6.99E—6|13.3

10 | 21 4| 0.6 |4.02E -2

10 | 21 8 0.6 | 9.46F — 8 | 18.7

10| 31 4| 0.6 |292E -2

10| 31 8| 0.6 ]6.69E —8 | 18.7

10 | 42 4| 0.6 |292E -2

10 | 42 8| 0.6 ]6.69E —8 | 18.7

We impose the boundary conditions
(132) u; =0, x=0,2m.
Note that at the boundaries the local characteristic variables are

(133) uf' = ug —ug, uP =y + us,
so that the boundary condition takes the form u® = —u”. We use a uniform mesh.
The results, shown in Table B are similar to the periodic case, except that we
needed to decrease the CFL number somewhat. We believe that this is due to the
particular implementation of the boundary condition. We plan to carefully examine
the stability characteristics of different implementations in the future. Note that
again increasing g sometimes allowed us to compute with larger time steps.
In our final experiment we consider a periodic problem in two space dimensions:

(134) up = .6ug, + .8ug,, (z1,22) € [0,27] x [0, 27],

(135) u = cos (Tx1 + 9z + 11.4¢).

The results are shown in Table Bl Note that the theory we developed assumes
q = 4m + 2. The experiments show that ¢ can in practice be taken much smaller.
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8. CONCLUSIONS

In conclusion, we have demonstrated that minimal stencil methods using deriva-
tives of order m in each coordinate direction combined with Taylor series in time
yield approximations to hyperbolic initial-boundary value problems which

i: are of order 2m + 1 in space and time;
ii: are stable under an order-independent stability constraint;
iii: allow a natural implementation of boundary conditions to the order of the
method;
iv: achieve subgrid resolution for m large.

In future work we will extend our analysis to hyperbolic-parabolic systems and
discuss the efficient implementation of the method for problems with simple non-
linearities. We believe the methods have great potential for applications to problems
in scientific computing, and we are currently developing codes which utilize them
to solve the compressible Navier-Stokes equations.

9. APPENDIX: AUXILIARY RESULTS

In this section we give, for completeness, basic lemmas estimating Hermite in-
terpolants as well as the solution of ([I4). We begin with pointwise estimates of
Hermite interpolants.

Lemma 9.1. The Hermite interpolation operators, I and I, satisfy for 0 < g <

2m + 1:
(136) <III2,X |qu-g(1')‘ < OHgHC2m+2(x;€,mk+1)7
TeSTSTr41

(137) Ikgrilg)z{wrl ‘qu-g(.’l}” < Chz+%||IgHH"L+1(1k,Ik+1)’

. 1 n 1

=min [ —= -~ —
/4/ 2’m 2 q )
2j—2q+1 j j

(138) DTGl ey € O D27 (D g(a)? + (Dglaen)?)

§=0
Proof. We define the Hermite-Lagrange basis functions, Q;(z), 7 = 0,...,m, on
the standard interval z € [0, 1] by:
(1) @j is a polynomial of degree 2m + 1;
(2) Q; satisfies for 0 < 4,5 < m:
d'Q; d'Q;
dz D=0 T
Setting G(z) = g(z; + hi+%z) and constructing the Hermite interpolant, ZgG, of G
on the standard interval we find that Zg may be written:

(0) = 0.

(139)  Tg(e) = Y ((“hip g DIglei) @3 (1 = 2) + b, , DIglai41)Q5(2) )
§=0
where
- r — I;
z= hi+% .
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The interpolation error is expressed using the well-known Peano kernel repre-
sentation [I1, Ch. 5]. For g € HP and integers 0 < ¢ < p < 2m + 2 we have

d4

Di(g—TIg) = hi__f% o (G —ZIsQ)
! rG
_ pa
(140) = hi+%/0 Kymp(z,$) o (s)ds

Ti41
—1- —1 —1
= W q/x. Kqmp(hiy (= 20), by (y = @) DPg(y)dy.
Note that the kernel, K, (2, s), depends only on ¢, m, p, and its arguments, z
and s, but not on g. It is also bounded.

To prove the first statement in Lemma we write

|D9Zg| < |D(g —Zg)| +|Dg|.

By ([140) the first term is bounded by Ch; 1 max, |D?m+2g(x)|. Thus (I36) is
immediate. To prove the remaining results we use norm equivalence arguments on
the vector space of degree 2m + 1 polynomials of z. Suppose that 0 < ¢ < 2m +1
and 0 < p < gq. Then

TG, PTG,
< .
max | PG e < 0 m ) T
Thus
Ti41
max |D9Zg(z)|* < C’(q,m,p)h?pilﬁq/ (DPZg(x))*dx.
z; <x<wTiy1 ity

Now ([I37) follows from choosing p = ¢ when ¢ < m+1 and p =m+1for ¢ > m+1.
Finally we also have for any g:

/01 (dquZSqG (2))2dz < C(q,m) i ((d]iiG (O))2 . (d;IZ_G(l)>2> |

=0

Transforming back to x coordinates as before yields (I38]). O
We now counsider solutions of ([I4)). For simplicity we set

(141) c= matx|A(x,t)\.

Lemma 9.2. Suppose
A, B e C"([0,T); (Cper)™?), F e C([0,T]; (Cher))s [ € (Cper)”-

per per
Then equation () has a solution, u € C"([0,T]; (C,)?). Moreover, for any

0 < g < r there exists a(q), C(q) independent of the initial data and F such that
for any xo < x1, 0<tg <ty < T

0%u ant 09U
H % ('7 tl) ”(9107901) < e At H %(a tO) H(TEO*CAt,Q:lﬁ’CAt)

g—1 i
du
+CAL Z ” @ ('a tO) ” (zo—cAt,x1+cAt)
§=0

to<t<ty

q .
O'F
+CAt max Z||%('vt)”(xo—cAt,x1+cAt)v
=0
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0%u At 0%y
< «
‘8 q(l‘ tl)‘ =€ |z— x\<cAt|a$q( tO)‘
8'u
+0Atz\z w|<cAt 8;63( t0)|

1 F

+CAt max \w(z,tﬂ,

max
to<t<ty 4 \zfa:|§cAt
Jj=0
and for g1 > 1:

0%u ’u
”m('vtl)”(xo,m) < CZ H%("tO)”(xo—cAt,xl-i-CAt)
§=0

q min(g1—1,5) B F
+ C Z Z toléltagxtl ” 8tlax(j*l) ('7 t)||(Io—CAt,zl+cAt)a
Jj=
0%u a

&
- <
|3t‘11 Oxd— 1 (@h)] < C; |z—rar:l\a§)iAt 1527 oz (z,t0)]

q¢ min(q1—1,j a]F
+Cjz(:) Z tor?ta<Xt1 |z— m|<cAt|8tl8.’IJ(] l)( t)|

Here At =t1 —tg.

Proof. The proof of the first two statements is based on standard energy arguments
and domain of dependence considerations, e.g. [16, Ch. 3,6]. In particular, consider

first
o
Oz’
which satisfies an equation of the form
ow ow
142 —=A—+28B F,
(142) ot~ Nop TP T

where Fj, depends linearly on space derivatives of u of order 1 through ¢ —1 as well
as on the gth space derivative of F. An energy inequality for the entire domain
takes the form

d
vl < a(@)llwll + BllFq]-
This inequality implies

Oé(t ¢ ) ea(tl_tO) — 1
w(-,ty)|| < e Et0)|jqy(. ¢ - = max |E,(1)].
(.t < o to)l|+ 65— max [IF,(-1)]
Combined with a simple induction argument on ¢ this inequality yields the desired
result when the integrals are taken over the entire domain. The second inequality
follows from using derivatives of the equation to express time derivatives in terms of
space derivatives. Our final form follows from domain of dependence considerations
[16, Ch. 3,6].

To derive maximum norm estimates we again look at (I42), but now use the
method of characteristics. Diagonalizing the system by a unitary transformation,
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Q(z,t), we obtain for v = QT w:
% = A% + B+ F,
where
A = diag(Ai(z,1)).
Thus along the characteristic X;(¢,t) defined by
dX;
dt

= —/\i(Xi;t)a Xz(tO) = <7

we have J
v; ~ ~
& = (B F)
From these we easily derive the inequality

¢
max |v(z,t)| < max |v(z,to)| + C/ (max lv(z, s)| + max | F(z, s)|) ds.

to

B

Application of Gronwall’s lemma implies

max [v(z, t1)| < e max |v(z,to)| + CAt max max |F(z,t)].
x x to<t<t; «x

The desired inequalities for all space derivatives then follow by induction and do-
main of dependence considerations. The inequalities for the mixed space-time
derivatives follow from expressing time derivatives in terms of space derivatives. [J
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