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Abstract. Runge-Kutta (RK) methods may exhibit order reduction when applied to stiff prob-
lems. For linear problems with time-independent operators, order reduction can be avoided if the
method satisfies certain weak stage order (WSO) conditions, which are less restrictive than tradi-
tional stage order conditions. This paper outlines the first algebraic theory of WSO, and establishes
general order barriers that relate the WSO of a RK scheme to its order and number of stages for
both fully-implicit and DIRK schemes. It is shown in several scenarios that the constructed bounds
are sharp. The theory characterizes WSO in terms of orthogonal invariant subspaces and associated
minimal polynomials. The resulting necessary conditions on the structure of RK methods with WSO
are then shown to be of practical use for the construction of such schemes.
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1. Introduction. Runge-Kutta (RK) methods may exhibit a convergence rate
lower than the (classical) order of the scheme. This order reduction phenomenon
often occurs when integrating stiff ODEs, stiff PDEs, or initial-boundary value prob-
lems (IBVPs) with time-dependent boundary conditions [9, 13, 39, 42, 27, 24, 29].
In the worst case, the observed convergence rate is governed by the stage order
of the method [32, 17]. Unfortunately, RK methods with high stage order must
be fully implicit; diagonally implicit RK (DIRK) schemes cannot have stage order
above 2.

By considering a restricted class of problems, one can obtain conditions weaker
than stage order that are sufficient to ensure high-order convergence. For instance,
in some cases where order reduction stems from time-dependent PDE boundary con-
ditions, it can be avoided by various problem- and method-dependent modifications
[12, 1, 2, 11, 3]. A set of conditions ensuring high-order convergence for linear prob-
lems has been developed [27, 19, 8, 40] and recently referred to by the term weak stage
order (WSO) [37, 21]. The conditions for WSO are, as the name suggests, weaker than
those for stage order; notably, DIRK methods can have high WSO. The conditions
are closely related to the classical order conditions for RK methods. In this work we
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establish the algebraic structure of WSO and use it to prove rigorous relationships
between the achievable order, the WSO, and the number of stages of a method.

1.1. The WSO conditions. We consider the initial value problem
(1.1) u'(t) = f(t,u(t)), w(0)=up; ueR™, f:RxR™ —=R"™,

and its numerical approximation u, = u(t,), where t,, = nAt, via an s-stage RK
scheme, where the one-step update rule

s
(12&) gl:un+Atzal]f(tn+C]Atag])7 i=1,2,...,s,
Jj=1
(12b) Up+1 = Up —+ Ath]f(tn + CjAt,gj) ,
Jj=1

is concisely represented via the Butcher tableau

2| A .
i‘B.—T,WhereA(CLZ-J-)Zj_l, b=(by,....b)T, Eé=(c1,...,cs)T.

Method (1.2) is said to be of classical order p if the one-step error [16] is of O(AtP*1)
as At — 0. This requires that the coefficients of the method satisfy certain algebraic
relations known as order conditions, which are derived under the assumption that f
has Lipschitz constant A\, and that AtA < 1.

If one does not assume that AtA is small (i.e., in the study of stiff problems), a
careful expansion of the numerical error leads to additional algebraic conditions on
the scheme’s coefficients. A necessary condition for convergence of order £ for general
stiff ODEs (cf. [17, Theorem 15.3]) is that

1 1
(1.3) 7R = Agh—1 — Ea’“ = (Ackl - kck> €=0 for1<k<E¢.
Here &* := (c’f,c’z‘“‘,...,cf)T denotes componentwise exponentiation, the vector € =

(1,...,1)T € R?, and the diagonal matrix C' = diag(cy,ca,...,cs) so that ¢ = C€.
Throughout this paper we assume that &= A&, which implies that 7(!) =0. We refer
to the vectors 7%) as stage order residuals.

If one assumes that f is a linear (possibly time-dependent) operator, then in the
convergence analysis for stiff problems one can replace the stage order with the largest
integer £ such that

(1.4) SE):  bTAFM =0 forall0<j<s—1,1<k<E.

DEFINITION 1.1 (WSO). The WSO q of an s-stage RK scheme (A, 5) is the largest
integer such that condition S(q) in (1.4) holds. If S(€) holds for every & > 1, then
q=00.

Conditions (1.4) were first introduced in the context of Rosenbrock W- (ROW)
methods, and referred to as parabolic order conditions [27, 28]; see section 2.4. In
section 2, we review the derivation of condition (1.4) as well as what is known about
the class of problems for which this condition ensures convergence of order q. We also
provide a review of the literature relating to WSO and similar conditions.
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1.2. Contribution of this work. While much is known about RK order condi-
tions, less is known about the solvability of the WSO conditions, and more generally,
the simultaneous solution of both sets of order conditions. Since high stage order
methods must be fully implicit, the solvability of the WSO and order conditions for
DIRK schemes is of particular interest.

Previous attempts at constructing DIRK schemes with WSO [37, 21] relied upon
the simplifying assumption that the vectors 7(®) in (1.4) be eigenvectors of A. For
instance, DIRK schemes up to order 4 and WSO 3 have been provided in [21]. This
simplifying “eigenvector criterion” limits the construction of WSO schemes for DIRKs
(with invertible A) to ¢ <3, as shown below. A key motivating factor for the present
work is the need to construct DIRK schemes with high WSO ¢ > 3; in order to enable
this, herein the vectors 7(*) are not assumed to be eigenvectors of A. Although we
are particularly interested in DIRK schemes, some of the main results herein apply
to general RK schemes.

This paper provides the first known bounds relating a RK scheme’s WSO ¢ to the
order p and number of stages s. After reviewing the background on WSO (section 2),
we recast WSO in terms of orthogonal invariant subspaces related to the matrix A
(section 3). From there we establish general bounds on s, ¢, p for both fully implicit
RK schemes and refinements for DIRKs. In section 4 we introduce minimal polyno-
mials corresponding to the orthogonal invariant subspaces. The minimal polynomials
are then combined with a family of polynomials (orthogonal with respect to a linear
functional) to yield new formulas (section 5) for the stability function, relevant for
schemes with high WSO. The study also reveals necessary conditions for WSO ¢ > 3
(section 6), which provides the theoretical foundation for devising new schemes in
the companion paper [7]. We conclude with examples (section 7) demonstrating the
sharpness of the bounds.

2. Relevance of WSO. This section provides background information relevant
for this work: mathematical notation and fundamentals (section 2.1), the manifes-
tations of order reduction and error formulas (section 2.2), and a literature review
of prior work related to WSO (section 2.3). While the expert reader familiar with
the literature may skip this section, it provides a motivation for the relevance of this

paper.

2.1. Fundamentals and notation. The following definitions and notation about
RK schemes are used in this manuscript.

Given a RK method, we let n. denote the number of distinct abscissas c;, e.g., if
€1 =---=¢s, thenn, =1; in turn, if all ¢; are distinct (i.e., the scheme is nonconfluent),
then n.=s.

Schemes for which A is lower-triangular (a;; = 0 for j > i) are called diago-
nally implicit Runge—Kutta (DIRK) methods. If, furthermore, all diagonal entries are
equal, i.e., a;; =~ for i =1,... s, then the scheme is called singly diagonally implicit
(SDIRK). We refer to DIRK methods with a1; =0 as EDIRKSs. Implicit schemes that
are not diagonally implicit are referred to as fully implicit.

The following definition generalizes the concept of an EDIRK, and will be useful
in providing some results below (such as Theorem 3.2) that are less strict for certain
schemes with an explicit stage.

DErFINITION 2.1 (GEDIRK). We call a DIRK scheme a generalized EDIRK (or
GEDIRK) if € contains at least one zero and ag =0, where { =min{j | c; =0} is the
index of the first zero in c.
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When a RK scheme is applied to the scalar ODE «'(t) = Au, it results in the
iteration u,1+1 = R(2)u,, where z := AA¢, and

det(I — zA+ zéb7)
det(I — zA)

(2.1) R(z):=1+20T(1 —2A)"te=

is the stability function of the scheme.

A RK scheme is called stiffly accurate [32] if the last row of A equals ET, ie.,
ag; =b; for j=1,...,5. When A is invertible, stiff accuracy implies bTA-le= 1, and
hence the desirable property lim,_,~, R(z) =0 results.

The (classical) order p of a RK scheme (see section 1.1) imposes the well-known
order conditions on the Butcher coefficients [16]. We will also make use of the condi-
tions

for k=1,2,...,&,
for k=1,2,...,&,

which determine the accuracy of the quadrature and subquadrature rules, respectively,
on which the RK method is based [10].

A RK scheme is said to have stage order ¢ := min{qi, g2} where ¢1, g2 are the
largest integers such that B(¢1) and C(g2) hold. Stage order ¢ guarantees that each
RK stage is accurate to order ¢, and that the method itself has order at least §.

2.2. Order reduction and the role of WSO. As the name suggests, the
conditions for WSO ¢ are a relaxation of those for stage order ¢, i.e., § < ¢ holds
for any method. The relevance of WSO in the context of order reduction can be
understood by examining the error for the (stiff) Prothero-Robinson problem [32, 17],

(2.4) u=Au—o()+¢' (), u0)=¢(0), withRe(\)<0,

with solution wu(t) = ¢(t). For solutions starting from a different initial value, the
difference u(t) — ¢(t) decays exponentially to zero with time. Problem (2.4) can be
made arbitrarily stiff by choosing |A| large. As in [17, eq. (15.9), Chap. IV.15], one
can derive exact formulas for the RK scheme’s global error (with equal time-steps):

U1 = Gltn+1) = (R(2))" (w0 — $(0)) + D (R(2))"7das(ty) -
§=0

Here z = AA¢ and R(z) are defined as in (2.1). The local error das(t,) has, for a pth
order method, the form

k
(25) Farltn) == X (W20 (1) + O ),
E>1 :

where ¢(*)(t,,) is the kth derivative of ¢ at t,, and W} (2) is the function
Wi(z) :=2bT (I — 2A)"' 7% for k>1.

In the classical RK convergence theory one examines the nonstiff limit where both the
time scale 1/|A| and the solution ¢(t) are fully resolved. If one assumes that At — 0
with z = O(At), then one can show that the local error da¢(t,) = O(AtP+1) by using
a Neumann series for (I — zA)~! and applying the order conditions.
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In a stiff problem setting, one fully resolves the slow time scale defined by the
solution ¢(t) (i.e., At|¢/(t)] < 1) but under-resolves the fast time scale 1/|A| (i.e.,
|z| = At|A] > O(1)). One can then investigate the local error da¢(t,) uniformly in
z. As a special case this, in particular, covers the stiff limit given by At — 0 while
simultaneously A — —oo such that z —+ —oo. Then the local error gAt(tn) is at least
order G+ 1 because 7*) =0 for k < §, but, in general, it will fail to be of order p+ 1.
The algebraic condition of WSO ensures that the functions Wy (z) vanish, yielding a
local error das(t,) = O(At9T1). WSO is the least restrictive condition to guarantee
Wi(z) =0 for k <gq [21, Thm. 2].

While the Prothero-Robinson problem (2.4) provides an intuitive example where
the convergence of the local truncation error is facilitated by WSO, both the order
reduction phenomenon and its remedy via WSO apply much more generally.

A general class of problems for which WSO improves the convergence order are
effectively established by the results in [4]: consider any linear PDE

(2.6) ug =Lu+ f(t), with boundary data Bu=g(t),

and suitable initial data, where (£, B) generate a Cp-semigroup. While the theorems
in [4] are stated assuming that the RK scheme used to approximate (2.6) has stage
order ¢, the proofs, in fact only, use the conditions for WSO ¢g. Hence, WSO is of
potential relevance for any PDE problem generated by a Cy-semigroup. The results
in [4] build on previous work that focused on analytic semigroups [27, 28], extending
their applicability to a broader class of PDEs—notably wave equations.

For PDE problems, order reduction and WSO may manifest in interesting ways
that are not encountered in the ODE problem (2.4). For instance, the convergence
order is controlled by the WSO of the method, plus a correction that may be fractional
depending on the details of the PDE [27]. The fractional convergence can also be
understood through the creation of spatial boundary layers in the RK error [37].
While WSO guarantees the remedy of order reduction only for linear problems, it is
also observed numerically that WSO can improve the convergence order for certain
nonlinear PDEs where the highest derivatives are linear [21].

2.3. Prior work on avoiding order reduction. The prior section highlights
that for certain classes of stiff problems the order of the local error may be reduced,
in the worst case, to the WSO of the method.

Ostermann and Roche [27] showed that, for linear problems, time-stepping schemes
that satisfy

. bT (T — 2A)~17(0)
@) W)=

=0 fork=1,2,...,q,

along with other technical assumptions, avoid order reduction when applied to linear
parabolic PDEs (see [27] for RK methods and [28] for the related ROW methods).
The analysis considers PDE problems (2.6) where £ defines an analytic semigroup
[28] or has a point spectrum in the left half plane with a basis of eigenfunctions [27].
The resulting error convergence rate is min{p,q + 2 + v}, where 7 depends on the
PDE; see [27, Thm. 2].

Hundsdorfer showed that a generalization of (2.7) implies a convergence rate
of O(At41) for linear-implicit RK schemes applied to linear ODEs [19, Thm. 3.3].!

1See also [8, Thm. 3.3] which used Wj(2) to achieve improved convergence estimates.
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Montijano showed that a necessary condition for convergence at order g on the problem
(2.4) is bTA71cd =1 for 0 < j < q [25, 14].

Because (2.7) contains the variable z, it is somewhat impractical as a means to
design RK schemes. Scholz [40] converted (2.7) into direct “order conditions” on
the scheme coefficients. By expanding terms like ng(I — 2A)7%) in the variable
H = z/(1 — #y) (which is possible only for SDIRK methods), Scholz developed B-
convergence order barriers (up to order 4) for ROW methods and demonstrated that
the weaker conditions are compatible with ROW (SDIRK) structures by constructing
schemes with up to p=¢=4in (2.7). The complexity of Scholz’s conditions for ROW
methods were subsequently simplified by Ostermann and Roche [28; eq. (3.12’)] to
(effectively) the conditions (1.4), where the A and 7*) in (1.4) are ROW analogues
of the corresponding RK scheme quantities. For further discussion of order reduction
in the context of stiff problems we refer to [6, Chapter 4], [14, Chapter 7], and [17,
Chapter IV.15] and references therein.

Although originally derived only for SDIRK methods, the “order conditions”
(1.4) are, in fact, necessary conditions for any RK scheme to avoid order reduction in
(2.4); see section 2.2 and [33, eqgs. (20)—(21)], [34, Thm. 3], [41], and also [37, 21]. A
geometric interpretation of (1.4) is provided in [37]. Recently, [35, Chap. 6] and [36]
extended (1.4) to generalized-structure additively partitioned Runge-Kutta (GARK)
methods.

3. Bounds on WSO via A-invariant subspaces. We now state the main
results of this paper.

THEOREM 3.1 (main result). An RK scheme with s stages, n. distinct abscissas,
order p, and WSO q satisfies the following:
1. If the abscissa values are all nonzero (c; #0), then ¢ <2n,— 1.
2. If some of the abscissa values are zero (c; =0), then either (i) ¢ < 2n. —2,
or (ii) ¢ =00 in which case p=1.
3. If q<2n.—1, then

+1+4+0
qﬁp

5 J§5+n07

where o =1 for stiffly accurate methods with invertible A, and o =0 other-
wise.

A stricter bound can be obtained for DIRK schemes.

THEOREM 3.2 (main result for DIRK). Let a DIRK scheme be given with s stages,
n. distinct abscissas, order p, and WSO q<2n.—1. Then

{q—gﬁJ —k+p<s+1—-o,

where o =1 if A is invertible and the scheme is stiffly accurate, and o =0 otherwise,

and k=1 if A is a GEDIRK scheme, and k=0 otherwise.

Here |z ] is the standard floor function for the real number z. Note that Theorem
3.1 still applies when ¢ > 2n, — 1.

Remark 3.3 (order barriers). When p =s+1—o0, Theorem 3.2 implies that DIRK
schemes are limited to WSO ¢ < 3, with the exception of GEDIRK schemes which are
limited to WSO ¢ <4. For a fixed s, decreasing p by 1 increases the upper bound on
q by 2. There exist schemes that satisfy these barriers sharply (see section 7).
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In fact, the main results appearing here can be viewed as improvements to the
classical bounds on the RK order p via the number of stages s. For instance, the
classical bound p < s+ 1 for DIRK methods can be recovered by setting ¢ =0 (k =0)
in Theorem 3.2. Moreover, the main results show that the maximum WSO g is
controlled by the difference in the classical bound (e.g., s + 1 — p for DIRKSs).

3.1. A pair of orthogonal A-invariant subspaces. The WSO conditions
(1.4) can be written equivalently in terms of orthogonal subspaces. Given an s-stage
RK method, let

(3.1) K, :=span {F(”,AF“), L AT #D) AR ) .,AS*1F<m>} (m>1),
(3.2) Y::span{g,ATg,...,(AT)S_ll;}.

Note that due to the Cayley—Hamilton theorem, K, is an A-invariant subspace, while
Y is left A-invariant, i.e., AV € K,, for any 7 € K,,, and ATG €Y for al 7 €Y. In
fact, K,, and Y are the smallest A-invariant spaces containing the 7() (j <m) and l;,
respectively. This allows for the natural generalization to m = oo in (3.1) by defining
K as the smallest A-invariant space containing 7*) for all k> 1.

Then (1.4) is equivalent to the condition that #7@ = 0 for every @ € Y and
w € K. Since K, and Y are subspaces of R®, we have the following lemma.

LEMMA 3.4. Given an RK scheme defined by A,g, let g > 1 be an integer or oo,
and let Ky andY be the subspaces (3.1) and (3.2) of R®. Then the scheme has WSO
of at least q if and only if Y and K, are orthogonal, in which case

(3.3) dim(Y) 4 dim(K,) < s .

RK methods with (classical) stage order ¢ have dim(K,;)=0 and dim(K,11)>0.
Except for schemes that were specifically designed with high WSO, almost all irreduc-
ible schemes in the literature have dim(Y’) = s, so Lemma 3.4 implies that their WSO
is no greater than their stage order. However, some existing schemes have dim(Y") < s;
for example, explicit methods with one or more entries on the first subdiagonal equal
to zero. These include the 8th order method of Prince and Dormand [31], as well as
some of the fifth-order SSP methods of Ruuth and Spiteri [38].

Remark 3.5. In the proof of Theorem 3.2 (to follow) the bound (3.7) for DIRK
schemes is used. However, if p =1, (3.6) for fully implicit schemes gives dimY > 1
which is tighter than the DIRK bound (3.7) (dimY > 0) and yields a slight improve-
ment to Theorem 3.2.

Remark 3.6. For simplicity we have written “order p” in Theorems 3.1 and 3.2;
however, both results hold under the weaker condition that R(z)=e* + O(zPT!) is a
pth order approximation as z — 0.

The proof of the main results follows from the inequality (3.3) along with lower
bounds on the dimensions of ¥ and K,. The proof can be divided into three steps.
Step 1 (section 3.2) bounds the dimension of Y for both fully implicit and DIRK
schemes. Step 2 (section 3.3) bounds the dimension of K, for fully implicit schemes
which is then refined in Step 3 (section 3.4) for DIRK schemes.

3.2. (Step 1) A lower bound on the dimension of the subspace Y. Here
we show that the degrees of the numerator and the denominator of the RK stability
function are bound by the dimension of the subspace Y. When combined with classical
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results on rational approximations to e*, we obtain a lower bound on dimY in terms
of p.
Throughout, we denote a rational function that approximates e* to order p as

(3.4) N(2)/D(z)=e* +0(zP), asz—0,

where N and D are polynomials with no common factors.

THEOREM 3.7 (rational approximations of e, [17, Thms. IV.3.11, and 1V.4.18],
[26, Thm. 2.1]). Let polynomials N(z),D(z) satisfy (3.4). Then p < deg N + deg D.
If, further, N/D has only real poles, then p <degN + 1.

For an s-stage RK method, the stability function is a rational approximation of
e® with numerator and denominator of degree at most s. In fact, we can replace s in
this statement with dimY".

THEOREM 3.8. Let an RK method (A,b) be given, with Y defined as in (3.2).
Then the stability function of the method is R(z) = N(z)/D(z), where deg N <dimY
and deg D < dimY.

Proof. Define an orthogonal matrix L = (U | V) € R®*¢, where the columns of
U € R**?, with d := dimY, are a basis of Y and the columns of V are a basis of its
orthogonal complement. Then b7V =0 and b7 (I — zA)~'V =0.

So the stability function (2.1) is

(3.5) R(z)=1+42b"LLT(I — 2A)'LLTé¢=1+ 2bF MU"¢,

where l;g =bTU e R? and M = UT(I — 2zA)~IU € R¥*?. Using this and Cramer’s
rule it can be shown that the numerator and denominator of R(z) are given by de-
terminants of d x d matrices whose entries are linear functions of z. Thus R(z) is a
rational function with numerator and denominator of degree at most d. 0

For stiffly accurate schemes with A invertible, R(z) is further constrained to satisfy
lim, 0 R(2) =lim, 0 N(2)/D(2) =0, so that deg N <degD —1<dimY — 1. For
DIRK schemes, the stability function R(z) has real poles since the eigenvalues of A
are confined to the diagonal entries—which are real. Combining these observations
with Theorems 3.7 and 3.8, we have proved the following theorem.

THEOREM 3.9. Let an RK scheme (A,b) be given with Y defined as in (3.2) and
stability function R(z) =e* + O(zPTY), as z— 0. Then

(3.6) V)*HU

5 JSdimY.

If the scheme is diagonally implicit, (3.6), we have the stronger bound
(3.7) p<dim(Y)+1-o.

where o =1 if the scheme is stiffly accurate and A is invertible, and o =0, otherwise.

3.3. (Step 2) A lower bound on the dimension of the subspace K,, for
general RK schemes. Here we provide a lower bound on dim(kK,,) in terms of m
and the number of distinct abscissas n.. The key idea is that K, contains linear
combinations of the vectors 7*), and for large enough m the addition of each new
vector increases the dimension of the space K,,.
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We first denote the column space of the Vandermonde matrix with columns ¢

V'—{ span{€é,é,...,c™ 1} ifall ¢; #0,

span{c,c?,...,é" '} if at least one ¢; =0.

Now define subspaces of V' for values of m > n. + 1 as follows:

W, = {w(C)€| for all w(z) :/za(x)Pc(a:) dx and a(z) eHm_l_nc},

0
Hd:{ao+-~-+adxd|aj€]R forj:O,...,d}.

Here Pc(x) is the minimal polynomial for the matrix C' (so that Po(C)=0) and I,
is the space of polynomials of degree at most d. By construction W,,, C W, 11.

We denote the smallest A-invariant subspace containing a vector space X by
K(X); namely K(X) can be constructed explicitly by taking the span of all the A-
Krylov subspaces of the basis vectors of X (similar to (3.1)). In particular, (V) and
K(W,,) are the smallest A-invariant spaces containing V' and W,,, respectively. With
these notations, we now have the following lemma.

LEMMA 3.10 (the K, sandwich). For any m >n.+1 (or m=o00) it holds that
Wy € K(Wyn) € K CK(V)

Proof. The fact that K,, C (V) follows from the observation that every 7%,
for arbitrary k, is a linear combination of A¢* € K(V) and ¢*+! € K(V).

Next, we show that K, contains the subspace Wp,. Due to the fact that IC(W,,)
and K, are both A-invariant, this implies K(W,,) C K

Let w'(z) = wm 1xm 1 —I—w o™ 244wy denote an arbitrary (real) polyno-

mial and let w(x fo s) ds. The space K,, then contains the linear combination
ng 17U ZAw ERT o fu)] 107 ) &, using (1.3),
(3.8) = (Aw (C) —w(C))ee Ky,

Since C' is diagonal, its minimal polynomial Pc(x) has simple roots (one for each
distinct entry of &) and so deg Pc = n.. Thus, for m > n. + 1, we can set w'(z) =
a(x)Pc(z) in (3.8) (so that w'(C) = 0), showing that w(C)é€ € K,,. Hence K,,
contains the subspace W,. ]

The next theorem follows directly from properties of W,,.

THEOREM 3.11 (properties of K,,). Consider an RK scheme with n. distinct
abscissas and the space K, defined in (3.1). Then we have the following:
(a) If m <2n.—1, then dim K, > max{m — n.,0}.
(b) If m > 2n, and all ¢; #0 (i.e., Pc(0) #0), then K., = K(V); in particular,
ee K, and dim K,,, > n..
(¢) If m>2n.—1 and ¢; =0 for at least one value of j (i.e., Pc(0) =0), then
K., =K(V); in particular, ¢€ K,, and dim K,,, >n. — 1.

Proof. For (a), we compute dim W, which bounds dim K, from below. First,
note that vectors of the form w(C)é (for any polynomial w(z)) are in one-to-one
correspondence with their associated polynomial remainders? w(z) mod Pq(r)

?Here w(z) mod Pc(x) is the remainder of w(x) when divided by Pc(z); the set of all such
remainders can be identified with the vector space IT,, 1.
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(i.e., as vector spaces they are isomorphic).®> Thus, W, has the same dimension as
the range of I :1I,,_1_,, —1I,,,_1 defined by

Ia) = (/Oxa(a:)Pc(m) dx) mod Po(z),

where I[-] is the linear (integral) operator that maps II,,,_1_,_ (which has dimension
m — n.) into polynomials modulo Pc(z) (which has dimension n.). We now claim
that I[-] has a trivial null space whenever m < 2n. — 1. Suppose not—then there are
polynomials a(z) #0 (dega <n.—2) and B(x) (deg 8 <n,— 1) such that

| at@pewiix=s)peta).
Differentiating both sides yields
(3.9) (a(@) = B'(z)) Pe(z) = B(z) Pi() -

The minimal polynomial Pc(x) contains n. > 1 distinct roots, and hence P/ (x) has
no common root with Pc(z) (i.e., Pc(x) and P{(x) are relatively prime). Thus, (3.9)
requires that P5(z) divide (a(z) — f/(x)) and Pc(x) divide 8(z), which is impossible
in light of the degrees of «a(x), S(x). Thus no «a(x) exists, and whenever n.+1<m <
2n. — 1 one has the following dimension:

(3.10) dimW,, =dimIlL,,_1_,, = (m —n.) <dim K,, .

Combining (3.10) with the trivial dim K,;, > 0 when m < n. + 1 proves (a).
For (b), when m = 2n,, (3.9) has the (unique) family of solutions

B(z)=vPc(x) and a(z)=27Po(z) (vER).
Substituting this value of a(z) into
I[a] =vPc(x)* = vPc(0)* = —Pc(0)*  mod Pe(x),

shows that v = 0 is still the only solution to I[a] = 0. Hence, I[-] has a trivial null
space, W,,, contains the vector € (e.g., take v = —Pc(0)~2), and dim W,,, = n.. Thus,
W, has the same dimension as V' which forces W,,, = V' showing that K,, = IC(V).
For m > 2n., K,, = KC(V) holds trivially since K,, C K,,+1.

For (c), if Pc(0) = 0, then every w(z) appearing in W, is divisible by 2 so
that w(x) and Pc(x) share a common factor of . Thus z divides the remainder w(z)
mod Pc(x) as well as every polynomial in the range of I[-], i.e., for every a € Il,;,—1 1y,
I[a] = zr(x) for some r(z) with degr <n.— 2. When m = 2n, — 1 the range of I[
has dimension n.— 1 and includes all monomials z? for 1 <j <mn.—1. Hence W,, =V
showing that K, = K(V).

The vector ¢ has an explicitly construction: since Pc(z) and PL(x) are relatively
prime, polynomials 8(z) (deg 8 <n.—1) and v(z) (degy(xz) <n.—2) exist such that

V(@) Po(x) = Bx)Po(z) +1.

3For any polynomial w(z) mod Pc(z), the identification of w(z) — w(C)€ is surjective and
preserves the operations of the vector space. It is also injective: since w(C) is a diagonal matrix,
the vector w(C)€=0 if and only if w(C) =0, and w(C) =0 if and only if w(z) is divisible by Pc(z).
Hence, the vectors wq(C)é = w2 (C)¢€ if and only if wi(z) — wa(z) = a(z)Pc(z) for some a(z), i.e.,
w1 (z) = wa(z) mod Pc(z).
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Set a(z) :=(z) — B'(z) (dega < n — 2), so that a(z)Pc(z) = L (B(x)Pc(z)) + 1.
Since P(0) =0, integrating both sides shows that I[a] =z and hence: ¢€ W,,. O

By combining the lower bounds, we obtain a proof of the main result.

Proof of the main result, Theorem 3.2. Parts (1) and (2) of Theorem 3.2 follow
from Theorem 3.11(b) and (c), respectively, with the fact that the order conditions
bTe =1 (for p = 1) and b7¢ = 1/2 (for p = 2) are incompatible with the WSO
requirement that b L K,, whenever €€ K,, or &€ K.

Theorem 3.1(3) follows from combining the inequality (3.3); the lower bound for
dimY from Theorem 3.9 for fully implicit schemes; and the lower bound for dim K,
in Theorem 3.11(a). |

3.4. (Step 3) A lower bound on the dimension of the subspace K,, for
DIRK schemes. We now turn to obtaining lower bounds on the dimension of K,
in the more restrictive setting when A is DIRK. The results in this section build on
Theorem 3.11. The difference of 1 (dimension) in parts (b) and (¢) in Theorem 3.11
creates a somewhat bothersome issue for directly obtaining the lower bound in this
section. However, this difference of 1 can be avoided for DIRK schemes that do not
admit a GEDIRK structure.

LEMMA 3.12 (extra dimension in K, when ¢; = 0). For a DIRK scheme that
is not a GEDIRK scheme, if m > 2n., then dim K,, > n. (where the space K,, is
defined in (3.1)).

Proof. If ¢ has no zero, then Theorem 3.11(b) applies and we are done. Let ¢
be the first occurrence of ¢, = 0 in € (i.e., ¢; # 0 for j < ¢). Note that ¢ > 1 since
c¢1 = a1 # 0 (because A is not a GEDIRK). Theorem 3.11(c) shows that W,,, C K,,
has dimension n. — 1, that the vector ¢ € K,,, and that W,, is orthogonal to €y, i.e.,
e}Tﬁ: 0 for all @ € W,,. In addition, W, contains a vector of the form (since £ is the
first occurrence of 0)

Gi=(1,...,1,0,%x) € Wy, ,

where the first £ — 1 entries of ¢/ are 1 and % is unimportant. Since K, is A-invariant,
we have ¢ — Ay € K,,,; however, €] (¢ — AY) = ay #0 (where ag # 0 since A is not a
GEDIRK), showing that dim K, > n.. 1]

To expedite the remaining proofs below, we define a truncation map [] j which
acts on matrices as HJ :R°*% — R7*J to isolate the upper j x j block of A, and acts
on vectors as [-]; : R® — R/ to isolate the top s components of ¢:

air Qi - Gy c1
. . Co
a921 . .
[A]; == and [c]; =
aji ajp o ag; K

For a lower-triangular matrix A, the first j (<s) components of the vectors 7*) and
¢ are functions of the upper j x j sub-block of the matrix A € R**¢ only. Moreover,

(3.11) [A™], = ([A]j)n and  [¢"]; = ([E]j)

n
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We will also refer to the vectors 7(*) that arise when A is replaced by [A]; in (1.3):

(3.12) 0 (14],) 1= (4], 5], - % 4], fork>1,

which commute with the map in the sense that for every 1 <j<s, n>0, and k> 1,

(3.13) (70| =7B((a)),  [an70(4)] = [A]; #9((4),).

j J
We also extend [] to vector subspaces U C R® as [U]; := span{[d], | @ € U}, which
implies dimU > dim [U];.

LEMMA 3.13 (dimension of K, for a DIRK scheme). Consider a DIRK scheme
with n. distinct abscissas, and the corresponding space K, defined in (3.1). Then

(3.14) dimezminHm;”J ,nc}—ﬁ,

where k=1 if A is a GEDIRK scheme, and k=0, otherwise.

The main idea in the proof is that the commutation property (3.13) implies
that the matrix [A4]; and vectors 7k ([A] ;) define an [A] -invariant space. Specif-
ically, [Ky)]; is exactly the smallest [A] -invariant space containing (k) ([4] ;) for
k=2,...,m. Hence, Theorem 3.11 and Lemma 3.12 apply* to [A]j for each 1 <j <s,
where n. is replaced with the number of distinct values in {c1,...,¢;}. The dimension
of the associated [A] -invariant space (for any j) bounds is dim K, > dim [Kp,];. We
then pick the “worst case” j. For simplicity, let

T(j) :=max{r | #{c1,...,cx} =3},

where # denotes the number of distinct values in a set. Then T'(+) is strictly increasing,
T(1)>1, T(n.) = s, and the set {c1,...,cp(;)} contains j distinct values.

Proof of Lemma 3.13. Assume m > 1 (it holds trivially for m =1). If A is not a
GEDIRK, set r :==min{| 3], nc}. Apply Lemma 3.12 to [A],, which has r distinct
¢ values, to obtain dim K,, > r (which is (3.14) when x =0).

If Ais a GEDIRK, we use the more general bound Theorem 3.11(a)—(c) applied
to a DIRK matrix [A]7,,, with 7" (<m) distinct abscissas values:

(3.15) dim K, > min{r’ — 1,m —r'}.

Set v’ :=min{ g, n.} if m is even and r’ := min{mT“, ne} if m is odd. Applying (3.15),

and observing that (in all four cases) min{r’ — 1,m —r'} =+’ — 1 yields (3.14) with

k=1 ]
We conclude this section with a proof of the main result for DIRKs.

Proof of the main result for DIRKs, Theorem 3.2. When ¢ > 2n.—1, Lemma 3.13

gives a lower bound on dim K, of | ™% | — k. Substituting this and the lower bound

on dimY in Theorem 3.9 for DIRKSs into (3.3) yields the result. 0

4The new space W, as well as the definition I[-] must use the minimal polynomial of [C] i
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4. Minimal polynomials for the spaces Y and K, . Our results in the next
two sections will be based on the linear algebra of orthogonal left and right invariant
subspaces applied to Y and K,,. We therefore first review and establish key results
(e.g., eigenspace, eigenvalue, and minimal polynomials) pertaining to the action of a
matrix on its orthogonal invariant subspaces. We employ the standard terminology:
a monic polynomial p(z) is defined as having a leading (i.e., highest degree term)
coefficient of one; the characteristic polynomial of a matrix is defined as the (monic)
polynomial char4(x) := det(zI — A); the minimal polynomial p(z) of a matrix A is
the monic polynomial of smallest degree for which p(A) =0. While it is often the case
that (for instance, when the eigenvalues of A are distinct) the minimal polynomial is
the characteristic polynomial, i.e., p(z) = char4(x). In general, p(x) is of lower degree
than char4(z) when A has repeated eigenvalues.

For a real matrix A [5, Chaps. 8 and 9A], the minimal polynomial p(x) of A is (i)
unique; (ii) has real coefficients;® (iii) divides the characteristic polynomial of A (thus
every root of p(x) is an eigenvalue of A and the deg p < deg char4(x)); moreover,
(iv) every eigenvalue of A (not including multiplicity) is a root of p(z); and (v) every
polynomial p(z) satisfying p(A) =0 is divisible by p(z). The following two theorems
concern minimal polynomials for matrices restricted to invariant subspaces and will
be employed in our study of WSO.

THEOREM 4.1 (A-invariant subspaces). Let A € R**5, and let U C R® be an A-
invariant subspace with dimension d:=dim(U) (d =0 is possible). Then there exists
a unique monic polynomial p(x) of minimal degree and coefficients in R, such that

(4.1) p(A)ii=0 VieU.

This polynomial has the following properties:

(a) p(z) divides the characteristic polynomial chara(zx);

(b) every root of p(x) is an eigenvalue of A; and

(c) degp < dim(U).
If, in addition, U has the form U = span{¥,Av,..., A5} (or U = {0} when
dim(U) =0) where A7% are linearly independent for j=0,...,d—1, then

(d) degp=dim(U).

(e) Condition (4.1) is equivalent to p(A)v = 0.

We include a proof of Theorem 4.1 in Appendix A, using straightforward gen-
eralizations of textbook arguments: p(z) is the minimal polynomial for A restricted
to the subspace U (from which properties (a)—(e) follow). Theorem 4.1 can then be
extended to the case when A has both a left and right orthogonal invariant subspace.

THEOREM 4.2 (left and right orthogonal A-invariant subspaces). Let A € R*#
be a real matriz, and let U C R® and V C R® be orthogonal subspaces, where U 1is
A-invariant and V is AT -invariant. Denote the minimal polynomials in (4.1) from
Theorem 4.1 as p(x) for U and q(x) for V, i.e., p(A)i = 0 Vi € U and q(AT)T =
0VT e V. Then the product p(x)q(x) divides the characteristic polynomial chara(x).

Again, a proof of Theorem 4.2 is included in Appendix A for completeness. These
results have a direct consequence for RK schemes with high WSO.

5More precisely, when A is real with p,(z) the minimal polynomial with coefficients in R, and
pe(z) is the minimal polynomial with coefficients over C, then p,(z) = pc(x).
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Ezample 4.3. To highlight Theorems 4.1 and 4.2, consider

1 000 10 1 1
1 10 0 01 —1 !
A=1 9 11 0]" U=|o 1 1| "=
2 01 2 10 —1 —1

The matrix A has an A-invariant subspace spanned by the columns of U, and an
orthogonal AT-invariant space spanned by ¥. The associated minimal polynomials
are p(r) = (z —1)3, s.t. p(A)U =0, and q(z) = (z — 2), s.t. ¥7¢(A) =0. The product
p(x)g(x) = (x — 1)3(x — 2) = chara(z) equals, and thus divides, the characteristic
polynomial. The example here will also be used to illustrate the lemmas in section 6.

-,

LEMMA 4.4. Let (A,b) be an RK method. Then there exists a unique (nonzero,
real coefficient) monic polynomial Q(x) of minimal degree such that

(4.2) bTQ(A)=0.

The polynomial Q(z) has degQ =dimY and divides chara(z).
If, in addition, the RK method has WSO q > 2, then there exists a unique
(nonzero, real coefficient) monic polynomial P(x) of minimal degree, such that

(4.3) P(AT® =0 fork=2,...,q.

Moreover, deg P < dim K, and the product P(z)Q(z) divides chara(x).

In (4.2)-(4.3), K, and Y are the subspaces defined by (3.1) and (3.2); and 7*)
are the stage order residuals. We refer to Q(x) and P(z) in Lemma 4.4 as the minimal
polynomials for Y and K, respectively.

Proof. For the existence of @) and its properties, set U =Y and apply Theorem
4.1(d)—(e). For the existence of P and its properties, set U = K, and V =Y and
apply Theorem 4.2, where we denote the polynomials p(z), ¢(z) in Theorem 4.2 as
P(z), Q(x), respectively. The only point to prove is that the condition

(4.4) P(A)T=0VieK,,

from Theorem 4.2 is equivalent to (4.3) where ¥ is restricted to be the stage order
residuals 7*) for k= 1,...,q. Clearly, (4.4) implies (4.3) since K|, trivially includes

7®) for k = 1,...,q. Conversely, (4.3) implies that every basis vector in K, i..,
AIFR) | satisfies P(A)A77(F) = 0. Hence, (4.3) may be used in lieu of (4.4) to define
the minimal polynomial P(z). d

Combined with (3.3) and Theorem 3.9, Lemma 4.4 implies the following corollary.

COROLLARY 4.5. For an s-stage RK scheme with order p > 1 and WSO q (with
K, and P(x) defined in (3.1) and (4.3)), one has

5 — LPH%J for fully implicit schemes,

<di <
deg(P) < dim (K,) < { s—p—14+0 for diagonally implicit schemes,

where 0 =1 if A is invertible and the method is stiffly accurate, and o =0, otherwise.

Remark 4.6 (eigenvalues of A). A consequence of Lemma 4.4 is that the ei-
genvalues of A (including multiplicity) for a RK scheme can be partitioned into
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three sets: the roots of P(z), the roots of Q(z), and the roots of N(z), where
charg(z) = P(z)Q(x)N(z).

Remark 4.7. For an SDIRK with diagonal entries of « in A, the polynomials P, Q
have the form Q(z) = (z — ) (d=dimY), and P(z) = (z — )" (u < dim K).

Broadly speaking, the polynomials Q(x) and P(x) are algebraic objects associated
with the corresponding geometric (orthogonal) spaces K, and Y. In the next sections,
we use the polynomial P(z) to obtain an expression for the stability function of RK
schemes (particularly useful for schemes with WSO), and use Q(z) to obtain necessary
conditions for high WSO schemes (useful in the construction of WSO schemes).

5. Stability function in a basis for Y. In general, the RK stability function
has a restricted form when p is close to (the optimal) 2s, and also when p > s (e.g.,
see [17, Chap. IV.3, p. 47]). In this section, we extend this constrained structure for
R(z) to the more general setting p > dimY and to when p is close to 2dimY (which
is a setting applicable for WSO). The key idea is to write Q(z), and Y, in a basis of
orthogonal polynomials related to the (tall-tree) pth order conditions

(5.1) bl A= 0<j<p—1.

1
(G+1)V
Specifically, define the linear functional £(-) on the space of monomials ™ with mo-
ments (tn)n>0 as

1
(5.2) L(x") := pn, where p, := ) forn>0.
Associated to £ are the Hankel moment matrices H,, = (pit;j—2)7;—;. Appendix B
shows that det H,, # 0 for all n > 0, which is a sufficient condition to construct a basis
of polynomials (Q;);>0 satisfying the orthogonality relation

det(HH_l)

ifi>1.
det(Hl) ne=

L(QiQj) = (idij, where (o =1, and (; =
Here 0;; is the Kronecker delta. For the moments in (5.2), the first two orthogonal
polynomials are Qo(z) =1 and Q1 (x) = x —1/2; subsequent polynomials Q;(x) satisfy
the three term recursion relation given by (see Appendix B for details):

(5:3) Qut1(2) = 2Qn () + &Qn-1(2),

1
2 _forn>1.
= Tanr —y) Tz

For instance, the next two polynomials are
1 1 1 1
2 3 2
= + d = + .
Qa(z)=x T and Qs(x)==z 235 wx 120

Any degree d polynomial can then be written in terms of the basis {Q1,...,Q4}. We
use o to denote the coefficients of the minimal polynomial for Y in this basis:

(5.4) Q(z) =Qa(x) + @g—1Qa-1(x) + -+ 2pQo(x), whered:=dimY .

The order conditions then constrain (5.4) as follows.

LEMMA 5.1 (Q is “orthogonal” to ;). Consider an RK method with coefficients
(A,b), and let Q be the minimal polynomial for the subspace Y, as defined in (3.2),
written in the form (5.4). If the method’s stability function is R(z) = e* +O(zPT!) as

z—0, then aj =0 for j<p—d—1.
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Proof. Set N:=p—d—12>0 (if N <0 there is nothing to prove). The pth order
conditions (5.1) imply b7Q(A)Alé= L(2*Q(xz)) for all 0 < £ < N. On the other hand,
5TQ(A) =0. Hence, L(Q/Q) = (ray =0 for all 0 </ < N, so a; =0 for j <N (since
¢ #0). If N > d, this would imply £(QQ4) = (4 =0, which is a contradiction. Note
that p <2d or Lmj < dim(Y) when p > 1 and d > 0 are integers. d

Utilizing the the basis (Q;);>0, we now Work out an expression for the stabil-
ity function R(z). We first expand bT (I — zA)™! in the Krylov basis b7Qo(A),.. .,
bTQ4-1(A) with (to be determined) coefficients 8; = 3;(z) functions of z:

(5.5) bT(I = 2zA) ' =07 (Ba-1Qu-1(A) + Ba-2Qa—2(A) + - + oQo(A)) .

Right-multiplying (5.5) by I — zA and using the fact that 57Q(A) = 0, leads to the
algebraic equation for the coefficients:

(5.6) (1 —22)(Ba-1Qd—1() + Ba—2Qd—2(x) + -+ BoQo(x)) =1 mod Q(x).
To solve for § = (Bos B, - - .,Bd,l)TL write Q(m) = (Qo(x),Q1(x),.. .,Qd,l(x))T. Us-

ing relation (5.3), multiplication @ can be written as a matrix multiplication SQ:

1
I L1 o0 0
+ —
) Q1 22Qo ) e 0 1 :
0= @ 84% |_gG whereS:=| 0 - 0 — &l
Q- 10 5 A
d_fd_l d—2 0 _63_1 0
Here €; is the jth unit vector and @ = (g, ...,aq—1)T are the coefficients of Q(z) in

(5.4). Using these notations and relations, (5.6) becomes
(1-z2)7QG=1 mod Q(x),
(( - zST ) =0 mod Q(x).

The vector 5 then has the solution

det ((I —287T);)

(5.7 (I-28") B=&, and via Cramer’s rule: Bij—1(z) = det(I=28)

where (I — 2zST); is the matrix I — 287 with column j replaced by €. Substituting
the expression for b (I —zA)~! into R(z) yields

d—1
(5.8) R(z) =1+ Y (57Q;(4)7) 285(2)
§=0

Finally, the orthogonality property Lemma 5.1 implies that gTQj (A)é agrees with
L(Qj) = do; for all j <p— 1. This (significantly) simplifies the summation in (5.8).

LEMMA 5.2 (stability function when p >dimY). If R(z) =e* + O(2P*!) is a pth
order approximation as z— 0 and p>dimY, then

(5.9) R(z)=1+zpp(2),
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where Po(z) is given by (5.7) and depends only on the expansion of Q(x) from (5.4),
i.e., R(2) is a function of a; (for j=p—dimY,...,dimY —1).

To the best of the authors’ knowledge, the orthogonal polynomials (Q;);>0 have
not previously been introduced in the context of RK schemes. However, they are con-
nected with existing ideas in the (extensive) literature on RK methods. For instance,
the values &; defined in (5.3) appear in the W-transform and in recurrence relations for
the shifted Legendre polynomials [17, Chap. IV.5] commonly used in the construction
of high stage order schemes. Lemma 5.1 is also similar in spirit to the orthogonality
relation Lemma 5.15 in [17, Chap. IV.5] which expands the characteristic polynomial
of C' (when n.=s) in the shifted Legendre polynomial basis.

Remark 5.3 (orthogonal polynomials with respect to a linear functional). In the
(semi)classical theory of orthogonal polynomials, the Hankel (moment) matrices are
positive definite and £(-) defines an inner product as an integral with respect to a
(nonnegative) measure [15, 20]. In contrast, for the matrices Hy considered here, both
det Hy # 0 and (; # 0. However, (; <0 for some values of i, so £(-) does not have an
inner product representation. While much of the (semi)classical theory of orthogonal
polynomials still holds [15] (e.g., the three-term recurrence), some properties do not.
For instance, the basis polynomials Q;(z) have complex roots, whereas in the classical
theory of orthogonal polynomials the roots are real and simple.

Remark 5.4 (moment-generating function of £). The moments (i, )n>0 do not
arise by accident; their generator function is G(z) = (e —1)/2 =", <, #n2", Wwhose
Taylor expansion agrees up to a suitable order with (R(z) —1)/z. The Hankel de-
terminants, or coefficients of the recurrence relation (5.3) appear in the J-fraction
(continued fraction) of the generating function. For G(z), this continued fraction ap-
pears in the RK literature through Padé approximations of e* (see, e.g., Exercise 4 in
Chap. IV.3 or Theorem 5.18 of [17]).

Remark 5.5 (stiff accuracy). Equation (5.9) can be extended to incorporate the
structure imposed by stiff accuracy (for invertible A) using an alternative polynomial
basis (Q)nzo- Specifically, let fig = 1, fint+1 := pn for n >0 and /f(x”) := fin. The
Hankel matrices with moments fi,, are shown in (B.1) to have nonzero determinants
and define a basis orthogonal with respect to £, i.e., Qo(z) =1, Qi(z) = = — 1, etc.
The stability function (having one less degree of freedom) for stiffly accurate schemes

can then be obtained in this basis.

6. Necessary conditions on P(x) for DIRK schemes. Theorem 3.2 pro-
vides a bound on the WSO for a method with order p and number of stages s. However,
the theorem does not explain how one might go about constructing schemes with high
WSO. In this section we examine the solvability of the equations P(A)7*) = 0 for
the matrices [A];. The results impose necessary conditions on P(z) (e.g., constraints
on the roots) for the construction of high WSO schemes. The necessary conditions
also restrict how the spectrum of A is partitioned into the minimal polynomials Q(z),
P(z). We focus in this section on schemes that are not GEDIRK schemes.

Here we write p;(z) to denote the minimal polynomial of [A], when j > 1 (we
have p;(x) =11if j =0). The main result is that p, must divide P(z) when the first r
abscissas are distinct.

LEMMA 6.1 (necessary condition on P(z) for a DIRK). Let a DIRK scheme that
is not a GEDIRK be given with WSO q > 2. If the abscissas {c1,ca, ..., ¢} are distinct
forr < |2], then p.(x) divides P(x).
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Proof. Apply the map [-],. to (4.3) and use (3.11) to obtain
(6.1) P([A]T)T(k)([A]T):Ofork:?,...,q.

By Lemma 3.12 we have that [K,] = R", which when combined with (6.1) implies
P([A],) =0. Thus p,(z) divides P(x). |

COROLLARY 6.2. For any nonconfluent DIRK scheme (that is not a GEDIRK
scheme), pr(x) divides P(x) where r = |2].

Example 4.3 demonstrates that the assumption of distinct abscissas in Lemma
6.1 is necessary. It provides a confluent scheme (¢=(1,2,2,1)7) that is S-irreducible
and for which the minimal polynomial of A (i.e., ps(z) = (z — 1)3(z — 2)) is equal to
the characteristic polynomial and does not divide P(z) = (z — 1)3.

One might wonder (I) whether the assumption of distinct abscissas in Lemma 6.1
can be relaxed; and (II) whether p;(z) must ever be the characteristic polynomial of
[A] ;- In general, the answer to both questions is no (see Example 4.3). However, due
to the small number of variables in the top block of [A] ; the answer to both questions
is yes when j <3 in (I) and j <2 in (II), provided that the scheme is S-irreducible.

DEFINITION 6.3 (S-reducible, Def. 12.17 in [17]). An RK method is S-reducible
if for some partition (S1,...,S) of {1,...,s} (7 < s) the indicator vectors® S(™) =
> jes,, € satisfy for all £, m

(6.2) (@& —e)TAS™ =0 ifi,jeS,.

An S-reducible scheme is equivalent to a smaller 7-stage RK scheme (A*, 5*) where
each partition S; is replaced by a single stage (see eq. (12.24) of [17, Chapt. IV.12];
the smaller scheme generates the same stage solutions g; in (1.2a)). For S-reducible
DIRKSs, the new scheme can also be made a DIRK.”

Remark 6.4 (a simple S-reducibility observation). Any DIRK scheme with ¢; =
¢o is S-reducible: apply Def. 12.17 in [17], where the partition of equivalent stages
(i.e., partition of the integers {1,...,s}) is taken as S; = {1,2} and Sp = {3}, ...,
Ss—1={s}. Then [18, Thm. 2.2] implies that the first two stages of A yield the same
intermediate stage value solutions and can be replaced by a single stage.

LEMMA 6.5 (a general necessary condition on P(x)). Let an S-irreducible DIRK
scheme (that is not a GEDIRK) be given with coefficient matriz A and WSO q, such
that [A], is invertible.

(a) If ¢>1, then deg P > 1 and a11 is a oot of P.

(b) If ¢ >3, then deg P > 2, and a11,a22 are roots of P.

(¢) If ¢ > 5, then P(x) = ps(z)P(x) where ps(z) is the minimal polynomial of

[A], and is divisible by (x — a11)(x — az2).

Proof. (a) Since the set {c;} contains one distinct element (trivially), we can
apply Lemma 6.1 with » =1 when ¢ > 1, so that p;(x) = (x — a;11) divides P(z).

For (b), Remark 6.4 implies that ¢; # ¢y for any S-irreducible method. Applying
Lemma 6.1 with = 2 when ¢ > 3 implies that ps(z) divides P(z). If po(z) = (x —a11)

6In a slight abuse of notation we use §j to denote both the set and the indicator vector. The
notation 5'} is nonstandard—the definition typically writes (6.2) as a summation.

"Formally, if we order the partitions so that min{z € S;} < min{y € S;} whenever i < j, then for
1 <4 <7 define the new scheme (which is a DIRK) as a;‘j = Zkesj aij, j = Zkesj b;.
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has only one root (which must be a1 by (a)), then ps([A],
whence ¢; = ¢g = ayy (which is a contradiction). Thus, pa(
the characteristic polynomial of [A],.

For (c), suppose by way of contradiction that ps(x) does not divide P(z), so by
(b), p2() is the minimal polynomial of [A], restricted to [K,],. When ¢ > 5, we claim
that

(6.3) [Kq]3:Span{[a37[a3}a

where either ¢; = ¢3 # ¢o or ¢3 = ¢3 # ¢1. The reasons are as follows: (i) Lemma 6.1
implies that ¢ is confluent (with ¢; # ¢3) so n. =2 and (by the same argument in the
proof) dim [K,], < 2; (ii) if ¢; =0, (6.3) follows immediately from Theorem 3.11(b);
(iii) if ¢; =0, the construction in Lemma 3.12 implies [K,], = span{[c];,[Ac];} which
is (6.3) when [A], is invertible (i.e., multiply by [A];l) For [K,], to be A-invariant
requires

) =0 implies [A], =ai1[,
x) = (z —an)(z —ag) is

ail 0 0 ail 0 0
(64) A= a1 ag9 0 if Cc1=¢C3, A= a21 a2 0 if Co=C3 .
a;1—aszz 0 ass az1 G22—0a33 433

In both cases A is S-reducible with partitions S; = {1,3}, Sa = {2} (¢1 = ¢3) or
S1={1}, S2={2,3} (c2 =c3). Hence pa(z) divides p3(x) which divides P(x). O

While this section has focused entirely on P(x), the final remark concerns a
similar-in-spirit result for Q(x).

Remark 6.6 (ass is a root of @Q(z)). A DJ-irreducible DIRK scheme has eTh+0;
otherwise, the scheme is independent of the last stage. Since 0 = bTQ(A)e, =
Q(ass)bTé,, the entry a,s must be a root of @, i.e., Q(z) = (x — as)Q(x).

7. Examples. This section provides some concrete examples that highlight how
the theory established above can be used to reduce the number of degrees of freedom
when constructing RK schemes with high WSO. In Examples 7.1 and 7.2 we param-
eterize DIRK schemes with invertible A and WSO ¢ = 3. Based on Remark 4.6 and
Lemma 6.1, we can determine that certain diagonal entries of A (those closest to the
top left) are roots of P(x), while those near the bottom right are roots of Q(z).

Ezxample 7.1. The theory enables a complete characterization of DIRK schemes
with (s,p,q) =(2,2,3). Theorem 3.9 and Lemma 3.13 require the following: dimY =
1, dim K, = 1. Via Lemma 6.1 the associated polynomials are P(z) =  — a1 and
Q(x) = ¢ — age. For a p = 2 method, the orthogonality property from Lemma 5.1
implies that Q(z) = Q1(z) =2 — 3, s0 azs = 1. The first row of equation P(A)7*) =0
for k =2, 3 is automatically satisfied; the second row yields two equations, the solution
of which determines A. The last order condition b7& =1 determines b, resulting in

two schemes:

1F 0 N /) 1+

(7.1) A:(1 1), b=<% Vi) B)=17
2 2 T3

[N

SN

5+t

[N

Either choice of signs leads to a (2,2,3) scheme. In both cases, bTA=1bT is a left

eigenvector of A and K3 =span{2¢— e} =Ws.

Ezample 7.2 (DIRK schemes with (s,p,q) =(3,3,3)). The chosen values of (s,p,q)
satisfy Theorem 3.2 sharply and require that dimY =2 and deg P = dim K, =1 with

1
2
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P(z) =z —an, Q(x) = (x — a)(r — ags). Since [A], satisfies (6.1) it must be a
scalar multiple (call the ratio a) of the Butcher matrix in (7.1). The polynomial
Q(r) = Q2(x) + a1Q1(x) then has aze = a/2 as a root so that a; = —Q2(5)/Q1(5),
which uniquely determines (i) ass as the second root of Q(z); and (ii) the stability
function in terms of a. The matrix A and R(z) are constrained to be

(1F%)a 0 0

(14 6a1)z? + (6 + 12a7)2z + 12

A= (L2 1 = )
(3E%)a 3a 0 , R(2) (1—60a1)22 + (1201 — 6)z + 12
asy a3z 6%3:%

The values (a31,as2) can be parameterized in terms of a via the 3rd row equations of
P(A)7U) =0 for j =2,3. For each choice of + in A, we have the following. There are
three solution branches for (as1,asz), two of which yield S-reducible schemes with the
structures given in (6.4). The one irreducible solution branch has that 72 and 7()
are parallel. The vector b is determined via ET(é, e, 7)) =1, %,O). By construction,
gTQ(A) =0 so that b7¢ = 1 and b7¢ = % ensure b7 A% = %. Finally, combining
bT(ATM + 7)) =0 with b7 A%¢= L yields b7&% = 1.

As expected, with s = 3 there is no choice of a that satisfies the additional
conditions imposed by order p =4 or ¢ =4. Finally, 0 < a < % or a > 1 is required for

A to have positive eigenvalues and R(z) to have all its poles in the right half plane.

Ezxample 7.3. The bound in Theorem 3.1 can be sharp for both stiffly accurate
schemes and EDIRKs. Specifically, stiffly accurate DIRK schemes with (s,p,q) =
(4,3, 3) were constructed in an ad-hoc fashion in [21], where a posteriorily s is observed
to be sharp. Setting dim K; = 0 in Lemma 3.13, the fact ¢ < ¢q recovers the known
result that stage order is limited to ¢ =2 for EDIRKs and ¢ =1 for DIRKs.

Ezample 7.4 (schemes with high stage order). The Gauss—Legendre RK methods
satisfy the bound in Theorem 3.1 sharply since p =2s, ¢ =p (so that dim(K,) = 0)
and n. = s (and are not stiffly accurate). As an example of Corollary 4.5, we obtain
the bound p < 2s, well known already from the theory of numerical quadrature.

Remark 7.5 (guide to constructing DIRK schemes with high WSO). For schemes
with ¢ = p, one can take r = |¢/2], set P(x) = (x — a11) -+ (¢ — a,) and then solve
(4.3) as a sufficient condition (and use Theorem 3.2 to guide the number of stages).

8. Conclusions and outlook. Weak stage order can be viewed as a geometric
condition that, when satisfied, can remove order reduction in RK schemes applied
to linear problems with time-independent operators. The general theory of WSO
provided here relates geometric objects (WSO invariant subspaces) to associated al-
gebraic objects (minimal polynomials). This relationship allows us to establish order
barriers for WSO that generalize the well-known bounds on the RK order p in terms
of s (both for general RK schemes and DIRKs). Along the way, we also provide new
formulas for the RK stability function in terms of a family of polynomials which are
“orthogonal” with respect to a linear functional. The new necessary conditions show
how one needs to split the spectrum of A into the roots of P(z) and Q(z)—which is
of practical use when constructing high WSO schemes (i.e., beyond 3). Indeed, the
necessary conditions were used in the companion work [7] in the construction of new
DIRK schemes with WSO 4 and 5 (and satisfy the full set of order conditions).

Since SDIRK methods are a subset of DIRK methods, and ERK methods are a
subset of GEDIRK methods, the bounds in Theorem 3.2 apply to these classes as well.
It is natural to ask whether stricter bounds can be found for these smaller classes.
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Based on Theorem 3.7, it seems that no further improvement can be obtained in the
bounds on dim(Y") for SDIRK methods compared to DIRK methods, but it might be
possible to obtain tighter bounds by further exploiting the structure of K,. Stricter
bounds on ERK methods are an area of current research.

The results presented here give rise to several research directions. First, is
Theorem 3.2 sharp for all p, ¢, s?7 And, is it further constrained by the nontall tree
order conditions? There is also the related (practical) issue of constructing DIRK
schemes with ¢ =p (or ¢ =p — 1) and the fewest stages s ~ 2p satisfying Theorem
3.2 (or better yet, analytically parameterizing such schemes). While the main results
in this work do apply to all (E)DIRKs, DIRKs with additional constraints such as
SDIRKs or ERKs are expected to further impact the bounds in Theorem 3.2.

Appendix A. Proofs of Theorems 4.1 and 4.2. We collect the linear algebra
proofs here, which are adapted from various materials (e.g., [30, Chap. 2.6]).

Proof of Theorem 4.1, A-invariant subspaces. Let U € R**?¢ form an orthogonal
basis for U. Since U is A-invariant, there is a square matrix Ayy := UTAU e R¥*¢
such that (each column of U is mapped back into the column space of U)

(A1) AU =UAyvy,

For any polynomial p(z), (A.1) then implies that p(A)U = Up(Ayy). Thus, p(z) in
(4.1) is the minimal polynomial of Ay (which has real coefficients since Ay is real)
because it satisfies p(A)U = 0 and any other smaller degree polynomial fails to satisfy
p(A)U=Up(Apy) #0.

For (a), p(z) divides the characteristic polynomial of Ay, which divides char 4 (z);
(c) also follows since deg p < deg char 4,,,, (z) = dim(U).

For (b), every root A of p(x) is an eigenvalue of Ay and hence of A.

For (d), set ¢ = deg p. The condition p(A)7 =0 (where ¥ is the vector defining
U) implies that A% is a linear combination of 7,..., A“~1%, which is only possible if
dim(U) < degp. Combined with part (c), this shows dim U = degp.

For (e), when U = {#, Av,..., A?"15}, condition (4.1) implies that p(A)7 = 0 since

7€ U. Conversely, any element i € U is a linear combination of A% for j =0,...,d—1.
But then, p(A)7 =0 implies (since A7 and p(A) commute) that p(A)A/T = 0 for any
Jj, and hence p(A)@ =0 for any @€ U. d

Proof of Theorem 4.2, left and right orthogonal A-invariant subspaces. Similar to
the proof of Theorem 4.1, introduce the orthogonal matrix O = (U | W | V) e R%%#,
where the columns of U € R**% and V € R**% form an orthogonal basis for U and V,
respectively (the columns of W span the remaining space). Now A block-diagonalizes
as
Avv  Avw  Auv
oTA0=| 0 Aww Awv |,
0 0 Ayy

where Axg = X7 A0 where ¥,0 € {U,V, W}. Hence,
(A.2) char4 (x) = chary,,, (x) chara,,,, (z) chara,, (z) .

Via Theorem 4.1 the polynomial p(x) is the minimal polynomial of Ayy. Theorem
4.1 applies to AT with space V, so that ¢(x) is the minimal polynomial of A@V
(and is the same as the minimal polynomial of Ayy). Hence, p(z)g(x) divides
chara,,,, (z)chara,, (x), which, from (A.2), divides char4(z). 0

It is generally not true that p(z)g(x) divides the minimal polynomial of A.
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Appendix B. Proofs of Hankel matrix determinant and orthogonal
polynomial recurrence relation. Here we provide details for the determinant com-
putation (m € Z>g) of

m! (m~+1)! (m+n—1)!
1 1
(Bl) Hn(m) = (m+1)! ’ (m+n)! c RX"™.
(m+n—1)! (m+2n—-2)!

Let M, (m):=det(Hy,(m)). A formula (without proof) for M, (m) is given in [23]:

c(n)e(m+n—1)
c(m+2n—1)

1 ifr=0orl, _
anda(n).—{ 1 ifr—2o0r3, where n=r mod4.

,  wherec(n):= H;lei! ,

(B.2) M, (m)=0c(n)

Since we could not find a proof of (B.2) in the literature, we provide a brief one here.
Following the approach in [22, Method 2 in section 4], for any square matrix A, a
determinant formula due to Jacobi reads

(B.3) det A-det A =det A} - det A — det AT - det A,

where Ag denotes the submatrix of A with row ¢ and column j removed. Applying
(B.3) to the matrix M, (m) and using the symmetry of the Hankel matrix yields the
recursion:

(B.4) M, (m)My,_o(m+2) = M, _1(m +2)M,_1(m) — M, _1(m +1)*.

Formula (B.4) relates M,,(m) to matrices of size n — 1 and n — 2, and can be used to
prove (B.2) via induction. Note that for M;(m) =1/m! and My(m)=—[(m+1)!(m+
2)!]71, formula (B.2) is readily verified (and holds ¥m > 0). Assume (B.2) holds for
1 <k <n. We can then divide (B.4) through by M, _1(m + 1)M, _2(m + 2) (which
are nonzero by assumption) to obtain

M, (m) My—1(m+2)M,_1(m) M,_1(m+1)

(B-5) My_1(m+1)  My_o(m+2)My_1(m+1) Myom+2)

It is then a matter of substituting the formulas from (B.2) into (B.5) to verify (after
several lines of factorial cancellations) that the following holds:®

(n—1)! __( (n—2)(m+n—1!(m+2n—3)! (n—2)! )

(m+2n—2)! (m—+2n—2)(m+2n—3)(m+n—-2)!  (m+2n—3)!

Since (for every n) the Hankel matrix determinants M, (m) do not vanish, the
entries of H,, (m) define a quasi-definite linear functional which then have associated
orthogonal polynomials. Monic orthogonal polynomials (always) satisfy a three term
linear recurrence of the general form

(BG) Qn-ﬁ-l(x) = ('T + ’Vn)Qn(-r) + ﬁnQn—l(m) >

8Note that o(n)/o(n — 1) always has opposite sign to o(n —1)/a(n — 2).
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where H,,(m) is initialized via Qo(z) =1, Qi(z) = x —1/(m + 1). We now obtain
formulas for B, v, via determinant computations. From [22, Thm. 29] we have

B, (m) = - My_i(m) My (m) _ n(m+n—1)
" M, (m) M,,(m) (m+2n)(m+2n—1)2(m+2n—2)"°
1
When m=1: ﬂn:m

The +,, depend only on the second leading term M, (m) of Q,,(z) = 2™ + X, (m)z" 1 +
low order terms. That is, evaluating the coefficient of ™ in (B.6) yields v,(m) =
Ant1(m) — Ap(m). .

Orthogonality of Q;(z) demands that the coefficients A = (Ag(m), ..., A (m))T
satisfy H,(m)X = h,, with h, = —(1/(m+n)!,...1/(m+ 2n+ 1))T. Using Cramer’s
rule for A, (m) and (B.3), one obtains the two term recursion for A, (m)

An(M)Mp(m)My—o(m+2)= X1 (m+2)Mp_1(m + 2)M,—1(m)
- )\n,l(m + 1)Mn,1(m + ].)2 5
which simplifies to

(m+2n—2)
n—1)

(m+n-1)

An(m) = (n—1)

)\n_l(m+1) — )\n_l(m+2) .

Induction then shows that

n

An =
(m) m+2n—1

Yn>1,m>0.

The orthogonal polynomials in this paper use the values m = 0,1. In the case when

m =1, the coefficient A, (1) = —2 is constant, in which case v, (1) =0 Vn > 1.
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