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0 Overview

As the title suggests, these notes concern systems of linear ordinary differential equations with
constant, complex coefficients. The reader possessing some familiarity with such problems will
likely immediately wonder how such a study can occupy a document of this length. Indeed, one
could attempt to summarize the standard theory in a single sentence: rewrite the problem as a
first order system, multiply by the appropriate matrix exponential integrating factor, and integrate.
The only real subtlety comes in computing the matrix exponential, but this problem is readily
dispatched with the Jordan normal form. QED, right?

Wrong! There are three hidden assumptions in this pithy description. The first is that the
problem can naturally be rewritten as a first order system, making it amenable to the above attack.
The second assumption is that we are only interested in specifying the most basic initial conditions,
namely the values of the unknown function and its derivatives up to order one less than the order
of the system. The third is that the system is finite dimensional, so the Jordan normal form
is available for use. The purpose of these notes is to study what happens when we negate these
standard assumptions and consider systems that do not naturally rewrite in first order form, systems
with other choices of initial conditions, and systems taking values in infinite dimensional complex
Banach spaces. When we begin flipping these switches, the above simple picture falls apart pretty
quickly and leaves behind some rather tricky issues.

Why should we care about flipping these switches? In brief: partial differential equations. All of
these variants arise naturally when we attempt to use the tools of ordinary differential equations and
systems to study partial differential equations and systems. In fact, the author first encountered a
discussion of such general ordinary differential systems with general initial conditions (and more!)
while reading the seminal PDE paper Estimates near the boundary for solutions of elliptic partial
differential equations satisfying general boundary conditions II by Agmon, Douglis, and Nirenberg
[1], in which this theory plays an essential role. In the ADN paper this material is developed quite
rapidly, and these notes began as the author’s attempt to fill in some of the details and more deeply
understand the material. The only references the author could find addressing general systems were
the rather old books of Ince [3] and Poole [4], but while they were certainly helpful they did not
contain all of the material needed to process ADN. Hence the existence of these notes, which one
could think of as a primer on the ODE analysis needed to understand ADN, though there is more
here than strictly needed for that purpose.

The reader interested in going further will need a few key tools to make headway. First, it’s a
good idea to have some basic experience with ordinary differential equations on R; any undergrad-
uate course should suffice. Second, a good grasp of linear algebra over C is required. Third, the
basics of complex analysis will be routinely used: holomorphic functions, path integrals, the Cauchy-
Goursat theorem, and the residue theorem will play starring roles. In dealing with systems, we will
need to work with holomorphic functions f : C — X where X is a complex Banach space. When X
is finite dimensional, this is easy, as we can just think of each component being holomorphic, and we
define path integrals of such maps in the obvious way, component-wise. However, when X is infinite
dimensional some care is needed to work out the properties of holomorphic functions, path integrals,
and the versions of Cauchy-Goursat and the residue theorem. The reader who doesn’t know or care
to learn this material can simply replace all appearances of X with CV in Section , which is the
only place where the infinite dimensional setting is considered. The reader who doesn’t know but
cares to learn this material is directed either to the author’s complex analysis crash course [5] or
else to the fantastic book by Dieudonné [2], which does all that is needed and more. The reader
who knows this material already is given a gold star. Fourth, an ¢ worth of Lebesgue integration



is used in a couple places to deal with some integration issues, but this is minor and can be easily
glossed over or replaced with the corresponding ideas from improper Riemann integrals without a
significant loss.

These notes are organized as follows. In Section [1| we study elliptic ordinary differential systems
taking values in general Banach spaces. Here ellipticity basically means that we can naturally
reformulate the problem in terms of an equivalent first order system and follow the above pithy
path. This is mostly meant as a reminder of what one learns in a basic ODE course and to point
out that very little of that material depends on finite dimensionality or on working over R or [0, c0)
rather than C.

Section [2| focuses on the scalar case, i.e. X = C, with the goal of producing solutions with
more general initial conditions. All nontrivial scalar ordinary differential operators are elliptic, so
the theory from Section (1| is in play. The key point is to derive some new (relative to Section
1)) representation formulas for solutions using the tools of complex analysis. These representation
formulas then allow us to reduce the question of the solvability with general initial conditions to a
purely algebraic question, known as the Shapiro-Lopatinsky condition.

In Section [3| we begin the study of general systems (i.e. not necessarily elliptic) with general
initial conditions. Some truly bizarre behavior appears in this theory, for example differential
operators that can be inverted with other differential operators. The goal is to develop useful
representation formulas as above, but the linear algebra is a lot harder, and the representation
formulas are more involved. Nevertheless, we derive an analog of Shapiro-Lopatinsky.

In Section {4] we study general systems on intervals J C R such that 0 € J. In this context we
can no longer work with holomorphic data, so we switch to studying solutions in C°°(.J; CY). We
prove analogs of the results from Sections [2] and [3] The main utility of this is that it allows us
to consider the special case of operators and initial condition operators with real coefficients. We
prove that in this case with real data, the solutions we produce are real as well.

In Section [5| we develop a theory that parallels that of Section [3] but with some extra decay
conditions imposed on the solutions. This requires shifting from constructing solutions on C as
holomorphic functions to constructing solutions on [0, 00) C R as smooth functions decaying expo-
nentially as ¢t — oo. This is the stuff most needed in applications to PDE, where it is combined
with the Fourier transform to produce solutions to certain types of boundary value problems on
R? = {z € R" | 2, > 0}. Once again we derive a version of Shapiro-Lopatinsky that reduces the
question of solvability to a purely algebraic condition. The material in Sections [3| and [5| roughly
follows the approach of ADN and certainly borrows many of their main tricks.

We conclude the overview with some remarks on notation.

1. It will often (but not always) be convenient to label the indices of a space of dimension d as
0,...,d — 1 rather than the conventional choice of 1,...,d.

2. We will often abuse notation by using right multiplication by scalars in a vector space.

3. The conventional meaning of an ordinary differential system or equation is a system (or
equation) relating an unknown function of one real variable to its various derivatives. When
we replace the real variable with a complex one, it is tempting to think of these systems as
involving two real variables and thus no longer ordinary. However, the partial derivatives
with respect to these two real variables are never treated independently in the equations we
consider, so the designation ordinary is still appropriate.

4. If X is a complex Banach space and f : C — X, then we say f is holomorphic if it is once



differentiable on all of C (and hence smooth and analytic by complex analysis). We will write
H(C;X)={f:C— X | f is holomorphic}. (0.1)

We will use the terminology of [2, 5] when describing complex path integrals. In particular,
we refer to “nice” (roughly speaking, almost continuously differentiable) paths as roads and
closed paths as loops.

. Given f € H(C; X)) we write its zero set as
Z(f) = {€C| f(z) = 0}. 02)

. We will only explicitly talk about meromorphic functions with values in C. These can be
thought of as functions f : C\P(f) — C that are holomorphic, with each point of P(f)
isolated and consisting of an isolated singularity that is at worst a pole of finite order. The
set P(f) is the polar set.

. Given zp € C and R > 0 we write 0B(zp, R) to mean both the set {w € C | |2 —w| = R}
and the simple counter-clockwise loop parameterized by « : [0,1] — C defined via y(t) =
2o + Re*™. The latter will always appear in path integrals:

/ f(z)dz. (0.3)
0B(z0,R)

. We write £(X,Y) for the bounded linear maps between complex Banach spaces X and Y,
and we write £(X) = L(X, X).

. We follow the common ODE convention of writing the unknown as x : C — X. To highlight
the connection with ODE on R we usually write the variable as 7 € C rather than t € R. In
this way we can think of 7 as a sort of complex time variable.

Elliptic ordinary differential systems in arbitrary dimen-
sion

We begin our survey of constant coefficient ordinary differential systems by studying the nicest
case, in which the system is elliptic. In this case most of the theory works just as well in infinite
dimensional complex Banach spaces as it does in C, so we present the Banach framework for the
sake of generality.

We begin with a definition.

Definition 1.1. Let X andY be complex Banach spaces and consider a polynomialp : C — L(X,Y)
with deg(p) = n € N of the form p(z) = > _j_, Axz", where Ay € L(X,Y) for 0 < k < n.

1. We define the constant coefficient differential operator

p(D) =Y A.D, (1.1)



where D° = I is the identity. More precisely, for f: C — X holomorphic, p(D)f : C =Y is
defined via

p(D)f = ZAkaf = ZAkf(k)- (1.2)
k=0 k=0

The operators Ay, ..., Ay, are called the coefficients of p(D).

2. This induces a linear map p(D) : H(C;X) — H(C;Y) that we call a linear differential
operator of order n = deg(p). We define

ker(p(D)) = {z € H(C; X) | p(D)x = 0} (1.3)

for the kernel of p(D), which is also called the space of homogenous solutions to p(D)x = 0
(here homogenous refers to the fact that the right side of the equation is 0).

3. We say that p(D) is elliptic if A, € L(X,Y") is invertible.
Some remarks are in order.

Remark 1.2. If p(D) is elliptic, then the invertibility of A, € L(X,Y) requires that X and Y are
1somorphic.

Remark 1.3. If X =Y = C, then every constant coefficient differential operator of order n > 0 s
elliptic by the definition of the degree of a polynomial.

Remark 1.4. When dim(X) > 2 (possibly infinite) an equation of the form p(D)x = f for a given
f € H(C;Y) is called an ordinary differential system. The term system is used to contrast with the
case when dim(X) = 1, in which case the word system is typically replaced with equation.

Our focus for the moment will be elliptic differential operators. If p(D) is elliptic of order 0,
then p(D) = Ay € L(X,Y) is an isomorphism, so there is nothing to study: the unique solution to
p(D)r = f € HC;Y)is ¢ = Ay f € H(C; X). As such, we will restrict our attention to elliptic
operators of order n > 1. Our goal is to find conditions to complement the equation p(D)x = f
that lead to unique solvability.

The most important feature of an elliptic differential operator is found in the following lemma,
which establishes an equivalence between elliptic differential operators of arbitrary order and first
order elliptic operators. In essence, in the elliptic case it suffices to only consider first order systems.

Lemma 1.5. Let X and Y be complex Banach spaces and let p(D) : H(C; X) — H(C;Y) be an
elliptic differential operator of order n > 1, written p(D) = Y_}_, ApD*. Define A € L(X") in
block-form via

0 I 0o --- 0
A: O O N I 0 . (14>
0 0 o 0 I
CATLAy —ATTAL e e —ATAL

Let f : C —Y be holomorphic and define the holomorphic map F : C — X™ wvia
F=(0,...,0,Af). (1.5)

Let &, ..., &1 € X. Then the following are equivalent.
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1. There exists a unique holomorphic function z : C — X satisfying

p(D)z = f
{D%(U) =& for0<k<n-—1. (1.6)

2. There exists a unique holomorphic function = : C — X™ satisfying

== (x,a, ..., "), (1.8)

A=+ F

(0) = (So; - - - &n1)- (1.7)

[I] (1

In either case x and = are related via

Proof. Suppose the first item holds. Define the holomorphic map = : C — X" via =Z(7) =
(z,2',..., D). Clearly Z(0) = (&, ...,&n—1). We compute

== (22", Y ™), (1.9)
but since p(D)x = f, we can solve
n—1
Dz =—A"Y " Aa® + AN (1.10)
k=0

and upon plugging this in above we find that
2= (2", ) —A Z Az + F = AE+ F. (1.11)

It remains only to prove the unlqueness part of the second item. Suppose that =:C— X"isa
holomorphic function that solves =/ = AZ + F and Z(0) = Z(0). Define ¥ = Z — Z. Note that for
all 7 € C we have that exp(7A) is invertible and that A exp(—7A) = exp(—7A)A. Using these, we
deduce that

V(1) = AU(7) = exp(—TA)V' (1) — Aexp(—TA)U (1) = 0 = (exp(—TA)¥(7)) =0
= exp(—TA)Y(7) =¥(0) =0= V(1) =0. (1.12)

Hence = — 2 = U = 0, and uniqueness is proved. Thus, the second item holds.
Now suppose that the second item holds and write = = (=g, ...,=,_1). Define the holomorphic
function =z : C — X via v = Zj. The equation =’ = A= + F' is equivalent to

n—1

= (21,50, B, =AY AER+ A, (1.13)

k=0

[1]

(EIO7 ceey E;’L—l) -

Since = =, we deduce from this that =, = D*¢ for 0 < k < n — 1, and hence that

n—1
D'z=%= | =—-A 12Ak~k+A f=-A, ZA Dfx + AL, (1.14)
k=0 k=0



which in turn implies that p(D)xz = f. Moreover, the equation Z(0) = (&, ...,&,—1) implies that
DFz(0) =& for 0 <k <n-—1.

It remains only to prove the uniqueness assertion of the first item. If £ : C — X is a holo-
morphic function such that p(D)Z = f and D*%(0) = &, then we may argue as above to pro-
duce = = (&,#,...,#7» V) : C — X", a holomorphic function satisfying = = AZ + F and
Z(0) = (&, . . ., €n—1). By the uniqueness assertion of the second item we then have that = = = and
hence that z = 7.

]

Remark 1.6. The conditions D*x(0) = &, are called initial conditions. This terminology is not
completely obvious when we allow any T € C. Its origin lies in applications in which T is restricted
to [0,00) C R, and is thought of as a time variable parameterizing some evolving process. In this
setting the meaning of initial conditions is clear as the time 0 is the initial time in the process.

The lemma establishes the equivalence of two seemingly different problems. We now show that
the first order problem is solvable, which allows us to solve both problems.

Theorem 1.7. Let X and Y be complex Banach spaces and p(D) = >_,_, AxD* : H(C; X) —
H(C;Y) be an elliptic differential operator of order n > 1. Then the following hold.

1. Let A € L(X™) be determined by the coefficients of p(D) as in Lemma[1.5. For every holo-
morphic map F: C — X" and (&, ...,&—1) € X" there exists a unique holomorphic function

—_

=:C — X" satisfying

= =A==+ F
= " (1.15)
Z(O) = (fo, e ,fnfl).
Moreover, = is given by the formula
Z(1) = exp(7A)(&o, - - 1) + / exp((T — 2)A)F(z)dz, (1.16)

where for any T € C the road X\, : [0,1] — C is given by A\, (t) = tr.

2. For every holomorphic function f : C — Y and &, ..., &1 € X there exists a unique
holomorphic function x : C — X satisfying

p(D)x = f (117)
DFz(0) =& for 0 <k <n-—1.
3. The map §: H(C; X™) — H(C; X™) x X" given by
3(3) = (2 - AZ,2(0)) (1.18)
18 a linear isomorphism.
4. The map ® : H(C; X) — H(C;Y) x X™ given by
®(z) = (p(D)x,2(0),2'(0),...,2"~(0)) (1.19)

1s a linear isomorphism.



Proof. The third item and fourth items are simply linear algebraic restatements of the first and
second items, respectively, so it suffices to prove the first and second. In turn, Lemma [I.5] shows
that it suffices to prove the first item. We will thus only prove the first item. The uniqueness of
such a = follows from the same argument used to prove the first item implies the second in Lemma
[1.5] so we may further reduce to proving the existence of a solution, and for this we will show that

= :C — X™ defined by (|1.16]) is holomorphic and satisfies ([1.15]).
Define ¥ : C — X" via U(7) = [, exp(—zA)F(z)dz. We compute

1
U(r) = / Texp(—tTA)F(tr)dt, (1.20)
0
and hence ¥ is holomorphic with
1
U () = / lexp(—tTA)F(t1) — TtA exp(—tTA)F(t7) + Tt exp(—tTA)F'(t7)] dt. (1.21)
0

Integrating by parts shows that

1 1 d
/ rtexp(—trA)F/(t7)dt / Lexp(—tr &)L 1P dt
1
= texp(—tTA)F(tT)|\=) — / lexp(—tTA) — TtA exp(—tTA)|F(tT)dt
0
1
= exp(—TA)F(1) — / lexp(—tTA) — TtA exp(—tTA)|F(tT)dt. (1.22)
0
Hence,
V(1) = exp(—7A)F(1), (1.23)
and we conclude that = is holomorphic and satisfies
Z(1) = Aexp(TA) (&, ..., &n1) + Aexp(TA) / exp(—zA)F(2)dz + exp(TA)V'(7)
= AZ(7) 4+ F(1). (1.24)

Moreover,

Z(0) = (6or-. . ) + / exp(—2A)F(2)dz = (&, ., £ur), (1.25)

Ao
and existence is proved. O

A differential operator p(D) : H(C; X) — H(C;Y) can be lifted to be viewed as an operator
p(D) : H(C; L(X)) — H(C;L(X,Y)), which leads to some very useful theoretical tools called
propagators. We define these now.

Definition 1.8. Let X and Y be complexr Banach spaces and fix a differential operator p(D) =
Son_o AxDF with Ay € L(X,Y).
1. p(D) induces a linear differential operator p(D) : H(C; L(X)) — H(C; L(X,Y)) via
p(D)L =Y AD"L. (1.26)
k=0
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2. Suppose now that p(D) is elliptic and n > 1. For each 0 < k < n — 1 Theorem provides
us with a unique holomorphic function Ly : C — L(X) such that

{p(D)Lk —0

. | (1.27)
DIL(0) = 0p;1 for0 <j<n-—1.

The maps {Lk}Z;é are called the propagators of the ODE. Given &, ..., -1 € X define the
holomorphic function x : C — X wvia x = ZZ;(I) Ly&,. Then p(D)z = Z;é[p(D)Lk]fk =0
and DIx(0) = Y070 DILy(0)& = 330 dulé = & This allows us to define the linear map
S X" = ker(p(D)) C H(C; X) via

n—1
S(&os -3 6n-1) = ZLk&c- (1.28)
k=0

The map S gives us a way of producing elements of ker(p(D)). We now show that actually S is
an isomorphism with a simple inverse.

Theorem 1.9. Let X and Y be complex Banach spaces and p(D) : H(C; X) — H(C;Y) be an
elliptic differential operator of order n > 1. Then the following hold.

1. The map T : ker(p(D)) — X" given by Tx = (2(0),2'(0),...,2""1(0)) is a linear isomor-
phism and T-' = S.

2. A holomorphic function x : C — X satisfies

DFz(0) =& for0<k<n-—1 '
if and only if v = S(&o, ..., & 1).
Proof. The linearity of T' is obvious. If Tz = 0, then x : C — X is holomorphic and satisfies
p(D)zr =0 (1.30)
D*z(0) =0for 0 <k <n-—1. '

The same is true of the trivial function 0 : C — X, so by the uniqueness assertion of Theorem
we have that x = 0. Thus T is injective.

Given any (&, ...,&,—1) € X", we may again use Theorem [1.7|to find = € ker(p(D)) such that
D*z(0) = & for 0 < k < n — 1. In turn, this means that Tx = (&,...,&,-1), and hence T is
surjective. The fact that T—1 = S follows from the construction of S. We leave it as an exercise to
verify this. The second item then follows directly from the first. O

Next we assemble the propagators {Lk}z;é from Definition into a higher-order structure and
show that the resulting object obeys some remarkable algebraic properties.

Theorem 1.10. Let X and Y be complex Banach spaces and p(D) : H(C; X) — H(C;Y') be an
elliptic differential operator of order n > 1. For each T € C define the linear map (1) : X™ — X™
via

p(D)x =0
D*2(0) =&, for0 <k <n—1.
(1.31)

S(7) (o, - Ener) = (x(7), 2 (7), ..., 2"V (7)), where {

Then the following hold.



1. 3(7) € L(X™) for each T € C, and in block-form we have that

3)(7) a §71(T)
ST B | (1.32)
Ly e L)

where Ly, : C — L(X) is the holomorphic map from Definition . In particular, the map
¥ : C — L(X™) is holomorphic.

2. X(0) = I, and for every T,w € C we have that ¥(w)X(1) = X(w + 7). In particular, (1) €
G(L(X™)) for each T € C, where G(L(X"™)) C L(X™) denotes the set of invertible elements
of the Banach algebra L(X™), and ¥ : C — G(L(X™)) is a group homomorphism.

3. We have that (1) = exp(TA), where A € L(X™) is as in Lemma[1.5]

Proof. The first item follows directly from Theorem [I.9] To prove the second it suffices to prove
the third since 7A and wA commute, and hence

exp(TA) exp(wA) = exp((T +w)A). (1.33)

However, we will give a direct proof of the second item as it is more enlightening.
Let w € C and let X(7) = (yo, - - -, Yn_1)- Then X(w) (Yo, ..., Yn-1) = (W(W), v (W), ...,y (w)),
where y = S(vo,-..,Yn—1). In particular, this means that y : C — X satisfies

{p(D)y =0

D4y(0) =y — D¥a(r), (1:34)

where z = S(&,...,&,1). Define 2z : C — X via 2z = z(- + 7). Then p(D)z = 0 and D*z(0) =
D*z(7), and so by uniqueness we have that z =y, i.e. y = z(- + 7). Hence

Z(W>Z(T>(§Oa s 7§n—1> = E(w>(y07 s ayn—1> = (y(w)v y,(w)7 st ay(n_l)(w))
= (2(w+7), 2 (W+7),..., 2" VN w+7) =S(w+7) (&, ..., &1). (1.35)

This holds for arbitrary (&, ...,&,—1) € X", so we conclude that
Y(w)X(r) =X(w+ 1) for all w, 7 € C. (1.36)

This proves the second item.

To prove the third item we simply note that, in the language of Lemma the map (1) is
given by 3(7)(&o, -+ ,&n—1) = Z(7), where Z' = A= and Z(0) = (&,...,&—1). Theorem then
shows that Z(7) = exp(7A) (&, ..., &—1), and the third item is proved.

O

The propagators from Definition [1.8] now give us the ability to write down explicit formulas for
the solutions to elliptic differential systems.

Theorem 1.11. Let X and Y be complex Banach spaces and p(D) : H(C; X) — H(C;Y) be an
elliptic differential operator of ordern > 1. Let x : C — X and f : C — Y be holomorphic and
oy &1 € X Then the following are equivalent.

10



1. x satisfies

p(D)x = f
{D’“m(O) =& for0<k<n-—1. (1.37)

2. x is given by

2(r) = S(Eos- . Enr)(7) + / Lo i(r — 2) A7 f(2)d
et ' (1.38)
_ ,; Lu(r)6x + /A Ll = A

where A : [0,1] — C is the road given by A, (t) = tT, and Ly and S are as in Definition[1.§

Proof. Let =: C — X™ be the holomorphic map given by
=(r) = exp(rA)(Eor - En 1) + / exp((7 — 2)A)F(2)dz, (1.39)
A‘r

where F = (0,...,0,4;f) and A is determined by the coefficients of p(D) as in Lemma [L.5]
Theorem [L.7] shows that Z satisfies

= = AE+F
1.40
{E(O) = (507"'7§n—1)' ( )
Theorem [I.10l then shows that
E(r) =%(1)(&y .- &n1) + / N(t—2)(0,...,0,A 1 fdz, (1.41)
and
n—1
(7)) = Z Li(7)& + / Lo (T —2)A f(2)dz. (1.42)
k=0 Ar

The result then follows immediately from these identities, Lemma [I.5, and the definition of S :
X" — ker(p(D)).
]

Next we turn our attention to certain linear algebraic questions related to ker(p(D)). Our first
result establishes some equivalent conditions to check for linearly independent and spanning sets.

Theorem 1.12. Let X and Y be complex Banach spaces and p(D) : H(C; X) — H(C;Y) be an
elliptic differential operator of order n > 1. The following hold.

1. Let x,y € ker(p(D)). Then the following are equivalent.

(a) x =y in ker(p(D)).
(b) For each T € C we have that

(2(r),2'(7), ..., x" V(7)) = (y(7), ¥/ (7), ...,y V(7). (1.43)

11



(c) There exists T € C such that
((7),2'(7),...a" V(1)) = (y(r), ¢ (7). ...y " (7). (1.44)
2. Let @ # E C ker(p(D)). Then the following are equivalent.

(a) The set E is linearly independent in ker(p(D)).
(b) For each T € C the set {(z(1),2'(7),...

(c) There exists T € C such that the set {(x(7),2'(7),..., 2" V(7)) }aer is linearly indepen-
dent in X™.

(1))} e is linearly independent in X™.

3. Let @ # E C ker(p(D)). Then the following are equivalent.

(a) S spans ker(p(D)).
(b) For each T € C the set {(z(7),2'(7),...,2" V(7)) }oer spans X™.
(c) There exists T € C such that the set {(z(7),2'(7),..., 2" V(7)) }rer spans X™.

Proof. We begin with the proof of the first item. If x = y, then ((1.43) obviously holds for every

7 € C. The fact that (1.43]) implies (1.44]) is trivial. If (1.44]) holds for some 7 € C, then we may
use Theorem [L.I0 to see that

(x(0),2'(0), ... ,x("_l)(O)) = X(—7)(z(7),2' (1), ... ,x(”_l)(T))
= S(M)(y(m),y (1), -,y V(1) = (4(0),4/(0),...,y" " V(0)), (1.45)

and hence z = y by the uniqueness part of Theorem [I.7] This proves the first item.

We now turn to the proof of the second item. Note that the first item implies that {z1,...,z,,} C
E consists of distinct vectors if and only if {(z;(7),z}(7),... 7I§n—1)(7_)) T, C X" consists of
distinct vectors for each 7 € C. Suppose that {z;,...,2,,} C FE consists of distinct vectors and

at, ..., an, € C. According to the first item,

Zajxj =01in ker(p(D)) < Z o (w5 (7), 2% (7), ... ,ilf;-n_l)(’f)) =01in X" for each 7 € C
j=1 j=1
& Z oy (;(7), 4 (7), ... ,x§n71)(7)) =01in X" for some 7 € C, (1.46)
j=1
which immediately implies the second item.

Finally, we prove the third item. Let x € ker(p(D)), x1,...,2, € E, and oy, ..., a, € C. The
first item then shows that

Z ajr; = x in ker(p(D))

& Zaj(xj(T), (1), ... ,$§n_1)(7')) = (z(7),2'(7),..., 2"V (7)) in X" for each 7 € C
& Zaj(xj(r),m;(T), . 7x§n—1)(7_)) = (z(7),2'(7),..., ™ V(7)) in X" for some 7 € C. (1.47)
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On the other hand, (yo,...,yn—1) € X™ if and only if

Yos - -+ s Yn—1) = (x(7), 2'(7), ..., 2" I(7)) for = SB(=7) (Yo, - - - » Yn—1), (1.48)

so the previous chain of equivalences proves the third item.

[]

An obvious byproduct of this result is that if p(D) has order n > 1, then ker(p(D)) is infinite
dimensional when X is and is finite dimensional when X is. In the finite dimensional case it remains
to compute the exact dimension of the space.

Theorem 1.13. Let X and Y be finite dimensional complex Banach spaces of dimension N > 1,
and let p(D) : H(C; X)) — H(C;Y) be an elliptic differential operator of order n > 1. The following
hold.

1. ker(p(D)) is finite dimensional, and dimker(p(D)) =nN = ndim(X).
2. Let @ # B C ker(p(D)). Then the following are equivalent.

(a) B is a basis of ker(p(D)).
(b) For each T € C the set {(z(7),2'(7),..., 2™ (7)) }sep is a basis of X™.
(c) There exists T € C such that the set {(z(7),2'(7),..., 2" V(7)) }sep is a basis of X™.

Proof. The first item follows from Theorem [1.9] which shows that ker(p(D)) and X™ are isomorphic.
The second item follows by combining the second and third items of Theorem [I.12] O

The following theorem shows how we can use the propagators {L;}{—y C L£(X) to produce

certain nice bases of ker(p(D)) and, conversely, how we can recover these operators from these nice
bases of ker(p(D)).

Theorem 1.14. Let X andY be finite dimensional complex Banach spaces of dimension N > 1 and
let p(D) : H(C; X) — H(C;Y) be an elliptic differential operator of ordern > 1. For0 <k <n-—1
let By = {bk1,....bpn} C X be a basis, and suppose that E = {zy; | 0 < k<n—-1andl <j<
N} Cker(p(D)). Then the following are equivalent.

1. For0<k<n—1and1l < j <N the function z; € ker(p(D)) is given by xy;(T) = Ly (T)by;.
2. E is a basis of ker(p(D)) and for 0 <,k <n—1and 1< j < N we have that

Dgxkj(O) - 5Zkbk,j' (149)

In either case, for each 0 < k <n—1 and 7 € C we have that

Li(1) = Z 2 (T)b) (1.50)

where {b; 1, ..., by n} C X* is the dual basis associated to DBy.
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Proof. The fact that the first item implies the second follows directly from the second item of
Theorem [1.13] together with the facts that DL, (0) = dxeI, and By, is a basis of X.
Suppose, then, that the second item holds. For 0 < k <n — 1 define Rx : C — L(X) via

Zxkj )by ;. (1.51)
Le. if y = ZN L jbr; (and hence a; = b ;(y) € C), then

T) = Z ;T (7). (1.52)

We then compute
Zp )21 (7)b},; = 0. (1.53)

On the other hand, for any y € X we have that
N
D'Ry(0)y = Z b (y) D 1 (0) = e Z by (Y)brj = drey, (1.54)

and hence D*Ry,(0) = dx¢I. However, Ly : C — L£(X) is the unique solution to

P(D) Ly =0 (1.55)
D*Li,(0) = e, ’
so we deduce that Ry = L;. Then
Li(7)by,; = Zka )bk (bkj) = 1 (T) (1.56)
m=1
and we conclude that the first item holds.
]

Remark 1.15. The most common use of the first item of Theorem[1.14] occurs when all of the By,
are the same. In practice, though, using the different bases By might be convenient in the second
item when the basis {xy;} of ker(p(D)) is found through some ad hoc means.

2 Scalar differential equations with general initial condi-
tions

We now turn our attention to the special case X = C, in which case we call the equation p(D)x = f
a scalar ODE. Our goals are two-fold. First, we aim to derive some representation formulas for
solutions that are more useful than those found in Theorem [L1Il While the formula from the
theorem is useful from a theoretical perspective, it is impractical to work with in most situations.
The issue is that for the formula to be useful, we first need to know the propagators, but these
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themselves are solutions to an equation involving p(D), and so computing the propagators presents
just as much difficulty as directly solving the original problem. Our new representation formulas
will not be given in terms of the propagators. Second, with our new representation formulas in
hand, we seek to study more general initial conditions to impose on solutions to p(D)x = f at
7 = 0 and to completely characterize when such conditions lead to unique solvability.

We begin with an essential insight that will allow us to achieve these goals. Fix a differential
operator p(D) : H(C;C) — H(C;C) of order n > 1 (recall that when X = C all nontrivial
differential operators are automatically elliptic). The insight comes from the simple observation
that exponentials behave extremely nicely with respect to differentiation: for any z € C we have

that
d

E@

Iteratively using this identity then reveals that

TF = ze™. (2.1)

p(D)e™ = p(2)e™, (2.2)

and so we have an extremely simple solution to p(D)x = 0 for every root z € Z(p).
Let’s suppose for the moment that p has n distinct roots, say Z(p) = {20, ..., 2n—1} C B(0, Ry).
Then for any cg,...,c,—1 € C the holomorphic function x : C — C given by

x(1) = ey, (2.3)

x?(O) x/nq(()) 1 1
4(0) xnf.l(()) _ Z:0 " Zn:—l e gnxn (2.4)
A0 o)\ e s
and the latter matrix is the Vandermonde matrix associated to the set {20, ..., 2,-1}. An elementary

exercise in linear algebra shows that this matrix is invertible precisely when the set of points
{z0,...,2n_1} is distinct, and hence Theorem tells us that the collection {xg,...,x, 1} C
ker(p(D)) is a basis. Thus, every solution to p(D)z = 0 is of the form (2.3) when p has n distinct
roots.

Next we fix some holomorphic function h : C — C and observe that Proposition implies
that

Res(e™h/p, z) = ™ ;((Z)) (2.5)

Comparing (2.3) and (2.5 suggests that we set ¢, = h(z;)/p'(2x), which together with the residue
theorem implies that for any R > R, we have

z(1) = X_:e”k% = ;ReS(eT'h/p, zy) = L /63(07]%) emh(z)d2~ (2.6)

Y 27 p(z)

We have thus arrived at a rather remarkable representation formula for z € ker(p(D)), one that
does not require computing the propagators in advance.
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The above representation formula was derived under the assumption that p had n distinct roots,
but the resulting formula is agnostic to this fact, which suggests we might try to use it more
generally. Before doing this, we need to make a key observation. The formula produces a solution
xp, € ker(p(D)) for each h € H(C;C), but ker(p(D)) is of dimension n, while H(C;C) is infinite
dimensional. Thus, it’s wild overkill to use generic functions h € H(C;C) in the representation
formula. Basic linear algebra suggests that we could reduce to using only A belonging to some
subspace of H(C;C) of dimension n, and an obvious choice of such a space is the set of complex
polynomials of degree at most n — 1. This will be our strategy.

To proceed we first need a couple technical tools. The first examines how this representation
formula behaves in a more general context.

Proposition 2.1. Let f : C — CU {oo} be meromorphic such that P(f) C B(0,R). Then the
function x : C — C defined by

: /
(1) = — e f(z)dz 2.7
UEF=Y (O (27)
1s holomorphic, and for each k € N we have that
1
DFx(r) = — 2Fe™ f(2)dz. 2.8
)= 257 o 1) (28)

Moreover, for each z € P(f) there exists a polynomial p, : C — C such that deg(p,) < ord(f,z)—1,
and

x(7) = Z ep. (1) for all T € C. (2.9)

z€P(f)

Proof. 1f P(f) = @, then Cauchy-Goursat implies that 2 = 0 and the result follows trivially. Assume
then that P(f) # @. Since P(f) is bounded, it must be finite, so we can write P(f) = {z1,..., 2}
for the n distinct poles of f. Write ny = ord(f,z;) for 1 < k < n. The residue theorem and
Proposition then imply that

n

z(T) = Z Res(e™ f, 2) = Z (; lim (diz) - ((z — zi)"™ e f(2)) . (2.10)

— 1)l
1 nk} )sz

Define fi, : C — C via fi(z) = (# — zx)™ f(z), which is holomorphic by the definition of the order
of a pole. From the Leibniz rule, we compute

nk—l

_ 1)! . .
D (e fi(2)) = : (s —IeTF DI (), 2.11
and hence .
n ng—
p(r) =) €Y et (2.12)
k=1 §=0

for some constants cj; € C for 1 <k <nand 0 < j <n, — 1. Hence z is a linear combination of
exponentials multiplied by polynomials and is thus holomorphic. In particular, (2.9) is proved.
It remains only to prove (2.8)). According to Cauchy-Goursat, we have that

x(T) = L/ e f(z)dz = /1 Rexp(TRe*™™) f(Re*™™)dt, (2.13)
dB(0,R) 0

- 2mi
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and hence

1
A A , 1
DFx(r) = / R(Re*™)* exp(T Re*™™) f(Re*™™)dt = — P2 f(2)dz, (2.14)
0 271 Japo,R)
which is ([2.8)). O
The second technical tool associates to a polynomial p : C — C of degree n a collection of
polynomials q, ..., q,—1 with some properties that will be extremely useful in working with the

linear algebra associated to our representation formula.

Proposition 2.2. Suppose that p : C — C is a polynomial of degree n > 1 given by p(z) =
> g amz" ™. For 0 < j <n—1 define the polynomials q; : C — C via

m=0

Z P (2.15)

Let 0 < R be such that Z(p) € B(0, R). Then for each 0 < j,k <n —1 we have that

1 zq](z)d s,

- (2.16)
2mi 9B(0,R) p(2)

Proof. First note that the degree of the polynomial z — 2%q;(2) isn —1—j + k. If k < j, then
n—1—j+k <n—2, and so Proposition implies that

RS 2Fq;(2)
21 Jopo,r) P(2)

dz = 0. (2.17)

On the other hand, if 7 < k, then

qu]'(Z) = Zk(aozn_j_l + -+ Cln,j,l) = Zk_j_l(aozn 4+ .4 an,j,12j+l)

=27 p(2) = (an + anrz + -+ an2)) = 2T p(2) — 27 (z), (218)

where deg(r;5) < k <n—1 <deg(zp(z)) — 2, so Proposition again implies

RO P N SRS B ST C
211 Jap(o,r) p(2) 211 Jap(o,r) 271 Jap(o,R) zp(2)
- L Ky = 6. (2.19)
2mi dB(0,R)

]

This suggests some notation.

Definition 2.3. Suppose that p : C — C is a polynomial of degree n > 1 given by p(z) =
S am2"™.  The polynomials qo,...,qn-1 : C — C given by Proposition are called the

m=0
polynomials associated to p.

The third technical tool defines a useful linear map from H(C;C) to C*(C? C).

17



Lemma 2.4. Let p : C — C be the polynomial of degree n > 1 given by p(z) = > ,_, Axz". Let
{qk}z;é be the associated polynomials from Definition . For each holomorphic f : C — C define
Tf:C?>— C via

1
Tf(r,z2)= A;l/ T f (w)dw = A;l/ Te107 f(tr)dt, (2.20)
, 0

where A, : [0,1] — C is the road given by \.(t) = tT. Then the following hold.

1. For each z € C the map T f(-, z) is holomorphic, and

k—1
ONTf(r,2) =T f(r,2) + ALY DI f(r)F7 (2.21)

j=0
forallk>1 and 7,z € C.

2. For each T € C the map T f(r,-) is holomorphic, and

KT f(r,2) = A, / (1 — w)ke™)2 f(w)dw (2.22)

Ar
forallk>1 and 7,z € C.
3. Tf is smooth, and the induced map T : H(C;C) — C>(C?;C) is linear.
Proof. Theorem shows that for z € C fixed, the map T f(+, z) is holomorphic and satisfies
T f(r,2) = A f(1) + 2T f(7, 2). (2.23)

The formula for 9T f(7, z) then follows from this and a simple induction argument. The second
item follows from a calculation similar to that used to prove the first item of Theorem [L.7; we leave
the details as an exercise. Using the first two items, we can readily compute 90T f(r, z) for all
k,j € N, and the resulting expressions are continuous, so 7 f is smooth. Linearity is trivial. O

With our technical tools in hand, we can now derive our new representation formulas.

Theorem 2.5. Let p : C — C be the polynomial of degree n > 1 given by p(z) = > ,_, Axz". Let
{ar}7=5 be the associated polynomials from Definition (2.5 Let R > 0 be such that Z(p) C B(0, R).
Then the following hold.

1. For0 <k <n-—1let Ly : C— C be the holomorphic functions given by Definition|1.8. Then

1 qr(2)
Li(1) = — eF=—2dz. 2.24
+(7) 2mi Jopo,r)y  P(2) (2.24)

2. Given holomorphic functions x, f : C — C and &, ...,&—1 € C, the following are equivalent.
(a) x satisfies

{p(D)x =f (2.25)

D*z(0) =& for0 <k <n-—1.
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(b) = is given by

1 ’TZ kak ) . —1
Z 21 /BB (0,R) o) - //\7— Ln_l(T Z)An f(Z)dZ

(2.26)
: & Zf )+ T 20 (2) | 2
P T Z)qn— T\
27TZ OB(0,R) ka fn—t p(Z)
where A : [0,1] — C is the road given by \;(t) =t and T f is as in Lemma[2.])
Proof. We begin with the proof of the first item. Define R : C — C via
1 qr(2)
Ri(1) = — e’ dz. (2.27)
(7) 211 Jap(o,r) p(2)
Proposition shows that Ry is holomorphic and
1 qr(2) 1
p(D)Ri(T) = —/ p(2)e*—=dz = — e qp(z)dz =0, (2.28)
Jr(T 271 Jop(o,r) ( p(2) 211 Jap(o,R)

where the last equality follows from Cauchy-Goursat. On the other hand, the properties of the
associated polynomials {g;}}—, imply that

1 qr(2)
D7 A4y = 2.29
Ril0) = 211 /83(0 R) p(2) = 0k ( )

and so R, = L; by uniqueness.
The first item and Theorem then imply the equivalence of (2.25)) and the first identity in
(2.26]). It remains only to prove that

_ 1 Qn—l(z)
Ly (T —2)A f(2)dz = — Tf(r, 2 dz. 2.30
/ GG = g [ Tt (2:30)
To this end we first use the first item to write
1 o 1 ) ] . 2710
Ln_1(2) = —/ ezwq;(qu)dw = / R2% exp(zReQ’”e)%d& (2.31)
27t Jap(o,r) p(w) 0 p(Re*m?)

Then

A Loa(7 — A7 f(2)d2 = /0 Lo 1 (1= )7 A= (bt

! -1 ! 2mi6 2mif Qn—1<R€2m9>
_ /O FAZf(tr) ( /O Re?™ exp((1 — 1) Re )Wde) it (2.32)

All of the functions being integrated are smooth functions valued in C. We may then expand into
real and imaginary parts and apply Fubini’s theorem to compute

1 L q _1(R627ri9) 1 )
/ Ly (T —2)A f(2)dz = / Re%”‘g”—Qp </ Texp((1 — t)rReQme)Anlf(tT)dt) do
Ar 0 p(Re?™?) 0
_ b n—1(2) (Anl/ e(Tw)zf(w)dw) ds — L q”_l(z)Tf(T, z)dz. (2.33)
27 Jopo.r) P(2) A 211 Jopo,ry P(2)

This is (2.30)). O
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The benefit of our new representation formula is that the solution is solely expressed in terms
of the polynomial p and the data &,...,&,-1 and f. We don’t need to compute the propagators
first. The following example illustrates one way this presents an advantage.

Example 2.6. Fix n > 1 and let 2 be a metric space. Suppose that ay, ...
continuous and that a,(w) # 0 for all w € Q. Define 7 : C x Q@ — C via

ya, - 0 — C are

n

7(z,w) = Z a;(w)z?, (2.34)

J=0

which in particular means, thanks to our assumption about a,, that 7(-,w) : C — C is a polynomial
of degree n for every w € ).

Fix &,...,&-1 € C and f € H(C;C). We define z : C x 2 — C via the condition that
z(-,w) € H(C;C) is the unique solution to

{W(D,w)x(T,w) = f(7) (2.35)
DFr(0,w) =& for 0<k<n-—1
for each w € €, where D acts only in the first variable. A natural question arises: how does x
change as we change w?

We can get some very useful information from our representation, but first we need a key
observation. The associated polynomials will now also depend on w since the coefficients a; do. We
write ¢;(2,w) to emphasize this. The formula for these shows that

n—1—j

gi(z,w) = U (W) 2" 71T (2.36)

il

Fix wy € Q and let Ry be such that Z(mw(-,wg)) C B(0, Ry). Since the roots of 7(-,w) vary
continuously with w (see Theorem |A.3)), we can pick € > 0 such that Z(7(-,w)) C B(0, Ry) for all
w € Bg(wo,¢). For such w we can plug into our representation formula to see that

|
(T w) = / e Zg a2 dz for all 7 € C. (2.37)
9B(0,Ro)

2m
k=0

Using this and the dominated convergence theorem, we deduce that

lim  z(r,w) = x(70, wo) (2.38)
(T,w)—}(Tg,u}o)
for every 79 € C and wy € Q. Hence, z € C°(C x Q; C).
Suppose now that we have the extra information that €) is an open subset of a normed vector

space and that each a; is C™ for some m > 1. Then this argument can be readily modified to
deduce that for 1 < j < m,

< _ 1 Ny [(@(zw)
Gz (7,0) = 2ri /8B(0,R0) ‘ Zogk % (W(Z’w) )

k

dz, (2.39)

w=wp

which is well-defined since the quotient rule shows the poles of the term in parentheses are a subset
of the zeros of 7(-,wp). In turn, we can also prove that x € C™(C x Q; C).
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Of course, these facts can be proved with means other than our new representation formula, but
the proof with the formula is rather direct and elegant. It’s also worth pointing out that we can
replace the constant data &, ...,&,—1 € C with continuous (or C™ when €2 is an open subset of a
normed vector space) functions §; : 2 — C for 0 < j <n — 1 and prove similar results. We leave it
as an exercise to formulate and prove these extensions.

A

The flexibility of our new representation formulas also allows us to consider more general initial
conditions. Recall from Theorem [1.7| that the map H(C;C) > x — (p(D)x,z(0), ..., D" 'z(0)) is
an isomorphism when p(D) has order n > 1. This suggests that we consider more general operators

B(D): H(C;C) — H(C;C") (2.40)
given by
B(D)x = (Bo(D)zx,...,B,_1(D)x) (2.41)

where By(D) is a differential operator. Note that we don’t specify any control on the order of
Bi(D). We thus arrive at the problem of solving

D)y —
p(D)x = f (2.42)
B(‘D)‘T(O) = (507 cee 7571—1)

for given f € H(C;C) and (&, ...,&—1) € C™.
In order to attack this problem, we first need to introduce some algebraic notation.

Definition 2.7. Let p: C — C be a polynomial.

1. We know from FEuclidean division in the set of polynomials over a field that, given any poly-
nomial q : C — C there exist polynomials d,r : C — C such that ¢ = dp + r and either r =0
or else 0 < deg(r) < deg(d). If r = 0 then we write ¢ =, 0.

2. Given polynomials qi,q2 : C — C we write ¢ =p q2 tf g2 — q1 =, 0. We leave it as an ezercise
to verify that this is an equivalence relation.

The previous definition is the analog of modular arithmetic in the space of complex polynomials.
It will play a role in our study of differential equations because if we want to specify p(D)x = f and
Bi(D)xz(0) = &, then we have to worry about how By, relates to p. Indeed, if By = gp + r, then, in
light of the first equation, the condition By(D)x(0) = & reduces to r(D)x(0) = & — q(D) f(0). To
track this more carefully we introduce the following definition.

Definition 2.8. Let 1 <n € N and let B : C — C" be a polynomial, written

B(z) = (Bo(2),...,Bn_1(2)). (2.43)
Let Ry, : C — C be the polynomial given by Ry =, By, and write
n—1
Ri(2) =) Ri;2. (2.44)
5=0
We then define Rg € C™*" wvia
Roo Ron-1
Rp = : - : : (2.45)
Rn—l,() Rn—l,n—l



Our next result establishes the basic properties of the map R p.

Proposition 2.9. Let 1 < n € N and let B : C — C" be a polynomial, written B(z) =
(Bo(2),...,Bn-1(2)). Let the polynomials {Ry,...,R,—1} and the matrix Rg € C"*" be as in
Definition |2.8, and let ¢, ..., c 1 € C" denote the columns of Rg. Then the following hold.

1. For z € C we have the identities

Ro(2)
Ry(z z
B(z) =, 1:( ) =TRp : =co+ze; 4+ 2" e, . (2.46)
R, 1(2) 21

2. The following are equivalent.

(a) Rp € C"" is invertible.
(b) The vectors {cq,...,ch—1} C C" are linearly independent.
(¢) The polynomials {Ro, ..., R,—1} are linearly independent.
(d) The polynomials {By,...,B,_1} are linearly independent (mod p).
Proof. The first item follows from direct calculation. We now prove the second item. The equiva-

lence of (a) and (b) is a standard result from linear algebra, and the equivalence of (¢) and (d) is
trivial. We also know from elementary linear algebra that Rp is invertible if and only if its rows

are linearly independent. We then note that for ay,...,a,_1 € C,
n—1 n—1 n—1
ZajRj,k:Ofor al0<k<n-—-1& ajRj,kzk:Ofor all z € C
§=0 §=0 k=0
n—1
& Z ajR;(z) =0 for all z € C, (2.47)
§=0

and hence the polynomials {Ry, ..., R,_1} are linearly independent if and only if the rows of Rp
are linearly independent, which proves the equivalence of (a) and (c).
O

We now combine our representation formula from Theorem [2.5| with the map R g to characterize
when the problem
D =
p(D)x = f (2.48)
B(D)x(0) = (&, - -, &n-1)

is uniquely solvable.

Theorem 2.10. Let p(D) : H(C;C) — H(C;C) be a differential operator of order n > 1, and let
B(D): H(C;C) — H(C;C") be a differential operator, written B(D) = (Bo(D), ..., By,_1(D)). Let
Rp € C™™ be determined by B as in Definition[2.8 Then the following are equivalent.

1. The polynomials { By, ..., B,_1} are linearly independent (mod p).

2. Rp is invertible.
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3. If f : C — C is holomorphic and &, ..., -1 € C, then there exists a unique holomorphic
x: C — C such that

( Jo =1 (2.49)
Bp(D)x(0) =& for 0 <k <n—1.
4. The map ® : H(C;C) — H(C;C) x C™ given by
@ = (p(D)z, B(D)(0) (2.50)
s a linear isomorphism.
5. For every (&, ...,&n-1) € C™ there exists a holomorphic x : C — C such that
D =
p(D)z =0 (2.51)
B(D z O) = (507 767171)
6. If v : C — C is holomorphic and
D)x =0
p(D)x (2.52)
B(D)x(0) =0,
then x = 0.
In any case, the unique solution to (2.49) is given by
n—1
1 eTZ
(1) =y (1) + —/ @ (2)(RB)5 . (&m — Bm(D)y;(0))dz, (2.53
=4 5z 157 2, BRI (En = BoD) 0) )
where yr : C — C is the holomorphic function given by
1 _
ys(r) = — / THn)ialz) (2.54)
211 OB(0,R) p(2)

and Z(p) C B(0,r).

Proof. The equivalence of (1) and (2) was established in Proposition 2.9} and the equivalence of (3)
and (4) is trivial. The implications (3) = (5) and (3) = (6) are also trivial. To conclude, we will
prove (2) < (5), (2) < (6), and that (5) and (6) = (3).

First, we make some observations used multiple times. For 0 < k < n — 1 let the polynomial
Ry, : C — C be given by Ry, =, Bj, which means we can write By = Agp + R}, for some polynomial
Ap : C — C. Theorem shows that a holomorphic function z : C — C satisfies p(D)z = 0 if and
only if there exist & = (v, ..., ,—1) € C" such that

(1) = ! < Z%% (2.55)

2mi Jonon)

23



where Z(p) € B(0,7), in which case D*z(0) = o for 0 < k < n — 1. For any such z we use
Cauchy-Goursat and Proposition 2.2] to compute

BDZEO :—/ J Oéqde:— J J aqzdz
()0 211 Jom.) P(2) kz:% 0:(2) 271 Jap(o.m p(2) ; Kk (2)
1 Ry(2) o= 1 / TR,
N ' argr(2)dz = 5 VRN RB)jmz" onqi(z)dz
2mi 8B(0,r) p(Z) =0 ’ k( ) T JoB(o,r) p(z) Z ( B)] k k( )

= (R5)jmkbmi = > _(Rp)jxc = (Rpa);, (2.56)

m,k=0 k=0

and hence

B(D)z(0) = Rpa. (2.57)

Proof of (2) < (5): The identity (2.57) means that a holomorphic function z : C — C satisfies
(2.49) if and only if z is given by ([2.55)) with a € C™ satisfying

RBOZ = (&), e ;gn—1>- (258)

Thus, if Rp is invertible we can solve for a in terms of (&, ...,&,—1) to produce z solving (2.49),
which shows that (2) = (5). Conversely, if has a solution for every (&, ...,&,—1), then (2.57)
shows that Rp is surjective and hence invertible, which proves (5) = (2).

Proof of (2) & (6): We prove the contrapositive. Assertion (6) is false if and only if there
exists 0 # = € ker(p(D)) such that B(D)x(0) = 0. In light of and (2.57), this is equivalent
to the existence of 0 #% o € C" such that Rga = 0. In turn, this is equivalent to Rg € C™*" not
being invertible, i.e. (2) being false.

Proof of (5) and (6) = (3): First note that (6) implies that there exists at most one solution to
, so it suffices to prove the existence of a solution. Define the holomorphic function y : C — C

via
y(r) = - / TIT 2 2) (2.59)
0B(0,r)

2 p(2)

Theorem shows that p(D)y = 0 and that D*y(0) = 0 for 0 < k < n — 1. According to (5), we
can then find a holomorphic h : C — C such that

p(D)h =0 (2.60)
Then x = h + y is holomorphic and satisfies (2.49)).
[l

Remark 2.11. The condition that the polynomials { By, . .., B,_1} are linearly independent (mod p)
18 called the Shapiro-Lopatinsky condition. What’s remarkable about it is that it reduces the question
of the solvability of the general problem to checking an algebraic condition.

Remark 2.12. In practice it often occurs that deg By < n —1 for 0 < k < mn — 1, in which case
the polynomials { B, ..., B,_1} are linearly independent if and only if they are linearly independent
(mod p). In this context we also have that the function yy from Theorem satisfies D*y;(0) = 0
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for 0 <k <n—1, and hence B(D)ys(0) = 0. This means that the unique solution to (2.49) takes
the simpler form

2(r) = 1 o (e” 2 4e(2)(RB) g + T f (T, z)qn_l(z)) ﬁ (2.61)

2 A= p(2)

3 General finite dimensional ordinary differential systems

We now turn our attention to general finite dimensional ordinary differential systems. From our
above analysis we already have a good understanding of these when the operator is elliptic and the
initial conditions encode the first few derivatives, so here generality refers to the non-elliptic case
and to more general initial conditions. We restrict our attention to the finite dimensional setting
because the determinant is going to play a fundamental role in our analysis.

Before proceeding, we need to establish some notation associated to polynomials ¢ : C — C™*".
Write ¢ as ¢(z) = E;]:O A;z9 for A; € C™ ™. Tt will be essential for us to have a slightly different
perspective and view ¢ as a matrix of polynomials via

Yo AnE e YAy qi(z) - qn(2)
q(z) = : : = SV : (3.1)
Z;']:() Aj,mlzj toe Z;']:() Aj,mnzj qml(z) e QW’m(Z>

In other words, we think of ¢ as both a polynomial with matrix-valued coefficients and as a matrix
of polynomials. In turn this yields

(111(D) T Q1n(D)
q(D) = : : (3.2)
Gm1(D) -+ qma(D)

in which we think of ¢(D) : H(C;C") — H(C;C™) as a matrix composed of the scalar differential
operators (D) : H(C;C) — H(C;C) for 1 <k <m and 1 < /¢ < n. Note that often in our study
of this problem we will shift the indexing to 0 < k < m — 1.

One of the advantages of this perspective is that it allows us to use tools associated to polynomials
on each of the components in the matrix. In particular, we can consider the question of whether
the rows or columns are linearly independent (mod p), where p : C — C is a given polynomial. For
instance, the rows are linearly independent (mod p) if

Z(D{jq]‘kEpOjOélz"':am:O- (33)

j=1

This is a condition that will play a key role in our analysis.

Given the above perspective, for any polynomial p : C — CV*¥ we can think of detp : C — C
as either the pointwise evaluation of the determinant of p(z) € CN*¥ or else as appropriate linear
combination of products of the polynomials {p;x(2)}1<jk<n. The following proposition records the
basic properties of the determinant.

Proposition 3.1. Let p: C — CY*Y be given by p(z) = >_,_, Arz". Then the following hold.

1. detp: C — C is a polynomial of degree d < nN.
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2. Write det p(z) = ZZ]:VO apz®. Then o,y = det A,, and oy = det A,.
3. p(D) : H(C;CN) — H(C;C"N) is elliptic if and only if d = nN.

Proof. Each component of the matrix p(z) € CN*¥ is a polynomial of degree at most n. As such,
det p(z) consists of linear combinations of products of N polynomials, each of degree at most n,
and hence the degree of det p is at most n/N. This proves the first item.

We now prove the second item. First note that oy = det p(0) = det(Ap). On the other hand,
for r € (0, 00) we have that

. detp(r) , R k : - k—n
UpN = rllglo N = rlgglo det (7‘ gAkr = rlggo det ;Akr = det(A,). (3.4)

This proves the second item, and the third follows immediately from the second. O

Let’s consider an example

Example 3.2. Suppose that p : C — CV*¥ is a polynomial in upper-triangular form:

pn(Z) p12(2’) T p1N<Z>
0 pal(z) - pan(2)
pz) =1 . S : (3.5)
0 0 - pNN(Z)
Then the usual rules of the determinant show that
N N
detp(z) = Hpjj(z) and deg(det p) = Z deg(pjj)- (3.6)
j=1 j=1

Setting pin(2) = 2", pjj(2) = a;2™ for a; € C and 0 < n; < n, and all other entries to 0, we readily
deduce that deg(det p) can take on any value from —1 (when detp = 0) to n/N when p has degree
n. JAN

This example shows one of the bizarre features of polynomial determinants, namely that the
determinant can end up a polynomial of any degree —1 < d < nN, with the endpoints corresponding
to degeneracy, i.e. det p = 0, and ellipticity. This suggests a definition.

Definition 3.3. Let p(D) : H(C;CY) — H(C;C") be a differential operator of order n € N, and
consider the differential operator det p(D) : H(C;C) — H(C;C). We define the determinant-order
of p(D) to be the order of the operator det p(D), i.e. the degree of the polynomial det p(z). Note
that Proposition guarantees that the determinant-order of p(D) is no more than nN.

Let’s consider some examples.

Example 3.4. Example [3.2] shows that for any n, N € N with N > 2 and —1 < d < nN, we can
construct a differential operator p(D) : H(C;CY) — H(C;C") of order n with determinant order
d. A
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Example 3.5. Define p(D),q(D),r(D) : H(C;C?) — H(C;C?) via

p(D) = (211)) —11) (D) = (?1 22)’ and r(D) = (—2?22 2252) (3.7)

Then
detp(D) = —D — 2D = —3D,det q(D) = 2D* + 1, and detr(D) = 4D* +4i*D* =0  (3.8)

so p(D) has determinant-order 1 < 2 = 1-2 and is thus not elliptic, while ¢(D) has determinant-order
2 and is thus elliptic, and (D) has determinant order —1 and is not elliptic. A

Example 3.6. Fix r € R and define p(D) : H(C;C?) — H(C;C?) via

—D*+1? 0 w
p(D) = 0 —D*+r* D|. (3.9)
wr D 0
Then
det p(D) = r*(=D? 4 r?) — D*(=D* +1*) = (D* — r?)?, (3.10)
so p(D) has determinant-order 4 < 6 = 2 - 3 and is thus not elliptic.
A
Example 3.7. Define p(D) : H(C;C?) — H(C;C?) via
D D?-1
p(D) = (1 D ) : (3.11)
Then
detp(D) = D?* - D*+1=1, (3.12)

so p(D) has determinant-order 0 and is thus not elliptic.
Suppose that f : C — C? is a given holomorphic function and we wish to find z : C — C?
holomorphic satisfying p(D)x = f. Note that

G0 )6 D-0 )@ ) e

Hence, if there is a solution we must have that

v\ _ (D -D*+1\ (fi\ _ (Dh—Dfat fo (3.14)
T2 —1 D f2 i+ Df ' '
Conversely, if we define x in this manner a simple calculation shows that p(D)x = f. A

This example shows that the strange behavior of polynomial determinants leads to even stranger
behavior in differential systems: in the case that p(D) has determinant-order 0 it’s possible that we
can invert the differential operator p(D) by applying another differential operator. This phenomenon
is more general than what we observed in Example 3.7, as we now prove.

Theorem 3.8. Let N > 2 and p(D) : H(C;CY) — H(C;CN) be a differential operator. Then p is of
determinant-order 0 if and only if there exists a differential operator (D) : H(C;CN) — H(C;CN)
such that p(D)q(D) = q(D)p(D) = I. In either case, the following hold.
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1. q(D) is also of determinant-order 0.
2. For each f € H(C;CN) the unique solution to p(D)x = f is x = q(D)f € H(C;CN).
3. p(D) : H(C;CN) — H(C;C") is a linear isomorphism.

Proof. Suppose that p has determinant-order 0 and form the adjugate A(z) from the matrix-valued
polynomial p(z) in the usual way. The adjugate matrix is constructed by computing the determi-
nants of the minors of p(z), and as such, A(z) is itself a polynomial. Since det p(z) is a polynomial
of degree 0, it is some nonzero constant, and hence the matrix p(z) € CV*¥ is invertible for all
z € C. Then the identity

(p(2))~' = (det p(2)) tA(z) for z € C (3.15)

shows that (p(z))~! is also a polynomial. Setting ¢ = p~!, we then find that p(D)q(D) =
q(D)p(D) = I. We then have that

det q(2) = (det p(2)) ", (3.16)

so g(D) also has determinant-order 0.

We now prove the converse. The identity pg = I implies that det p(z) det ¢(z) =1 for all z € C,
and the only way that two complex polynomials can be multiplied together to produce unity is if
both are unity. Hence, det p = 1, which means p has determinant-order 0.

The fact that the unique solution to p(D)x = f is x = ¢(D)f follows as in Example In turn
this readily implies that p(D) : H(C;CY) — H(C;C") is an isomorphism.

O

We have now seen that there is interesting information encoded in detp when p : C — CN*V
is a polynomial. The proof of Theorem [3.8] also suggests that the adjugate matrix associated to p
may prove useful. We define it now.

Definition 3.9. Let p: C — CY*N be a polynomial. We define its adjugate adjp : C — CN*N by
setting adj p(z) € CN*N to be the adjugate matriz associated to the matriz p(z) € CN*N  with the
convention that adjp = 1 when N = 1. For N > 2, the adjugate is computed by taking determinants
of the minors of p(z), so adjp is also a polynomial. We then define the differential operator adj p(D)
as per usual.

Our next result records some basic properties of the adjugate.

Proposition 3.10. Let p : H(C;CY) — H(C;C") be a differential operator. Then the following
hold.

1. We have that
p(D)adjp(D) = adjp(D)p(D) = (det p(D))I. (3.17)

If p(D) has determinant-order 0, then (p(D))™! = (det p(D))~' adjp(D).

If v, f € H(C;C") and p(D)x = f, then det p(D)z; = (adjp(D)f); for each 1 < j < N.
If © € ker(p(D)), then x; € ker(det p(D)) for each 1 < j < N.

Ify, f € H(C;CY) satisfy det p(D)y = f and x = adjp(D)y € H(C;C"), then p(D)x = f.

S v e

adjp(D) : ker(det p(D)I) — ker(p(D)) is a linear map.
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Proof. The first two items follow from elementary linear algebra and the fact that if p(D) has
determinant-order 0 then it is an isomorphism on H(C;CY). The third follows directly from the
first, and the fourth follows from the third with f = 0. The fifth item also follows from the first,
and the sixth follows from the fifth. O]

The fifth and sixth items of Proposition give us a mechanism for producing solutions to
p(D)z = f for a given f € H(C;CY), provided that p(D) has determinant-order d > 1. Indeed, we
first find y € H(C;C") such that det p(D)y = f, which can be accomplished by working component-
wise and using our previous scalar theory, i.e. we solve det p(D)y; = f; for 1 < j < N and then form
y = (y1,...,yn) € H(C;CY). Then we take any h € H(C;C") such that h; € ker(det p(D)) for
1 < j < N, which again we can construct using our previous analysis. Then 2 = adj(p(D))(y+h) €
H(C;C") satisfies p(D)x = f. However, it’s not clear yet that all solutions are of this form or that
we have any uniqueness of such representations. We now turn to addressing these issues.

First, we need two technical results. The first is a version of Bézout’s lemma for polynomials.

Lemma 3.11 (Bézout’s lemma). Let p,q : C — C be nontrivial polynomials and suppose that
g : C — C is the greatest common divisor of p and q, i.e. g divides both p and q and is the monic
polynomial of mazimal degree that does so. Then there exist polynomials r,s : C — C such that

pr+qs =g. (3.18)

Proof. Define the set
E ={ap+bq|a,b:C— C are polynomials}. (3.19)

Since p and ¢ are nontrivial, there are nontrivial polynomials in F, and so by the well-ordering
principle there is a nontrivial polynomial ¢ = pR + ¢S € E of minimal degree. Using the Fuclidean
algorithm, we can write p = uc + a, where deg(a) < deg(c). Then

a=p—uc=(1—uR)p— (uS)q € FE, (3.20)

so we contradict the minimality of deg(c) unless a = 0. Thus p = uc. Arguing similarly, we write
q = ve+ b with deg(b) < (¢) and deduce that b = 0, and hence ¢ = ve.

We now know that ¢ divides both p and ¢. On the other hand, if d divides both p and ¢, then d
divides everything in F, and in particular d divides c. Consequently, ¢ has the maximal degree of
all polynomial divisors of p and ¢, and so there exists a € C\{0} such that ¢ = ag. Upon setting
r = R/a and s = S/a, we find that

g =pr+gqs, (3.21)

as desired. O
The second technical result is a variant of Gaussian row reduction for matrix-valued polynomials.

Proposition 3.12. Let N > 2 and p : C — C¥*¥ be a polynomial. Then there exist polynomials
q,u: C — CV*N such that qp = u, det ¢ = +1, and v is in upper-triangular form in the sense that
uy; = 0 for j <.

Proof. We essentially follow the procedure of Gaussian elimination with one technical complication
caused by the fact that polynomials form a ring and not a field.

Suppose that p is such that p;; and ps; are nontrivial. Let g be the greatest common factor of
p11 and poq, and write

p11 = gy and pa = gy (3.22)
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Then ¢ and 1 have greatest common factor 1, and so Bézout’s lemma allows us to choose polyno-
mials 7 and s such that

s +re=1. (3.23)
Then
Y1 — ppa1 = g(pY — ) = 0 and rpyy + spxn = g(re + s¢) = g. (3.24)
Writing
(T s\ _ p O2x(n-2) . NxN
= :C— C* and M = C—>C : 3.25
H (¢ —90> o (O(N—2)><2 In_o ) ( )

we then compute det M = —1 and

0 * .- *
Mp= | P31 P32 -+ D3N |, (3.26)
PN1 PN2 " PNN

where * denotes terms whose precise form we don’t care about.

Now, if at most one entry in the first column of p is nontrivial, we only need to multiply by a row
permutation matrix to move this entry into the top position. Otherwise, we use row permutations
in conjunction with the above argument to remove all but the top nontrivial entries in the column.
We may thus produce a polynomial Q; : C — C¥*¥ such that det Q; = +1 and

1 T2 -+ TIN
0 72 -+ Ton

Qp=1|. . . .| (3.27)
0 ry2 -+ 7NN

Iterating the above argument, we can produce polynomials Q; : C — CV*N for 1 <k < N —1
such that det @, = +1 and

Uy; U2 -+ UWIN
0 1w -+ wun

Qn-1Q@n—2---Qip=u=| . _— : (3.28)
0 0 - uny

is in upper-triangular form. The conclusion then follows by setting ¢ = Qn_1Qn_2 - Q1.
]

We now have the tools needed to make a first attempt at characterizing all solutions to p(D)x = f
when p(D) has positive determinant-order. In stating this theorem we recall the above discussion
of the meaning of the linear independence of the rows of a matrix polynomials (mod ¢) for a given
polynomial ¢ : C — C.

Theorem 3.13. Let N > 2 and p(D) : H(C;CY) — H(C;C") be a differential operator of
determinant-order d > 1. Let q,u : C — CN*¥ be the polynomials from Proposition so that
q(D)p(D) = u(D) and u(D) is in upper-triangular form. Write dy. for the degree of the polynomial
ugk(z) for 1 <k < N. Then the following hold.
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1. For 1 <k < N we have that di, > 0, so ugp(D) is a nontrivial differential operator. Also, if
we define sqg = 0 andsmzzyl:ldj for 1 <m < N, then s < s <--- < SN:Z,ivzldk:d.

2. Define the polynomial B : C — C*N wiq

(3.29)

0 otherwise

Fomat i S <k < sy — 1
B(z)km—{z if Sme1 <k <s

for 0 < k <d—-1and 1 < m < N. Then for every holomorphic f : C — CV and
(o,...,&4-1) € C? there exists a unique holomorphic x : C — CN satisfying

p(D)z = f
{B<D)x(0) = (&, ..., €4-1). (3.30)

3. The map ® : H(C;CV) — H(C;CN) x C¢ given by
bz = (p(D)zx, B(D)x(0)) (3.31)
s an isomorphism.
4. dim(ker(p(D))) = d, and the map ker(p(D)) > z — B(D)x(0) € C? is an isomorphism.
5. The rows of the matriz polynomial Badjp : C — C™N are linearly independent (mod det p).

Proof. The third item is a linear algebraic restatement of the second, and the fourth item follows
easily from the third, so it suffices to only prove the first two and fifth items.
Proposition [3.12] guarantees that det ¢(D) = +1 and

U,H(D) Ulg(D) s UlN(D)
. . 0 UQQ(D) s UQN(D)

q(D)p(D) = u(D) = 5 _— 5 , (3.32)
0 0 - uyn(D)

so upon taking the determinant of both sides, we find that

tdetp(D) = [ [ ttmm (D), (3.33)

and hence the order of det p(D) equals S~ _,
proves the first item.
We now turn to the proof of the second item. For a holomorphic z : C — CV we have that

d,,, and none of the operators (D) vanishes. This

p(D)x = f < u(D)x = q(D)p(D)r = g(D)f. (3.34)

We thus reduce to solving the upper-triangular problem u(D)z = ¢(D)f, which reads

U113 U2 -+  UIN

0 wyp -+ wuan
. |z=a(D)f. (3.35)

0 0 UNN



The condition B(D)z(0) = (o, ..., &a—1) is equivalent to
D¥om=tg(0) = & if Sy <k < sp—1for0<k<d-land1<m<N, (3.36)
but note that
Sm-1 <k<8,—-10<k—5,1<83—Sm1—1=d, — 1, (3.37)

so a condition on z,, is only enforced if d,, > 1. In other words, B(D)z(0) = (&,...,&—1) is
equivalent to
D2, (0) = &pys,  ifdpy > 1and 0 <0 < d,, — 1. (3.38)

The advantage of this triangular form is that we can solve the system iteratively, starting from
the final scalar equation, which reads

If dy > 1 we use Theorem to solve for a unique holomorphic function zy : C — C satisfying

{uNN(D)mN = (¢(D)f)w (3.40)

Dfzn(0) = &ppgy, for 0 <4 <dy — 1,

and if dy = 0 we use Theorem to solve for a unique holomorphic function zy : C — C satisfying
unn(D)xny = (¢(D)f)n. Once we have produced holomorphic z,,11,...,zy for 1 < m < N — 1,
we then find a unique holomorphic z,, : C — C via the m!* equation, which reads

(D) = (@(D) ) = 3. tmy(D)a, (3.41)

m+1<j<N

subject to the extra condition that

D2, (0) = &4y, ifdyy >1and 0< 0 < d,, — 1. (3.42)
Proceeding iteratively, we then find the unique holomorphic functions zq,...,xy such that z =
(z1,...,7x5) : C — CV satisfies

(3.43)

{anquw
B(D)z(0) = (&, . - -, Ta_1).

This proves the second item.

Finally, we turn to the proof of the fifth item. We first claim that the rows of B adj p are linearly
independent (mod det p) if and only if the rows of B adju are linearly independent (mod det p). To
see this we first use the basic properties of the adjugate to write

Badjp = Badj(¢ 'u) = (Badju)adj(¢"") = (Badju) = +(Badju)q. (3.44)

det q

From this it’s clear that the rows of Badjp are are linearly independent (mod det p) if and only if
the rows of (B adju)q are linearly independent (mod det p), but since ¢ is invertible we have that

U
_

N
Zozj(B adj u) jkQrm =detp 0 for all 1 <m < N, (3.45)
k=1

<
Il
=)
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if and only if
d—1
Z aj(Badju)r =qetp 0 for all 1 <k < N, (3.46)
=0

and so the claim follows.
We now claim that the rows of B adju are linearly independent (mod det p); once this is estab-
lished, the fifth item is proved. The structure of B shows that if

d—1
> " aj(Badju)j, Zaep 0 for 1 <k <N, (3.47)

Jj=0

then for 1 < 7 < N there exist polynomials 7; : C — C with coefficients given by partitioning
{ox }4=1 according to the partitioning from B, with deg(r;) < d; = deg(u;;) such that

N
Zﬂj(adj w)jk =aetp 0 for 1 <k < N, (3.48)

j=1
and hence there exist polynomials d; : C — C for 1 < k£ < N such that

N
Zﬂ—j(adj u)jp = pdetp for 1 <k < N. (3.49)

j=1

Now, since u is upper triangular, adj u is as well, and so

N
7T1(adj U)H = (51 detp = 1 H Ujj = j:(51 H Uj; = T = :|:51U11, (350)

J#1 =1

but deg(m;) < deg(u11) so this implies that m; = §; = 0. Using this and arguing similarly, we find
that m = 0, and upon iterating we deduce that 7y = --- = w = 0, and hence that oy = --- =
ay = 0. Thus, the rows of Badju are linearly independent (mod det p).

m

This theorem provides us with the key piece of information that the determinant-order of p(D)
is the dimension of ker(p(D)), which in turn yields precisely the number of scalar conditions we
can expect to impose on a solution to p(D)z = f at 0 in order to uniquely determine x. However,
the choice of B(D) : H(C;CY) — H(C;C%) from the theorem is somewhat awkward to work with,
so it is natural to seek more general operators and to investigate when such an operator uniquely
determines solutions.

To motivate our approach to this problem we first return to the context of Proposition [3.10]
which gave us a mechanism for producing elements of ker(p(D)), where p : H(C; CV) — H(C; CY)
is a differential operator with determinant-order d > 1. Let {Qk}i;é be the polynomials associated
to det p from Definition 2.3 and let R > 0 be such that Z(detp) C B(0, R). If y € ker(det p(D)I),
then Theorem shows that there exist ¢j;, € C for 1 < j < N and 0 <k < d — 1 such that

Cijk(Z)
; eF————2dz. 3.501
y3(7) " o Z/{)B o  detp(z) : ( )
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Then we define z = adj p(D)y € H(C;C"), and Proposition shows that p(D)x = 0. However,
we can use the above formula to compute

N d-1

ad' 0\ %) Cekqr\ 2
1i(7) = 5~ ZZ/ deét;(z;z ()., (3.52)

=1 k=0 Y 9B(O,R)

Using this recipe, we now have a way of generating x € ker(p(D)) that is convenient for working with
more general operators B(D) : H(C;CY) — H(C;C?). To proceed further, we need a definition.

Definition 3.14. Let N,d € N with N > 2 and d > 1, and let p : C — CN*N be a polynomial
such that p(D) has determinant-order d. Let B : C — C™¥ be a polynomial with components
Bj,:C—=C for0<j<d—1and1<k<N. Consider the polynomial C : C — C™N given by
C(z) = B(z)adjp(z). Let Rj, : C — C be the polynomial given by R, =qetp Cjr and write

d—1
2) =Y Rjmz" (3.53)
m=0
We then define Rp € L(CN*4, C?) via
N d-1
RBC Z Z Rjkkam. (354)
k=1 m=0

The purpose of Rp is seen in the following lemma.

Lemma 3.15. Let N > 2 and p(D) : H(C;CN) — H(C;C") be a differential operator of
determinant-order d > 1. Let B(D) : H(C;CN) — H(C;C% be a differential operator and let
Rp € L(CN*1 CY) be the associated map from Definition [3.14 If v € H(C;C) is defined by
(3.52)) with ¢ € CV*4, then

B(D)x(0) = Rye. (3.55)

Proof. By Cauchy-Goursat and Proposition 2.2 we may compute

N d—1 .
1 Brj(2) adj pje(2) conqr(2)
(BD)(0)m = 2mi Z / : det J(z) dz
1=1 j k=0 OB(O.1) p
d— d—
_ Li 1/ Crel2)eaman(z) | Li 1/ e(2)eaan(z) ;.
2mi = = Jopos  detp(z) 2mi = = Jop (o) detp( )
| N i R e q N d—1
mén Lk k
— = Riexcor, = (RpC)m,  (3.56)
2mi ez; k,n=0 /63(0 r) det p(z 2; —0
and the result follows. O

We now have all of the tools necessary to characterize the solvability of ordinary differential
systems with general boundary operators.

Theorem 3.16. Let N > 2 and p(D) : H(C;CN) — H(C;CY) be a differential operator of
determinant-order d > 1. Let B(D) : H(C;CY) — H(C;C% be a differential operator and let
Rp € L(CN*4 C) be the associated map from Definition|3.14. Then the following are equivalent.
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1. The rows of the matriz polynomial B adjp : C — C*N

2. Rp 1s surjective.

are linearly independent (mod detp).

3. If f : C — CV is holomorphic and &, ..., q—1 € C, then there exists a unique holomorphic

x:C— CN such that
p(D)x = f
B(D)z(0) = (&0, - -+, Ea-1)-

4. The map ® : H(C;CN) — H(C;C") x C? given by
Oz = (p(D)z, B(D)z(0))
18 an isomorphism.

5. For every (&, ...,&4-1) € C? there exists a holomorphic x : C — CN such that

p(D)z =0
B(D)z(0) = (&, - - &a1)-

6. If v : C — CV is holomorphic and
p(D)z =0
B(D)z(0) =0,

Moreover, if any of these conditions is satisfied, then the following hold.

then x = 0.

(a) The operator R : C* — CN*4 given by

18 1njective.
(b) RpRy : CL— C? is invertible.
(c) For any f € H(C;CY) and € = (&,...,€4_1) € C%, the unique solution to
{p(D)az = f
B(D)x(0) = ¢
is the holomorphic map x € H(C;C") given by

(1) = adjp(D)y(7)

1 d—1

27
k=0

where Z(det p) C B(0,r) and y € H(C;C") is uniquely determined by

det p(D)y; = f;
DFy;(0) =0 for 0 <k <d.
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(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)



Proof. We begin by recalling from Definition that C' = Badjp and

Cik(2) Zdetp Rjr(2) = Z Rjpm2™. (3.65)

Pick 7 > 0 such that Z(det p) C B(0,7). For a fixed ¢ € CV*¢ we define = € ker(p(D)) via

_ 1 f: dzi/ - ad] pjé(Z)CZka(Z>dZ (3.66)
20 22 o detple) '
Then Lemma 3.1 tells us that
B(D)z(0) = Rpec. (3.67)

With these tools in hand, we now turn to the proof of the various equivalences. The equivalence
of (3) and (4) is trivial, as are the implications (3) = (5) and (3) = (6). To conclude, we will prove
that (1) & (2), (5) < (6), (2) = (5), (6) = (2), and (5) and (6) = (3).

Proof of (1) < (2): Forgetting the matrix structure of CV*? we may view Rp as a matrix in
C™Nd with components (RB)jkm = Rjgm with Rj, as above. From this perspective, basic linear
algebra shows that R is surjective if and only if the rows of Rz € C¥*N9 are linearly independent,
ie. Zf éonRjkm =0forl1 <k < Nand 0 <m < d—1 implies that ag = -+ = a4_1 = 0.
Thus, to prove the equivalence of (1) and (2) it suffices to prove that the rows of B adjp are linearly
independent (mod det p) if and only if Z?;é ajRjm =0for 1 <k <N and 0 <m <d—1 implies

that ag = - -+ = ag_1 = 0. To prove this equivalence we note that for ag, ..., ay_1 € C we have that
d—1 d—1
Zoszjkm:()for1§k§N,0§m§d—1(:) Z ajRjmz™ =0for 1 <k <N
7=0 7,m=0
d—1
& Z a;Rjp(2)=0for 1<k <N & Z aj(Badjp)k(z) =detp 0 for 1 <k < N, (3.68)
7,m=0 7,m=0

from which the desired equivalence directly follows.

Proof of (5) < (6): Define the linear map T : ker(p(D)) — C? via Tx = B(D)z(0). Then
(5) is equivalent to the assertion that T is surjective, while (6) is equivalent to the assertion that
T is injective. Theorem [3.13] tells us that dim(ker(p(D))) = d = dim(C?), so we know from linear
algebra that 7' is injective if and only if it’s surjective.

Proof of (2) = (5): Let (&, ...,&_1) € C% Since Rp is surjective, we can find ¢ € CV*? such
that Rgc = (&o,...,&—1). Using this ¢ in defines z € ker(p(D)), and implies that

B(D)z(0) = Rpc = (&, ..., £a1). (3.69)

Thus (5) holds.
Proof of (6) = (2): We will prove the contrapositive. Suppose that (2) is false, i.e. Rp :
CN*d 5 C? is not surjective. We know that

dimran(Rp) + dimker(Rp) = Nd, (3.70)

S0
Nd — dimker(Rg) = dimran(Rp) <d —1 (3.71)
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and hence

Nd—d+1 < dimker(Rp). (3.72)

Let B : C — C%N be the polynomial from Theorem and let Rz : CV*4 — C? be the
map associated to B as in Definition m The theorem shows that the rows of B adjp are linearly
independent (mod det p), so by the (1) < (2) assertion above, applied with B, we know that R 5 is
surjective. Then

dimker(Rz) = Nd — dimran(Rpz) = Nd — d, (3.73)
SO
dimker(Rz)* = Nd — dimker(Rp) = d, (3.74)

where ker(R )+ € CV*4 denotes the orthogonal complement of ker(R ).

Now, if ker(R3)* Nker(Rg) = {0}, then
dimker(R 3)* + dimker(Rp) = dim(ker(Rz)* + ker(Rp)) < Nd, (3.75)
but by the above,
dimker(Rz)* + dimker(Rp) > d + (Nd —d+1) = Nd + 1, (3.76)
a contradiction. Hence, there exists 0 # ¢ € ker(R )" Nker(Rpg). In other words, ¢ € CV*? satisfies
Rpc=0and Rzc = pu € CH\{0}. (3.77)

We use this ¢ in (3.66) to define = € ker(p(D)). Then (3.67), applied with both B and B, shows
that

B(D)z(0) = Rge = 0 and B(D)x(0) = Rzc = pu # 0, (3.78)
the latter of which implies that x # 0. Thus, we have constructed x # 0, holomorphic, such that

D)x=0
p(D)x (3.79)
B(D)x(0) =0,

which shows that (6) is false.

Proof of (5) and (6) = (2): First note that (6) implies that there exists at most one solution
to (3.57)), so it suffices to prove the existence of a solution. According to Theorem we can find
a holomorphic y : C — C¥ such that p(D)y = f. According to (5), we can then find a holomorphic
h : C — C¥ such that

p(D)h =0
B(D)h(0) = (&, - - -, &a-1) — B(D)y(0).

Then o = h + y is holomorphic and satisfies (3.57)), and (2) is proved.
It remains to prove that (a), (b), and (¢) hold whenever any and hence all of these conditions
holds. Note that R} is the conjugate transpose associated to Rp and satisfies

(3.80)

Rpc-v=rc:Rpv (3.81)
for all c € CV*? and v € C?, where - is the usual complex inner-product on C? and : is the same for

CN*d. Thus, we know from linear algebra shows that R is surjective if and only if R is injective,
which proves (a).
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The map RpR} is Hermitian and satisfies
ReRiv-v=Risv-Risv = [Riv|*, (3.82)

which together with (a) proves that RpR}; is positive definite and hence invertible. This is (b).
Finally, Proposition shows that p(D)adjp(D)y = f, so if we set ¢ = R5(RpR%) (¢ —
B(D) adjp(D)y(0)) € CV*? we compute

Ric = RsRy(RsRiy) ™ (€ — B(D) adi p(D)y(0)) = € — B(D)adj p(D)y(0). (3.83)
This, , and (3.67)) prove (c). ]

Remark 3.17. The condition from the theorem that the rows of the matriz polynomial Badjp :
C — C™N are linearly independent (mod det p) is called the Shapiro-Lopatinsky condition.

Again, the power of the Shapiro-Lopatinsky condition is that it is a purely algebraic condition
that can be readily checked. Let’s consider some examples.

Example 3.18. Let » € R and
ir D
p(D) = (D . ) . (3.84)

Then det p(D) = —D? + 12, so the determinant-order is 2. We compute

adjp(D) = (:iDr _f > (3.85)

Consider the operators

By(D) = ((1) ‘1)) and By(D) = (10) é) (3.86)
e By(2) adj p(z) — (‘_Z ;f) and By (2) adj p(z) = (_‘Z.jz _“;2) (3.87)
If

(a(=ir) + B(—2), —az + fir) =_,2,,2 0 (3.88)
then there exist polynomials ¢;, ¢, : C — C such that

a(—ir) — Bz = q(2)(r* — 2?)

—az + Biz = gu(2)(r? — 2), (3.89)

and by comparing degrees we readily deduce that a = § = 0. Thus, the Shapiro-Lopatinsky
condition is satisfied by Bj,p and we can solve

p(D)z = f
{Bw)x 0) = (6.6 (3:90)

for arbitrary f € H(C;C?) and &, &, € C.
On the other hand,

((—ir)(—2) —irz, (—ir)(ir) — 2%) = (0, —2* +7%) =_,24,2 0, (3.91)

so the Shapiro-Lopatinsky condition is not satisfied by Bs, p, and we can’t solve the problem p(D)x =
f while specifying B(D)x(0) arbitrarily. JAN
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Example 3.19. Let w € C\{1} and consider

p(D) = (g ;) , (3.92)

which satisfies det p(D) = (w — 1)D and

adjp(D) = (_wD 2)1) . (3.93)
The determinant-order is 1. Consider the initial condition operators
Bi(D)= (1 0) and Bo(D)= (0 1). (3.94)
Then
Bi(z)adjp(z) = (w —1) and Bs(z)adjp(z) = (—2z 2) (3.95)
From these it’s clear that By, p satisfy the Shapiro-Lopatinsky condition but B, p do not. A

Example 3.20. Let
D D3 D? -1
p(D)=|D D*+D D*+D|, (3.96)
0 D D—-1

which means that det p(D) = —2D? and

D(D*—2D*—-1) D(—-D*+42D?—1) D(D*+1)
adjp(D) = D(—D+1) D(D —-1) D(-D-1)|. (3.97)
D2 _D2 D2

The determinant-order is 2. Consider initial condition operators

01 -1 010
By(D) = (O 0 1 ) and By(D) = (1 0 0) ) (3.98)
Then ) ) )
. —22°+z 22—z —2z°—z
Biadipt) = (LT LT TR, (399

and every term in the second row is a multiple of det p(z), so the Shapiro-Lopatinsky condition is
not satisfied by By, p. On the other hand,

) —22 4z 22— 2 —22— 2
By(z)adjp(z) = (25_223_2 98 g, |

(3.100)
and if

a(—22+2) + B(2° —22° — 2) = q1(2)2? and a(2® — 2) + B(—2" +22° — 2) = u(2)2*  (3.101)
then by comparing the linear terms we must have that

a—fF=0and —a—pF=0 (3.102)

and hence o = = 0. Thus By, p satisfy the Shapiro-Lopatinsky condition.
JAN

39



4 General systems on real intervals and with real coeffi-
cients and data

As mentioned above, in many applications of ordinary differential systems we think of the solution
as describing the dynamics of some time-parameterized process, in which case we restrict to 7 =
t € J C R, where J is a nontrivial interval containing 0. By an interval, we mean any nonempty
connected (or equivalently, convex) subset of R; note that we do not require the interval to be
open or closed. By nontrivial we mean J # {0}, i.e. J is not a singleton, in which case J° # &.
Unlike above, when we restrict our attention to real intervals, we can no longer work entirely
with holomorphic functions. Instead, we will substitute holomorphic functions with smooth ones
belonging to the space

C>®(J;CY)y={x:J — C" | 2 is smooth}. (4.1)
In the event that J contains one of its boundary points, for instance J = [0, 00), then we recall that
differentiability is characterized at the boundary point by taking limits from one side only. Given a
polynomial p : C — CV*¥ we continue to view p(D) as a differential operator mapping C>(.J; CY)
to itself the obvious way. We write

ker;(p(D)) = {z € C*(J;C") | p(D)z = 0} (4.2)
to distinguish the kernel in our new space from the holomorphic kernel.
Our first result establishes a basic solvability result when p(D) is elliptic.

Theorem 4.1. Let N > 1 and p : C — C"*¥ be a polynomial of degree n > 1 such that p(D) is
elliptic. Let 0 € J C R be a nontrivial interval. Then for every f € C®(J;CN) and &, ..., &1 €
CN there exists a unique x € C>(J;C") such that

p(D)x = f
{Dkx(o):&c for0<k<n-—1. (4.3)

Proof. The result follows by slightly modifying the proofs of Lemma [1.5 and Theorem replacing
H(C; X) with C°°(J;C"). The only novelty is that smoothness doesn’t immediately follow from
the existence of one derivative via holomorphicity. Rather, the smoothness of = follows from the
equation = = A=+ F'| the fact that F' is smooth, and a simple induction argument. We leave it as
an exercise to fill in the details. O]

We next turn our attention to general systems with positive determinant order. The following
is the analog of Theorem for real intervals in place of C.

Theorem 4.2. Let 0 € J C R be a nontrivial interval, and let N > 2 and p : C — CV be a
polynomial such that p(D) has determinant-order d > 1. There exists a polynomial B : C — CP*N
such that the following hold.

1. For every f € C®(J;CY) and (&,...,&4-1) € C¢ there exists a unique x € C°°(J;CN)

satisfying
p(D)x = f (1.4
B(D)x(0) = (&0, ---,&1-1)-
In other words, the map ® : C°°(J; CN) — C=(J;CN) x C¢ given by
®z = (p(D)z, B(D)z(0)) (4.5)

s an isomorphism.
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2. We have that dim(ker;(p(D))) = d, and the map ker;(p(D)) > z + B(D)x(0) € C% is an
isomorphism.

3. The rows of the matriz polynomial Badjp : C — C™>N are linearly independent (mod det p).

Proof. The proof is essentially identical to that of Theorem [3.13, with the following exception.
When solving the upper-triangular system, when dy > 1 we use Theorem to produce solutions
in C*°(J;C) rather than Theorem . When d; = 0, producing solutions in C*°(J;C) is trivial,
as the scalar operator gy (D) is simply multiplication by a nontrivial constant. We leave it as an
exercise to verify the details. O

We can combine Theorems [4.1| and [4.2 to obtain a deeper understanding of ker;(p(D)).

Theorem 4.3. Let 0 € J C R be a nontrivial interval, N > 1, and p : C — CN*¥ be a polynomial
such that p(D) has determinant-order d > 1. Then

ker;(p(D)) = {z|J | x € H(C;C") and p(D)x = 0}. (4.6)
In other words, ker ;(p(D)) consists of the restrictions to J of the elements of ker(p(D)) C H(C;C").

Proof. We have the obvious subspace inclusion
{z|J |z € H(C;C") and p(D)x = 0} C ker;(p(D)). (4.7)

In light of Theorems and [£.2] to prove equality it suffices to show that the dimension of the space
on the left is d. Let {xg,...,zq-1} C ker(p(D)) be a basis. Suppose that «y,...,aq_1 € C and

Z;é apr, = 0 on J. Since the function on the left belongs to H(C;C") and J° # @, the function
is holomorphic and vanishes on an open set containing a limit point, and hence vanishes identically.
Thus Zz;é o = 0 on C and since this collection is a basis, we deduce that ag = -+ = ag_1 = 0.
Hence, the set of restrictions of {xg,..., 241} to J is a basis. O

As before, the key insight provided by Theorem {4.2|is that the dimension of ker;(p(D)) is d, the
determinant-order of p. This again suggests that we can specify d scalar general initial conditions.
To study these we introduce an analog of Rp from our previous analysis.

Definition 4.4. Let N,d € N\{0}, and let p : C — CN*¥ be a polynomial such that p(D) has
determinant-order d > 1. Let B : C — C™*N be a polynomial with components Bjj, : C — C for 0 <
j<d—1and1<k<N. Consider the polynomial C : C — C*N given by C(z) = B(z) adjp(z).
Let Rj;, : C — C be the polynomial given by Rji =4etp Cji and write

d—1
Rix(2) = Y Rjpmz™. (4.8)
m=0
We then define Rp € L(CN*? C?) via

(Rsc)j =Y Y RjkmChm- (4.9)

The purpose of Rp is seen in the following lemma.



Lemma 4.5. Let 0 € J C R be a nontrivial interval, and let N > 1 and p : C — CV*N be q
polynomial such that p(D) has determinant-order d > 1. Let B(D) : C — C¥¥ be a polynomial
and let Rp € L(CN*4 C%) be the associated map from Definition |{.4. Let Z(detp) C B(0,7) and
define x € H(C;CN) by

d—1

/ ooz adipie(2)caan(z) , (4.10)
OB(0,r)

— = det p(z)

with ¢ € CN*? and {q,}{_} associated to det p. Then the restriction of x to J belongs to C>(J;C"),
and
B(D)x(0) = Rpe. '

Proof. Since the restriction x € H(C;CY) to J is smooth, the result follows immediately from
(2.57) when N =1 and Lemma when N > 2.
O

We now have all of the tools needed to prove the analog of Theorems [2.10| and [3.16, which
reduces the solvability question for the problem

p(D)z = f
{B(D)x(o) = (&, Ean) (4.12)

in C°°(J;CY) to the Shapiro-Lopatinsky condition.

Theorem 4.6. Let 0 € J C R be a nontrivial interval, and let N > 1 and p : C = CV*¥ be a
polynomial such that p(D) has determinant-order d > 1. Let B : C — C™¥ be a polynomial and let
Rp € L(CN*4 C4) be the associated map from Definition . Then the following are equivalent.

Cde

1. The rows of the matrix polynomial Badjp : C — are linearly independent (mod det p).

2. Rp is surjective.

3. If f € C(J;CN) and &, ..., q_1 € C, then there exists a unique x € C*(J;CN) such that

p(D)x = f
{B(Dﬁv 0) = (o,- -, Ean)- (4.13)

4. The map ® : C=(J;CN) — C>=(J;CN) x C* given by
Oz = (p(D)z, B(D)z(0)) (4.14)

18 an isomorphism.

5. For every (&, ...,€q_1) € C? there exists an x € C*°(J;CN) such that

p(D)z =0
{B(D)l“(O) = (&0, Ean) (4.15)
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6. If v € C=(J;C") and
{p(D)x =0 (4.16)

then x = 0.

Moreover, if any of these conditions is satisfied, then the following hold.

(a) The operator R : C* — CN*4 given by

(RE0)km = ) Rjrmv;- (4.17)

1S injective.
(b) RpRy : CL — C? is invertible.

(c) For any f € C®(J;CY) and & = (&,...,&-1) € C?, the unique solution to

p(D)r = f
{B(D S(0) — ¢ (4.18)

is the map x € C=(J; CN) given by

where Z(det p) C B(0,r) and y € C®(J;CN) is uniquely determined by
Dy — f.
DFy;(0) =0 for 0 < k <d.

Proof. The proof is the same as that of Theorem |3.16| except that we substitute the use of Theorem
[3.13| with Theorem [4.2) when N > 2 and Theorem [4.I] when N = 1. We again leave it as an exercise
to verify the details.

0

In switching to studying systems on J rather than C we were forced to switch from using
holomorphic data to smooth data. It turns out that this is a feature rather than a bug, as C*(.J; C")
is closed under complex conjugation, whereas H(C; C") is not. This is important, as it allows us to
port our theory to the special case in which the coefficients of p(D) and B(D) are real. In this case,
we might seek a theory of RN —valued solutions given f € C*(J;RY), and this closure property
facilitates this.

Theorem 4.7. Let 0 € J C R be a nontrivial interval, and let N > 1 and p : C — R¥*N pe q
polynomial such that p(D) has determinant-order d > 1. Let B : C — R be a polynomial and
suppose that the rows of the matriz polynomial Badjp : C — RN are linearly independent (mod
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detp). Then for every f € C(J;RY) and &, ...,&1-1 € R there exists a unique v € C®(J;RY)

such that
p(D)z = f (421)
B(D)x(0) = (&0, ---,&1-1)-
In other words, the map ® : C%°(J;RN) — C=°(J;RY) x RY given by
Sz = (p(D)x, B(D)x(0)) (4.22)

18 an isomorphism.

Proof. Note that &,...,&_1 € R C C and that since RY c CV we can view f € C°°(J;CV).
Then Theorem provides us with a unique x € C*°(J; CV) solving (4.21). Applying the complex
conjugate and utilizing the fact that the coefficients of p and B are real, we find that z € C*>(.J; CV)

satisfies
p(D)z = f
{B(Dﬁ(o) = (&5, €a1). (4.23)

Thus, by the uniqueness assertion of Theorem we have that x = Z and hence that z(t) € RY
for all t € J. ]

Remark 4.8. The explicit formula for x given in part (¢) of Theorem 15 still valid in the case
that p and B have real coefficients, and this formula determines the unique solution to (4.21).

5 Systems on the half line with decay conditions at infinity

We now specialize to the case that our interval is J = [0,00). In some applications of the theory
developed on this interval, the need arises to impose the extra condition on solutions that they
decay to zero as t — co. Our goal now is to develop the theory needed to produce such solutions.

In the simplest setting of the scalar equation ' = —z the solution is (t) = x(0)e™*, which shows
that the solution and all of its derivatives decay exponentially as t — oo. This is the condition that
we will impose on our solutions. We define the appropriate space now.

Definition 5.1. For 1 < N € N we define

C>([0,00); CY) = {x € C*(]0,00); CN) | for each k € N there exists A\, > 0

such that sup e’ |$(k)(t)‘ < oo}. (5.1)
>0

This is the space of smooth CN —valued functions on [0, 00) with derivatives of every order decaying
exponentially ast — co. If p: C — CP¥ is a polynomial we write

ker(p(D)) = {z € C2°([0,00); CV) | p(D)x = 0} (5.2)
to distinguish this kernel from the kernel in H(C;CY).
The following records some basic properties of this space.
Proposition 5.2. The following hold.

1. C>([0,00); CN) is a complex vector space.
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2. C(]0,00);C) is a complez algebra.
3. Ifp: C— CM*N s a polynomial and x € C>([0,00); CY), then p(D)x € C=°([0, 00); CM).
Proof. The first and third items are trivial. The second follows directly from the Leibniz rule. [

Next we show that in the scalar case, all ordinary differential operators act surjectively on our
space C2°(]0, 00); C).

Proposition 5.3. Let p : C — C be a polynomial of degree n € N. Then the linear map p(D) :
C([0,00); C) — C2°([0, 00); C) is surjective.

Proof. The result is trivial if n = 0, as in this case the polynomial p is just a constant ¢ € C\{0},
so we can set x = f/c € C([0,00); C). We reduce, then, to the case n > 1. We can further reduce
to the case that p is monic. Indeed, if p(z) = a,2" + -+ + ag, then the equation p(D)x = f is
equivalent to (D™ 4 -+ 4+ ag/a,)xr = f/a,, so if we can solve the problem with p monic, then we
can solve the problem in general. We assume, then, that p is monic. Fix f € C2°([0,00); C) and let
A > 0 be such that sup,~, e |z(t)] = M < co.

Suppose initially that p has the special form p(D) = D — r for r € R. We will break to cases
based on the size of r relative to . In the first case we assume that r + A < 0, which means that
r < —A < 0. We then define z : [0,00) — C via

x(t) = e”/o e " f(s)ds, (5.3)

from which it easily follows that z is differentiable on [0, 00) and satisfies 2’ = rz + f. Using the
assumed decay properties of f, we may estimate

M

M
rt —(T+>\)t _ 1 < -\t
mrESV )

S Y )\)e (5.4)

t
lz(t)] < e”/ Me= Vs ds =
0

for t > 0. Combining this with the facts that f € C2°([0,00); C) and 2’ = rz+ f, a simple induction
argument then reveals that x € C'2°([0, 00); C).

In the second case we assume r + A = 0 and define z € C*°([0,00); C) exactly as above, but
then we estimate

T
lz(t)| < e”/ Me%ds = Mte ™ < cMe /2 (5.5)
0

for ¢ > 0, where ¢ = sup,> te /2 < 00. Then again, this and the equation 2’ = rz + f imply, via

an induction argument, that x € C2°(]0, 00); C) in this case as well.
In the final case we assume that » + A > 0, in which case we have that

/ e " |f(s)]ds < M/ e~ N3 s < 0o, (5.6)
0 0

This allows us to define z : [0, 00) — C via

z(t) = —e /too e " f(s)ds, (5.7)

where here in the integral we employ the Lebesgue integral on the real and imaginary parts of the
integrand to make sense of the expression. This is justified by the above calculation, which shows
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that the real and imaginary parts are integrable on [0, 0c0). It is then as simple matter to check that
x is differentiable on [0, 00) and 2’ = rz + f. We then estimate

> M M
|£L’<t)’ < 6”/ Me—(r-l—)\)sds _ T_‘__)\erte—(r-'r)\)t _ T_.__)\e—)\t (58)
t

for t > 0, from which can again deduce that x € C2°(]0,00);C) by inducting with the equation
2’ =rx+ f. This completes the proof in the special case p(D) D —r forr e R.

We now consider the slightly more general case of p(D) = D — z for z € C with Im(z) # 0. We
write z = r +1s for r, s € R. Then

p(D)a(t) = f(t) & a'(t) —ra(t) —isz(t) = f(t) & (e7a(t)) —r(e™™a(t)) =™ f(t). (5.9)
Set F': [0,00) — C via F(t) = e ' f(t) and note that F' € C=°(]0, 00); C) as well since

lﬁF@%:KME:—@@TTDU(Xi$“? (5.10)

Using the above special case, we may find y € C2°([0,00); C) solving (D — r)y = F. Similarly, we
define x € C>°([0, 00); C) via z(t) = e*ty(t), and then the above equivalence shows that p(D)x = f.
This proves the theorem in the special case p(D) = D — z for z € C.

The theorem is now proved in the case that p(D) has order n = 0 or n = 1, so assume that
n > 2. Using the fundamental theorem of algebra, we may then factor the polynomial

=[[¢z-2) (5.11)
7j=1

with the understanding that repeated roots are listed multiple times. Using the above, we can find
y1 € C°(]0,00); C) such that (D—z;)y; = f. Again using the above, we can find yo € C2°(]0, 00); C)
such that (D — z1)ys = y1. If n > 3 we iterate, using the above to produce y; € C2°([0, 00); C) such
that (D — z;)y; = y;—1 for j =3,...,n. We then set z =y, € C2°([0,00);C) and note that

(D=2z)=yp1= (D= 2,1)(D = 22)z = (D — 2p1)Yn1 = Yn2
=-=pD)rx=(D—-2z)(D—z)rx=(D—z)y1 = f, (5.12)

which completes the proof in the general case.
O

Remark 5.4. Proposition is the main reason we need to work on [0,00) in studying decaying
solutions. In the complex setting, the integrals on (0,t) can be replaced with road integrals along a
line segment from 0 to 7 € C, but we run into trouble trying define the second type of integral when

Re(7) < 0.

Next we introduce a trio of definitions needed to progress further. The first defines a special
subset of zeros of a holomorphic function.

Definition 5.5. Let X be a complex Banach space and f : C — X be holomorphic. We define
Z_(f)=2(f)n{z € C| Re(z) <0} (5.13)

for the roots of f with negative real part.
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The next definition factors polynomials into products of polynomials with only positive and
negative roots.

Definition 5.6. Let p : C — C be a nontrivial polynomial. Using the fundamental theorem of

algebra, we write
—a H ord(p,w). (514)
weZ(p)

We define the polynomials p* : C — C as follows. If Z_(p) = @, we set p~ = a. On the other
hand, if Z_(p) # & we set
“(2)=a H w)°rdew), (5.15)

weZ_

In either case we define

pt(z) = (5.16)
which means that deg(p~) + deg(p™) = deg(p).
Finally, we define an analog of determinant-order that we call the decay-order.

Definition 5.7. Let N > 1 and p : C — CV*V be a polynomial with determinant-order d > 0. We
define (detp)* : C — C as in Deﬁm’tion and write

d* = deg(det p)* € {0,...,d}. (5.17)
We call d~ the decay-order of p

We now show that in the scalar case the decay-order determines how many initial conditions
can be specified when solving p(D)z = f € C2°([0, 00); C).

Theorem 5.8. Let p: C — C be a polynomial of degree n € N with decay-order d~ € N. Then the
following hold.

1. If &= = 0, then for every f € C°(]0,00);C) there ezists a unique x € C([0,00);C) such
that p(D)x = f. In other words, the map C°([0,00);C) 3 x — p(D)x € C([0,00);C) is a
linear isomorphism.

2. If & > 1, then for every f € C([0,00);C) and &, ..., 1 € C there exists a unique
x € C2(]0,00); C) such that

{ka(O):ﬁk for0<k<d —1. (5.18)

In other words, the map
C>([0,00);C) 3 x = (p(D)x, (x(0),..., D ~'2(0))) € C>([0,00); C) x C* (5.19)

18 a linear isomorphism.
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Proof. Suppose initially that d~ = 0. In light of Proposition [5.3] we only need to prove that
p(D) : C([0,00); C) — C([0, 00); C) is injective. Suppose, then, that z € C'2°(]0, 00); C) satisfies
p(D)z = 0 and set & = D*z(0) for 0 < k < n — 1. According to Theorems and , we then

have that .
Z / o8k (2) (5.20)
“—~2mi Jopory — P(2)

where Z(p) C B(0, R). Proposition [2.1] then allows us to rewrite

p(t)= Y em.(t) (5.21)

2€Z(p)

where 7, : C — C is a polynomial, but since d~ = 0 we have that Z(p) C {z € C | Re(z) > 0}, and
so either z = 0 or else |z(t)] — oo as t — oo. The latter possibility is excluded by the inclusion
x € CX([0,00);C), so we deduce that z = 0. Hence, p(D) is injective and the first item is proved.

Now suppose that 1 < d~ < n. Thanks to Proposition and the uniqueness part of Theorem
[4.1] it suffices to show that for &y, ...,&-_1 € C there exists z € C2°([0,00); C) such that

D)x =0
b (k )z ) (5.22)
DFz(0) =0for 0 <k <d —
Let y € H(C;C) be the unique solution to
“(D)y=0
DFy(0) =&, for 0 < k <d —

Then Theorem and Proposition again show that

n—1

_ 1 e SRk (2) v
_ W/aBOR 2 gs = S emra(r) (5.24)

k=0 r(2) 2€Z(p~)

for polynomials 7,. Since z € Z(p~) implies Re(z) < 0, we deduce that the restriction of y to
[0, 00), which we denote by z, is such that x € C2°(]0,00); C). To complete the proof of the second
item, we then note that p(D)x = p*(D)p~(D)x = p™ (D)0 = 0. O

Next we prove that in the case of a system, the decay-order again determines how many scalar
initial conditions can be imposed. This is a variant of Theorem [3.13| The proof largely follows that
of Theorem but differs in a few key ways, so we include the full details.

Theorem 5.9. Let N > 2 and p: C — C¥ be a polynomial such that p(D) has decay-order d= > 1.
Let g,u: C — CNV*N be the polynomials from Proposition[3.13, so that ¢(D)p(D) = u(D) and u(D)
is in upper-triangular form. Write d;. for the degree of the polynomial uy,(z) for 1 <k < N, which
is nontrivial due to Theorem[3.13. Then the following hold.

1. If we deﬁnesozoandsmzz;lldj*forlgmgl\/, thensogslg'--gsN:Zi\;ld;:
d—.
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2. Define the polynomial B : C — C3 >N yiqg

B(2) h=sm-1 fs <k <s,—1
Z)km = .
F 0 otherwise

for0<k<d —1and1<m < N. Then for every f € C>=([0,00); CY) and (&, ...

CY there exists a unique x € C=([0,00); CN) satisfying

{pw)x = f
B(D)z(0) = (€0, - - £ 1).

3. The map ® : C>([0,00); CV) — C=°(]0,00); CN) x C" given by
bz = (p(D)z, B(D)z(0))

18 an isomorphism.

(5.25)

7€d——1> S

(5.26)

(5.27)

4. We have that dim(ker.(p(D))) = d~, and the map ker.(p(D)) > z — B(D)x(0) € C* is an

1somorphism.

5. The rows of the matriz polynomial Badjp : C — C*¥ *Y are linearly independent (mod

(detp)-).

Proof. The third item is a linear algebraic restatement of the second, and the fourth item follows

easily from the third, so it suffices to only prove the first two and fifth items.
Proposition guarantees that det ¢(z) = +1 and

U Uiz -+ WN N
0 u DY u
qp =u = _ ,22 ] Q,N , SO j:detp:Humm.

. : . . m—1

0 0 - uny

It follows that
N N
+(detp)” = H u, and =+ (detp)t = H ut
m=1 m=1

and hence the degree of (det p)~ equals S°°_. d-. This proves the first item.

m=1"m"

We now turn to the proof of the second item. For z € C>([0, 00); CV) we have that
p(D)z = f < w(D)x = q(D)p(D)x = ¢(D)f € C°([0,00); C").

We thus reduce to solving the upper-triangular problem u(D)xz = ¢(D)f, which reads

U1p U2 -+ UIN
0 up -+ wuan

x=q(D)f € C>([0,00); CM).
0 0 - uyy

The condition B(D)x(0) = (o, ... ,&-_1) is equivalent to

DFsm=1gy (0) =& if sppy <k <sp—1for0<k<d —land1<m<N,
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but note that

Sm-1 <k<8,—-10<k—8,1<8,—Sm1—1=d —1, (5.33)

m

so a condition on z,, is only enforced if d,, > 1. In other words, B(D)z(0) = (&,...,&-_1) is
equivalent to
D'z, (0) = &y, ifd, >Tand 0< ¢ < d, — 1. (5.34)

As in the proof of Theorem [3.13], the advantage of this triangular form is that we can solve the
system iteratively, starting from the final scalar equation, which reads

unn(D)an = (q(D)f)n- (5.35)
If dy > 1 we use the second item of Theorem to solve for a unique x € C°([0, 00); C) satisfying

{UNN(D)IN = <Q(D)f)N

5.36
Doy (0) = &gy, for 0 < <dy —1, ( )

and if dy = 0 we use the first item of Theorem to solve for a unique zy € C([0,00);C)
satisfying uyn(D)xy = (¢(D)f)n. Once we have produced zpi1,...,258 € C°([0,00);C) for
1 <m < N — 1, we then find a unique z,, € C*°([0,00); C) via the m' equation, which reads

Ui (D) = (¢(D) f)im — Z umj<D)$j> (5.37)
m+1<j<N
subject to the extra condition that
D2, (0) = &4y, ifd, >1and 0< (< d, — 1. (5.38)

Proceeding iteratively, we then find the unique functions z,...,zxy € C°([0,00);C) such that
= (z1,...,7x5) € C>(]0, 00); CV) satisfies

{u<D>x = q(D)f

B(D)x(0) = (&, ..., 2q-_1). (5.39)

This proves the second item.

Finally, we turn to the proof of the fifth item. We first claim that the rows of Badjp are
linearly independent (mod (det p)~) if and only if the rows of B adju are linearly independent (mod
(detp)~). To see this we first use the basic properties of the adjugate to write

Badjp=B adj(q_lu) = (Badju) adj(q_l) = (Badju) = +(Badju)g. (5.40)

det g
From this it’s clear that the rows of B adjp are are linearly independent (mod (det p)~) if and only
if the rows of (B adju)q are linearly independent (mod (detp)~), but since ¢ is invertible we have
that

-1 N
D) ai(Badju) jegm =(etp)- 0 for all 1 <m < N, (5.41)
j=0 k=1
if and only if
d=—1
Z aj(Badju)r =getp)- 0 forall 1 <k <N, (5.42)
=0
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and so the claim follows.
We now claim that the rows of Badju are linearly independent (mod (detp)~); once this is
established, the fifth item is proved. The structure of B shows that if
d=—1
Z aj(Badju)i =detp)- 0 for 1 <k <N, (5.43)
j=0
then for 1 < j < N there exist polynomials m; : C — C with coefficients given by partitioning
{ar}¢_;" according to the partitioning from B, with deg(r;) < d; = deg(uj;) such that

N
> wi(adju) ik ey~ 0 for 1 < K < N, (5.44)
j=1
and hence there exist polynomials d; : C — C for 1 < k£ < N such that
N
> mi(adju), = dp(detp)” for 1 <k < N. (5.45)
j=1

Now, since u is upper triangular, adju is as well, and (adju)gx = H#k uj; # 0.
Suppose, by way of contradiction, that m; # 0. Then

N
m(adju)y = 01(detp)” = m Hujj =0 HUJ_J = Hu; = +duy, (5.46)
j#1 =1 #1

but any root of [] i1 u; must have nonnegative real part, so
T, = 07 ug;- (5.47)
Since m; and (adju); are nontrivial, we must have that ¢; is nontrivial as well, but then
deg(uy;) > deg(m) = deg(d; uyy) > deg(uyy), (5.48)

a contradiction. Hence m; = 0.
Using this and arguing similarly, we find that 7y = 0, and upon iterating we deduce that
m = --- = my = 0, and hence that ay = --- = ay = 0. Thus, the rows of Badju are linearly
independent (mod (det p)~).
O

We now aim to study more general initial conditions. To this end we introduce an analog of R
from our previous analysis.

Definition 5.10. Let N,d € N\{0}, and let p : C — CN*¥ be a polynomial such that p(D) ha
decay-order d= > 1. Let B : C — C* *N be a polynomial with components Bjj, : C — C for 0 < j <
d=—1and 1 <k < N. Consider the polynomial C : C — C4 >N gjven by C(z) = B(z)adjp(z).
Let Rj, : C — C be the polynomial given by Rji =etp)- Cjx and write

as

d——1

2)= > Rjm2™ (5.49)
m=0
We then define Rg € L(CN*4" C") via
N d -1
(Rpe); = Z RjgmCrm.- (5.50)
k=1 m=0



The purpose of Rp is seen in the following lemma.

Lemma 5.11. Let N > 1 and p : C — CN*N be a polynomial such that p(D) has decay-order
d= > 1. Let B(D) : C — C¥ *N be a polynomial and let Rp € L(CN*4" CT) be the associated
map from Definition |5.10. Let Z((detp)~) C B(0,7) and define x € H(C;CN) by

1 N d -1
mj(T) - 2_71'2 /=1 k=0

- adj pie(2)coqr(2)
me detp)(z) o

with ¢ € CV*4" and {qk}z;al associated to (detp)~. Then the restriction of x to [0,00) belongs to
Ceo([0,00); C*), and

p(D)z =0 (5.52)
B(D)z(0) = Rpc.
Proof. First note that
N d=—1
1 mi(2) ad c z
p(D) (7_> 271-2 / zp J (dé]tpj)f(() )Kka( )dZ
Cm=1 ko Y 0B(0r) p
d——1 d -1
1 / det p(2)cmrqr(2) 1 /
= — e’ dz = — e (det p) T (2)emrqe(2)dz =0 (5.53
2mi = Jop(o) (det p)~(z) 2mi kz 8B(0,r) ( ) (#)emie(2) (5:53)
by Cauchy-Goursat. Also, by Cauchy-Goursat and Proposition 2.2 we may compute
N d -1 .
1 B (z) adj pje(2)conqr(2)
(BOR(O), =533 [ Bl i
2mi ;MZO 2B(0,r) (detp)=(2)
1 id / Cos(2emar(z) ;. 1 '\~ / Ro(2)canan(2)
= — e g—— — VA
2mi £= = Jopor (detp)=(2) 2mi £~ = Joporn (detp)=(z)
Nd—l chz) N d -1
mZn LkYk
d R, = m- .54
2m =G /83 0,7) (detp)~ = Zl — ween = (Rpe) (5:54)

To conclude it suffices to show that the restriction of x to [0, 00) belongs to C°([0, 00); CV), but this
follows from the expression for z and Proposition [2.1since Z((detp)~) C {z € C| Re(z) < 0}. O

We now have all of the tools needed to prove our main result on the decay problem, which
establishes a number of equivalent ways to guarantee the solvability of p(D)x = f subject to
general initial conditions. The result is the analog of Theorem [3.16f While the proof is similar, it
differs in some key places, so we provide the full details.

Theorem 5.12. Let N > 1 and p : C — CY*V be a polynomial such that p(D) has decay-order
d= > 1. Let B : C — C¥ N be a polynomial and let Rp € LICV*?" C?") be the associated map
from Definition[5.10, Then the following are equivalent.

1. The rows of the matriz polynomial Badjp : C — C¥ *N are linearly independent (mod
(detp)~).
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2. Rp 1s surjective.

3. 1If f € C([0,00);CN) and &, ..., q-_1 € C, then there exists a unique v € C>([0,00); CN)

such that

{MDMZf
B(D)z(0) = (&0, -, &a-—1)-

4. The map ® : C=([0,00); CN) — C>=([0,00); CV) x C¥ given by
Oz = (p(D)z, B(D)z(0))
s an isomorphism.

5. For every (&, ...,&-_1) € CT there exists x € C>°(]0,00); CV) such that

{p(D):v =0
B(D)z(0) = (&, - .., Ea-—1).

6. If v € C=([0,00); CN) and

then x = 0.
Moreover, if any of these conditions is satisfied, then the following hold.
(a) The operator Ry : C& — CN*4" given by

d——1

(REV)km Z Rimv;.

18 injective.
(b) RpRy : CY — C is invertible.

(c) For any f € C>([0,00); CY) and & = (&, ...,&4-_1) € C?, the unique solution to

p(D)x = f
B(D)z(0) = ¢

s given by

sH

——1

Oy LS - adi pie(2)eman(2)
() = 27?2 Z Z /83(07’) (detp)=(2) 4z,

{=1 k=0

where Z((det p)~) C B(0,7), y € C=([0, 00); CV) satisfies p(D)y = f, and

c=Ry(RpRE) " (€ — B(D)y(0)) € CV .

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

(5.62)



Proof. We begin by recalling from Definition that C' = B adjp and

d——1
Cjk’( ) —(detp Z R]kmz (563)

Pick r > 0 such that Z((detp)~) C B(0,r). For a fixed ¢ € CN*" we use Lemma [3.15 to define
x € ker.(p(D)) via

_ b idil/ rzadj pje(2)eman(z) ;. (5.64)
2mi e~ = Jon 07") (detp)~(2) ’
and the lemma implies that
B(D)x(0) = Rpec. (5.65)

With these tools in hand, we now turn to the proof of the various equivalences. The equivalence
of (3) and (4) is trivial, as are the implications (3) = (5) and (3) = (6). To conclude, we will prove
that (1) < (2), (5) < (6), (2) = (5), (6) = (2), and (5) and (6) = (3).

Proof of (1) < (2): Forgetting the matrix structure of C¥*4" | we may view Rp as a matrix in
C4 >N with components (Rp);xm = Rjkm with Rjy,, as above. From this perspective, basic linear
algebra shows that R 5 is surjective if and only if the rows of Rg € C¢ *N9™ are linearly independent,
ie. 30 ' Rjgm =0for 1 <k < Nand 0 <m<d — 1 implies that ag = -+ = ag-_1 = 0.
Thus, to prove the equivalence of (1) and (2) it suffices to prove that the rows of B adjp are linearly
independent (mod (detp)™) if and only if Z;.l;gl ajRjgm =0for 1 <k < Nand0<m<d —1
implies that ag = --- = a4-_1 = 0. To prove this equivalence we note that for aq,...,a4-_1 € C
we have that

d——1 d——1
> R =0for I<k<N,0<m<d -1 Y a;Rpnz"=0for 1<k<N
j=0 J,m=0
d——1 d——1
@Za] k(2 —0for1<k<N(:)Za] Badjp);i(z) =detp 0 for 1 <k < N, (5.66)
7,m=0 7,m=0

from which the desired equivalence directly follows.

Proof of (5) < (6): Define the linear map T : ker.(p(D)) — C? via Tx = B(D)z(0). Then
(5) is equivalent to the assertion that 7" is surjective, while (6) is equivalent to the assertion that 7'
is injective. Theorem tells us that dim(ker,(p(D))) = d~ = dim(C?" ), so we know from linear
algebra that T is injective if and only if it’s surjective.

Proof of (2) = (5): Let (&,...,&-_1) € C¥. Since Rp is surjective We can ﬁnd c e CNxd”
such that Rpc = (&, ... ,&-_1)- Usmg this ¢ in (5.64) defines x € ker.(p(D)), and (5.65)) implies
that

B(D)z(0) = Rpe = (s -+ Eam 1) (5.67)

Thus (5) holds.
Proof of (6) = (2): We will prove the contrapositive. Suppose that (2) is false, i.e. Rp :
CN*d™ — C? is not surjective. We know that

dimran(Rp) + dimker(Rp) = Nd ™, (5.68)

SO

Nd~ — dimker(Rp) = dimran(Rp) <d —1 (5.69)
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and hence

Nd~ —d +1 < dimker(Rp). (5.70)

Let B : C — C% *N be the polynomial from Theorem [5.9if N > 2 and be given by By (z) = 2"
if N=1. Let Rz : CV*4" — C be the map associated to B as in Definition . When N > 2,
Theorem 5.9 shows that the rows of Badjp are linearly independent (mod (detp)~) so by the
(1) < (2) assertion above, applied with B, we know that R ; is surjective in this case. On the other
hand, if N =1, then the surjectivity of R follows from (applied with B in place of B ) and
the second item of Theorem 5.8 Then

dimker(Rz) = Nd~ —dimran(Rpz) = Nd~ —d~, (5.71)
SO
dimker(Rz)" = Nd~ — dimker(R3) = d~, (5.72)

where ker(R )t € CV*4" denotes the orthogonal complement of ker(R 3).

Now, if ker(R3)* Nker(Rg) = {0}, then
dim ker(R z)* + dimker(Rp) = dim(ker(Rz)* + ker(Rp)) < Nd~, (5.73)
but by the above,
dimker(Rz)* + dimker(Rp) > d~ + (Nd~ —d~ +1) = Nd~ + 1, (5.74)

a contradiction. Hence, there exists 0 # ¢ € ker(Rz)* Nker(Rp). In other words, ¢ € CV*4"
satisfies

Rpc=0and Rzc = pu € C* \{0}. (5.75)

We use this ¢ in (5.64)) to define z € ker.(p(D)). Then (5.65), applied with both B and B, shows
that

B(D)z(0) = Rgc = 0 and B(D)x(0) = Rzc = pu # 0, (5.76)
the latter of which implies that # # 0. Thus, we have constructed 0 # z € C%°([0,00); C) such
that

D)x =0
(D) (5.77)
B(D)x(0) =0,

which shows that (6) is false.

Proof of (5) and (6) = (2): First note that (6) implies that there exists at most one solution
to , so it suffices to prove the existence of a solution. According to Theorem m we can find
y € C°([0,00); CV) such that p(D)y = f. According to (5), we can then find h € C>°([0, 00); CV)

such that
{p(D)h =0
B(D)h(0) = (o - - -+ &a-—-1) — B(D)y(0).

Then x = h+y € C([0,00); CV) satisfies (5.55)), and (2) is proved.
It remains to prove that (a), (b), and (¢) hold whenever any and hence all of these conditions
holds. Note that R} is the conjugate transpose associated to Rp and satisfies

(5.78)

Rpc-v=c:Rzv (5.79)
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for all c € CV*? and v € C?, where - is the usual complex inner-product on C? and : is the same for
CN*d. Thus, we know from linear algebra shows that R is surjective if and only if R is injective,
which proves (a).

The map RpRj is Hermitian and satisfies

ReRiv-v=Risv-Risv = [Riv|*, (5.80)

which together with (a) proves that RpRj; is positive definite and hence invertible. This is (b).
Finally, let y € C>([0,00); CY) be such that p(D)y = f. If we set ¢ = R5(ReRy) (& —
B(D)y(0)) € CN*4" | then we compute

Rpe = RyRy(RuRy) (€ — B(D)(0)) = € — B(D)y(0). (5.81)
This, , and prove (c). ]

Remark 5.13. Again, the condition that the rows of the matriz polynomial Badjp : C — C4 *N
are linearly independent (mod (det p)~ ) is called the Shapiro-Lopatinsky condition. Recall that when

N =1 we set adjp = 1, so the Shapiro-Lopatinsky condition is only concerned with the operator B.
Let’s consider some examples.

Example 5.14. Consider the scalar operator p(D) = —D? + 1% = (=D +7r)(D +7) for r € (0,00).
Then p~(2) = z + r, so p has decay-order 1. Consider the operators B;(D) = 1 and By(D) = D.
Neither 1 nor z are equal to 0 (mod z + r), so By,p and By, p satisfy the Shapiro-Lopatinsky
condition.

JAN
Example 5.15. Let r € (0,00) and consider
—D? +r? 0 ir
p(D) = 0 -D*+7r* D|. (5.82)
w D 0

We saw in Example [3.6| that det p(D) = (D? —r?)> = (D — r)*(D + r)?, which means p(D) has
determinant-order 4 and decay-order 2. We compute
—D? irD ir(D? — r?)
adjp(D) = irD r? (D*—r?)D (5.83)
ir(D*—r?) (D*—=1r*)D (D? —r?)?

and (det p(z))~ = (2 +r)?. Consider the operators

By(D) = G) ; 8) and By (D) = (lg o ?) (5.84)
o B = (32 1 S0 (5.85)

and it’s easy to deduce from the second column that the Shapiro-Lopatinsky condition is satisfied.
On the other hand,

Baadin) = (7ot W) AT = (0) e 6o
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satisfies

2r3  2ir® 0 —4r? —2ir? 4ard
a(=r) = (—22’r3 28 0) and ¢'(=r) = (2ir2 0 47"3> ’ (5.87)
so if
aqi(2) + Bg2(2) =42 (0 0 0) (5.88)
then
aqi (=) + Bga(—r) = 0 and aqy(2)(—r) + Bgy(—r) = 0, (5.89)

which implies that
a(2r®) 4+ B(—2ir*) = 0 and a(—2ir?) + 30 = 0, (5.90)
and since r # 0 we deduce that « = § = 0. Thus Bs, p also satisfy the Shapiro-Lopatinsky condition.
JAN

We can also consider the special case of real coefficients in p and B in the decay problem. This
leads us to an analog of Theorem [4.7] in which we write

([0, 00); RY) = {f € C([0,00); CV) | £(£) € R for all £ € [0, 00)}. (5.91)

Theorem 5.16. Let N > 1 and p : C — RY*N be a polynomial such that p(D) has decay-order
d=>1. Let B : C — R¥ >N be a polynomial and suppose that the rows of the matriz polynomial
Badjp: C — R >N qgre linearly independent (mod (detp)~). Then for every f € C>([0,00); RY)
and &, . .., €41 € R there exists a unique x € C>([0,00); RY) such that

p(D)z = f
{B(D)x 0)= (€ Ea ) 5:92)
In other words, the map ® : C°([0, 00); RY) — C°(]0,00); RY) x R given by
bz = (p(D)zx, B(D)xz(0)) (5.93)

18 an isomorphism.

Proof. The proof is the same as that of Theorem except that we use Theorem in place of
Theorem [4.6] O

A Some reminders from complex analysis

Here we record three results from complex analysis. The first is a standard formula for computing
residues.

Proposition A.1. Let @ # U C C be open and f : U — CU{oo} be meromorphic. For zy € P(f)
we have that

Res(f, z9) = ! lim 4 B ((z = = )Ord(f’z")f(z)) (A.1)
7T (ord(f, 20) — 1)1 =20 \ dz 0 '
In particular, if zy is a simple pole, then
Res(f, z0) = lim (z — z0) f(2). (A.2)
Z—rZ20
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The residue theorem also allows us to easily compute integrals involving certain rational func-
tions.

Proposition A.2. Let X be a complex Banach space, and suppose that ¢: C — X andp: C — C
are polynomials such that deg(p) > deg(q) + 2. If Z(p) C B(0, R), then

/ 1y, (A.3)
oB(O,R) P

Proof. Define I : [R,o0) — C via

1 q
I(r) = — 1 (A4
21t Japos) P )

Since p and ¢ are polynomials, we can pick constants Cy, C, Cy € (0, 00) such that
p(2)] 2 Co 2" — Cy and lg(2)|[x < Ca1+ |2]**@). (A.5)
Hence, the condition deg(p) > deg(q) + 2 implies that

2rr  la(2)llx _ Cor(l+ i)
BT = 0 : A6
[I(r)] < 2T ﬁl\i}f Ip(z)] — Corde®) — 4 —Uasr— o0 (A.6)

On the other hand, the rational function ¢/p is meromorphic on C, so the residue theorem implies
that
I(r) = > Res(q/p,2). (A7)
z€Z(p)

This means that I is a constant function that vanishes at infinity, and hence I(r) = 0 for all
r > R. O

The third result shows the continuity of the roots of a polynomial with respect to the coefficients.
To formulate the continuity assertion we will use the Hausdorff metric A on the set of nonempty
compact subsets of C, £(C). Recall that, given a metric space X, the Hausdorff metric space H(X)
consists of all nonempty closed subsets of X and that

R(X)={9# K C X | K is compact} C H(X) (A.8)
is the subspace of nonempty compact sets in X.

Theorem A.3. Let 1 < n € N and define the open set U = {a = (aq,...,a,) € C"* | a, # 0}.
For a € U let p, : C — C be the polynomial p,(z) = >__, axz". Define the map ® : U — K(C) via
®(a) = Z(p,) = p, ' ({0}). Then ® is continuous.

Proof. See, for instance, Theorem 3.25 in [5]. O

References
[1] S. Agmon, A. Douglis, L. Nirenberg. Estimates near the boundary for solutions of elliptic partial

differential equations satisfying general boundary conditions II. Comm. Pure Appl. Math. 17
(1964), 35-92.

58



[2] J. Dieudonné. Foundations of Modern Analysis. Pure and Applied Mathematics, Vol. X Aca-
demic Press, New York-London, 1960

[3] E. L. Ince. Ordinary Differential Equations. Dover Publications, New York, 1944.

[4] E.G.C. Poole. Introduction to the Theory of Linear Differential Equations. Clarendon Press,
Oxford, 1936.

[5] 1. Tice. A Crash Course in Complex Analysis. Available online:
http://math.cmu.edu/"iantice/notes/complex_notes.pdf

59



	Overview
	Elliptic ordinary differential systems in arbitrary dimension
	Scalar differential equations with general initial conditions
	General finite dimensional ordinary differential systems
	General systems on real intervals and with real coefficients and data
	Systems on the half line with decay conditions at infinity
	Some reminders from complex analysis

