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Abstract. The group of symplectic matrices is explicitly parameterized and this description
is applied to solve two types of problems. First, we describe several sets of structured symplectic
matrices, i.e., sets of symplectic matrices that simultaneously have another structure. We consider
unitary symplectic matrices, positive definite symplectic matrices, entrywise positive symplectic ma-
trices, totally nonegative symplectic matrices, and symplectic M-matrices. The special properties of
the LU factorization of a symplectic matrix play a key role in the parametrization of these sets. The
second class of problems we deal with is to describe those matrices that can be certain significant
submatrices of a symplectic matrix, and to parameterize the symplectic matrices with a given matrix
occurring as a submatrix in a given position. The results included in this work provide concrete tools
for constructing symplectic matrices with special structures or particular submatrices that may be
used, for instance, to create examples for testing numerical algorithms.
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1. Introduction. Let I,, denote the n-by-n identity matrix and J the 2n-by-2n
matrix

= [ _(}n " ] (1.1)

J is an orthogonal, skew-symmetric real matrix, so that J ! = J7 = —J.

DEFINITION 1.1. A 2n-by-2n matriz S with entries in C (R) is called symplectic
if S*JS =J (STJS =J).

For the sake of brevity most of the results in this paper are presented only for
complex symplectic matrices. They remain valid for real symplectic matrices by
replacing every conjugate tranpose matrix, A*, by the tranpose A”. Notice also that
the complex matrices satisfying S*JS = J are sometimes called conjugate symplectic
matrices in the literature [10, 37].

The set of symplectic matrices forms a group. This group is very relevant both
from a pure mathematical point of view [18], and from the point of view of applica-
tions. For instance, symplectic matrices play an important role in classical mechanics
and Hamiltonian dynamical systems [1], in particular, in the theory of parametric
resonance, a problem that have received recent attention from the matrix analysis
community [23]. They are also used in electromagnetism [48]. Symplectic integrators
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are the preferred methods for the numerical solution of the differential equations ap-
pearing in these physical problems because they preserve the Hamiltonian structure
[45, 46, 47], and in these integrators symplectic matrices arise. A natural extension
of these methods is for solving linear Hamiltonian difference systems [9], and here
symplectic matrices also occur. Moreover, eigenvalues and eigenvectors of symplec-
tic matrices are important in applications like the discrete linear-quadratic regula-
tor problem, discrete Kalman filtering, the solution of discrete-time algebraic Riccati
equations, and certain large, sparse quadratic eigenvalue problems. See [33, 34, 41, 42]
and the references therein. These applications have motivated the development of
numerical structured algorithms for computing eigenvalues and eigenvectors of sym-
plectic matrices—see [16] for a complete treatment of this topic and [5, 6, 17] for three
interesting original references—, as well as for computing certain specific factorizations
of symplectic matrices [7]. In general, these algorithms are potentially unstable (al-
though they work very well for most symplectic matrices) and, therefore, a careful
testing process is necessary to assess their practical numerical behaviour. These tests
require to construct symplectic matrices with particular properties and the results
presented in this work provide a variety of ways for performing this task.

The symplectic matrices are implicitly defined as solutions to a quadratic matrix
equation. This definition is very convenient for checking if a matrix is symplectic
and for proving certain properties of symplectic matrices, but, for instance, it is
not convenient for constructing symplectic matrices. The implicit definition of the
symplectic matrices makes it difficult to work with them in theory, and, also, in nu-
merical algorithms. The main goal of this paper is to present an explicit description
or parametrization of the group of symplectic matrices, i.e., to find the set of solu-
tions of the matrix equation S*JS = J. This description is based on two previous
results: Proposition 2.36 in [40], a result whose theoretical relevance has not been
fully appreciated, and the complementary bases theorem in [14, Theorem 3.1].

The classical parametrization of the symplectic group relies on the fact that every
2n-by-2n symplectic matrix is a product of at most 4n symplectic transvections [2].
See also [36] where a modern proof of this fact is presented. Symplectic transvections
can be easily constructed, and so symplectic matrices. However, this parametrization
does not allow us to know directly how the entries of a symplectic matrix are related
to each other, to construct easily symplectic matrices with special structures, or to
recognize if a certain matrix can be a submatrix of a symplectic matrix, which is
the first step towards solving symplectic completion problems [28]. In addition, in
numerical practice, multiplication by a symplectic matrix may be unstable and the
computed product of several symplectic matrices may be far from being symplectic. A
parametrization as a finite product of certain elementary unitary-symplectic matrices
has been also developed for the unitary-symplectic group [43]. Another work in this
line is [32].

A different parametrization of the matrix symplectic group as a finite product of
elementary symplectic matrices can be inferred from [3], where the authors present a
method to reduce every symplectic matrix to butterfly form by using symplectic sim-
ilarities. Symplectic butterfly matrices are at the heart of the most efficient structure
preserving algorithms for the symplectic eigenvalue problem [5, 16, 17]. The butter-
fly form is closely related to tridiagonal matrices, and 2n-by-2n symplectic butterfly
matrices can be simply parameterized using 4n — 1 parameters. As a consequence,
an arbitrary 2n-by-2n symplectic matrix can be parameterized as the product of
(n — 1) symplectic Gauss matrices [16] and their inverses, (n? —n) symplectic Givens
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matrices [16] and their inverses, 2(n — 2) symplectic Householder matrices [16] and
their inverses, one parameterized symplectic butterfly matrix, and, very rarely, some
symplectic interchange matrices. The number of parameters in this parametrization
is optimal because it coincides with the dimension of the symplectic group. This
parametrization has the same drawbacks as the classical parametrization previously
mentioned.

The parametrization of the symplectic group that we present describes the entries
of the matrices and can be very useful in different contexts. In this work, we apply
it to solve two types of problems: first, to parametrize sets of structured symplectic
matrices, i.e., sets of symplectic matrices that also have another structure; second,
to describe those matrices that can be certain significant submatrices of a symplec-
tic matrix, and the parametrization of the symplectic matrices with a given matrix
occurring as a submatrix in a given position. We will see that these parameteriza-
tions provide concrete tools for constructing matrices with special structures or fixed
submatrices that may be used, for instance, to test numerical algorithms.

In the first class of problems, we describe the sets of unitary symplectic matrices,
positive definite symplectic matrices, entrywise positive symplectic matrices, totally
nonegative symplectic matrices, and symplectic M-matrices. Loosely speaking, one
can say that these sets contain many nontrivial elements, except in the case of the set
of totally nonnegative symplectic matrices, where we prove, in dimensions larger than
two, that all its elements are diagonal and that there are no symplectic matrices that
are totally positive or oscillatory. Our results can be used to easily generate symplectic
matrices that have the additional structures previously mentioned, something that is
not obvious from the definition of a symplectic matrix.

The structure of the matrix J in (1.1) makes it natural to consider any 2n-by-2n
symplectic matrix in the partitioned form

S11 Sz
= 1.2
S [ So1 S ] ! (12)

in which S1; is n-by-n. We shall use this partition throughout this work without
explicitly referring to it. Therefore, unless otherwise stated, the reader should under-
stand every 2-by-2 partitioned matrix appearing in the text with the dimensions of
(1.2).

The partition in (1.2) is related to the second class of problems we consider. We
call these problems subparametrization problems. In this context, we parametrize
the set of symplectic matrices whose (1,1)-block has given rank (the same can be
obviously done for any other block). As a consequence of this result, we show that
any n-by-n matrix can be one of the blocks appearing in (1.2), and, if we fix a matrix
A as one of these blocks, the set of symplectic matrices having A as the corresponding
submatrix is explicitly parametrized. We will see that this problem is much simpler
in the case one of the blocks is nonsingular. In fact, the set of symplectic matrices
whose, say, (1,1)-block is nonsingular has a simple structure that makes it easy to
work with it from several points of view. We also show that this set is an open
dense subset of the group of symplectic matrices. These topological features imply
that some properties of symplectic matrices can be proved first for the matrices whose
(1,1)-block is nonsingular and then be extended to any symplectic matrix by a proper
limiting argument. We will also parametrize the set of 2n-by-n matrices that can be
the first (or the last) n columns of a symplectic matrix, and the set of symplectic
matrices whose first n columns are fixed. Also some results on principal submatrices
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of dimension larger than n of symplectic matrices are presented. It is interesting to
remark that to study subparametrization problems with respect to the partition in
(1.2) is related to intrinsic properties of symplectic geometry. For instance, it is well
known that the columns of a 2n-by-n matrix span a Lagrangian subspace if and only
if this matrix is the submatrix containing the first n-columns of a symplectic matrix
[18] (see also [19, Proposition 1.4]).

The paper is organized as follows: Section 2 contains basic and previous results
that will be used in the rest of the paper. In Section 3 the explicit description of
the symplectic group is presented. The special properties of the LU factorization
of symplectic matrices are discussed in Section 4. This will be used in Section 5,
where several sets of structured sympletic matrices are described. Subparametrization
problems are studied in Section 6 and the brief Section 7 contains the conclusions.

2. Preliminaries. The set of all m-by-n matrices with entries in F (F = R or
C) is denoted by M,, ,(F), and M, ,(F) is abbreviated to M, (F). We will use in
some results MATLAB [39] notation for submatrices: A(i : j, k : 1) will denote the
submatrix of A consisting of rows i through j and columns k through I; A(i : j,:) will
denote the submatrix of A consisting of rows ¢ through j; and A(:, k : {) will denote
the submatrix of A consisting of columns & through I.

The following properties are very easily proved from Definition 1.1 and will be
often used: the product of two symplectic matrices is also symplectic, and if S is
symplectic then S=! and S* are symplectic. We will also need the following auxiliary
lemma.

LEMMA 2.1. Let X, Z,G,Y, A, B,C € M,(C). Then

1. The matriz ] is symplectic if and only if X = X*.

[I 0
X7
2. The matrix [I z

[

1] is symplectic if and only if Z = Z*.

3. The matrix v

4. The matrix [

I+ BA.
Proof. The first three items follow trivially from Definition 1.1. Let us prove the

fourth item. Let us denote S = [} é] If A= A*, B= B*, and C = I + BA then,

SRR
" | B I+BA| | B I o I\’
where the factors in the right hand side are both symplectic as a consequence of the
first and second items. Thus S is symplectic. Now, we prove the converse. The
equation S*JS = J implies B = B*, C = I + B*A, and A*C = C*A. Then
A*+ A*BA = A+ A*BA, which implies A = A*. a

The next result is an n-by-n block LU factorization of a symplectic matrix. It
appears in [40] and is the first key result on which many other results in this work are
based. A proof is presented for completeness.

THEOREM 2.2. [40, Prop. 2.36] Let S = [g; 2;2] € My, (C) be symplectic and
S11 be nonsingular. Then

- I 0 S0 I S, S
S_{Szlsnl IH 0 Sﬁ*HO o 21)

where the three factors are symplectic, equivalently, where S’QlSﬂl and SilSlg are
Hermitian matrices.

] is symplectic if and only if Y = G™*.

0
G
0Y

éé] is symplectic if and only if A = A*, B = B* and C =
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Proof. The matrix

{Snl 0 ]s[ I S8
0 Sh ST1821 571522

is symplectic because it is the product of two symplectic matrices. The fourth item
of Lemma 2.1 implies that 51_11512 and S7; 5921 are Hermitian, and that S7; S22 = I +
SiklsQlSilSlQ. Notice that 52151*11 = Sﬁ*(Si*ngl)Sfll is also Hermitian. Therefore,
we have already proved that the three factors appearing in the right hand side of (2.1)
are symplectic because the off-diagonal blocks in these factors are Hermitian. We still
have to prove that equation (2.1) holds. From S};S2 = I + SfnglSl_llSlg, we get
S = S22 — 52151_11512. The result follows from the identity

S:{ I OHS11 0 HI SnlSu}
Sy St T 0  Sop—SnS;'S12 || 0 I '

d

In the proof of Theorem 2.2, we have proved the next result on Schur complements
in symplectic matrices.

COROLLARY 2.3. Let S = [g; g;ﬂ € M, (C) be symplectic and S11 be nonsin-
gular. Then the Schur complement of S11 is S;", i.e., S;;" = Saz — 5215;11812,

The symplectic matrices introduced in Definition 2.4 will appear in several results.
They are traditional interchange matrices except for the fact that the sign of one of
the rows (or columns) is changed to preserve the symplectic structure. They have
been previously used in [4, 31].

DEFINITION 2.4. Let 1 < j < n. The symplectic interchange matriz I1; is the
2n-by-2n matriz obtained by interchanging the columns j and j + n of the 2n-by-2n
identity matriz and multiplying the jth column of the resulting matriz by —1. The
symplectic interchange matriz I1; is the 2n-by-2n matriz obtained by interchanging
the columns j and j+n of the 2n-by-2n identity matriz and multiplying the (j +n)th
column of the resulting matriz by —1. Notice that HJT = ﬁj.

Notice that II; (II;) can be also obtained by interchanging the rows j and j+n of
the 2n-by-2n identity matrix and multiplying the (j + n)th (jth) row of the resulting
matrix by —1.

Next, we state the second key result on which the rest of the results in this
paper are based: the complementary bases theorem proved in [14]. To this purpose,
we need to introduce the following notation: || denotes the cardinality of a set a.
Moreover the binary variables p and ¢ can take as values 1 or 2, and p’ and ¢’ denote,
respectively, the complementary variables of p and gq.

THEOREM 2.5. [14, Th. 3.1] Let S = [g;i g;z] € M, (C) be symplectic. Suppose
that rank(Spq) = k, p,q € {1,2}, and that the rows (columns) of Spq indexed by «,
a C{l,...,n} and |a| = k, are linearly independent. Then the rows (columns) of
Sprg (Spq) indezed by o, the complement of «, together with the rows (columns)
of Spq constitute a basis of C", i.e., they constitute a nonsingular n-by-n matriz.

The reader should notice that Theorem 2.5 was proved for matrices S satisfying
ST JS = J and with entries in any field, but it remains valid for the matrices defined
in Definition 1.1. This is commented after the proof of Corollary 3.2 in [14]. We will
also use the following consequence of Theorem 2.5.

COROLLARY 2.6. Let S = [g;l g;;] € Ms,(C) be symplectic and Sq1 be singular.
Then there exist matrices @ and Q' that are products of at most n different symplectic
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interchange matrices such that Q S and S Q' are symplectic matrices with nonsingular
(1,1)-block.

Note that according to Theorem 2.5 the matrices @ and @’ in Corollary 2.6 may
be not unique.

3. Parametrization of the set of symplectic matrices. The first result we
present is Theorem 3.1 that parametrizes the set of symplectic matrices whose (1,1)-
block is nonsingular. The same can be done for any other of the four blocks in the
partition (1.2), because, by multiplying a symplectic matrix on the left, on the right,
or on both sides by the matrix J, any of the blocks can be placed in the position
(1,1) and the matrix remains symplectic. This remark applies to many of the results
in this paper.

THEOREM 3.1. The set of 2n-by-2n complex symplectic matrices with nonsingular
(1,1)-block is

SO I 0 G 0 I E
C I 0 G 0 I
€ ) nonsingular }

([ @ GE G (
“\lce G*+cGE | =0 E=E*

G € M, (C) nonsingular
C=C*, E=FE*

Proof. According to Theorem 2.2 every symplectic matrix with nonsingular (1,1)-
block can be written as

[20][6 &[1 E) wa cmonpor G

Conversely, every matrix like the one in (3.1) is symplectic because it is a product of
three symplectic matrices. See Lemma 2.1. ]

REMARK 1. Notice that the set S™V) is parametrized in terms of the entries of G,
C and E. In the case of real symplectic matrices these entries amount to 2n? 4+ n real
parameters.! Note that for complex matrices the fact that the diagonal entries of C
and E are real numbers prevents to parametrize SV in terms of complex parameters,
although it is obvious that it depends on 4n? real parameters. To avoid such minor
complications, from now on, we will only present the number of parameters for subsets
of real symplectic matrices. The interested readers can count the parameters in the
complex case from the descriptions we will introduce. Notice that 2n® + n is precisely
the dimension of the real symplectic group [18, Lemma 1.15], so the parametrization
in Theorem 3.1 is optimal in this respect.

Theorem 3.1 implies that every nonsingular n-by-n matrix is the (1,1)-block of
a symplectic matrix. More precisely, given an arbitrary nonsingular n-by-n matrix
G, the set of symplectic matrices whose (1, 1)-block is G can be parametrized by the
entries of the Hermitian matrices C' and F appearing in Theorem 3.1. So, for real
matrices this set depends on n? 4+ n parameters. Theorem 6.6 will show that every
n-by-n matrix, singular or not, is the (1, 1)-block of a symplectic matrix.

1 Note that the n? entries of G are not totally free parameters because G is nonsingular. However,
for instance, the whole set of nonsingular n-by-n matrices can be explicitly parameterized with n?
parameters as G = IILU, where II is an arbitrary permutation matrix, L is an arbitrary lower
triangular matrix with ones on the diagonal, and U is an arbitrary upper triangular matrix with
nonzero diagonal entries. The nontrivial entries of L and U amount to n? free parameters. In this
work, for simplicity, we will frequently use the entries of nonsingular matrices as free parameters of
certain sets without writing explicitly these matrices in nonsingular form.
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It is easy to construct examples of symplectic matrices whose four blocks are
singular, therefore S(1) is not the whole set of symplectic matrices S. However, we
will prove in Section 6.2 that S™'1) is a dense open subset in S. Here, we are using on
S the subspace topology induced by the usual topology in Ms,(C), i.e., the topology
associated with any norm defined on Ms,,(C). This means that a subset G C S is open
(closed) in S if G is the intersection of S and an open (closed) subset of My, (C). The
fact that S is dense and open in S implies that many properties of the set S can
be obtained by proving first the corresponding property in S and then applying
a proper limit argument. The advantage of this approach is that S('") admits the
simple explicit parametrization presented in Theorem 3.1 and this makes simple to
work in this set.

The next theorem describes explicitly the whole set of symplectic matrices.

THEOREM 3.2. The set of 2n-by-2n complex symplectic matrices is

I 0 G 0 I E Ge Mn((c*) nOnSingglar
Q a product of symplectic interchanges
{0 G GE . G Gof\fn(c(g) ngnizrgglar
N CG G™*+CGE =C*, E=

Q@ a product of symplectic interchanges

The symplectic unitary matriz Q is a product of at most n different symplectic inter-
change matrices. The matriz QQ may also be placed on the right side of the product.
Proof. The result follows by combining Corollary 2.6 and Theorem 3.1. a
A different explicit description of the set S will be discussed in Remark 2 in
Subsection 6.1. Theorem 3.2 is not a strict parametrization, because given a sym-
plectic matrix S, several matrices ) may exist that allow us to express .S in the form
appearing above for different sets of parameters.

4. The LU factorization of a symplectic matrix. The existence of the LU
factorization of a symplectic matrix is completely determined by properties of its
(1,1)-block. Moreover, the LU factors of a symplectic matrix have a very special
structure that will play a key role in Section 5, where sets of symplectic matrices with
additional structures are studied. Some of these additional structures imply further
properties on the LU factors that allow us to describe explicitly relevant subsets of
symplectic matrices. In this paper, we adopt the usual convention that in the LU
factorization of a matrix, A = LU, the L factor is unit lower triangular and the U
factor is upper triangular. The next theorem presents the most important properties
of the LU factorization of a symplectic matrix.

THEOREM 4.1. Let S = [g; g;;] € My, (C) be symplectic. Then

1. If S has an LU factorization then the factorization is unique.

2. S has LU factorization if and only if S11 and S;;* have LU factorizations.

3. S has LU factorization if and only if S11 is nonsingular and has LU and UL
factorizations.

4. S has LU factorization if and only if det S11(1 : k,1 : k) - det S11(k : n, k :
n)#0 fork=1,...,n.

5. If S11 = L11U11 and S;i" = LooUse are LU factorizations, then the LU
factorization of S is

Ly 0 Ui L' S ]
g : 1 11
[ So1Us;" Lo ] [ 0 U (41)
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6. The LU factors of S are symplectic if and only if S11 is diagonal and non-
singular.
Proof. 1. Symplectic matrices are nonsingular and the LU factorization of a
nonsingular matrix is unique when it exists [24, Theorem 3.2.1].
2. If S has LU factorization, S = LU, then the factorization is unique. Therefore,
all the leading principal minors of S are nonzero [25, Ch. 9]. This implies that Si; is
nonsingular and that (2.1) holds. By combining (2.1) with S = LU, one gets

Sy 0 ] I 0 I —=S3'Sie 1\ _ 77
o s ] (s 1) [0 e ])=m

This means that LU is the LU factorization of [Sél 59*]' Let us write the previous
11
equation as
511 0 -
0 S|

Then, it is straightforward to see that Zgl = (712 =0, Si1 = Zuﬁu, and S =
Eggﬁgg. This proves S1; and S;;" have LU factorizations.

Conversely, if S1; and S7;* have the LU factorizations Sy; = L1;Uy; and S =
LooUss then we obtain from (2.1) that

g = [ L1 0 ] [ U L Si ]
S21U1_11 L22 0 U22

Ly, 0

Be 0 ][ 0n O
L21 L22

0 Uz

is the LU factorization of S. This also proves item 5.

3. Simply notice that if Si; is nonsingular then S;;* = LooUss if and only if S13 =
Ly Usy", ie., S;i" has LU factorization if and only if Si; has UL factorization.

4. Tt follows from the fact that S7;* has LU factorization if and only if det S7;*(1 :
k,1:k)+#0, for k =1,...,n. This is equivalent to det S11(k : n,k : n) # 0, for
k =1,...,n, taking into account the well known expressions for the minors of the
inverse [26, Sec 0.8.4] and that S1; is nonsingular.

5. It was proved in the proof of 2..

6. If Sq; is diagonal and nonsingular then in (4.1) L1; = Laog = I, U1 = S11, and
Uss = S177. So, the L factor of S is [521{91_11 ?], which is the first factor in (2.1) and,
therefore, it is symplectic. The U factor is [351 5%12*]’ which is the product of the
second and third factor in (2.1) and, therefore, symplectic.

Conversely, if the LU factors of S are symplectic then the matrices L = [ ¢ “11, 0 ]

S21U" Laz

0 U
that Uyy is nonsingular then the block factorization (2.1) holds for U with the (2,1)-

block equal to zero. Therefore, Use = U;*. But Usg is upper triangular and U;;* lower
triangular, hence Uy is diagonal. A similar argument on L implies that Lo = L7,
hence L1; = I. This shows that S7; = Uy, is diagonal. 0

We have seen that, except in the very particular case that Sp; is diagonal and
nonsingular, the LU factors of a symplectic matrix do not inherit the symplectic
structure. If one insists on preserving this structure then block LU factorizations
have to be considered. Apart from the block LU factorization appearing in Theorem

2.2, we have these other two block LU-like factorizations?.

and U = [U“ Lff;jm} in (4.1) are symplectic. The fact that U is symplectic implies

2Notice that the factorizations in Theorem 4.2 are not block LU factorizations in the sense defined
in [25, p. 246] because they do not have identity matrices on the diagonal blocks of the L matrices.
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THEOREM 4.2. Let S = [gi g;;] € M2, (C) be symplectic. Then

1. If S11 is nonsingular and has the LU factorization S11 = L11U11 then

S:{ Ly, 0 ][Un L111512}
S Ut Ly 0o Uy |’

and both factors are symplectic.
2. If S;i* has the LU factorization S;;" = LaaUsa then

g_| Lm0 Usy' L3ySio
SglUQ*Q L22 0 U22 ’

and both factors are symplectic.
Proof. Both results follow straightforwardly from (2.1). O

5. Structured sets of symplectic matrices. This section is devoted to the
study of five subsets of symplectic matrices: unitary symplectic matrices, positive def-
inite symplectic matrices, entrywise positive symplectic matrices, totally nonnegative
symplectic matrices, and symplectic M-matrices.

5.1. Unitary symplectic matrices. The results presented in this section for
complex unitary symplectic matrices remain valid for real orthogonal symplectic ma-
trices by replacing conjugate transpose (x) by transpose (T"), and unitary by orthogonal
matrices.

The intersection between the unitary and the symplectic groups is treated in
general references, as for instance [18]. In addition, a parametrization of this group in
terms of finite products of certain elementary symplectic-unitary matrices is described
in [43]. We present in this section an alternative description by blocks of the unitary-
symplectic matrices in terms of unitary and Hermitian matrices.

It is well-known that the set of 2n-by-2n unitary symplectic matrices is [44, p.
14]

U= Q1 Q2 | QIQ1+Q3Q2=1
N _{[_Q2 Ql] Q%QQ—Q;QlZO}' (5.1)

This result is easily proved because if S is simultaneously symplectic and unitary then
JS = SJ. This implies the block structure appearing in (5.1). The conditions on
Q1 and Qs follow from imposing S*S = I (or equivalently S*JS = J) to the matrix
S = [_Qle 8?] However, (5.1) is not an explicit description of the set SY because
the n-by-n matrices @1 and @2 are defined through a system of quadratic equations.
In Theorem 5.1 we describe explicitly SV in terms of n-by-n Hermitian and unitary
matrices, and of products of at most n symplectic interchange matrices of dimension
2n-by-2n. A related result that allows us to generate unitary symplectic matrices
according to the Haar measure was presented in [35].

THEOREM 5.1. The set of 2n-by-2n unitary symplectic matrices is

sv=lo (I+C)~V2u —c+c*»~YuU
C(I+ 02)71/2(] (I+C«2)71/2U
U € M, (C) unitary
C=C*"e M,(C) )
Q a product of symplectic interchanges
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where the symplectic unitary matriz Q is a product of at most n different symplectic
interchange matrices and (I + 02)1/2 denotes the unique positive definite square root
of I + C?. Besides, if U is unitary and C is Hermitian then

(I+Cc*))"V2u  —Cc(I+c*»~YUu
cC(I+c*»\?2u (1+c*-2u

[é ?H(HCE)W (1+g2)1/2Hé ng 3—]-(5-2)

Proof. According to Theorem 3.2 we have to prove that every unitary symplectic
matrix with nonsingular (1,1)-block can be written as (5.2), and, conversely, that
every matrix of the form (5.2) is unitary and symplectic. This latter fact can be
easily proved by checking that every matrix S of the form (5.2) satisfies S*S = T
and S*JS = J (or notice that the matrix in (5.2) is the product of three symplectic
matrices by Lemma 2.1, and, therefore, is symplectic).

To prove that every unitary symplectic matrix with nonsingular (1, 1)-block is of
the form (5.2), let us remember that Theorem 3.1 states that every symplectic matrix
with nonsingular (1, 1)-block can be expressed as

e GE
~ | CG G*+CGE |

S (5.3)

with G nonsingular and C = C*, E = E*. The equation S*S = I is equivalent to

(1,1) —block G*G+G*C*G =1 (5.4)
(2,1) — (1,2) —blocks EG*G+ G 'CG + EG*C*G =0 (5.5)
(2,2) —block EG*GE+ (G™*+CGE)* (G™*+CGE)=1. (5.6)

The equation (5.4) implies
I=G*(I+C%G = ((I+CHV2G)* (I +C*Y2q),
therefore
G=(I+C*»7V2U with U unitary. (5.7)

Notice that equation (5.5) can be written as E(G*G + G*C?G) + G™1CG = 0, and
with (5.4), we get

E=-G"'0G.
This result can be combined with (5.7) to get
E=-U*CU. (5.8)

Equation (5.6) is directly satisfied by G and E given by (5.7) and (5.8). So, the
Hermitian matrix C' and the unitary matrix U remain as free parameters. The result
is proved by substituting (5.7) and (5.8) in (5.3). 0

As in Theorem 3.2, the description presented in Theorem 5.1 is not a strict
parametrization because given a unitary symplectic matrix S, several matrices
may exist that allow us to express S in the form appearing in Theorem 5.1. However,
it is a strict parametrization in the case of unitary symplectic matrices whose (1,1)-
block is nonsingular, because then @ is not present, and, given .S, there exists only
one pair of matrices C' and U to represent S as in Theorem 5.1.
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5.2. Positive definite symplectic matrices. Theorem 5.2 presents the most
relevant properties of positive definite symplectic matrices. Item 5 was proved in a
much more general setting in [38, Sec. 3]. We include the proof of this item for
completeness.

THEOREM 5.2. Let S = [Sli S’”] € M, (C) be Hermitian and symplectic. Then

1. S is positive definite if and only if S11 is positive definite.
2. The set of positive definite symplectic matrices is

SPD{[I oHG 0 H.r c}: GeMn(C)positivedeﬁmte}

C I 0 G 0 I c=c*
_ G GC G € M,(C) positive definite
n CG G '+cCGC |- c=c* '

3. For real symplectic matrices the set SP depends on n® +n parameters.> For
complex matrices, see Remark 1.

4. If S is positive definite and S11 = L11L7, is the Cholesky factorization of S11
then S = HH*, in which

Lqq 0
= { Soilyy” Lyy }

is symplectic.

5. If S is positive definite then the unique positive definite square root of S is
symplectic.

Proof. 1. If S is positive definite then all its principal submatrices are positive
definite. Hence, S7; is positive definite. Conversely, if S7; is positive definite then it
is nonsingular, and S;;* = Sp;' is also positive definite. The factorization (2.1) can
be written in this case as:

I 0 S 0 I 01"
S = _ _ _ , 5.9
{ 5215111 I} { 0 5111 } { 5215111 I} ( )

S11

which implies that S is positive definite because [ S—l} is positive definite.
11

2. According to (5.9), every positive definite symplectic matrix can be written as

ols & 6)

with G positive definitive and C' Hermitian. To prove the converse, simply notice that
any matrix as in (5.10) is symplectic, because it is the product of three symplectic
Inc?trices, and is positive definite because it is congruent to the positive definite matrix
|

Z[i. ﬁl it]em 2., G contributes with (n? + n)/2 parameters and the same holds for C.
4. Tt follows from (5.9) by taking into account that in (5.9) the three factors are
symplectic.

5. Let S1/2 be the unique positive definite square root of S. Notice that S = §1/251/2
implies that S—! = (S/2)~1(SY/2)~1, so the positive definite square root of S~!

3Every n-by-n positive definite matrix can be written as G = LL*, with L lower triangular with
positive entries on the diagonal. Therefore, the whole set of n-by-n positive definite matrices can be
explicitly described using as free parameters the (n? 4+ n)/2 nontrivial entries of L.
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is (S~H1/2 = (S1/2)~1. Let us denote this matrix simply by S~'/2. Notice that
SJS = J because S is symplectic and Hermitian. Then S = JS~1J* = (JS~1/2J*)2,
The matrix JS~Y/2J* is positive definite. This means that S*/2 = JS~/2J* and
S1/2J812 = J, ie., SY/? is symplectic. ]

An alternative proof of the last item in Theorem 5.2 relies in the special struc-
ture of the singular value decomposition of a symplectic matrix, see [50, Theo-
rem 2]. This result easily implies that if S is symplectic and positive definite then
S = U diag(3, 1 U*, where U is unitary symplectic and X is diagonal with all its
diagonal entries larger than or equal to one. Therefore, S'/? = U diag(X'/2, £-1/2)U*
and this matrix is symplectic since the three factors are symplectic.

5.3. Entrywise positive symplectic matrices. The purpose of this section
is to show that there exist real symplectic matrices whose entries are all strictly
positive. This is in contrast to real orthogonal matrices, because it is clear that there
are no orthogonal matrices of dimension larger than one with all the entries strictly
positive. We will also show how to generate entrywise positive symplectic matrices.
These results are simple consequences of the parametrization in Theorem 3.1. Given
a matrix A, we write A > 0 if all the entries of A are positive. According to Theorem
3.1, entrywise positive symplectic matrices can be constructed through the following
three steps: L

1. Select arbitrary real n-by-n matrices G >0, C = CT >0, and E = ET >0
such that G is nonsingular. ~
2. Select a number a > 0 such that a«CGE + G~T > 0. Obviously o may be

any positive number such that o > max;; (—(G*T)ij/(CGE)ij).

3. Define E = oF.
Then the matrix

G GE
[ CG G T+CGE }
is symplectic with all the entries positive.

The previous procedure does not generate all the possible entrywise positive sym-
plectic matrices because, for instance, given G > 0, nonpositive matrices C' such that
CG > 0 may be easily constructed. This shows that to describe explicitly the whole
set of entrywise positive symplectic matrices is difficult.

5.4. Totally nonnegative symplectic matrices. The matrices with all mi-
nors nonnegative (positive) are called totally nonnegative (TN) (totally positive (TP)).
They appear in a wide area of problems [20, 21] and many numerical linear algebra
tasks can be very accurately performed on nonsingular TN matrices when they are
properly parametrized [29, 30]. If a matrix A is TN and A* is TP for some positive
integer k then A is called oscillatory. TN matrices are matrices with real entries,
therefore in this section we will only consider real symplectic matrices.

It is obvious that there exist TN symplectic matrices because the identity is TN
and symplectic. The existence of oscillatory or TP symplectic matrices is not evident.
Let us begin by considering this existence problem. We start by describing the set of
2-by-2 TN symplectic matrices.

THEOREM 5.3. The matriz S € Ma(R) is symplectic and TP (TN) if and only if
det S =1 and s;; > 0 (s;; > 0) for all (i,7). Additionally, S € My(R) is symplectic
and TN but not TP if and only if s;j > 0 for all (i,7), se2 = 1/s11, and s12521 = 0.
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Proof. The proof is straightforward. We sketch the main ideas. A real 2-by-2
matrix is symplectic if and only if its determinant is 1. Besides, a real 2-by-2 matrix
is TP (TN) if and only if all its entries and its determinant are positive (nonnegative).
For the last part, notice that if a 2-by-2 TN symplectic matrix is not TP then at least
one of its entries is zero. But the diagonal entries are necessarily different from zero
because, otherwise, det S = —ai2a21 < 0. O

Therefore the set of 2-by-2 TP symplectic matrices depends on three parameters
and can be easily described, because if three arbitrary positive values are chosen for
$11, $12 and s91 then sy is obtained from det S = 1 as s99 = (14-812821)/$11. However,
Theorem 5.4 shows that this is the end of the story, in the sense that for dimensions
larger than 2 there are no TP symplectic matrices, nor oscillatory symplectic matrices.

THEOREM 5.4. Let S € M, (R), with n > 1, be symplectic. Then S is neither
TP, nor oscillatory.

Proof. Let us assume that S is TP and we will get a contradiction. If S is TP
then S has an LU factorization, S = LU, whose factors are triangular totally positive
(ATP) matrices [11]. This means that all the “non-trivial” minors of L and U are
positive, where we understand by “trivial” minors of a lower (upper) triangular matrix
those minors that are zero for every lower (upper) triangular matrix with the same
dimension [11, 15]. Besides, if S is symplectic then (4.1) is the LU factorization of
S, and Loy and Uz are both ATP because they are submatrices of ATP matrices.
Notice that in this case Sl_lT = LooUsy, with T (transpose) instead of * (conjugate
transpose) because we are dealing with real matrices. This implies that SflT is TP
[15, p. 700], so S;;' is TP. On the other hand Sy, is TP because it is a submatrix
of the TP matrix S. Then, the well-known adjoint formula [26, Sec. 0.8.2] for the
elements of the inverse guarantees that all the entries of Sp;' are different from zero
and the sign of (S;;");; is (—1)"*7. Thus S;;* has negative entries if n > 1. This is in
contradiction with S;;' being TP.

Proceed again by contradiction for the oscillatory case. If S is oscillatory then S*
is TP for some positive integer k. This is impossible if n > 1 because S* is a product
of symplectic matrices, and, therefore, it is symplectic. 0

The last task of this section is to describe the set of 2n-by-2n TN symplectic
matrices. For n > 1, this is simply the set of symplectic diagonal matrices with
positive diagonal entries. We need the simple Lemma 5.5 to prove this result in
Theorem 5.6. Lemma 5.5 appears implicitly in [29, p. 4], but we do not know an
explicit statement of it.

LEMMA 5.5. Let A be a p-by-p nonsingular TN matriz. (i) If a;1 = 0 for some
i>1thenan =0 forl=14,...,p; and (i) if a1; =0 for some j > 1 then ay; =0 for
l=34,...,p.

Proof. We only need to prove (i) because (ii) follows from applying (i) to AT. A is
nonsingular, thus there exists at least one nonzero element in its ith row. Let a;; # 0,
k > 1, be such an element. Let us consider the minors det [gli Z”’;] = —apa;, > 0 for
l=1i+1,...,p. The entries of A are nonnegative, therefore these inequalities imply
ap=0forl=di+1,...,p. ]

THEOREM 5.6. The set of 2n-by-2n, n > 1, TN symplectic matrices is

At

STN — [g D_l] D= , A >0 fori=1,...,n
An



14 F. M. DOPICO AND C. R. JOHNSON

Proof. 1t is obvious that every matrix [D D*l] with D positive diagonal is sym-
plectic and TN. It remains to prove that every TN symplectic matrix is a matrix of
this type. Let S = [g; g;z] be TN and symplectic then: (i) S is TN and nonsingular;
(ii) S has a unique LU factorization whose factors are also TN [12, 15, 22]; (iii) this
LU factorization is given by (4.1), and, therefore, Loy and Usy are TN; and (iv) Si;
is TN and nonsingular, and, therefore, (Sﬁl)ij < 0 whenever i + j is an odd number.
This last inequality is a consequence of the classical adjoint formula for the elements

of the inverse. Property (iii) implies that S;;" = LaaUsy is TN. Thus, from (iv),
(S55)ij =0 if i+ is an odd number. (5.11)

In particular, (S;;")12 = (S37 )21 = 0 and by Lemma 5.5, (S;;7)1; = (S;;7 )i = 0
for [ = 2,...,n. This implies that Sl_lT(Q : n,2 : n) is nonsingular. By (5.11),
(SﬁT)k,kH = (SﬁT)kH_k = 0 for all k£, so Lemma 5.5 can be successively applied on
the TN nonsingular matrices (S;,")(k : n,k : n), k = 2,...,7n, to prove that S;;" is
diagonal. We have proved that

Sjp=D and S;' =D,

with D positive diagonal. This means, in the notation of (4.1), that L1 = Les = I,
Ui = D, and Usy = D71, and the LU factorization of S = LU is

o[ I 0][D s
o Sng_l 1 0 D' |-

According to (2.1), Sp1D~! and D~1S;, are symmetric matrices. This can be com-
bined with Lemma 5.5 applied successively to the TN nonsingular matrices L(k :
2n,k:2n) and U(k : 2n,k : 2n), for k =1,...,n, to show that S1o = S2; = 0. O

5.5. Symplectic M-matrices. M-matrices occur very often in a wide variety of
areas including finite difference methods for partial differential equations, economics,
probability and statistics [8, Ch. 6]. In this section we want to find the set of
matrices that are simultaneously symplectic and an M-matrix. Therefore we consider
only nonsingular M-matrices. Many equivalent definitions of an M-matrix exist. We
adopt the following one [27, p. 113].

DEFINITION 5.7. A € M, (R) is an M-Matriz if a;; < 0 for i # j and Re()\) >0
for every eigenvalue \ of A.

As in Section 5.4, we will consider in this section symplectic matrices with real
entries because M-Matrices have real entries.

The proof of Theorem 5.8 below has the same flavor as the proof of Theorem
5.6. It is again based on the special properties of the LU factors of M-Matrices. The
condition that the matrix H DK is diagonal, appearing in Theorem 5.8, is not explicit
and it may seem awkward at a first glance but Lemma 5.9 will show that the sign
structures of H, K, and D make it extremely simple to choose matrices H and K
such that HDK is diagonal for any positive diagonal matrix D.
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THEOREM 5.8. The set of 2n-by-2n symplectic M-matrices is

D € M, (R) positive diagonal
SM _ 1 0][D 0 }{IK ) H=HT <0
)| H I 0 D! 0 I |- K=K"<0
HDK diagonal
D € M, (R) positive diagonal
D DK ) H=HT <0
HD D‘l—I—HDK} K=K"<0 ’
) HDK diagonal

where the inequalities H <0 and K <0 mean that h;; <0 and k;; <0 for all i, j.
Proof. In the first place we will prove that any matrix of the form

I 01D o I K| [ D DK (5.12)
H I 0 D! 0 I | | HD D'+ HDK |’ ‘

with D positive diagonal, H = H” < 0, K = K < 0, and HDK diagonal, is
symplectic and an M-matrix. The matrix in (5.12) is the product of three symplectic
matrices, see Lemma 2.1, therefore it is symplectic. Note also that the product of the
last two factors in the left hand side of equation (5.12) is an upper triangular matrix
whose diagonal is diag(D, D~1), so this product is the U factor of the LU factorization
of the matrix in the right hand side of (5.12). This implies that the leading principal
minors of this matrix are positive because they are products of entries of D and D!
[25, Eq. (9.1), p. 161]. Besides, the matrix in (5.12) has nonpositive off-diagonal
entries and, therefore, it is an M-matrix by [27, Theorem 2.5.3, p.114-115].

In the second part of the proof, we will see that every symplectic M-matrix can

be written as in (5.12). Let S = [g; g;z] be a symplectic M-matrix then: (i) Sy is
an M-matrix [27, p. 114]; (ii) Sy; is nonsingular and S;;' > 0 componentwise [27,
Theorem 2.5.3]; (iii) S has a unique LU factorization and both factors are M-matrices

[27, p. 117]; and, (iv) the LU factorization of S = LU is given by (4.1). Thus
S5 = LagUsy > 0, (5.13)

and Lgs and Uss are M-matrices because they are principal submatrices of the M-
matrices L and U. This means, in particular, that the diagonal entries of Loy and
Usys are positive while the off-diagonal entries are non-positive. If this information is
combined with (5.13), we get in MATLAB notation: Lg2(2 :n,1) =0 and Usa(1,2 :
n) = 0; then Ly3(3 : n,2) = 0 and Uz(2,3 : n) = 0; ... ;Laa(n,n—1) = 0 and
Usa(n — 1,n) = 0. We have proved that Lag, Uz, and Sl_lT are diagonal positive
matrices. Let us denote

Sjy=D and S;T =D,

with D positive diagonal. This means, in the notation of (4.1), that L1 = Les = I,
Ui = D, and Uy = D!, and the LU factorization of S = LU is

S — I 0 D S . I 0 D 0 1 Dilslg
- SQlDil I 0 D! - 521D71 I 0 D! 0 I ’

where, according to (2.1), Sz1 D! and D~1S15 are symmetric matrices, and Sp; D=1 <
0 and D~1S;5 < 0 because the LU factors of S are M-matrices. Therefore, we have
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proved that every symplectic M-matrix S can be expressed as:

S_IODO I K1 [ D DK
T H I 0 D1 0 I | | HD D'+ HDK |’

with D positive diagonal, H = HT < 0and K = KT < 0. Notice that the off-diagonal
elements of D™' + HDK are less than or equal to zero because S is an M-matrix,
but, on the other hand, D~' + HDK > 0. This implies that HDK is diagonal. ]

LEMMA 5.9. Let D, H, and K be n-by-n real matrices such that D is positive
diagonal, H=H" <0, and K = KT < 0. Then

1. HDK s diagonal if and only if HK is diagonal.
2. HK is diagonal if and only if for every (i,j) such that h;; = hj; # 0,

ki =k =0 forl # j, and kjp = kyp; =0 for p # 1.
Notice that item 2. implies that for every pair h;; = hj; # 0 the only elements that
can be different from zero in the rows i and j and in the columns i and j of K are
precisely ki; = kj;.

The proof of this Lemma is trivial. The important point with respect to Theorem
5.8 is that once arbitrary matrices D, positive diagonal, and H = HT < 0 are chosen,
a set of zero entries of K is easily fixed, and those entries of K that are not in this
set can be arbitrarily chosen with only the constraint K = K7 < 0. Obviously, it
is possible to choose H, D and K arbitrary diagonal matrices with the required sign
constraints. It is also possible to choose H = HT < 0 completely arbitrary, however,
loosely speaking, the nonzero off-diagonal entries of H impose many zeros on K by
Lemma 5.9. Let us illustrate this with a simple example.

EXAMPLE 1. Let us assume that an arbitrary positive diagonal matrixz D has been
chosen, and H = HT < 0 is such that

)

0
H=|x
0

X © X

0
X
0

where X denotes a negative entry. Then neccesarily K = 0. Note that Lemma 5.9
and hio = hoy # 0 tmply that all the entries in the rows 1 and 2 and the columns 1
and 2 of K are zero except perhaps k1o = ko1. But k1o = ko1 are also zero because
hos = hsa # 0. This also implies that kss is zero and so K = 0. This ezample extends
easily to prove that K = 0 if H is an irreducible tridiagonal matriz.

6. Subparametrization problems and consequences. Several results in this
section are stated for the (1, 1)-block of a symplectic matrix. The reader should notice
that similar results hold for any other of the four blocks in the partition (1.2), because
by multiplying a symplectic matrix on the left, on the right, or on both sides by the
matrix J any of the blocks can be placed in the position (1,1) and the matrix remains
symplectic. A similar remark holds for the results we present for the first n columns
of a symplectic 2n-by-2n matrix.

6.1. Symplectic matrices with (1,1)-block of given rank. This section
extends Theorem 3.1 to symplectic matrices whose (1, 1)-block has a given rank that
is different from n. The result we present, Theorem 6.2, is different from Theorem 3.2
because symplectic interchanges among different blocks in the partition (1.2) are not
allowed. The results in this section are based on the following simple lemma, whose
trivial proof is omitted.
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LEMMA 6.1. The set of n-by-n complex matrices with rank k is
X, :| X, € Mkm(C) , B e Mn—k,k((c)

FX, rank(X7) =k

MFC)={P {
P € M, (C) permutation matriz

A counterpart of Lemma 6.1 by “columns” is obviously possible if the permutation
matrix is placed on the right. The explicit description of the set MF(C) presented
in Lemma 6.1 is not a “rigurous” parametrization because given an n-by-n matrix
A with rank(A) = k, there may exist several permutation matrices P such that A
can be expressed as P[ F)gél]. This is a fact similar to that appearing in Theorem
3.2. However, if this indeterminacy in the permutation is ignored, the description in
Lemma 6.1 is optimal because the number of free parameters,* i.e., the number of
entries of X; and F, is 2kn — k2. This is precisely the dimension of the manifold of
matrices with rank at most k [13, Lemma 3.3]. Another relevant fact to be remarked
here is that given A with rank(A) = k, once the permutation matrix P is chosen,
there are only one matrix X; and only one matrix F' such that A = P [ F);J

The main result in this section is Theorem 6.2, which reduces to Theorem 3.1 if
rank(S11) =n and P = I,,.

THEOREM 6.2. The set of 2n-by-2n symplectic matrices S = [
S11 € M, (C) and rank(S11) = k is

S11 Si2

S Sn] , where

Xl XlE
8(1’1) N PO Oy X4 Xi*(k%—l :TL,Z)+021X1E
Y0P CnCoX | X (k) +[CnCyXE
—X, _X,F
) X1 € Mo (C), P e M,(C) permutation matriz
x=| % € M,,(C) nonsingular , G O € M, (C) Hermitian
| X2 Co1 0

E =E* e M,(C)

Notice that Cy1 € My(C) follows from [ngﬁ] € M, (C), and that this theorem holds
true for k = 0 if we consider that X1, C11, Ca1 are empty matrices, P =1,,, X = Xo,
and the (1, 1)-block [ij;(l] =0¢e M,(C).

REMARK 2. Notice that Theorem 6.2 provides the following explicit description
of the group S of symplectic matrices: S = J_, 8,51’1). This description is different
from the one presented in Theorem 3.2, because the permutation ¢ in Theorem 3.2
interchanges rows between different blocks. However, both descriptions are based on
the same ideas: Theorems 2.2 and 2.5. Notice that a counterpart of Theorem 6.2 with
the permutation P on the right is also possible.

Proof of Theorem 6.2. First, we prove that every matrix of the form

X3 X, E

[P 0 :| Cy1 X4 X_*(k+11n,l)+021X1E (61)
0P [C.1CyH]X | X *(Q:k,)+[Ci C5]XE | '
— X ~XoF

4 Analogously to the footnote 1, the kn entries of X; are not totally free parameters due to
the rank condition on X;. But the whole set of k-by-n matrices with rank k£ can be explicitly
parameterized in terms of nk parameters as X7 = IILUII’, where L is an arbitrary k-by-k lower
triangular matrix with ones on the diagonal, U is an arbitrary k-by-n upper triangular matrix with
nonzero diagonal entries, and II and II’ are arbitrary permutation matrices.
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with the properties mentioned in Theorem 6.2 is symplectic and the rank of its (1,1)-
block is k. This latter fact is obvious. To prove that the matrix in (6.1) is symplectic
notice that

Xl XlE
ﬁ ﬁ Cy X1 Xi*(k—FlZTL,Z)—FCnglE _
n MO G X | X "1k, )+[C1 C3 ] X E
— X, —XoF
X | XE
Cn O3 . Cn G5 ;
{ o | XX+ O XE

where ﬁj are the symplectic interchange matrices introduced in Definition 2.4. The
matrix in the right hand side of the previous equation is symplectic by Theorem
3.1, therefore the second factor in (6.1) is also symplectic because II,, - - -4 is
symplectic. Combining this with the fact that S = [15 2,] is symplectic, we get that
any matrix as the one in (6.1) is symplectic.

Now, let us prove that every symplectic matrix S = [g; g;ﬂ with rank(S11) = k

can be expressed as (6.1). By Lemma 6.1 S7; = P[C;{}XJ, where X; € My, ,,(C) and
rank(X7) = k. Thus, we can partition

X1 Y

PT| 0 | CaXy Yy

[ 0 PT}S_ 7 el (6.2)
X, | —K,

Theorem 2.5 guarantees that the n-by-n matrix [ﬁ;] is nonsingular. Thus the sym-
plectic matrix

X1 Y
~ ~ pPT 0 X K5
R {ﬂ?ﬁ} =177 TR

Ca1 Xy Y,

has its (1, 1)-block nonsingular and has the structure described in Theorem 3.1, i.e.,

X, { X, }E
_ T X. X.
i, Ty |0 | 5= 2 - , (6.3)
0P o[ X X o[ %] g
X, X, X,

with C' = [gi Cgl |. The structure (6.1) appears when S is found from equation (6.3).
O

COROLLARY 6.3. The set of 2n-by-2n real symplectic matrices whose (1,1)-block
has rank k depends on

(n—k)* + (n— k)

o2n? —
n“+n 5

real parameters. For complexr matrices, see Remark 1.
Proof. This is just the sum of free entries in X = [ﬁﬂ, Ci1, Co1 and E. |
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6.2. S(1D is a dense open subset of S. As announced in Section 3, the set
SWD) of symplectic matrices whose (1,1)-block is nonsingular is a dense open subset
in the group of symplectic matrices, S, when we consider in S the subspace topology
induced by the usual topology on My, (C). The purpose of this section is to prove
this result. Although it can be accomplished through general properties of algebraic
manifolds, we follow here a different way based on the explicit description presented
in Theorem 6.2. We begin with the technical Lemma 6.4 that shows how to generate
a sequence of symplectic matrices whose (1,1)-block is nonsingular and whose limit
is a given symplectic matrix S.

LEMMA 6.4. Let S € Ms,(C) be a symplectic matriz whose (1,1)-block has rank
k, and let us express S according to Theorem 6.2 as follows

Xl XlE
S_|:P0:| Cy1 X4 X‘*(k+1:n,:)+C21X1E
0 ‘ P [Cll C;l} X Xi*(]. : ]f, Z) + [Cll C;l] XFE ’
— X5 - XoF

where X1 € My, »,(C), P € M,(C) is a permutation matriz, X = [Xﬂ € M,(C) is

X
nonsingular, and [g; Cgl] and E are n-by-n Hermitian matrices. Let {02(%) =1 C

M,,_(C) be any sequence of nonsingular Hermitian matrices such that limg_ 02(3) =
0. Then the sequence

Iy, 0 0 0 L Iy, 0

Sl — {i‘i} [ Co 02(3) ]X [ 0 Ini } L { Can Cég) ]XE
o 0P Ci1 051 I, 0 —x Cn C;l

{ 0 Ly S Lo o] X T 0 1, |XE

satisfies
1. S s symplectic for all ¢ € {1,2,...}.
2. The (1,1)-block of S\D is nonsingular for all ¢ € {1,2,...}.
3. lim, o, S@ = 8.
This lemma holds true for k = 0 under the same considerations for which Theorem
6.2 does.
REMARK 3. It is very easy to create sequences {02(%) =1 C M, (C) as those
appearing in Lemma 6.4. For instance C’ég) = diag(1/q,...,1/q) is one of them.
Proof of Lemma 6.4. Tt is straightforward to check that the (1,1)-block of S(@ is
nonsingular for all ¢ and that lim, S(@) = §. To prove that S(9 is symplectic for
all ¢ notice that

ol o X | XE
I, - Tqa { } S = { Cn G5 ] _ { Cu C3 ]
0 |P X | X7+ XFE
Co O3 e

The right-hand side of the previous equation is symplectic by Theorem 3.1, and

1L, - -- f[k;+1 and [POT POT} are obviously symplectic, therefore S(9 is symplectic. O

Now, we prove the main result in this section.

THEOREM 6.5. S s a dense open subset of S when we consider in S the
subspace topology induced by the usual topology on Ma,(C).

Proof. Lemma 6.4 implies that every symplectic matrix whose (1,1)-block is
singular is the limit of a sequence of symplectic matrices with nonsingular (1,1)-

blocks. Therefore SV is dense in S. Now, let us prove that SV is open in
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S. Let S = [gi gg] e SO g = [gii giz] € M>,(C) with S}, singular, and
o, be the smallest singular value of Si1;. Let ||Alla be the spectral norm of the
matrix A. Then, it is well-known that ||S — 5’|z > [|S11 — Siill2 = on [49]. So,
C={R=[p1E2] € M,(C) : |S—R|2 < 0,} is an open set in My,(C) with
Ry1 nonsingular. By definition of the subspace topology, S N C is open in S, besides
SeSne, and SNC c SOV, This means that S is an interior point of S(M1), which

proves that S(Y is open in S. ]

6.3. The (1,1)-blocks of symplectic matrices and the set of symplectic
matrices with fixed (1, 1)-block. Theorem 6.2 allows us to answer the following
two questions: (i) what matrices can be the (1, 1)-block of a symplectic matrix?; (ii) if
the (1,1)-block of a symplectic matrix is fixed, what is the set of symplectic matrices
that have this (1,1)-block?

THEOREM 6.6.

1. Every n-by-n complex matriz is the (1,1)-block of a symplectic matriz.

2. Let G be an arbitrary n-by-n complex matriz with rank k. If G is expressed
as G = P[CleJ’ where P is an n-by-n permutation matriz, X1 € My, (C), and
rank(X1) = k, then the set of symplectic matrices whose (1,1)-block is G is

X, X\E
S o |:PO:| 021X1 X*(k—Fl n, )+021X1E
¢ 0P [CLiC3]X | X "(1:k,:)+[Ci C3| X E
—X, _X,FE
X, . .
Xo € My n(C) such that X = Y, | € M, (C) is nonsingular, (6.4)
2 )

Cy1 = Cikl S Mk((C) , EF=FE*€ Mn((C)
The set Sg for real matrices depends on

n2+n+k2+k
2 2

+(n—k)n

parameters. For the complex case, see Remark 1.

Proof. Let G be any n-by-n matrix with rank k. Then one can express G =
P[C;{% ] by Lemma 6.1. Theorem 6.2 shows how to construct symplectic matrices
whose (1,1)-block is G by choosing arbitrary matrices Xo € M,,_ ,(C) such that
[ﬁ;] is nonsingular, C1; = Cf; € My(C), and E = E* € M, (C). This proves that
every n-by-n matrix is the (1, 1)-block of a symplectic matrix. All the matrices in the
set (6.4) have G as its (1,1)-block and they are symplectic by Theorem 6.2. Besides,
it is clear from the fact that P and [Xl] are nonsingular that different selections of
X5, C11, and F produce different symplectlc matrices with (1,1)-block equal to G,
i.e., the (n?+n)/2+ (k*+k)/2+ (n—k) n entries of X5, C11, and E are not redundant
parameters. The final step is to prove that every symplectic matrix whose (1, 1)-block
is G can be expressed as in (6.4). This can be done by the argument presented after
(6.2). O

6.4. The first n columns of symplectic matrices and the set of sym-
plectic matrices whose first n columns are fixed. Theorem 6.2 also allows us
to answer the following two questions: (i) what 2n-by-n matrices can be the first n
columns of a 2n-by-2n symplectic matrix?; (ii) if the n first columns of a symplec-
tic matrix are fixed, what is the set of symplectic matrices that have these first n
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columns? We would like to remark that in [19, Proposition 1.4] the following an-
swer to the first question was presented: a 2n-by-n matrix [g;] contains the n first

columns of a 2n-by-2n symplectic matrix if and only if [S};55,] J [g;ﬂ =0, ie., if

and only if the columns of [g;] span a Lagrangian subspace. This nice characteriza-
tion, however, is not explicit because it characterizes all possible [g;] as the set of
solutions of a quadratic matrix equation. The first goal in this section is to present
an explicit description of this set that allows us to generate easily its elements.
THEOREM 6.7. The set of 2n-by-n matrices [g;] with rank(S11) = k that are

the first n columns of a 2n-by-2n symplectic matriz is

X1
gneol _ [ PO ] Cay1 X1
k 0P [C1 C3] X
X,
X1 € My »(C), P e M,(C) permutation matriz

X = X € M, (C) nonsingular , Cu O € M, (C) Hermitian
Xo Ca 0

For real matrices, this set depends on (3n?+n)/2—((n—k)?+ (n—k))/2 parameters.
In the complex case, see Remark 1.

Proof. Tt is a direct consequence of Theorem 6.2.0

The second result in this section reveals an interesting structure for the set of
symplectic matrices whose first n columns are fixed. In the case of real symplectic
matrices this set is an affine subspace of Ma,(R), i.e., a fixed symplectic matrix plus
a vector subspace of M, (R). It should be noticed, however, that the matrices in this
subspace are not symplectic.

THEOREM 6.8. Let S1 € May, n(C) be a matriz that contains the n first columns
of a 2n-by-2n symplectic matriz. Let us express Sy according to Theorem 6.7 as

Xy

g - { PloO ] Co1 X4

! 0[P [Ci C5]X |7
—Xs5

where X = [2]; C11,C51, and P have the properties appearing in Theorem 6.7.
Using the elements of Sy, we define the symplectic matrix

X 0
P‘ 0 Co1 X1 X_*(k—l—l:n,:)
Zo = , 6.5
0 [OP} [C1, C3]X X—*(1:k,:) (6:5)
— X, 0
and the set
0 X,
- Plo 0 Cor X3 U O
V=il || Lot e e
0 -X,
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1. The set of symplectic matrices whose n first columns are Sy is
Ss, ={Zp+V : VeV}.

2. In the real case Ss, depends on (n? 4+ n)/2 parameters, that are the entries
of E. For complex matrices, see Remark 1.
3. For real matrices V is a linear subspace of Ma,(R).
Proof. This theorem is a straightforward consequence of Theorems 6.2 and 6.7.
Notice that the fact that Z; is symplectic follows from Theorem 6.2 by taking £ = 0.
0

6.5. Leading principal submatrices of symplectic matrices of dimension
greater than n. Theorem 6.6 guarantees that, if p < n, any p-by-p matrix is the
leading principal submatrix S(1 : p,1 : p) of a 2n-by-2n symplectic matrix S. A
natural question in this context is if this property can be extended to leading principal
submatrices of dimension greater than n. Notice for instance that for real matrices
the number of entries of an (n + 1)-by-(n + 1) leading principal submatrix is less than
2n2 4 n, i.e., the dimension of the group of 2n-by-2n symplectic matrices, whenever
n > 1. Therefore one might think that any (n + 1)-by-(n + 1) matrix can be the
leading principal submatrix S(1: (n+1),1: (n+1)) of a 2n-by-2n symplectic matrix.
However, the next theorem shows that this is not the case. We focus on real matrices.

THEOREM 6.9. Any (n+ 1)-by-(n + 1) real matriz A with A(1 : n,1 : n) non-
singular can be the leading submatriz S(1 : (n +1),1 : (n+ 1)) of a real 2n-by-2n
symplectic matrix S, except for the fact that the entry A(n+ 1,n + 1) is determined
by the others.

Proof. This is a consequence of the parametrization in Theorem 3.1. Let us use the
notation in that theorem. Let G = A(1 : n,1: n). Then the first column of F is simply
E(:;1) = G7YA(1 : n,n + 1) and the first row of C is C(1,:) = A(n + 1,1 : n)GL.
Therefore A(n+1,n+1) = G~*(1,1)+C(1,:)GE(:, 1) is fixed by the remaining entries
of A. d

Notice that the situation for complex matrices is more complicated because it is
no longer true that always the first column of E is E(:,1) = G tA(1 : n,n + 1) and
the first row of C' is C(1,:) = A(n + 1,1 : n)G™!, because E(1,1) and C(1,1) are
real numbers (E and C are Hermitian). Thus, it is not so simple to select a leading
(n + 1)-by-(n + 1) principal submatrix of a symplectic matrix.

7. Conclusions. Two explicit parameterizations of the group of symplectic ma-
trices have been presented in Theorems 3.2 and 6.2. These results are applied to
parameterize the sets of certain symplectic matrices that have additional structures,
and to parameterize the sets of symplectic matrices with certain fixed blocks. These
parameterizations provide concrete tools for constructing general symplectic matri-
ces, structured symplectic matrices, and symplectic matrices with fixed blocks. These
matrices may be used for instance for testing numerical algorithms.

Acknowledgements. The authors thank the Editor of this manuscript, Prof.
Peter Benner, for suggesting us the relationship between the reduction procedure
of any symplectic matrix to symplectic butterfly form and a parametrization of the
matrix symplectic group. The authors also thank an anonymous referee for pointing
out several references and for useful comments that have helped us to improve the
presentation.



PARAMETRIZATION OF SYMPLECTIC MATRICES 23

REFERENCES

V. 1. ARNOLD, Mathematical methods of classical mechanics, Springer-Verlag, New York, 1978.
Translated from the Russian by K. Vogtmann and A. Weinstein, Graduate Texts in Math-
ematics, 60.

E. ARTIN, Geometric algebra, Interscience Publishers, Inc., New York-London, 1957.

G. BANSE AND A. BUNSE-GERSTNER, A condensed form for the solution of the symplectic
etgenvalue problem, in Systems and Networks: Mathematical Theory and Applications,
U. Helmke, R. Menniken, and J. Sauer, eds., Akademie Verlag, 1994, pp. 613-616.

P. BENNER, Symplectic balancing of Hamiltonian matrices, STAM J. Sci. Comput., 22 (2000),
pp. 1885-1904.

P. BENNER AND H. FASSBENDER, The symplectic eigenvalue problem, the butterfly form, the
SR algorithm, and the Lanczos method, Linear Algebra Appl., 275/276 (1998), pp. 19-47.

, An implicitly restarted symplectic Lanczos method for the symplectic eigenvalue prob-
lem, STAM J. Matrix Anal. Appl., 22 (2000), pp. 682-713.

M. BENzI AND N. RAZOUK, On the Iwasawa decomposition of a symplectic matriz, Appl. Math.
Lett., 20 (2007), pp. 260-265.

A. BERMAN AND R. J. PLEMMONS, Nonnegative matrices in the mathematical sciences, vol. 9 of
Classics in Applied Mathematics, Society for Industrial and Applied Mathematics (SIAM),
Philadelphia, PA, 1994. Revised reprint of the 1979 original.

M. BOHNER, Linear Hamiltonian difference systems: disconjugacy and Jacobi-type conditions,
J. Math. Anal. Appl., 199 (1996), pp. 804-826.

A. BUNSE-GERSTNER, R. BYERS, AND V. MEHRMANN, A chart of numerical methods for struc-
tured eigenvalue problems, SIAM J. Matrix Anal. Appl., 13 (1992), pp. 419-453.

C. W. CRYER, The LU -factorization of totally positive matrices, Linear Algebra Appl., 7 (1973),
pp. 83-92.

, Some properties of totally positive matrices, Linear Algebra Appl., 15 (1976), pp. 1-25.

J. DEMMEL AND A. EDELMAN, The dimension of matrices (matriz pencils) with given Jordan
(Kronecker) canonical forms, Lin. Alg. Appl., 230 (1995), pp. 61-87.

F. M. Doprico AND C. R. JOHNSON, Complementary bases in symplectic matrices and a proof
that their determinant is one, Linear Algebra Appl., 419 (2006), pp. 772-778.

S. M. FALLAT, Bidiagonal factorizations of totally nonnegative matrices, Amer. Math. Monthly,
108 (2001), pp. 697-712.

H. FASSBENDER, Symplectic methods for the symplectic eigenproblem, Kluwer Aca-
demic/Plenum Publishers, New York, 2000.

, The parameterized SR algorithm for symplectic (butterfly) matrices, Math. Comp., 70
(2001), pp. 1515-1541.

A. T. FOMENKO, Symplectic geometry, vol. 5 of Advanced Studies in Contemporary Mathemat-
ics, Gordon and Breach Science Publishers, New York, 1988. Translated from the Russian
by R. S. Wadhwa.

G. FREILING, V. MEHRMANN, AND H. XU, Ezistence, uniqueness, and parametrization of La-
grangian invariant subspaces, SIAM J. Matrix Anal. Appl., 23 (2002), pp. 1045-1069.

F. GANTMACHER AND M. KREIN, Oscillation Matrices and Kernels and Small Vibrations of
Mechanical Systems, AMS Chelsea, Providence, RI, revised ed., 2002.

M. Gasca AND C. A. MICCHELLI, eds., Total Positivity and Its Applications, vol. 359 of Math.
Appl., Dordrecht, The Netherlands, 1996, Kluwer Academic Publishers.

M. Gasca AND J. M. PENA, On factorizations of totally positive matrices, in Total Positivity
and Its Applications, Kluwer Academic Publishers, Dordrecht, The Netherlands, 1996,
pp. 109-130.

S. K. GODUNOV AND M. SADKANE, Spectral analysis of symplectic matrices with application to
the theory of parametric resonance, SIAM J. Matrix Anal. Appl., 28 (2006), pp. 1083-1096.

G. GoLuB AND C. VAN LoOAN, Matriz Computations, Johns Hopkins University Press, Balti-
more, MD, 3rd ed., 1996.

N. J. HigHAM, Accuracy and Stability of Numerical Algorithms, SIAM, Philadelphia, Sec-
ond ed., 2002.

R. A. HOrN AND C. R. JOHNSON, Matriz Analysis, Cambridge University Press, Cambridge,
1985.

R. A. HOorN AND C. R. JOHNSON, Topics in matriz analysis, Cambridge University Press,
Cambridge, 1994. Corrected reprint of the 1991 original.

C. R. JOHNSON, Matrixz completion problems: a survey, in Matrix theory and applications
(Phoenix, AZ, 1989), vol. 40 of Proc. Sympos. Appl. Math., Amer. Math. Soc., Providence,
RI, 1990, pp. 171-198.




[46]

[47]
(48]
[49]

[50]

F. M. DOPICO AND C. R. JOHNSON

P. KoEv, Accurate eigenvalues and SVDs of totally nonnegative matrices, SIAM J. Matrix
Anal. Appl., 27 (2005), pp. 1-23.

P. KoEv, Accurate computations with totally nonnegative matrices, SIAM J. Matrix Anal.
Appl., 29 (2007), pp. 731-751.

D. KRESSNER, Numerical methods for general and structured eigenvalue problems, vol. 46 of
Lecture Notes in Computational Science and Engineering, Springer-Verlag, Berlin, 2005.

J. KRONSBEIN AND T. A. WELTON, Note on parametrization of the four-dimensional real sym-
plectic group, J. London Math. Soc., 39 (1964), pp. 291-295.

P. LANCASTER AND L. RODMAN, Algebraic Riccati equations, Oxford Science Publications, The
Clarendon Press Oxford University Press, New York, 1995.

A. J. LAUB, Invariant subspace methods for the numerical solution of Riccati equations, in The
Riccati equation, Comm. Control Engrg. Ser., Springer, Berlin, 1991, pp. 163—196.

D. S. MACKEY, On the SVD of symplectic matrices. Talk in 13-th ILAS Conference, Amster-
dam, Netherlands, 18 - 21, July 2006.

D. S. MACKEY AND N. MACKEY, On the determinant of symplectic matrices. Numerical Anal-
ysis Report No. 422, Manchester Centre for Computational Mathematics, Manchester,
England, 2003.

D. S. MACKEY, N. MACKEY, AND F. TISSEUR, Structured tools for structured matrices, Electron.
J. Linear Algebra, 10 (2003), pp. 106-145.

D. S. MACKEY, N. MACKEY, AND F. TISSEUR, Structured factorizations in scalar product spaces,
STAM J. Matrix Anal. Appl., 27 (2006), pp. 821-850.

THE MATHWORKS, INC., MATLAB Reference Guide, Natick, MA, 1992.

V. MEHRMANN, A symplectic orthogonal method for single input or single output discrete time
optimal quadratic control problems, STAM J. Matrix Anal. Appl., 9 (1988), pp. 221-247.

V. MEHRMANN, The autonomous linear quadratic control problem, vol. 163 of Lecture Notes in
Control and Information Sciences, Springer-Verlag, Berlin, 1991.

V. MEHRMANN AND D. WATKINS, Structure-preserving methods for computing eigenpairs of
large sparse skew-Hamiltonian/Hamiltonian pencils, SIAM J. Sci. Comput., 22 (2000),
pp. 1905-1925.

F. D. MURNAGHAN, The parametrisation and element of volume of the unitary symplectic
group, Proc. Nat. Acad. Sci. U. S. A., 39 (1953), pp. 324-327.

C. PAIGE AND C. VAN LOAN, A Schur decomposition for Hamiltonian matrices, Linear Algebra
Appl., 41 (1981), pp. 11-32.

J. M. SANZ-SERNA AND M. P. CALvO, Numerical Hamiltonian problems, vol. 7 of Applied
Mathematics and Mathematical Computation, Chapman & Hall, London, 1994.

W. Sua, Z. HuaNG, M. CHEN, AND X. WU, Survey on symplectic finite-difference time-domain
schemes for Mazwell’s equations, IEEE Trans. Antennas and Propagation, 56 (2008),
pp- 493-500.

W. SHA, Z. HuaNG, X. WU, AND M. CHEN, Application of the symplectic finite-difference time-
domain scheme to electromagnetic simulation, J. Comput. Phys., 225 (2007), pp. 33-50.

W. SHA, X. Wu, Z. HUANG, AND M. CHEN, Mazwell’s equations, symplectic matriz, and grid,
Progress in Electromagnetics Research B, 8 (2008).

G. W. STEWART AND J.-G. SUN, Matriz Perturbation Theory, Academic Press, New York,
1990.

H. Xu, An SVD-like matriz decomposition and its applications, Linear Algebra Appl., 368
(2003), pp. 1-24.



