Downloaded 04/22/22 to 128.239.107.180 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

SIAM J. APPL. MATH. © 2022 Society for Industrial and Applied Mathematics
Vol. 82, No. 2, pp. 654-676

TWO NOVEL PROOFS OF SPECTRAL MONOTONICITY OF
PERTURBED ESSENTIALLY NONNEGATIVE MATRICES WITH
APPLICATIONS IN POPULATION DYNAMICS*
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Abstract. Threshold values in population dynamics can be formulated as spectral bounds of
matrices, determining the dichotomy of population persistence and extinction. For a square matrix
pA+Q, where A is an essentially nonnegative matrix describing population dispersal among patches
in a heterogeneous environment and @ is a real diagonal matrix encoding within-patch population dy-
namics, the monotonicity of its spectral bound with respect to dispersal rate/coupling strength/travel
frequency p has been established by Karlin and generalized by Altenberg while investigating the re-
duction principle in evolution biology and evolution dispersal in patchy landscapes. In this paper,
we provide two new proofs rooted in our investigation of persistence in spatial population dynam-
ics. The first one is an analytic derivation utilizing a graph-theoretic approach based on Kirchhoff’s
matrix-tree theorem; the second one employs the Collatz—Wielandt formula from matrix theory and
complex analysis arguments. This monotonicity result has numerous applications in persistence and
stability analysis of complex biological systems in heterogeneous environments. We illustrate this by
applying it to well-known ecological models of single species, predator-prey, and competition.
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1. Introduction. Many complex systems in sciences and engineering can be
modeled by coupled systems of differential equations on networks. A network can be
mathematically treated as a weighted digraph (directed graph), consisting of a set
of n vertices and a set of directed arcs. Specifically, within-vertex dynamics (when
decoupled) are usually described by a small-scale system of differential equations, and
a certain threshold parameter can often be determined to encode these dynamics.
Directed arcs of the network represent the coupling among vertex systems, which can
often be depicted as an essentially nonnegative matrix A = (a;;)nxn with a nonpos-
itive spectral bound, i.e., s(A) := max{Re)\ : Az = Az for some z € C"} < 0. In
applications, A is often taken as the negative of a Laplacian matrix of the network.
For example, in metapopulation dynamics, the essentially nonnegative matrix A repre-
sents the movement pattern of individuals among n geographical regions (or patches);
specifically, a;; > 0 (i # j) measures the movement of individuals from patch j to 4,
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and if individual loss during movement is neglected, then a;; = — > i @ji describes
the total movement out from patch 7. A linearization of such a coupled system at a
certain equilibrium Ej can often take (or be reduced to) the following form:

dui (t)

(1.1) -

=p Z(aijuj(t) — aj;ui(t)) + qius(t), 1=1,...,n,
j=1

where p > 0 denotes the coupling strength. For examples in population dynamics,
u;(t) € Ry denotes the population size at time ¢ in the ith patch, ¢; € R represents the
growth rate of the population in the i-patch, and the coupling strength p represents
the movement rate of individuals between patches. Let Q = diag(g;) be a diagonal
matrix; then the stability of the linear system (1.1) (thus the stability of Ey) depends
on the spectral bound s(pA+ Q). For the population dynamics example, whether the
metapopulation corresponds to system (1.1) is persistent or goes to extinction depends
on whether the spectral bound is negative or positive, respectively. The linearized
system (1.1) can also appear in other applications, such as interacting species in
a patchy environment (see examples in section 5 and references therein), agreement
and consensus problems in multiagent systems [35, 40], emergent behaviors in Cucker—
Smale flocking [11, 37], and spatial spread of infectious diseases [8, 17, 18].

In this paper, we investigate the impact of the coupling strength p on the spectral
bound s(pA + @) and thus on the dynamics of the coupled system. Specifically, we
provide novel proofs of the following result and apply it to investigate the impact of
the movement rates of species between patches on the population dynamics of several
well-known ecological models.

THEOREM 1.1. Let A be an essentially nonnegative irreducible matrix and let QQ =
diag(q;) be a real diagonal matriz. Then the following statements hold for p € (0,00):

(i)

d

%8(014 +Q) < s(4),
and the equality holds if and only if g1 = g2 = -+ = qn. In particular, if
s(A) <0, then s(pA + Q) is nonincreasing in p.

(i)

2

d

and the equality holds if and only if @ =g =+ = ¢y

Studies on the monotone dependence of s(pA + @) on p can be traced back to
Karlin [25], in which, for an irreducible stochastic matrix P and a positive diagonal
matrix R, s(((1—p)I + pP)R) = s(p(P —I)R+ R) is proved to be strictly decreasing
in p for p € (0,1) unless R is a multiple of the identity matrix I. Karlin’s theorem has
been utilized in the mathematical generalization of the reduction principle [1, 3, 4, 15]
in evolutionary biology: greater mixing reduces growth. While studying the evolution
of dispersal in patchy landscapes, Kirkland, Li, and Schreiber [27] independently
discovered Karlin’s theorem with P being a substochastic matrix. Later, Altenberg
[3] generalized Karlin’s theorem to linear operators on Banach spaces, and Theorem
1.1 is the matrix version of Altenberg’s result except that s(pA+ Q) is strictly convex
in p in Altenberg’s version while we will obtain the strict positivity of the second
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derivative of s(pA+@Q) in p. Karlin’s original proof in [25] uses the Donsker—Varadhan
formula [13] for principal eigenvalues of essentially nonnegative matrices; Altenberg’s
proof in [3] relies on convex spectral functions due to Cohen [9], Friedland [16], and
Kato [26]; the proof in [27] uses advanced matrix analysis techniques.

We will provide two novel proofs of the monotonicity of s(pA+ @) on p. The first
proof is for Theorem 1.1, which certainly is a problem of linear algebra, and comes
from a graph-theoretic insight on coupled systems of ordinary differential equations
on networks. Specifically, this graph-theoretic proof utilizes the a-weighted aggrega-
tion based on Kirchhoff’s matrix-tree theorem and a tree-cycle identity, which has
previously been used to construct global Lyapunov functions to successfully establish
global dynamics for many coupled systems [30]. An alternative proof for part (i) of
Theorem 1.1 is constructive and utilizes the “min-max” Collatz—Wielandt formula for
the principal eigenvalue of nonnegative matrices.

By Theorem 1.1, if s(A) < 0, then the spectral bound s(pA+ Q) is monotonically
decreasing from its maximum max;{g;} (as p — 0) to a weighted average ), a;q; (as
p — 00). Here weight coefficients o; > 0 with ), a; = 1 can be precisely determined
by the underlying network structure. That is, as p decreases from co to 0, the spectral
bound increases monotonically and satisfies

(1.2) ZaiQi <s(pA+Q) < miaX{Qi}

(3

As a consequence, a strong coupling strength p tends to stabilize system (1.1), and
thus a slow movement rate in metapopulation dynamics is in favor of population
persistence. The former statement provides insight for the understanding of coupled
systems of differential equations on networks, and the aggregation of the a-weighted
average can be used to network/system design for better stabilized or controlled sys-
tems. The later statement agrees with previous results in spatial ecology and epi-
demiology on diffusion/dispersal rate, specially results on topics such as “the slower
diffuser wins” [6, 12, 22, 31].

Our paper is organized as follows. In section 2, we state preliminaries and con-
nections with Karlin’s theorem. In sections 3 and 4, we provide two different proofs
for the monotonicity of s(pA+ Q). In section 5, we apply Theorem 1.1 to some popu-
lation models from ecology and highlight the impact of the movement rates of species
between patches on the population dynamics.

2. Preliminary. Let A be an n xn matrix and let o0(A) be the set of eigenvalues
of A. Let r(A) be the spectral radius of A, i.e.,

r(A) = max{|A| : A € 0(A)}.
Let s(A) be the spectral bound (also called spectral abscissa) of A, i.e.,
s(A) = max{ReX: X € o(A)}.

A vector v > 0 means that every entry of u is positive. Let I denote the n x n identity
matrix.

A square matrix is called stochastic if all the entries are nonnegative and every
column adds up to 1. Let A = (aij)an be a square matrix; A is called an M -matrix
if a;; < 0 for all i@ # j and A = s/ — B with B having all off-diagonal elements
nonnegative and s > r(B); A is called essentially nonnegative (also called the Metzler
matriz) if a;; > 0 for all ¢ # j. The connection between M-matrices and essentially
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nonnegative matrices can be viewed through the following well-known results: —A
is a nonsingular (singular) M-matrix if and only if A is essentially nonnegative with
s(A) < 0 (s(A) = 0); if A is a singular M-matrix, then A + D is a nonsingular
M-matrix for any diagonal matrix D = diag(d;) with d; > 0 for all 4.

A square matrix L is called a Laplacian matrix if all the off-diagonal entries are
nonpositive and the sum of each column is zero. If L is a Laplacian matrix, it is easy
to see that (1,1,...,1) is a left eigenvector of L corresponding to the eigenvalue 0.
In our applications to spatial population dynamics, the Laplacian matrix encodes all
movement between patches and no population loss is assumed during the dispersal.
For our purpose, a square matrix L = ({;;) is called sub-Laplacian if ¢;; < 0 for all
i # j and £;; > —Zi# 4;; for all j. A sub-Laplacian matrix L is called strongly
(strictly) sub-Laplacian if £;; > =3, . ¢;; for all (some) j. Sub-Laplacian matrices
defined above allow us to include possible population loss during the dispersal in our
studies; see, for example, section 5.1.

In [25], Karlin proved the following theorem on the monotonicity of the spectral
radii of a family of matrices, which was interpreted as the mathematical explanation
of the reduction principle [3, 15] in evolution biology. Karlin’s proof relies on the
Donsker—Varadhan formula for the principal eigenvalue. Later, this result was discov-
ered independently by Kirkland, Li, and Schreiber [27] (see also [36]), and their proof
is based on techniques of matrix analysis.

THEOREM 2.1 (Karlin’s theorem). Let P be an irreducible stochastic matriz.
Consider the family of matrices P, = (1 — p)I + pP with 0 < p < 1. Then for any
diagonal matriz R = diag(r;) with v; > 0 for all i, r(P,R) is strictly decreasing in p
provided that R is not a multiple of I.

Theorem 2.1 has been applied to the following discrete time linear population
model [25]:

(2.1) z(t+1) =[(1 - p)I + pP]Rxz(t).

Here, x(t) is a vector-valued function denoting the frequency of a rare allele in each
subdivision of some population (e.g., genotypes); R is a real diagonal matrix measuring
the growth rate of a rare allele in each subdivision; stochastic matrix P represents
the pattern of dispersal; p is the rate of dispersal (or mutation, mixing, etc.). The
spectral radius r(P,R) measures the growth rate of a rare allele in the population.
Biologically, Theorem 2.1 implies that smaller rates of dispersal favor the evolutionary
protection of a rare allele.

To view the connection between the spectral radius problem on (2.1) and our
spectral bound problem on (1.1), we set P,R = p(P — I)R + R = pA + R, where
A = (P —I)R is an essentially nonnegative matrix. The corresponding continuous-
time version of model (2.1) can be written as

a'(t) = [pA + Qla(t),

where Q = R — I is a real diagonal matrix representing the growth rate of each sub-
division, but the diagonal entry ¢; = r; — 1 of @) is not necessarily positive. Since A is
essentially nonnegative, it generates a positive semigroup Exp(tA), measuring the dis-
persal (or mutation, mixing, etc.) between subdivisions. The impact of dispersal rate
p has been shown in the following theorem, which is a generalization of Theorem 2.1.

THEOREM 2.2 (Altenberg [2, 3]). Let A be an irreducible essentially nonnegative
matriz and let Q be a real diagonal matriz. Consider the family of matrices M(p) =
pA+ Q with p > 0. Then
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1. s(M(p)) is either a constant or strictly decreasing in p € (0,00) if s(A) <0,
and moreover,

d
%S(M(p)) < s(4),

and the equality holds if and only if Q is a multiple of I;
2. s(M(p)) is convez in p, i.e., for any 0 < a < 1, and p1,p2 > 0 with p1 # pa,

s((1 = a)M(p1) + aM(p2)) < (1 = a)s(M(p1)) + as(M(p2)),

and the equality holds if and only if @ is a multiple of 1.

Theorems 1.1 and 2.2 are the same except that the second derivative of s(pA+ Q)
is strictly positive if @ is not a multiple of I in Theorem 1.1 while s(pA+ @) is strictly
convex in p in Theorem 2.2. Theorem 2.2 can be used to prove Theorem 2.1 (see the
proof at the end of this section). We remark that the original statement of Theorem
2.2 in [3] is for operators on Banach spaces. Altenberg’s proof is based on the convexity
of the spectral radius due to Cohen [9] and Kato [26].

Finally we prove that Theorem 2.2 implies Theorem 2.1. In the next two sections,
we give two proofs of strengthened versions of Theorem 2.2, which also lead to new
proofs of Theorem 2.1.

Proof of Theorem 2.1 from Theorem 2.2. Since P is an irreducible stochastic ma-
trix, P, = (1 — p)I + pP = I — p(I — P) is a nonnegative irreducible matrix. Hence,
P,R = R — p(I — P)R is nonnegative as R is positive. It follows from the Perron—
Frobeneius theory that r(P,R) = s(P,R). On the other hand, all off-diagonal entries
of (I — P)R are nonpositive, and the sum of entries of each column of (I — P)R is
zero. Hence (I — P)R is a Laplacian matrix, and thus A = —(I — P)R is essentially
nonnegative with s(A) = 0. Notice that A is also irreducible since P is irreducible.
Therefore, by Theorem 2.2, r(P,R) = s(P,R) is strictly decreasing in z provided that
R is not a multiple of I. O

3. A graph theoretical proof of Theorem 1.1. In this section, we apply a
graph-theoretic approach to prove Theorem 1.1. The terminology and results from
graph theory can be found in the appendix.

Let A be an essentially nonnegative matrix and @ be a diagonal matrix. If A
is irreducible, then pA + @ is irreducible and, by the Perron—Frobenius theorem,
s(pA+ Q) is the principal eigenvalue of pA+ @, which is simple and associated with a
positive eigenvector. To study the spectral bound s(pA+Q), we start by the case that
—A is Laplacian and consider the weighted directed graph with n vertices associated
with —A.

THEOREM 3.1. Let A be an irreducible essentially nonnegative matriz such that
—A is a Laplacian matriz, and let Q = diag(q;) be a real diagonal matriz. Denote
M(p) = pA+ Q. Then for any p > 0,

(i)

d
3.1 —s(M <0
(31) s <0
and the equality holds if and only if (1 = q2 = -+ = qn;
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(i)

d2
(3.2) i) = 0
and the equality holds if and only if @ = q2 = -+ = qn.

Proof. By the Perron—Frobenius theorem, s(M(p)) is the principal eigenvlaue
of M = M(p). Denote \* = s(M) = s(M?T), where M7 is the transpose of M.
Since M” is essentially nonnegative and irreducible, A* is an eigenvalue of M7 with
corresponding eigenvector w = (wy, w, ..., wy,)T with w; > 0 for all 7. Notice that w;
and \* depend smoothly on p. Without loss of generality, we assume that Z?:l w; =1
for any p > 0, which implies that (here  is the derivative with respect to p)

n

(3:3) Zw; = 0.

i=1

Since Q is diagonal, M7 = pAT + Q. Hence, for each i,
(3.4) Nw; = qyw; — pz aj;w; + pZ a;;W;.

#i i#i

We first prove (i). Differentiating (3.4) with respect to p yields
(3.5) (A w; + Nl = qw Z aj;w; — pz ajw; + Z aj;w; + pz ajiwj.
J#i J#i J#i jAi

Multiplying (3.5) by w; gives
(3.6) (A w? 4+ Nwiw; = qwlw; + Z aji(wj — w;)w; + pz aji(w); — w;)w;.

J#i J#i
By substituting (3.4) into the second term of (3.6), we obtain
(3.7) (A*)’w2:Za”w»w' -4 —|—pZa--w-w- Wi _ v

. 7 ' ‘ ]’L ] 3 w] . ‘ jZ ‘] 1 w] wz .
Jj#i VE

Now set B = (bjj)nxn with b;j = a;jw;w; for 1 < 4,5 < n. Let 6; be the cofactor

of the ith diagonal entry of the Laplacian matrix corresponding to B for 1 < i < n.
Multiplying (3.7) by ; and summing these over all i yield

(3.8) (%) ZGw 7229@1 {1+ (Zizlﬂ

i=1 j#i

It follows from the tree-cycle identity (see Theorem A.1 in the appendix, and here we
choose z; = (w;,w}) and Fj;(z,2;) =1 — 2 4 p(22 — :j—;)) that
J J T

(3.9) > o [1 iy (Z - Zﬂ

i=1 j£i
W wl  wl
P S (R Ik
Wy W, W
QeQ (s,r)EE(Co)
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where Q is the set of all spanning unicycle graphs of (Gg, B), w(Q) > 0 is the weight
of Q, and Cg denotes the directed cycle of Q with directed edge set E(Cg). Along
any directed cycle Cg of length [,

Ws Ws
1-—=)=1- —=
I O il WPV
(s,r)EE(CQ) (s,r)€E(Co)
1/1
W
(3.10) <l—1- I = =1—-1-1=0.

Wy
(s,;r)EE(CQ)

Here we use the inequality of arithmetic and geometric means (AM-GM) (z1 + x2

+ - +x)/l > Yrize -z and

wl  wl
3.11 X - —=1=0.
.11 > (=)

(s,r)€E(Co)

Combining (3.8)—(3.11) yields (A*)" < 0. Notice that (A*)" = 0 if and only if the
equality holds in (3.10) for any directed cycle, that is, w, = w, for any pair of (s,r)
locating in a directed cycle of (Gg, B). Since B is irreducible, (G, B) is strongly
connected. As a consequence, w; = wj for any ¢,j. Substituting these into (3.4)
yields A* = g; for all ¢, which completes the proof of (i).

Next we prove (ii). In the following ” is the second derivative with respect to p.
Differentiating (3.5) with respect to p yields

(3.12) )" w; + 2007 w) + N !
= in;' -2 Z ajiwg - pz ajiw;’ +2 Z ajiw;- + pz ajiw;/.
JFi JFi JF#i JFi

Multiplying (3.12) by w; gives
(3.13)  (\")"wi + 2(X") wiw; + X wiw;

" / " !/ "
= qw;w; — 2 E aj;W;w; — p g ajiw; wi + 2 E ajwiw; + p g Qjiw; wj.
J#i J#i J#i J#i

Substituting (3.4) and (3.7) into (3.13), we have
w// w/./ w/} w/.
AV w? = W W; 3 2 W W; 3
(A")"w; PZ“J w;w w;  w; + ZCLJ W;jw w;  w;
J#i J#i

w’ ! !
(314) —2p2ajiiji |:jwz — (wz)2:| .

oy wj; w; Ww;

Recall b;; = a;;w;w;. Multiplying (3.7) by 6; and summing these over all 7 yields

n

()" Z 0,w?
=1

G15) =33 0y oy (g (2 ()],

!
w; W w;  w;
i=1 j#i J ¢ J ¢
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It follows from the tree-cycle identity (see Theorem A.1 in the appendix, and here we
w/ /‘

choose z; = (w;, wh, ) and Fy;(x;, ;) = p(iak — 20 ) +2( 1 — ) —2p( 1 5 — (20)2)),
J K J 2 J 7 i

(3.11), and (3.11) type equality for w/ /w; that

(3.16)

()\*)//Zelwf
=1
w" w" W' W' W w' W' 2
- Wr _Ws ) oW _Ws) _o (WrtW (UYs
Suo 5 [ ( o) (B ()]

QeQ (s,r)EE(Co

wh o wl\?

- — _Zs) >o.

Py @ ¥ (E-) =0

QeQ (s,r)€E(Co)

Notice that (A\*)” = 0 if and only if % = % for any pair of (s, r) locating in a directed

cycle of (Gg, B). Since B is irreducible, the graph (Gg, B) is strongly connected. As

a consequence, Z—, = % for any ¢,j. Therefore, w], = kw; for all ¢ for some k € R.

; y

This, combined with (3.3) and w; > 0, implies that w; = 0 for any ¢ = 1,...,n.

Substituting w; = 0 into (3.5), we have

()‘*)/UM = — Z QWi + Z aj;Wyj,

J# J#i
which implies that (A\*)’ is the principal eigenvalue of AT and therefore (A\*)" = 0.
From (i) we see that \* = ¢; for all ¢, and (ii) holds. 0

In Theorem 3.1, the column sum of the matrix A is zero which represents that the
dispersal has no loss of population. A slightly stronger result holds when there is a loss
of population when dispersing. Since Corollary 3.2 follows directly from Theorem 1.1,
we omit its proof. We remark that Corollary 3.2(ii) provides a new equality condition
on an earlier result in [2, Corollary 8§].

COROLLARY 3.2. Let A be an irreducible essentially nonnegative matrix such that
—A is a strictly sub-Laplacian matriz, and let Q = diag(q;) be a real diagonal matriz.
Denote M(p) = pA+ Q. Then for any p > 0,

d2
a2’
and the equality holds if and only if (4 = q2 = -+ = gy

(M(p)) >0,

Now we are ready to prove Theorem 1.1 using Theorem 3.1.

Proof of Theorem 1.1. First we assume that s(A) = 0. Since A is an irreduc-
ible essentially nonnegative matrix, by the Perron—Frobenius theorem, A has a left
principal eigenvector u = (uy,us, - ..,u,)T > 0 corresponding with eigenvalue s(A).
Denote U = diag(u;) and A = UAU . Since s(A) = 0, —A is a Laplacian matrix.
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Indeed since UAU ! = (uiaijuj_l), the matrix UAU ~! is essentially nonnegative and

the sum of the jth column is uj_1 S uia = s(A)uj_luj = s(A). If s(A) =0, then
the sum of each column of UAU ~! is zero and —UAU ! is a Laplacian matrix. Since
s(pA+Q) = s(U(pA+ Q)U™") = s(pA + Q), the results follow from Theorem 3.1.
If s(A) # 0, we replace A by A — s(A)I to obtain
2

d d
— < —_— >
dps(pAH)) < s(A) and dpzs(pAH)) >0,

and the equality holds if and only if g1 = ¢2 = -+ - = ¢p. 0

The nonincreasing property of the spectral bound of irreducible matrices as es-
tablished in Theorem 1.1 also holds for reducible matrices. The following result was
previously established in [2, Theorem 6].

COROLLARY 3.3. Let A be an essentially nonnegative matriz with s(A) <0, and
let Q@ = diag(q;) be a real diagonal matriz. Then s(pA + Q) is nonincreasing and
convex for all p > 0.

Proof. The eigenvalues and spectral bound of A are invariant under permutation
similarity transformation P~!AP for a permutation matrix P. So without loss of
generality, we can assume that A is a block upper triangular matrix:

By x o %
a= |0 B
0 0 --- By

where B; (1 < i < k) are p; x p; irreducible essentially nonnegative matrices with
size p; > 1 and Zle p; = n. We also break @ = diag(g;) to match with the size of
A: @ = diag(Q;), where Q; is a real diagonal matrix of size diagonal matrix of size
p; X p;. Apparently s(pA + Q) = max{s(pB; + Q;) : 1 <i < k}.

Since for each i, s(pB; + Q;) is nonincreasing and convex in p from Theorem 1.1,
we conclude that s(pA + Q) is also nonincreasing and convex in p as the maximum of
a finite number of nonincreasing and convex functions. Indeed we can have the strict
inequality if either (i) s(pA+ Q) = s(pB; + Q;) for a fixed 1 <4 <k and Q; # cl; for
any ¢ € R and I; is the p; X p; identity matrix, or (ii) for each 1 < i < k, Q; # cI; for
any ¢ € R. In either case, the strict inequality follows from Theorem 1.1. 0

One may suspect that the graph theoretical method can be used to show that
the third derivative of s(pA + Q) is negative or positive. However, from the following
example, we can see that the third derivative may not be of one sign. Let

-1 1 10)
A=|( 2 d = )
(% 1) and @ (0 2

Then we can compute

s(p) = s(pA+ Q) =

6—3p++/9p%—4p+4
1 :

From elementary calculation, we can see that s(p) > 0, s’(p) < 0, and s”(p) > 0 for
all p > 0, which is in agreement with Theorem 3.1. But the third derivative s©)(p)
changes sign.
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4. A constructive proof of Theorem 1.1. In this section, we provide a con-
structive method to prove part (i) of Theorem 1.1. Our proof is based on the “min-
max” Collatz—Wielandt formula [33, section 8.2]:

s(A) = min max [Auls
u>01<i<n [u];

)

where A = (a;;)nxn is an nonnegative irreducible matrix. Notice that if A is essentially
nonnegative and irreducible, then A+ kI is nonnegative irreducible if £ is large. Using
this, it is easy to see that this formula also holds for essentially nonnegative irreducible
matrices. Our method to prove that s(pA + Q) is decreasing in p is elementary, and
then we utilize theory from complex analysis to prove that s(pA 4+ Q) is strictly
decreasing: the zeros of analytic functions are isolated.

The following elementary algebra lemma is essential for the proof of monotonicity
of s(pA + @), which may be of independent interest.

LEMMA 4.1. Let p,p',u; > 0, i = 1,2,...,n. Suppose u; # u;, for all i # j,
where 1,7 =1,2,...,n. Then there exist k; > 0,1 =1,2,...,n, such that
ui(p+p) ki pluj+pu;

4.1 —_—t < =< —— Vi#j, ,7=12,...,n
(4.1) plui + pu;  k; wilp+p) # 7, 0]

Proof. Without loss of generality, we may assume u; < us--- < u,. First, we
show that (4.1) makes sense, i.e.,

ui(p+p) _ pluj+pu
plui+pu;  uilp+p)

(4.2)

Equation (4.2) is equivalent to
uivg(p+ ') < (p'ui + puy)(p'u; + pus),

which can be simplified as
2uiu; < ui + u?

Since u; # uj, (4.2) is true.
Now we construct kq, ko, ..., k,. Let k; = 1. We choose k; > 0, i > 2, recursively,
such that

i ' k; "u; i

(43) }L(p+p) < +1<pu "‘PUJ:l’

pPuitr +pui ki uia(p+p)

We only need to prove that k;, i = 1,2,...,n, satisfy (4.1).
We claim that

ui(p+p') < kiyo < pui + puito

44 L i=1,2
(.4 pluiye + pu; k; uiv2(p+p')

g Ly e

,n—2.

To see this, by (4.3),

uiy1(p+p') < Kiva  pluiyr + puite

4.5
(4.5) Pluiye + puit1  kip1 uiy2(p+p')
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Multiplying (4.3) and (4.5), we obtain

ui(p+p)  uilp+p) < B2 p'ui + puity puivs + puiya

4.6
(4.6) PUip1 + pu; P U2 + PUitl ks uip1(p+p') wire(p+p')

To show (4.4), it suffices to prove that

wilp+p) _ wilptp) uina(p+ o)

4.7
*.7) Pluive + pui  puitr + pui Pl + pUisr

and , , ,
d'u; 4+ puit1 p' U1 + puira  PUG - pU1

< .
uip1(p+p') uiv2(p+p') uit2(p + p')
These two inequalities can be checked directly. We only show (4.7), as the other is
similar. Equation (4.7) is equivalent to

(Puiv1 + pui) (P tiga + puiv1) < (p'wire + pui)uivi(p + p'),
which can be simplified as
p'p(ufy + uinige) < p'p(uit1tive + uittis).
This is equivalent to
p'p(uiﬂ = Uit2)(Uiy1 — ui) <0,

which holds as u; < u;11 < u;42. This proves (4.4).
By (4.3) and (4.4), we can show that

ui(p+p') < Fivs _ plui + puits
Puis+pui ki ugs(pt+p)’
The proof of (4.8) is similar to (4.4). Indeed, by (4.3), we have

i=1,2,...,n—3.

(4.8)

ui2(p+p') < Fivs _ Pluiva + puiys
Puips + puire ki uiy3(p+p')

Multiplying this inequality with (4.4), we can show (4.8). Then by induction, we can
show that

. / Koot s " o
(4.9) ,“’('Hp) <= PUT DU+ 9 n—j j=12...n
P Uy j T+ pU; i uitj(p+p')
This proves (4.1). |

In the following, we prove part (i) of Theorem 1.1 via several steps. First we show
that s(pA + Q) is nonincreasing.

LEMMA 4.2. Let A = (aij)an be an irreducible essentially nonnegative matrix
such that —A" is sub-Laplacian, and let Q = diag(q;) be a real diagonal matriz.
Then s(pA + Q) is nonincreasing in p € (0,00). If, in addition, —AT is strongly
sub-Laplacian, then s(pA+ Q) is strictly decreasing in p € (0,00).

Proof. By the Perron—Frobenius theorem, A, := pA+(Q has a positive eigenvector
u = (ui,us,...,u,)" corresponding with eigenvalue A\; = s(A4,). Then, we have

n
(4.10) qiui—kpZaijuj =\u;, 1=1,2,...,n.
=1
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For any p’ > 0, to show s(A,+,) < s(A,), by the Collatz—Wielandt formula, it suffices

to find a strictly positive vector v = (vy,va,...,v,)T such that
A,y )
(4.11) max Aptproli < A1
1<i<n v

Suppose v; = kju; for some k; > 0,4 = 1,2,...,n. We need to find k; satisfying
(4.11), i.e.,

ks + (0 4+ )" agikius
quZ (p p)zjfl 1]‘7‘]§)\1’Z’:172’...,n~

4.12
(4.12) T

Solving A; from (4.10) and plugging it into (4.12), (4.12) is equivalent to

(413) aiip'kiui < Z AUy (pkl — (p + p/)kj) Vi = 1, 2,... , M.
J#i

Since |a;;| > zj# a;; as —AT is sub-Laplacian, (4.13) holds if

p'kiug > ui((p+ p')kj — pki) Vi # 1,
which is equivalent to
k; j /
(4.14) iy Wt ) sy
kj = p'ui + pu;
By Lemma 4.1, we can find k; satisfying (4.14) (if u; = u;, we may set k; = k;). This
proves s(A, 1) < s(Ap).
If —AT is strongly sub-Laplacian, then the inequality (4.12) is strict and s(4,) is
strictly decreasing. ]

Next, we show that s(pA+@Q) is analytic in p. Since the zeros of analytic functions
are isolated and s(pA + Q) is decreasing, s(pA + @) is either strictly decreasing or
constant in p.

LEMMA 4.3. Let A = (aij)an be an irreducible essentially nonnegative matrix
such that — AT is sub-Laplacian, and let Q = diag(q;) be a real diagonal matriz. Then
s(pA+ Q) is either strictly decreasing or constant in p € (0, 00).

Proof. By the Perron-Frobenius theorem, s*(p) := s(pA + Q) is a simple root of
some polynomial equation F(p, s) = 0 for each p € (0,00). Therefore,

oF
0s
By the implicit function theorem, s*(p) is analytic in p (we may extend the domain
of p and s to the complex plane). Since the zeros of analytic functions are isolated
and s(pA + Q) is decreasing by Lemma 4.2, s(pA + Q) is either strictly decreasing or
constant in p. ]

(p,s7) # 0V p € (0,00).

Now we are ready to establish monotonicity of the spectral bound s(pA + Q).

THEOREM 4.4. Let A = (aij)nxn be an irreducible essentially nonnegative matric
and let @ = diag(q;) be a real diagonal matriz. Then the following results hold:
1. If s(A) < 0, then s(pA+ Q) is strictly decreasing in p € (0,00). Moreover

lim s(pA +@Q) = gggn{qi} and lim s(pA +@Q) = —co.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/22/22 to 128.239.107.180 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

666 S. CHEN, J. SHI, Z. SHUAIL, AND Y. WU

2. If s(A) = 0, then s(pA + Q) is strictly decreasing provided that Q is not a
multiple of I. Moreover,

hm s(pA +Q) = max {ql} and hm s(pA+Q) = Zvlqz,

where v; € (0,1) for each 1 < i < n is determined by A and satisfies y ;. v; =
1 (if A has each Tow sum equaling zero, then v is a left positive eigenvector
of A).

Proof. It is easy to see that lim, . s(pA+Q) = maxi<i<n{¢}. Let u= (u1,us, ...,
un)T be the positive eigenvector of A Corresponding to s(A) satisfying 1 u; = 1
and let U = diag(u;). Let A:= U~'AU = (u; *a;ju;). Then the sum of the ith row
of Ais

(4.15) u; Zaijuj =u; 's(A)u; = s(A).

If s(A) < 0, then A is essentially nonnegative, and —AT is strongly sub-Laplacian
by (4.15). By Lemma 4.2, s(pA + Q) = s(pA + Q) is strictly decreasing. Since

1<i<n

(4.16) min pz aij +qi p <s(pA+Q) < rilaxn pz ai; + ¢ ¢,
j:

and Z?:l ai; < 0 for each i, we have lim, o s(pA + Q) = —oc0.

If s(A) = 0, then Ais essentially nonnegative and —AT is Laplacian by (4.15). By
Lemma 4.3, s(pA+ Q) = s(pA+ Q) is strictly decreasing or constant in p. By (4.16),
s(pA+Q) is bounded below by min;<;<,{¢;} and above by max;<;<,{¢;}. Therefore,
lim,— o0 s(pA + Q) exists. Let vy, = (Up1,Vp2, - .., Vpn) be the left positive satisfying
Z? 1Vpi = 1 for ,0[1 + Q. Up to a subsequence, we have v, = v = (v, v2,...,0y,) as
p — oo for some nonnegative vector v satisfying » ., v; = 1. Dividing v, (pA +Q) =

s(pA+ Q) = s(pA + Q)vp by p and taking p — oo, we obtain vA = 0. Therefore,
v is the left positive A satisfying > v; = 1. Summing up all the equations of
v,(pA+Q) = s(pA+Q)v, and using the fact that A has each row sum equaling zero,
we obtain

vaqz = s(pA+Q) Z =s(pA+Q).

i=1 i=1

Taking p — oo, we have

hm S pA+Q Zvlql

Since I, viq; < maxi<i<n{¢} if and only if (¢1,¢2,...,¢s) is not a multiple of

(1,1,...,1), s(pA + Q) is strictly decreasing if @ is not a multiple of T. d

5. Applications. In this section we apply Theorem 1.1 (also Theorem 4.4) to
several metapopulation models in the literature of spatial biology.
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5.1. Single species model. We consider a general single species model in a
heterogeneous environment of n patches (n > 2),

(5.1) wp = u; fi(ui) + p Z(aijuj — jiui) — P, i=1,...,n,
=1

where u; denotes the population size (or density) in patch ¢; function f; denotes the
intrinsic growth rate in patch 4; the connectivity matrix A = (a;j)nxn describes the
dispersal pattern between patches, where a;; > 0 for ¢ # j quantifies the dispersal
from patch j to patch 7, and a;; = — Z#j a;; is the total movement out from patch j;
p > 0 is the dispersal rate; and €; > 0 is the death rate due to dispersal. When ¢, =0
for all 4, there is no loss of individuals during the movement between patches; and
when £; > 0 for some 1 < ¢ < n, there are losses of individuals during the movement
between patches. The intrinsic growth function f; (1 < i < n) satisfies the following:

(f) For 1 <i<n, f; : Ry — R is continuous and strictly decreasing. Moreover,

there exists ¢; > 0 such that f;(u;) < 0 for all u; > ¢;.

System (5.1) admits a trivial equilibrium Ey = (0,0,...,0), representing the
state of species extinction, and its stability can be determined by the Jacobian matrix
J = p(A — diag(e;)) + diag(fi(0)).

Assume that A is irreducible. It follows from the Perron—Frobenius theorem that
A — diag(e;) has a principal eigenvector (ay,as,...,a,)T > 0 corresponding to the
principal eigenvalue 0 such that a; > 0 for all 4. As shown in Theorem 4.4, a; serves
as the weight constant in determining the impact of patch ¢ on the dynamics of the
interconnected system (5.1) for larger value of p. The following result describes this
phenomenon in detail.

THEOREM 5.1. Suppose that A is an irreducible essentially nonnegative matriz,
and assume (f) is satisfied. Let (a1, s, ...,a,)T > 0 denote the normalized eigenvec-
tor of A—diag(e;) corresponding to the principal eigenvalue 0 such thaty . o; = 1.
Let M = maxi<i<n{fi(0)} and m = 1" a;fi(0). Then the following statements
hold:
(i) If M <0, then the equilibrium Ey is globally asymptotically stable in R’ for
all p> 0.

(ii) If ¢, = 0 for all 1 < i < n and m > 0, then the equilibrium Ey is unstable
for all p > 0. Furthermore, system (5.1) admits a unique positive equilibrium
E* = (uj,...,uy), which is globally asymptotically stable in R} — {Ep}.

(iii) If either ¢, = 0 for all 1 < i < n and m < 0 < M, or ¢ > 0 for at least
some i € {1,...,n} and M > 0, then there exists a unique p* > 0 such that
Ey is globally asymptotically stable in Ry for p > p* while Eq is unstable for
0 < p < p*. Furthermore, if 0 < p < p*, then there exists a unique positive
equilibrium E*, which is globally asymptotically stable in R — {Eo}.

Proof. The local stability of Fy is determined by the sign of the spectral bound
of the Jacobian matrix J(p) = p(A — diag(e;)) + diag(f;(0)), i.e., Ep is locally asymp-
totically stable if s(J(p)) < 0 and it is unstable if s(J(p)) > 0. By Theorem 4.4, if
e, =0forall 1 <i<mn, s(J(p)) is nonincreasing for p € (0, 00) with

= 1 < < 1 e
= lim s(7(p)) < s(T(0) < lim s(J(6)) = M,
and if m < M, then s(J(p)) is strictly decreasing; if ¢; > 0 for at least some i €
{1,...,n}, s(J(p)) is strictly decreasing in p with
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—oo = lim s(J(p)) < s(J(p)) < lim s(J(p)) = M.

p—>00 p—0

The claim on the local stability of Ey follows from these observations.

Since A is irreducible and essentially nonnegative, (5.1) generates a strongly mono-
tone dynamical system [38]. Since f; is strictly decreasing for 1 < i < n, the semiflow
generated by (5.1) is strongly subhomogeneous [42] (i.e., AT'(t)ug < T'(t)Aug for all
A € (0,1) and initial data ug > 0, where T'(¢) is the semiflow induced by (5.1)). More-
over, by the assumption (f), the solutions of (5.1) are bounded and dissipative (i.e.,
uniformly ultimately bounded). Therefore, by [42, Theorem 2.3.4], if s(J(p)) < 0, Ey
is globally stable; if s(J(p)) > 0, Ep is unstable and there exists a unique globally
stable positive steady state E*. This completes the proof. 0

Remark 5.2. 1. If the maximum growth rates f;(0) at the ith patch are not all
identical, then m < M.

2 The ith patch is a sink if f;(0) < 0 and it is a source if f;(0) > 0. If all
patches are source, then apparently m > 0, but the population can still
become extinct for large p if there is population loss during dispersal. If some
patches are sink, then it is possible that m < 0 but it still depends on the
network connection. When the sink patches carries a larger weight ay, it is
more likely that m < 0. This extends earlier results on source-sink dynamics
with symmetric movement [21].

3. The extinction/persistence dichotomy of dynamics in terms of stability of
extinction state and the global stability of positive equilibrium of (5.1) are
well-known; see, for example, [10, 30, 32]. Theorem 5.1 shows how the ex-
tinction or persistence of population depends on the dispersal coefficient p.

4. A similar result for reducible A can also be obtained by using Corollary 3.3
and the approach in [14].

5.2. Predator-prey model. We consider the following predator-prey model
with a general functional response in heterogeneous environment of n patches (n > 2):

u; = riu; (1 - },u{l) — gi(ui)vi + Pu Z (aijuj — ajiui), 1=1,2,...,n,
(5.2) ’ n =t
vf = vi(cigi(ui) — di) + po Y (bijvj — bjivi), 1=12,...,n,

j=1

where u; and v; denote the population density of the prey and the predators in the
ith patch, respectively; r;, K; > 0 are the growth rate and carrying capacity of the
prey in the ith patch, respectively; d; is the mortality rate of the predator, and ¢;
is the conversion rate of the predation; the connectivity matrices A = (ai;)nxn and
B = (bij)nxn describe the dispersal pattern between patches for prey and predators
respectively, where a;; > 0 and b;; > 0, ¢ # j, denote rate of the prey and predators
from patch j to patch i, and aj; = =3, a;; and bj; = — 37, b;; are the total
movement out from patch j of the prey and predators, respectively; and py, p, > 0
denote the rates of dispersal of the two species u and v, respectively. Function g;
denotes the functional response of predator in the ith patch and satisfies the following
assumption.

(¢) For 1 < i < n, g : Ry —» R, is continuous and strictly increasing and

9:(0) = 0.

The following result highlights the impact of dispersal rates on population dy-

namics of (5.2).
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THEOREM 5.3. Suppose that A and B are irreducible matrices, and assume (g)

is satisfied. Let (a1, qq,...,an)T be the positive eigenvector of B corresponding to
eigenvalue 0 with Y+, o; = 1. Then for any p, > 0, p, > 0, system (5.2) admits
a trivial equilibrium Ey = (0,0,...,0) and a unique semitrivial equilibrium Ei =
(ui,...,ur,0,...,0), where uf >0 and satisfies

% n

* Uy * * .

(5.3) iU (1 - K’) + pu Z(aijuj —aju;)=0, j=1,2,...,n.

i =1

Denote M = maxi<i<n{cigi(uf) — d;} and m = Y7, a; (cigi(uf) — d;). Then the
following statements hold:
(i) Ey is unstable for any p, > 0.
(ii) If M < 0, then the equilibrium E; is globally asymptotically stable in Ri" —
{Eo} for all p, > 0.

(iii) If m > 0, then the equilibrium E; is unstable for all p, > 0.

(iv) If m < 0 < M, then there exists a unique pX > 0 such that Ey is globally
asymptotically stable in Ri" —{Eo} for p, > pk while By is unstable for
0 < py < py-

Proof. The existence and uniqueness of F; follow from Theorem 5.1. We prove
the local stability/instability of E; in (ii)—(iv), as the proof of (i) is similar and
simpler. Linearizing (5.2) at E1, the local stability of E; is determined by the following
eigenvalue problem:

Api = Tidi (1 - 2;?) = 9W)vi + pu 3 (aijo; — ajids), i=1,2,....n,
(5.4) ' n =t
Ay = thi(cig(uf) — di) + po Zl(aij% - ajivi), i=12,....n
j=
If Rel < 0 for any eigenvalue A of (5.4), then E; is locally asymptotically stable; if
(5.4) has an eigenvalue A with ReA > 0, then FE; is unstable.

We claim that the local stability of F; is determined by the sign of s(p,A +
diag(cigi(u}) — d;)). To see this, let (¢,9) with ¢ = (¢1,¢2,...,¢0,)T and ¢ =
(1,2, .. .,9,)T be an eigenvector of (5.4) corresponding to eigenvalue \. If ¢ = 0,
then X is an eigenvalue of

ul - .
A(ZSZ' = Ti¢i <1 - 2}(2) + Pu ;(aZj(bJ - a’ji¢i)a 1= 17 cee Ny

i.e., an eigenvalue of p, A + diag(r;(1 — 2u}/K)). By (5.3) and the Perron-Frobenius
theorem, s(p, A+diag(r;(1—u}/K))) = 0. Therefore, s(p, A+diag(r;(1—2u]/K))) <
s(puA + diag(r;(1 — uf/K))) = 0. Hence, we have

(5.5) ReX < s(p, A + diag(r;(1 — 2u; /K))) < 0.
If ¢ # 0, A is an eigenvalue of

M = pi(cig(u;) — di) + po Z(aijd’j —a;ii), i=1,...,n,
j=1

i.e., Ais an eigenvalue of p, A + diag(c;g;(uf) — d;). Noticing (5.5), we see that the
local stability of E4 is determined by the sign of s(p, A + diag(c;g;(uf) — d;)). Then
the results (ii)—(iv) on the local stability of E; follow from the claim and Theorems
1.1 and 4.4.

It remains to prove the global stability of E; when s(p, A+diag(c;g;(u)—d;)) < 0.
Suppose that (u1(0),...,u,(0)) is nontrivial. Let @;(t), 1 < ¢ < n, be the solution of
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i - n
’LAL; = Tiﬁi <]. — [U(7,> +Pu Z(aijﬁj — ajiﬁi), = 172, oy,

j=1

4;(0) = u;(0), i=1,2,...,n.

By the comparison principle, we have u;(t) < 4,;(t) for all t > 0 and 1 < i < n. By
Theorem 5.1, we have lim;_, o @;(t) = u}, and it follows that limsup,_, . 4;(t) = u}
for 1 <4 < mn. Choose ¢ > 0 such that s(p, A + diag(c;g;(u} + €0) — d;)) < 0. Then
there exists T' > 0 such that u,;(t) < uf + ¢y for all ¢ > T. By the second equation of
(5.2) and the monotonicity of g;, we have
’UZ{ < vi(cig(uf + 60) — dz) + Po Z (bijvj — bji’l)i), t>T,i=1,2,...,n,
j=1

’UZ(T)SCONZZ, tZT,i:1,27...,n,

where (&1, Gz, . .., y) is a positive principal eigenvector of p, A+diag(c;g; (uf+€o)—d;)
corresponding with eigenvalue sg := s(p, A + diag(c;g;(u} + €9) — d;)) and C > 0 is
large. By the comparison principle, we have v;(t) < 0;(t) for t > T, where 0; is the
solution of the problem

n

0; = Ui(cig(uj +€0) — di) + po D (bijo; — bjity), t>T,i=1,2,...,n,
(5.6) j=1

f}z(T)ZC&Z, tZT,i=1,2,...,n.

It is easy to check that the solution of (5.6) is 9;(t) = Cae®*~T) 1 < i < n. Since
so < 0, we have lim;_, 0;(t) = 0, which implies lim; ,, v;(t) = 0. Finally by the
theory of asymptotically autonomous semiflows (see, e.g., [41]) and Theorem 5.1, we
have limy_, oo u; () = uf, 1 <i <mn. O

Remark 5.4. 1. When p, = 0, then s(p,A + diag(c;g;(u}) — d;)) = M so
part (ii) in Theorem 5.3 still holds.

2. When Fj is unstable, one can show the existence of a coexistence equilibrium
E5 through the theory of uniform persistence. When the functional response
gi is of Lotka—Volterra type (g;(u;) = u;), Eo can be shown to be globally
asymptotically stable when p, = 0 (see [30, Theorem 6.1]). But when g;
is of Monod type (gi(uw;) = w;/(a; + u;)), (5.2) is an n-patch Rosenzweig—
MacArthur predator-prey system, Fo may be unstable, and the system could
have a limit cycle even in the one-patch case.

3. In Theorem 5.3, the growth rate r; for the prey is assumed to be positive in
all patches. If r; are not all positive, then from Theorem 5.1, a unique critical
prey dispersal rate p), > 0 may exist so that Ey is globally asymptotically
stable for p,, > p;, while Ej is unstable for 0 < p, < p};. In that case, results
(ii)—(iv) in Theorem 5.3 hold for 0 < p,, < pf.

5.3. Lotka—Volterra competition model. We consider the following Lotka—
Volterra competition model in a heterogeneous environment of n patches (n > 2):

n

u; = ui(pi — U; — 'Ui) + Pu Z (aijuj — ajiui), 1= 1, ey,
j=1
n
(5.7) v = vi(pi — ui —vi) + po ) (aijv; —azivi), i=1,....m,
j=1

u(0) = up = (#)0, v(0) = vo = (F)O,
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where u = (uy,...,u,) and v = (v1,...,v,), and u; and v; denote the population
densities of two competing species in patch ¢, respectively; p,, p, > 0 are the dispersal
rates of the two species, respectively; p; € R represents the intrinsic growth rates of
species u; and v; in patch 4; and a;; > 0(i # j) is the movement rate from patch
j to patch 7, a;; = —Zi# a;; is the total movement out from patch j, and the
matrix A = (a;;) is irreducible. Let (a1, as,...,a,)T be the positive eigenvector of
A satisfying " ; a; = 1. The two competing species are assumed to be identical
except for the dispersal rates.

Denote M = maxi<ij<n{p;} and m = Z;;l a;p;. If M < 0, then the trivial equi-
librium is the only nonnegative equilibrium, which is globally asymptotically stable.
Therefore, in the following we assume that M > 0. By Theorem 5.1, we obtain the fol-
lowing result about the existence/nonexistence of nonnegative semitrivial equilibria.

LEMMA 5.5. Suppose M > 0 and p,, < p,. Then the following results hold:

(i) If m > 0, then system (5.7) admits exactly two nonnegative semitrivial equi-
libria (u*,0) and (0,v*), where w* = (wi,...,w}) for w = u,v.

(ii) If m < 0, then there exists a unique p, > 0 such that s(p.A + diag(p;)) = 0.
Moreover, when p, < py, < py, there exists no nonnegative semitrivial equi-
librium; when p, < p. < py, there exists exactly one nonnegative semitrivial
equilibrium (u*,0); and when p, < p, < p«, there exist exactly two nonnega-
tive semitrivial equilibria (u*,0) and (0,v*).

Next we show that system (5.7) has no positive equilibrium.

LEMMA 5.6. Suppose M > 0 and p, < py. If (p1,p2,...,Dn) is not a multiple

of (a1,Qa,...,ay), then system (5.7) admits no nonnegative equilibrium (4,7) =
(Uyy...,Up, V1y...,0p) with @ > (£)0 and v > (£)0.
Proof. Assume to the contrary that such an equilibrium (@, ?) = (41, .. ., Un, 01,

..., Up) exists. Let Q = diag(p; — @; — ¥;). Since (@, ) is an equilibrium of (5.7), we
have

n
i(pi — Wi — i) + pu Y aiji; =0, i=12,...n,
i=1

n
@i(pi — U; —’Ui) —&—pUZaijﬁj =0, :=1,2,...,n.
j=1
Therefore, u and v are nonnegative eigenvectors of p, A+ @ and p, A+ @Q correspond-
ing with eigenvalue 0, respectively. Since A is irreducible, by the Perron—Frobenius
theorem, we have

s(pud + Q) =s(pyA+ Q) =0.
Since p, < py, by Theorem 1.1 or Theorem 4.4, @) is a multiple of I and u,v are

eigenvectors of A. It follows that p; —uy —vy = ps —us —vo =+ =pp —Up — v, =0
and (p1,p2,...,pn) is a multiple of (a1, aq,...,a,), which is a contradiction. This
completes the proof. 0

In the following, we will use monotone dynamical system theory [24, 38] to investi-
gate the global dynamics of (5.7). Let <y, <k, <k be the order of R” x R" generated
by the cone R"} x (=R ) defined in the usual way. For example, (u,v) <g (w, z) means

u<w, v>zand (u,v)# (w,z2).

Then the solutions of system (5.7) induce a strictly monotone semiflow on R} x R .
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LEMMA 5.7. Let (u®(t),0®(t)) be the corresponding solutions of (5.7) with non-

negative initial value (ugi), v(()i)) fori=1,2, where ué2) > (#£)0, vél) > (#£)0 and

(u(()Q),v(()Q)> <K (uél),vél)).

Then (v (), 0@ (1)) <k (WD (2),vV(t)) for any t > 0.
Proof. Since u(?)(t) is the solution of

n
wp = ui(pi — i — vi) + pu 3 (agjuy — ajiug), i=1,2,....n,

7j=1
u(0) = ul? > ()0,

and A is essentially nonnegative and irreducible, we have u(?) (t) > 0 for all t > 0 (see
[38]). Similarly, v(*)(¢) > 0 for all ¢ > 0.

Let u(t) = u®(t) — u® (1), 5(t) = v@(t) — vV (1), Uy = u(") — ul?, and vy =
v((f) - vél). Then (u(t),v(t)) satisfies

Ui = Py Z QijU; + U (pi — ’UJZ(<1) — ’U,Z(-2) — ’UZ(I)) + u?)@,
j=1
(5.8) Ti=po 3. aiT; + T (pi B vl(l) _ Uz@) - u§2)) + Ugl)ﬂ“
j=1
(u(0),2(0)) = (#)0.

Since ul@),vzm >0forallt>0,i=1,2,...,n, and A is essentially nonnegative and

irreducible, (5.8) is cooperative and irreducible [38]. It then follows that w@;(t), 7, () >
0 for any ¢ =1,2,...,n and t > 0. This proves the claim. 0

Since the solutions of system (5.7) induce a strictly monotone semiflow on R’ x
R’ , we can use the theory of monotone dynamical systems in [23, 24, 28, 38] to inves-
tigate the asymptotic behavior of (5.7). Specifically, if (v*,0) is the only semitrivial
equilibrium which is locally asymptotically stable, then it is globally asymptotically
stable; if both (u*,0) and (0,v*) exist with (u*,0) stable and (0,v*) unstable and
there exists no positive equilibrium, then (u*,0) is globally asymptotically stable.
Then the following result follows from Lemmas 5.5-5.6.

THEOREM b5.8. Suppose that M > 0, p, < py, and (p1,p2,...,pn) is not a mul-
tiple of (a1, e, ..., ap). Let p., u* be defined as in Lemma 5.5. Then the following
statements hold:

(1) If m > 0, then semitrivial equilibrium (u*,0) is globally asymptotically stable.

(ii) Ifm < 0, then the trivial equilibrium is globally asymptotically stable for p, >

px, and the semitrivial (u*,0) is globally asymptotically stable for p, < p..

Proof. By Lemma 5.5, (u*, 0) always exists. We show that (u*, 0) is locally asymp-

totically stable whenever it exists. Linearizing (5.7) at (u*,0), we obtain the following
eigenvalue problem:

Api = di(pi — 2u7) — uii + pu Y (aiid; — azids), i=1,2,...,n,
(5.9) n i=1

Jj=1
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It suffices to show Rel < 0 for any eigenvalue A of (5.9). Let (¢,1¢) with ¢ =
(1,02, ...,0,) and ¢ = (1,19,...,1,) be an eigenvector corresponding to A. If
1 = 0, then \ satisfies

n

Api = ¢i(pi — 2u) + pu D _(aijdj — ajigi), i=1,2,...,m,

=1

namely, A is an eigenvalue of p, A + diag(p; — 2u}). Since A is essentially nonnegative
and irreducible and u* satisfies

n

0 = i (s — ) + pu D — aziw), = 1,200,
j=1

u* is a positive eigenvector of p, A + diag(p; — u}) corresponding with principal ei-

genvalue s(p, A + diag(p; — u})) = 0. Therefore, s(p, A + diag(p; — 2u})) < s(puA +
diag(p; — u;)) = 0. It follows that

Re) < 5(p, A + diag(p; — 2u;)) < 0.

Therefore, we may assume 1 # 0. Then, A satisfies

My = i(ps — uf) 4 po D _(aiythy — azity), i=1,2,...,m,

j=1

ie., A is an eigenvalue of p, A + diag(p; — u;). Since s(p,A + diag(p; — u;)) = 0
and py, < py, $(ppA + diag(p; — ul)) < 0 by Theorems 1.1 or 4.4. Hence, ReA < 0.
This implies that (u*,0) is locally asymptotically stable. Similarly, we have s(p, A +
diag(p; — v})) > 0 and (0,v*) is unstable if it exists. By Lemma 5.6, (5.7) has no
positive equilibrium. Therefore, the results follow from the theory of strictly monotone
dynamical systems [23, 24, 28, 38, 39]. 0

Remark 5.9. 1. For the reaction-diffusion Lotka—Volterra competition model, it
was shown in [12] that the species with slower diffusion rate outcompetes the
one with faster diffusion rate, when the two species are identical except for
the diffusion rates. Theorem 5.8 is an analogous result for the patch model.

2. When p = (p1,p2,--.,pn) is a multiple of (aq, ag, ..., a,), the nonexistence
of positive equilibria in Lemma 5.6 no longer holds. Indeed it is easy to see
that for any s € [0,1], ((1 — s)p, sp) is a nonnegative equilibrium of (5.7).
The fact that (p1,p2,...,pn) is a multiple of (aq, ag, ..., a,) implies that the
movement strategy defined by A = (a;;) is an ideal free dispersal strategy
with respect to (p1,ps,...,pn), and in (5.7), both species have ideal free
dispersal strategies with respect to (p1,ps,...,pn), hence coexistence can be
achieved (see [7]). Theorem 5.8 shows that when neither species takes the
ideal free strategy, the slower disperser will prevail.

Appendix A. Notation from graph theory and tree-cycle idenitity. Let
B = (b;;) be anonnegative nxn matrix. A weighted digraph G = Gp associated with B
can be constructed as follows: G = (V, E) is a pair of two sets, aset V ={1,2,...,n}
of vertices and a set E of arcs (7,j) with weight b;; leading from initial vertex j to
terminal vertex i. Specifically, (i,7) € E(G) if and only if b;; > 0.

A digraph is strongly connected if, for any ordered pair of distinct vertices i, j,
there exists a directed path from i to j. A weighted digraph Gp is strongly connected
if and only if the weight matrix B is irreducible [5].
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A subdigraph H of G is spanning if H and G have the same vertex set. The
weight of a subdigraph H is the product of the weights of all its arcs. A connected
subdigraph 7 of G is a rooted in-tree if it contains no directed cycle, and there is
one vertex, called the root, that is not an initial vertex of any arcs while each of the
remaining vertices is an initial vertex of exactly one arc. A subdigraph Q of G is
unicyclic if it is a union of disjoint rooted in-trees whose roots form a directed cycle.
Every vertex of unicyclic Q is an initial vertex of exactly one arc, and thus a unicyclic
graph has also been called a functional digraph [20, p. 201].

Notice that our definitions of rooted in-trees and unicyclic graphs (functional
digraphs) above are different from those in [30]. Specifically, rooted out-trees and
contra-function digraphs (a union of disjoint rooted out-trees whose roots form a
directed cycle) are considered in [30], respectively. As a consequence, a slightly differ-
ent version of tree-cycle identity, analogous to Theorem 2.2 in [30], can be established
using Kirchhoff’s matrix-tree theorem [34].

THEOREM A.l (tree-cycle identity). Let Gg be a strongly connected weighted di-
graph. Let L = (£;;) be the Laplacian matriz of Gg; that is, {;; = —b;; for i # j and
Uiy = Zk# bri. Let 0; be the cofactor of the ith diagonal entry of L fori=1,...,n.
Then the following identity holds for any x;,x; € R™,1 <14,j <n, and any family of
functions {F;; : R™ x R™ — R}1<; j<n:

Z eibjiFji(xjyxi) = Z w(Q) Z Fsr(xsamr)a

i,j=1 QeQ (s,7)EE(Co)

where Q is the set of all spanning unicycle graphs of (Gp, B), w(Q) > 0 is the weight
of @, and Cg denotes the directed cycle of Q with arc set E(Cg).

Since Gp is strongly connected, equivalently, B is irreducible, 0 is a simple ei-
genvalue of L. Here 6; is the cofactor of the ith diagonal entry of L and can also be
interpreted as 0; = > o, w(T) where T; is the set of all spanning in-trees rooted at
i. Therefore, each term in the product 6;b;; corresponds to a unicylic graph that is
formed by adding arc (j,¢) from i to j to a spanning in-tree rooted at i. So, the same
argument as in the proof of [30, Theorem 2.2] can be applied to establish Theorem A.1
and thus is omitted.
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