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A UNIFYING PERRON-FROBENIUS THEOREM FOR
NONNEGATIVE TENSORS VIA MULTI-HOMOGENEOUS MAPS*

ANTOINE GAUTIER', FRANCESCO TUDISCO#, AND MATTHIAS HEINT

Abstract. We introduce the concept of shape partition of a tensor and formulate a general
tensor eigenvalue problem that includes all previously studied eigenvalue problems as special cases.
We formulate irreducibility and symmetry properties of a nonnegative tensor 7' in terms of the
associated shape partition. We recast the eigenvalue problem for 7" as a fixed point problem on a
suitable product of projective spaces. This allows us to use the theory of multi-homogeneous order-
preserving maps to derive a new and unifying Perron-Frobenius theorem for nonnegative tensors
which either implies earlier results of this kind or improves them, as weaker assumptions are required.
We introduce a general power method for the computation of the dominant tensor eigenpair, and
provide a detailed convergence analysis.
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1. Introduction. Tensor eigenvalue problems have gained considerable atten-
tion in recent years as they arise in a number of relevant applications, such as best
rank-one approximation in data analysis [7, 19], higher-order Markov chains [18], solid
mechanics and the entanglement problem in quantum physics [6, 17], multi-layer net-
work analysis [1, 22]. A number of contributions have addressed relevant issues both
form the theoretical and numerical point of view. The multi-dimensional nature of
tensors naturally gives rise to a variety of eigenvalue problems. In fact, the classical
eigenvalue and singular value problems for a matrix can be generalized to the tensor
setting following different constructions which lead to different notions of eigenval-
ues and singular values for tensors, all of them reducing to the standard matrix case
when the tensor is assumed to be of order two. Moreover, the extension of the power
method to the tensor setting, including certain shifted variants, is the best known
method for the computation of tensor eigenpairs [15, 20].

When the tensor has nonnegative entries, many authors have worked on tensor
generalizations of the Perron-Frobenius theorem for matrices [3, 4, 9, 16, 18]. In this
setting, existence, uniqueness and maximality of positive eigenpairs of the tensor are
discussed, in terms of certain irreducibility assumptions. Moreover, as for the matrix
case, Perron-Frobenius type results allow to address the global convergence of the
power method for tensors with nonnegative entries [3, 6, 10, 18].

However, all the contributions that have appeared so far address particular cases
of tensor spectral problems individually. In this work we formulate a general tensor
spectral problem which includes known formulations as special cases. Moreover, we
prove a new Perron-Frobenius theorem for the general tensor eigenvalue problem
which allows to retrieve previous results as particular cases and, often, allows to
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significantly weaken the assumptions previously made. In addition, we prove the
global convergence of a nonlinear version of the power method that allows to compute
the dominant eigenpair for general tensor eigenvalues, under mild assumptions on the
tensor and with an explicit upper bound on the convergence rate.

We first illustrate the discussed spectral problems for the special case of an entry-
wise nonnegative square tensor of order three, T' = (T; j ) € RV*N*N We omit here
most of the details, which are instead carefully discussed in the next sections. Let
fr: RY x RY x RN — R denote the multilinear form induced by T,

N
fr(x,y,z) = Z Tijkriyjze VX, y,z € R",
i,5,k=1

and, for p,q,r € (1,00), consider the following Rayleigh quotients:

fT(X7X7X) fT(XaY7y) fT(X7y?Z)
1 (bl X)) = —7"7"7 q)2 X = q)B X zZ) = ———/—.
W 2 ="5E =Ty T YD = Gyl

Note that, since the tensor is nonnegative and has odd order, the maximum of
&’ provides a notion of norm of T, for ¢ = 1,2, 3. Furthermore, note that ®!, ®2 and
®3 lead naturally to the definition of #P-eigenvectors, ¢P>%-singular vectors and ¢P97-
singular vectors of the tensor T' [16]. These are respectively defined as the solutions
of the following spectral equations

7-1(X7 Yy, Z) = /\wp(x)a
T2(x,y,2) = My (y),
T3(x,y,2) = A\ (2),

Ti(x,y,y) = Mp(x),

(2) Tilxx,%) = Ay (x), {7'2<x7y7Y>=Wq<”’

where 1, (x) = %VHXHZ = (Jz1|P7221,. .., |zNn|P22N) and, for i = 1,2,3, the map-
ping 7;(x,y,z) is the gradient of x; — fr(x1,X2,Xx3).

It is well known that the singular values of a matrix always admit a variational
characterization, whereas the same holds for eigenvalues only if the matrix is symmet-
ric. A similar situation occurs for tensors, where suitable symmetry assumptions on T’
are required in order to relate the critical points of the Rayleigh quotients in (1) with
the solutions of the spectral equations in (2): If T is super symmetric, i.e. the entries of
T are invariant under any permutation of its indices, then V fr(x,x,x) = 371 (x, X, x)
and so the correspondence between the critical points of ®' and the solutions to
T1(x,x%,%x) = A\Yp(x) is clear. If T is partially symmetric with respect to its second
and third indices, i.e. T;;r = T, for every i,j,k € [N] = {1,...,N}, then
Vxfr(x,y,y) = Ti(x,y,y) and Vy fr(x,y,y) = 272(x,y,y) and, again, it is not
difficult to observe that the critical points of ®? coincide with the solutions to the
second system in (2). Finally, the third system in (2) always characterizes the critical
points of ®3 as Vfr = (71,72, 73). This latter case is the analogue of the singular
value problem for matrices.

In the case where T does not have such symmetries, the critical points of ®! and
®2 are solutions to spectral systems analogous to those in (2) but where the mapping
T: is the gradient of x; — fg(x1,X2,%x3) and S € RfXNXN is a symmetrized version
of T whose construction depends on the considered problem. We discuss this property
in detail in Section 4. Note that this phenomenon is, again, aligned with the matrix
case. In fact, the quadratic form associated to a matrix M always coincides with the
form associated with the symmetric matrix (M T + M) /2. Now, as T has nonnegative
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entries, the triangle inequality implies that |®!(x)| < ®1(|x]|) for every x € RV \ {0},
where the absolute value is taken component wise. In particular, this implies that the
maximum of ®! is attained in the nonnegative orthant RY = {x € RN | x; > 0, Vi €
[N]}. Similar simple arguments show that the maxima of ®* and ®2 are attained on
nonnegative vectors as well. There is a vast literature on the study of the solutions to
the systems in (2) in the particular setting where T is nonnegative. We refer to it as
the Perron-Frobenius theory for nonnegative tensors [5]. Typical results of the latter
theory provide conditions on the parameters p, ¢, and on the irreducibility structure
of the tensor T to ensure the existence, the uniqueness and the maximality of positive
solutions to particular cases of the systems in (2). These results come together with a
number of Collatz-Wielandt type characterizations and with the convergence analysis
of particular tensor versions of the power method. See for e.g. [4, 9, 10, 14, 25] and
references therein.

In this paper, we address tensors of any order and propose a framework that allows
us to unify the study of all spectral equations of the type shown in (2) and to prove a
general Perron-Frobenius theorem which either improves the known results mentioned
above or includes them as special cases. In particular, we give new conditions for the
existence, uniqueness and maximality of positive eigenpairs for an ample class of tensor
spectral equations, we prove new characterizations for the maximal eigenvalue and we
discuss the convergence of the power method including explicit rates of convergence.
This is done by introducing a parametrization, which we call shape partition, so that
the three problems discussed in (2) can be recovered with a suitable choice of the
parameters. Moreover, shape partitions allow us to introduce general definitions of
weak and strong irreducibility, which both reduce to existing counter parts for suitable
choices of the partition. We discuss in detail the relationship between different types
of irreducible nonnegative tensors and we show how they are related for different
spectral equations.

A particular contribution of this paper is that we reformulate the tensor spectral
problems in terms of suitable multi-homogeneous maps and the associated fixed points
on a product of projective spaces. Thus, based on our results in [11], we show that
most of the tensor spectral problems correspond to a multi-homogeneous mapping
that is contractive with respect to a suitably defined projective metric. This relatively
simple observation turns out to be very relevant as it allows to systematically weaken
the assumptions made in the Perron-Frobenius literature for nonnegative tensors so
far. The paper is written in a self-contained manner. However, for the proofs we rely
heavily on our results from [11].

2. Preliminaries. In this section we fix the main notation and definitions that
are required to formulate the Rayleigh quotients in (1) and the associated spectral
problems in a unified fashion for the general case of a tensor of any order and with
possibly different dimensions.

Let Rflx‘”XN’" be the set of entrywise nonnegative tensors in RVt ¥XNm  [et
T € RY»**Nm and define the induced multilinear form fr: RM x ... x RNVm — R
as

fr(zi,...,2m) = E Ty i 21,51 %2,52 * " 2 s
le[N1]7 ---7jnLE[Nm]

where [N;] = {1,..., N;} for all . Furthermore, let us consider the gradient of fr,
thatislet 7 = (T1,...,Tm) with T; = (i1, ..., Ti,n,) and T j, RM x.. . xRNm 5 R
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defined as

Tiji(21,. . 2m) = ) T P " Zim L1 Zik Vi * " 2
J1€[N1],esdi—1€[Ni—1]
Jit1€[Nit1lsee s dm €[ Nm]

As for the case of a square tensor of order three, described in the previous sec-
tion, several Rayleigh quotients and spectral equations can be associated to T'. For
instance, we have now up to m different choices of the norms in the denominator of
(1). Moreover, various choices for the numerator are possible, depending on how one
partitions the dimensions of RM x ... x R™V=. In order to formalize these properties
for a general tensor T', we introduce here the concept of shape partition.

Definition 2.1 (Shape partition). We say that o is a shape partition of T' €
RN1X-XNm if g = {g;}9_| is a partition of [m], i.e. UL 0; = [m] and o; No; = ()
for i # j, such that for every i € [d] and j,j’ € oy, it holds N; = N;. Moreover, we
always assume that:

(a) For every i € [d—1] and j € 04,k € 0,41 it holds j < k.
(b) If d > 1, then |o;| < |oy11| for every i € [d — 1].

Observe that the conditions (a) and (b) in the above definition are not restrictive.
Indeed, if o = {0;}¢_; is a partition of [m] such that N; = Nj: for every j,j' € o;
and i € [d], then there exists a permutation 7: [m] — [m] such that & = {5;}%,
defined as 6; = {n(j): j € 0;},i € [d] is a shape partition of the tensor T defined
as le,...,jm =T} 1yrorjnimy fOr all ji,..., jm. For instance if T € R2%3%2 gnd o =
{{1,3},{2}}, then one can define T} ; , = T ; for all i, j,k and & = {{1,2}, {3}}.
Shape partitions are useful and convenient for describing all spectral systems
of the same form as (2) but for tensors of any order. To a given shape partition

o= {ai}le of T € RN1X-XNm e associate the numbers si,..., 54, V1, ..., Vq, and
ni,...,nq defined as follows:
(3) v; = |oil, s; =min{a | a € 0;}, n; = N, Vi € [d],

and sg+1 = m+1. We will always assume the definitions in (3), although the reference
to the specific o will be understood implicitly. Moreover, for convenience, we will very
often use the n; in place of the N;. The relation between these two numbers is made

more clear by noting that the dimensions Ny X --- x N, of T' can be rewritten as
follows:
g1 g2 g4
Ni X ... X Ngyo1 X Ngy X oo X Nggo1 X oo X Ngy X000 X Ngy
I Il Il Il Il Il
ny X ... X ny X ng X ... X up) X ... X ng X...X ng
v1 times vo times vq times

Now, given p = (p1,...,pa) € (1,00) and the shape partition o of T', we define
the Rayleigh quotient of 7" induced by o and p as follows:

fr(xll)
(4) D(x1,...,Xq) =
Y %1 [Ipt lIx2llp3 - - - lIxallps
vy times vy times vgq times
—
where xlol = (Koo s X1y X2y e oo, XDy e e vy Ky o ooy X)) -
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In particular, note that the funtions ®!, &2 ®3 of (1) can be recovered by setting
ol = {{1,2,3}},p =p, o’ = {14 {2,3}},p = (p,q) and o? = Hih {21 {3,p =
(p,q,r), respectively.

The Rayleigh quotient (4) is naturally related to a norm of the tensor which
depends on both the shape partition o and the choice of the norms | - [|,,. We
denote such norm as ||T|(¢,p) = MaxXx, ... x,#0 |P(X1, ..., Xq)|. Note that the absolute
value in the definition of ||T'||(, ) can be omitted when T is nonnegative. In fact,
as discussed in the introduction, if 7' is nonnegative, then the maximum is always
attained at nonnegative vectors. In the case d = m and p1 = ... = pm = 2, [|T]|(5,p)
is called the spectral norm of T and it is known that its computation is NP-hard in
general (c.f. [13]). If d = m = 2, then [|T||(5 p) coincides with the ¢79-norm of the
matrix 7' [3] and it is also known to be NP-hard for general matrices if, for instance,
p1 = p2 # 1,2 is a rational number or 1 < p; < py < o0, see e.g. [12, 21].

A direct computation shows that the critical points of ® in (4) are solutions to
the following spectral equation:

(5) vZfT(X[U]) = /\sz (X1)7 ”xZ”Pz =1 Vi e [d]’

where V; fr(x[!) € R™ denotes the gradient of the map x; — fr(xl91), ¥, (x;) =
(|Jzia|Pitsign(zin), -« o |@in, [P sign(m; ,,)) for all x; € R™ and sign(t) = t/|t| if
t # 0 and sign(0) = 0.

It is important to note that V; fr(x[®1) and 7, (x[?!) do not coincide in general,
unless v; = 1. Hence, we consider a more general class of spectral problems for tensors
which is formulated as follows:

(6) To (X7 = My, (xi), Ixillp, =1 Vi€ [d].

Depending on the choice of o, various known spectral problems related to nonneg-
ative tensors can be recovered from (6). First, we note that if m = 2 and d = 1, then
T is matrix, o = {{1,2}} and with p; = 2 Equation (6) reduces to the standard eigen-
vector problem of T. If m = 2 and d = 2, then T is matrix, o = {{1}, {2}} and with
p1 = p2 = 2, (6) reduces to the standard singular vector problem of T'. Furthermore, if
d =m, then o = {{1},...,{m}} and we recover equation (1.2) in [9] which character-
izes the ¢P1>--Pm_gsingular vectors of T. If d = 2, then o = {{1,...,k},{k+1,...,m}}
for some k € [m—1] and we recover equation (2) in [17] which characterizes the ¢*:P2-
singular vectors of the rectangular tensor T'. Finally, if d = 1, then o = {{1,...,m}}
and we recover equation (7) in [16] which characterizes the ¢P1-eigenvectors of T
Perron-Frobenius type results have been established for each of the aforementioned
spectral problems. In order to unify these results, we introduce here the following
definition:

Definition 2.2 ((o,p)-eigenvalues and eigenvectors). We say that (A, x) is a
(o, p)-eigenpair of T if it satisfies (6). We call A a (o, p)-eigenvalue of T' and x a
(o, p)-eigenvector of T'.

Key assumptions in the Perron-Frobenius theory of nonnegative tensor are strict
nonnegativity, weak irreducibility and (strong) irreducibility. In order to address the
general spectral problem of Definition 2.2, we recast such assumptions in terms of the
chosen shape partition.

Definition 2.3 (o-nonnegativity and o-irreducibility). For a nonnegative tensor
T e Rflx‘“XNm and an associated shape partition o = {o;}% ;, consider the matrix
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M e R$L1+"'+”d)x(m+”'+nd) defined as

0

M), k) = o
Wk

d
Toots ) ma V(i 10), (k, 1k) € I7 = ({3} x [nd],
i=1
where 1 = (1,...,1)T is the vector of all ones. We say that T is:
e o-strictly nonnegative, if M has at least one nonzero entry per row.
e og-weakly irreducible, if M is irreducible.
e o-strongly irreducible, if for every x € RY* x ... x R}* that is not entry-wise
positive and is such that x; # 0 for all ¢ € [d], there exists (k,lx) € Z% such
that z,, = 0 and Ty, 4, (x[°1) > 0.

These definitions coincide with most of the corresponding definitions introduced
for the individual special cases. Indeed, if d = 1, o-strict nonnegativity reduces to
the definition of strictly nonnegative tensor introduced in [14]. If d = 1,2, m, o-weak
irreducibility reduces to the definition of weak irreducibility introduced in [9] and [17],
respectively. If d = 1, m, o-strong irreducibility reduces to the existing definitions
of irreducibility introduced in [4] and [9]. However, in the case d = 2, o-strong
irreducibility is strictly less restrictive than the definition of irreducibility introduced
in [6]. In Section 6.4 we give a detailed characterization of each of these classes of
nonnegative tensors. In particular, we propose equivalent formulations of these classes
of tensors in terms of graphs and in terms of the entries of T'. Furthermore, we show
in Theorem 6.14 that o-strong irreducibility implies o-weak irreducibility which itself
implies o-strict nonnegativity. We also study how these classes are related, for a fixed
tensor T but different choices of o

Using different shape partitions, one can associate several spectral problems to a
tensor 1" via Definition 2.2 and sometimes one can transfer properties that hold true
for one formulation to another one. For instance, if a symmetric matrix Q@ € R}™"
is irreducible, i.e. @ is {{1,2}}-irreducible, then its corresponding bipartite graph is
strongly connected, i.e. @ is also {{1},{2}}-irreducible. In particular, this implies
that the classical Perron-Frobenius theorem holds not only for the eigenpairs of @
but also for its singular pairs. A similar situation arises in the more general setting
of tensors. In order to formalize this property, we define the following partial order

on the set of shape partitions of T":
Definition 2.4. Let o = {o;}L |, {5:}9_, be two shape partitions of T €

o =
RN xNm - then we write o C & if d > d and there exists g: [d] — [d] such that
0 C Gy for every i € [d].

Note, for example, that the shape partitions o = {{1},{2}} and & = {{1,2}} of
the symmetric matrix @ above, satisfy o C & and irreducibility with respect to o
carries over to . More generally, we discuss in Sections 4 and 6 several properties of
the tensor T preserved by the partial ordering C, that is properties that automatically
hold for & when holding for a shape partition o such that o C &. In particular, this
is the case of tensor symmetries that we define below in terms of . We first recall
the concept of partially symmetric tensors from [8]:

Definition 2.5 (Partially symmetric tensor, [8]). Let T € RM>--XNm and let
a C [m] be a subset of cardinality 2 at least. We say that T is symmetric with respect
to a if N; = Ny for each pair {i,7'} C a and the value of T, _;  does not change
if we interchange any two indices jj;, ji» for 4,4’ € o and any ji € [Ng],k € [m]. By
convention T is symmetric with respect to each {i} for i € [m)].
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Definition 2.6 (o-symmetry). Let T € RM>--*Nm and let o = {0;}%; be a
shape partition of T. We say that T is o-symmetric if it is partially symmetric with
respect to o; for all i € [d].

Observe that, in particular, every matrix is {{1}, {2}}-symmetric and symmet-
ric matrices are {{1,2}}-symmetric. Moreover, if T is o-symmetric, then T is &-
symmetric for every shape partition & of T" such that & C o.

3. Main results. In this section we describe the main results of this paper: A
complete characterization of the irreducibility properties of T" in terms of the shape
partition o; a unifying Perron-Frobenius theorem for the general tensor spectral prob-
lem of (6); and a generalized power method with a linear convergence rates that allows
to compute the dominant (o, p)-eigenvalue and (o, p)-eigenvector of T'. These results
are based on a number of preliminary lemmas and results that we prove in the next
sections. Thus, for the sake of readability, we postpone the poofs of the main results
to the end of the paper. We devote this section to describe the results and to relate
them with previous work.

The first result is presented in the following:

THEOREM 3.1. Let T € RYV >N and let 0 = {0;}), and 6 = {5;}L, be
shape partitions of T such that o T &. Then, the following holds:
(i) If T is o-weakly irreducible, then T is o-strictly nonnegative.
(i) If T is o-strongly irreducible, then T is o-weakly irreducible.
(iii) If T is o-strictly nonnegative, then T is &-strictly nonnegative.
(iv) If T is o-weakly irreducible and &-symmetric, then T' is &-weakly irreducible.
(v) If T is o-strongly irreducible and &-symmetric, then T is &-strongly irreducible.

Proof. See Section 6.4. ]

Few comments regarding the partial symmetry assumption in (iv) and (v) of the above
theorem are in order: First, note that, as in the matrix case, the irreducibility of a
tensor does not depend on the magnitude of its entries and so it is enough to assume
that the nonzero pattern of T' is -symmetric. Second, by giving explicit examples,
we note in Remarks 6.9 and 6.13 that the o-symmetry assumption in (iv) and (v) can
not be omitted in general.

It is well known that in the case of nonnegative matrices, i.e. m =2 and d = 1,
o-weak irreducibility and o-strong irreducibility are equivalent. This equivalence
is proved also for m = 2 and d = 2 in [9, Lemma 3.1]. Furthermore, (i), (ii) are
known for the particular cases d = 1 and d = m. Precisely, refer to [9, Lemma 3.1]
for an equivalent of (ii) and to [10, Proposition 8, (b)] and [14, Corollary 2.1] for
an equivalent of (i) in the cases d = 1 and d = m, respectively. However, to our
knowledge, the results of points (iii), (iv), (v) have not been proved before, in any
setting.

Our second result is a new and unifying Perron-Frobenius theorem for (o, p)-
eigenpairs. First, let us consider the sets of nonnegative, nonnegative nonzero and
positive tuples of vectors in R™ x ... x R™, that is: let K7 = R}" x ... x R}?,
KT o=1{x €K |x; #0,i €[d]} and let KT, be the interior of KF. Furthermore,
let us define the (o, p)-spectral radius of T

(7) r(TP)(T) = sup {I\] : Xis a (o, p)-eigenvalue of T'}.

Note that if m = 2, d = 1 and p; = 2, then 7(®'P)(T) coincide with the spectral
radius of the matrix T and if m = 2, d = 2 and p; = py = 2, then 7(?'P)(T) coincide
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FIGURE 1. Conditions on (p1,p2,p3) = (p,q,r) for different settings involving a tensor of order
3. The figure shows that generally, p(A) < 1 implies a less restrictive condition on p,q,r than the
previous existing ones. Left: Here d = 2 so that o = {{1},{2,3}}. The plain line is the set of (p,q)
such that p(A) = 1 and the dashed line is the set of (p, q) such that min{p,q} = 3 [17]. Middle: Here
d = 3 so that o = {{1},{2},{3}}. The dark gray surface is the set of (p,q,r) such that p(A) =1
and the light gray surface is the set of (p,q,r) such that min{p,q,r} = 3 [9, 16]. Right: Here d =3
again and p is fived to p = 3. The plain line is the set of (q,r) such that p(A) = 1, the dotted line is
the set of (q,r) for which there exists a € {p,q,r} such that 2a < b(a — 1) for all b € {p,q,7} \ {a}
[10] and the dashed line the set of (q,r) such that min{p,q,r} =3 [9, 16].

with the largest singular value of the matrix T. As mentioned before, the key of
our Perron-Frobenius theorem is the relation with the theory of multi-homogeneous
and order-preserving mappings [11]. In particular, let us consider F('P): K7 — K9
defined as F(oP) = (F(7P) ,Fé”’p)) where Fi(a’p) = (Fi(flr’p)7 e Fi(z;p)) and, for
all (4,7;) € Z°,

i—1

5 o i . Di
(8) FgP00 = (Tos D) with g = 2

We show in Lemma 5.1 that the nonnegative (o, p)-eigenpairs of T" are in bijection
with the multi-homogeneous eigenvectors of F(?'P) ie. vectors x € K< o for which

there exists #1,...,0; > 0 such that Fi(a’p)(x) = 0;x; for all i@ € [d]. This key
observation allows us to exploit the results proved in [11]. In particular, we consider
the homogeneity matrix A(e,p) € RiXd of F(7P) given as

(9) A(aap):dlag(p/l_]-a7p:1_1)(1VT_I)7 V:(|01|7"'7|0d|)—r7

and let p(A(o, p)) be its spectral radius. In the following, A(o, p) always refers to the
homogeneity matrix of F(?'P) hence, when it is clear from the context, we omit the
arguments (o, p) and write A instead of A(o, p). Note that the homogeneity matrix
A is always nonnegative and irreducible. Therefore, there exists a unique positive
eigenvector b such that ATb = p(A)b with Zle b; = 1. Throughout the whole
paper we will always devote the symbol b to denote such a vector.

Lemma 3.2 in [11] implies that p(A) is an upper bound on the Lipschitz constant
of F(@P) with respect to a suitable weighted Hilbert metric on K9, . Therefore,
when p and o are such that p(A) < 1, we can recast the (o, p)-eigenvalue problem
for T in terms of the multi-homogeneous eigenvectors of a non-expansive map and
derive the Perron-Frobenius theorem for T' as a consequence. In the particular cases
d=1,d = 2 and d = m, typical assumptions on p1,...,p, found in the literature
on Perron-Frobenius theory of nonnegative tensors are p; > m for every i € [d],
[9, 16, 17]. It is not difficult to see that if p; > m for all i, then p(A) < 1, with
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equality if and only if py = ... = p,, = m. However, by the Collatz-Wielandt
formula, we have p(A) = Minycpd  MaXie(q) (ATv);/v;, and thus it is clear that there
are many choices of p,...,pq such that p(A) < 1 but min;e(q p; < m. Moreover,
note that, as A(o, p) is irreducible, the function (p1,...,pqs) — p(A(o,p)) is strictly
monotonically decreasing in the sense that for every p,p € (1,00)¢ with p; < p; for
all ¢ € [d], it holds p(A(o,p)) > p(A(o,p)) with equality if and only if p = p. An
example comparing p(A4) < 1 with the conditions on py,...,pg given in [9, 10, 16, 17]
is shown in Figure 1.

Our new Perron-Frobenius theorem consists of five parts: The first one is a weak
Perron-Frobenius theorem ensuring the existence of a maximal nonnegative (o, p)-
eigenpair. The second characterizes r(?P)(T) via a Collatz-Wielandt formula, a Gel-
fand type formula and a cone spectral radius formula. The third part, gives sufficient
conditions for the existence of a positive (o, p)-eigenpair. The fourth part, gives con-
ditions ensuring that (o, p)-eigenvectors which are nonnegative but not positive can
not correspond to 7(?P)(T). The last part gives further conditions which guarantee
that T has a unique nonnegative (o, p)-eigenvector.

Let us denote by (F(®P))¥ the k-th composition of F(?P) with itself, that is
(FleP)l(x) = F@P)(x) and (F(@P)ktl(x) = F@P)((F@P)E(x)) for k =1,2,...
Moreover, let us define the following product of balls SSF’U) ={xekKg | [Ix;
1, Vi € [d]} and its positive part ngf) = S&p’a) nKq,.

pi —

THEOREM 3.2. Let o = {0}, be a shape partition of T € RYV*Nm Purther-
more let 7@P)(T), FOP) A and b be as in (7), (8) and (9), respectively. Suppose
that T is o-strictly nonnegative and p(A) < 1. Then, the following properties hold:

(i) There exists a (o, p)-eigenpair (A\,u) € Ry x K o of T such that A = r(@P)(T).

d ’
(i) Let~ = %, then v € (1,00) and the following Collatz- Wielandt formula
i—1 2iPy—

holds:
(10) inf FWFEP) x) = r@P(T) = max GW(FOEP)y)
xes(®?) yes®)
F-(o-'.’p) X)\ (v=1)bs
where C\V/V(F(o-’p)vx) — H ( max 7”]’7“)
=1 Ji€[nq] Ti.j;
d (o,p)
P (v—=1)b;
and  &FEPy) =T[(  min (Y))
iy Vi€l wig >0 Yig,

If additionally, p(A) = 1, then it holds

d -1
(11) r@P)(T) = sup limsup(HH(F(a’p))f(Z) Z@) i
i=1

z€KT , k—oo
y—1
Ppi :

(iii) If either p(A) <1 or T is o-weakly irreducible, then the (o, p)-eigenvector u of
(i) can be chosen to be strictly positive, i.e. u € KJ,. Moreover, u is then the
unique positive (o, p)-eigenvector of T'.

d
= tim (sup TIFP)i(2)

— 00
zes(7 P i=1
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(iv) If T is o-weakly irreducible, then for every (o, p)-eigenpair (¥,%x) of T such that
x € K10\ Ky, it holds 9 < r(@P)(T).

(v) If T is o-strongly irreducible, then the (o, p)-eigenvector u of (i) is positive and
it is the unique nonnegative (o, p)-eigenvector of T'.

Proof. See Section 7. ]
Note that Theorem 3.2, (i) is relatively obvious when T is o-symmetric. In fact,
as shown in Lemma 4.2, in this case 7(“*P)(T') = ||T|(,p) and thus the existence of

u follows from the fact that a continuous function over a compact domain attains
its maximum. In particular, this is always the case when m = d. However, when
d # m and T is not o-symmetric, proving the existence of u is more delicate. The
cases d = 1,2 are proved in [24, Theorem 2.3] and [17, Theorem 4.2], but under the
assumption that p; > m, for all ¢ € [d]. Our Theorem 3.2, instead, addresses a more
general case, but requires o-strict nonnegativity of 7. Although this is an additional
requirement, we show for instance in Example 6.7 that this is a very mild assumption.
A particularly interesting consequence of the Collatz-Wielandt formula (10) is
that every positive (o, p)-eigenvector of T must correspond to the maximal eigenvalue
7(@P)(T). Such formula is proved in [24, Theorem 2.3] and [10, Theorem 1] for the
cases d = 1 and d = m, respectively. Both assume that 7" has a positive (o, p)-
eigenvector and either p; > m if d = 1, or (m — 1)p; < pr(p; — 1) for some j € [d]
and all k& € [m] \ {j}, if d = m. In the case d = 2, a similar formula is proved in [23,
Theorem 4.6] under the assumption that T is o-strongly irreducible and p; = ps = m.
It is not difficult to see that that all the above conditions on py, ..., pg imply p(4) < 1
except when p; = ... = pg = m, in which case p(A) = 1 (see Figure 1). Hence, the
assumption in Theorem 3.2 is generally less restrictive than any known counterpart.
To our knowledge, (iv) of Theorem 3.2 and the characterizations of the spectral
radius in (11) have not been proved before, besides the particular cases d = 1 and
p1 = m. In fact, the only result comparable with point (iv) we are aware of is Theorem
2.4 in [24], where it is proved that if all the entries of T are strictly positive, d = 1
and p; = m, then r(7P)(T) is geometrically simple, i.e. for every (o, p)-cigenvalue
of T with \ # r(@P)(T) it holds |\| < 7(°"P)(T'). As for the characterization in (11),
we are only aware of a brief discussion involving the Gelfand formula in [5, Section 2].
Finally, (v) of Theorem 3.2 is a well known result for the cases d = 1, d = 2 and
d = m, see e.g. [4, Theorem 1.4] and [10, Theorem 14]. Indeed, this result follows
from the fact that every nonnegative (o, p)-eigenvector of T' has positive entries and
its proof holds regardless of the choice of py,...,pq € (1,00).
Our last main contribution concerns the computational aspects of the positive
(o, p)-eigenvector u in Theorem 3.2. This vector can be computed using a nonlinear
generalization of the power method. The classical power method allows to compute
the leading eigenvector of a primitive matrix M via the iterative sequence x*t! =

ﬁ for any positive starting point x°. The power method for general (o, p) tensor

eigenpairs is formulated as follows: Let x° € K9, and, for k =0,1,2,..., define

N T R
SO [ P R C Ol

This sequence provides a natural generalization of the power method for computing
eigenpairs of matrices and it reduces to the one proposed in [18], [6], [9] for the cases
d =1, d = 2 and d = m, respectively. Usually, convergence towards u is only
guaranteed when p(A) < 1 and the Jacobian matrix of F' (¢:P) is primitive. However,
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we prove that when p(A) < 1 it is sufficient that T is o-strictly nonnegative, or
equivalently the matrix M of Definition 2.3 has at least one positive entry per row,
so that the sequence converges towards u with a linear convergence rate.

If p(A) = 1, primitivity can be relaxed into irreducibility by considering a different
sequence, which we define in the following. Let G(7P): K7 — KT be defined as

aler) — (IR G, G = (G, GI7P)) and

2

(13) Gl7P) (x) = FP(x) V(i) € I°,

%4 Tigi by 5Ji

and consider the sequence

s i (G e )
IGETP () IGE P (75 1

where £k =0,1,2,... and z° € K9,
The convergence of the two sequences in (12) and (14) is proved in the next
Theorem 3.3. In order to facilitate its statement, for k& > 1, we let

&, = ew(FeP) xk), & = Cw(F@P) xk),
~ - o 2 X et o 2
Ck — (CW(G( 7p),yk)) , C’f = (CW(G( ’p)’yk)) )

where ¢w,cw are defined as in Theorem 3.2 and recall from [11] the definition of the
weighted Hilbert metric:

d

T Yil,

:Zbiln(‘max %) Vz,y € KT,.
=1 Jili€[ni] Yi 5, Til;

Note that, by the continuity of cw, cw in K7, if the sequence of x*, resp. y*, converges
to a positive (o, p)-eigenvector u of T, then hm fk = hm §k = T("’p)( ), resp.

khm Ck = hm (k = r(”’p)( ).

THEOREM 3.3. Assume that T is o -strictly nonnegative and has a posztwe ( ,P)-
eigenvector u_and p(A) < 1. Purthermore, let (x*)2, (¥%)%0, (ﬁk)k 1 ;(fk)k 1
(Ck) °, and (Ck)k 1 be as above. Then, the following holds:

(i) If w € {&,(}, then for all k =1,2,... it holds

(15) Wi < W41 < T(U’p)(T) < Qg1 < @
and for every e > 0, if Wy, — Wk < €, then

(16) )M

5 —_ (o) (T)‘ <

l\D\m

(ii) If p(A) < 1, then limy_,oo X*¥ = u and, with b as in Theorem 3.2,

pn(x",x°) _
(17) pip(x*, 1) < <1b_p(A))p(A)k Vk=1,2,...

(iii) If T is o-weakly irreducible, then limy_,o y* = u.
Proof. See Section 7. O
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To our knowledge, the convergence of the power method for nonnegative tensors has
been analyzed only for the cases d =1, d =2 and d = m.

If d = 1, the known assumptions for the convergence of the power method towards
u are either p; > m and M primitive ([9, Corollary 5.1]), where M is as in Definition
2.3, or p; = m and M irreducible (see [14, Theorem 5.4]). Clearly, if p; > m, then
the assumptions of Theorem 3.3, (ii) are considerably weaker as we only assume T
to be o-strictly nonnegative. When p; = m, Theorem 3.3, (iii) is equivalent to [14,
Theorem 5.4] in terms of assumptions. However, note that the method in [14] uses an
additive shift while we have a multiplicative shift. Furthermore, the convergence rate
of [9] for the case p; > m holds only asymptotically and assumes T to be o-weakly
irreducible. Whereas, a linear convergence rate for the case p; = m is proved under
the assumption that M is primitive in [14, Theorem 4.1].

For d = 2, results are known only in the case p; = p, = m. Precisely, in Theorem 7
of [6] it is proved that (x¥)° | converges towards u if p; = p» = m and T is irreducible
in the sense of Definition 1 in [6] which, as discussed above, is more restrictive than T°
being o-strongly irreducible. As o-strong irreducibility implies o-weak irreducibility,
it is clear that Theorem 3.3, (iii) improves these results. A linear convergence rate
is proved in [25, Theorem 4] for the case where p; = ps = m but requires additional
assumptions on 7.

Finally, if d = m, then it is proved in [10, Theorem 2] that a variation of the
power method converges to u under the condition that T is o-weakly irreducible and
(m —1)p; < pr(p; — 1) for some j € [d] and all k£ € [m] \ {j}, which, as discussed
above, implies p(A4) < 1 unless p; = ... = pg = m, in which case p(4) = 1. Hence, in
terms of convergence assumptions, Theorem 3.3 improves [10, Theorem 2]. However,
when p; = ... = pg = m, the latter result provides an asymptotic convergence rate
which is not implied by Theorem 3.3.

4. Tensor norms and spectral problems. In this section we study a number
of relations between the critical points of the Rayleigh quotient ® in (4) and the (o, p)-
eigenpairs of T. The goal of this discussion is twofold. First, it gives an optimization
perspective on (o, p)-eigenpairs and second it explains how to use our main results,
in particular Theorem 3.3, for the computation of ||T|(5p). Recall that, here and
throughout the manuscript, we denote by V; fT(x["’]) € R™ the gradient of the map
X; fT(X[U]).

In a first step, we prove in Lemma 4.1 how to construct a o-symmetric tensor S €
RN1XXNm g0 that fr(xl91) = fg(x1°]) and V, fr(xl7) = 1;S,, (x!°1) for every x €
R™ x...xR" where S(z) = V fs(z) for every z € RM x...xR¥=. This construction
has practical relevance, as it allows for a simple implementation of V; fT(x["]) and
it shows that partial symmetry is relevant when computing the critical points of
®. Furthermore, as fr = fg, we note that S can be used in place of T in the
definition of ®, without changing the optimization problem. In particular, we have
ITl(o,p) = I5]l(o.p)-

In a second step, we prove in Lemma 4.2 that the (o, p)-eigenvector and (o, p)-
eigenvalues of the o-symmetric tensor S are precisely the critical points, resp. values,
of . In particular, this means that ||S||(y,p) = 7(“*P)(S) and thus, if S satisfies the
assumptions of Theorem 3.3, the power method converges to a global maximizer u of
¢ and fT(u[a]) = ”T”(cr,p)

Finally, in Lemma 4.3 we discuss cases where ||T(5.p) = ||T]|(s,p) for different
shape partitions o, &.

LEMMA 4.1. Let o = {o;}%; be a shape partition of T € RN1*-*Nm - Fori € [d],
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XN,

let &; be the permutation group of o;, and define S € RN1 X XNm g5

(18) 31, sJm E l/' E: Jri(s1)eosdmy (sg—1) 0 odmy(sg) e 7Jﬂd(;d+1—1)

mES;

for all ji, € [N}], k € [m]. Then, we have fr(x°1) = fs(x[1) for all x. Furthermore,
S is o-symmetric and, with S = V fg, it holds V; fr (x["]) =1;Ss, (X[U]) for all x and
i€ d].

Proof. For x € R™ x ... x R™_ let Z € RN1X-XNm he the tensor defined as
Zisoim =Ti1 o jim Hie[d] [lico, i, for all ji,...,jm. We have

"LY 25

]teal ]tE[nL]
_E:E,EE, E:tha_ly I, Je Jm
6 ‘ s dsa ma(sa)r»lra(sqr1—1)2Jsat1
[d] t€oi ji€[n;] a€ld] ‘ Ta€Gq

o Z Z Z Sitrim®1 g1 T = fs(x["]),

i€ld] €0 ji€[n]

To conclude, note that, as S is partially symmetric with respect to o;, Equation (4)
in [16] implies 1;8; (x1)) = Vi fs(x[71) = V; fr (xI]). O

Now, we show that the converse of Lemma 4.1 is also true.

LEMMA 4.2. Let 0 = {0;}%_, be a shape partition of T € RN1->*Nm gnd p €
(1,00). If T is o-symmetric, then the (o, p)-eigenvectors of T are critical points of
the Rayleigh quotient ® defined in (4). Furthermore, it holds ||T||(opy = r(@P)(T).

Proof. As T is symmetric with respect to o; for ¢ € [d], we have S = T where S is
as in (18). Thus Lemma 4.1 implies that V, fr(x1°1) = v, T, (x[?]) for every i. Hence,
if x € K satisfies T, (x[71) = My, (x;) for all 4, then we have V; fr(x[71) = v\, (x;)
for every ¢, i.e. x is a critical point of ®. Finally, note that A is the critical value
associated to x since fr(x[?) = (T (x[?1), x;) = A|x; bi = X, as fr(z) is linear in

s;- Therefore, we have ||T)|(yp) = r(@P)(T). d

Finally, we show below that if o = {0;} |, & = {az} *_, are shape partitions of
T, o C ¢ and T is partially symmetric with respect to &, then the corresponding
tensor norms coincide for suitable choices of the p;, p;. This result is essentially a
corollary of Theorem 1 in [2].

LEMMA 4.3. Let o0 = {0}l ,, & = {&i}le be two shape partitions of T €
RN XN [f o T ¢ and p € (1,00)4, p € (1,00)? are such that p; = p; whenever
o; C 5. Then we have ||| p) = Tl (5,p)-

Proof. If o = &, there is nothing to prove, so let us assume o # &. Clearly, we
have ||T']|(o.p) > [T ll(5,5)- We prove the reverse inequality. First, note that by Lemma
4.1, by substituting 7" with S if necessary, we may assume without loss of generality
that T is &-symmetric. Now, let (x7,...,x}) p; = 1 for all i € [d]

and ||T||(y.p) = fr((x*))). As 0 T 6 and o # &, there exists i,5 € [d], k € [d] such
that ¢ < j, 0; C 6, and 0; C 6%. Then p; = p; by assumption and we have

* * * * * *\[or
fT((xl,...,xifl,xi,le,...,xjfl,xj,ijrl,...,Xd)[ ])
max

- _ :
1Tl p) = max e 155 1< 5



14 A. GAUTIER, F. TUDISCO, AND M. HEIN

where v; = |o;| and v; = |o;|. Now, as T is partially symmetric with respect to &y,
Theorem 1 in [2] implies that we there exists (y7,...,y}) with ||y} ||, = 1,1 € [d] such
that [|T(|(»,p) = fr((y*)!°!) and y; = y}. Continuing this argument for every i,j €
[d], k € [d] as above, we deduce that there exists (z7,...,z}) with ||z, = 1,1 € [d],
IT(op) = fr((z*)1]) and the following property: For every 4, € [d] such that there
exists k € [d] with o; C 6} and 0 C 6%, it holds z] = z}. It follows that there exists
o and z € ICfﬁo such that z[®) = z*. Hence, we have

Il o p) = fr((z)1)) = fr(@")1)) = fr(27) < |5 5),
which concludes the proof. 0

5. The multi-homogeneous setting. One of the keys of our Perron-Frobenius
theorem is the use of the multi-homogeneous map F(“P) defined in (8). In the
matrix case M € R™ ™ we know that the eigenvectors of M are fixed points of the
homogeneous map x — Mx in the projective space of R™, that is, if Mx = Ax for
some x with ||x|| = 1, then g(x) = x where g(z) = Mz/|Mz||. We extend this
observation to the tensor setting by means of F () Precisely, we prove in Lemma
5.1 that the (o, p)-eigenvectors of T are exactly the fixed points of F(?P) in the
product of projective spaces corresponding to R™ x ... x R™4. This observation
is useful as, for nonnegative tensors 7', the mapping F(?P) is order-preserving and
multi-homogeneous and thus we can apply the nonlinear Perron-Frobenius theorem
discussed in [11] to derive conditions on the dominant (o, p)-eigenpair of nonnegative
tensors. In particular, the spectral radius of F(?P) is strictly related to the (o, p)-
spectral radius of T and the irreducibility conditions of F(?'P) transfer to 7T

Let us first review two important properties of F(?P) together with some use-
ful related notation borrowed from [11]. The proof of these properties follows by a
straightforward computation and is omitted for brevity.

Assume that T is a nonnegative tensor, o a shape partition of T and p =
(p1,-.-,pa) > 1. Then:

1. F(@P) is order-preserving, that is

x<ky =  FOP(x)<c FOP(y)  Vx,yeKk,

where, for x,y € K7, we write x <x y if y —x € K. This partial ordering notation is
particularly useful and throughout we also write x <x y and x <x y ify—x € K7\{0}
and y —x € K7, respectively.

2. F(@P) is multi-homogeneous with homogeneity matrix A = A(o,p), where
A(o, p) is defined in (9). In particular, for any x € K¢ and any 6 € R% it holds

FeP(gox)=0"e FoP (x),

where 8 ® x = (01x1,...,04%4) and 0 is the vector with entries (84); = szl 9;‘”

A vector x is an eigenvector of F(?P) with (vector-valued) eigenvalue 8 € R?
if F(?P)(x) = @ ® x. The following lemma establishes the correspondence between
the nonnegative eigenvectors and eigenvalues of F(?'P) and the nonnegative (o,p)-
eigenvectors and (o, p)-eigenvalues of T'.

LEMMA 5.1. Let x € KT , then the following two statements are equivalent:

x4 x4 . S
(a) (HX1Hp1 e HXded) is a (o, p)-eigenvector of T.
(b) There ezists @ € R such that F(@P)(x) = 0 @ x.
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Furthermore, suppose that ||X;||p, = 1, then we have the following:
(c) If F7P)(x) = 0 @ x, there exists A € Ry such that 0; = \Pi~1 for all i € [d]
and (A, x) is a (o, p)-eigenpair of T. 3
(d) If X > 0 is such that (\,x) is a (o, p)-eigenpair of T', then F@P)(x) = A@x
with \; = A\Pi=1, for alli € [d].
Proof. Let v; = |o;| for all i € [d]. First assume that X = (
a (o, p)-eigenvector of T', then there exists A > 0 such that for every i € [d], it holds

H Il ) T, (x17).

By rearranging the above equation and composing it by 1/)1,;, we get

N
plpz H ||Xj| p;) X; = 91 X;
j=1

and thus (a) implies (b). In particular, note that if ||x;||,, = 1 for all ¢ € [d], then (d)
follows from the above equation.
Now suppose that there exists @ € R? such that F(°P)(x) = 6 ® x and set

x = (Hx)fﬁ yeey Tt ) Then, we have F(?P)(%) = 0 ® % where 0 is defined as
r1

> Ixallpy

X1 Xd ) .
. 1S
lIxallpy > "7 lIxallp,

Nl 0, (53) = My, (%) = To, (31)) = (1

FLP)(x) =y (T, (x11)) = (

g%(HJ o ]||_V’)p;71 for all i € [d]. Hence, we get

To (%) = 4, (F7P (%)) = 07 M, (%) Vi€ [d).

To conclude, we prove that there exists A > 0 such that 67" = X for all i € [d]. This
follows from the fact that 75, (x[°1) = 67" "4, (%;) as it implies that

Fr(®7) = (%0, T (=) = 00 (i (%0)) = 02 il = 6

Finally, if [|x;||,, = 1 for all i and X\ = fr(x[?]), we have 6; = 6; = AP~ for all i € [d],
which proves (c). |

We can now show the connection between the spectral radius of the order pre-
serving multi-homogeneous mapping F(°P) and the (o, p)-spectral radius of the
tensor T. To this end, let us denote by S 7P) the product of p;-spheres in K7,

ie. Sf P) = = {x € K9 | |xillp; = 1, i € [d]}. The spectral radius of F(“P) is defined
as (see [11, Section 4]),

d
o (F(P)) = sup { H 0 P)(x) = @ ® x for some x € S(f’p)},
i=1

where we recall that b € R? is the unique positive eigenvector of AT such that
Z?:l b; = 1. We relate 71, (F(“P)) and r(?"P)(T) in the following:

LEMMA 5.2. Let (A, x) € Ry x Sf’p) be a (o, p)-eigenpair of T such that )\ =
r@P)(T), and let (0,y) € RL xS'TP) be such that F(@P)(y) = @y with []*
rp(F(@P)). Then

111

d
Zi:l bip;

19 P @PNTY = pp (F@PHYY=L yhere y= ===
(19) (T) ( ) ST
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d . d .
Proof. Let o' = >i_; bip;, then 7' > minje (g pj D5, bi = minjepg pj > 1, thus

v = 77;1 € (1,00) and (y — 1)(y/ = 1) = 1. Now, Lemma 5.1, (d) implies that

F@P)(x) = A®x with \; = A?:~!, hence we have

d d
(20) r(@p) (T)v'*l i H A\bi(pi—1) H A?" < rb(F("’p)).
i=1 i=1
On the other hand, by Lemma 5.1, (c¢) we know that there exists § € Ry such that
0; = 67~ for all i € [d] and @ is a (o, p)-eigenvalue of T. Hence, we have

d d
(21) rb(F("*p)) — Hgf — Hebi(P;_l) — ' < plop) (T)v/—l_ 0
=1 =1

6. Classes of nonnegative tensors. We discuss here the different classes of
nonnegative tensors given in Definition 2.3. We propose characterizations in terms
of graphs for each of them and explain how they relate to a number of structural
properties of the corresponding multi-homogeneous mapping F(“P). To this end,
we first introduce the o-graph of a nonnegative tensor T and discuss some of its
properties. Then, we analyze each of the nonnegative tensors classes in a separate
subsection, we show how they are relate with each other and we conclude with the
proof of Theorem 3.1.

6.1. o-graphs of nonnegative tensors. We propose a definition of graph as-
sociated to a nonnegative tensor and with respect to one of its shape partitions. We
call this graph the o-graph of T' and denote it G (T'). Simply put, the set of nodes of
G%(T) is Z° and there is an edge from (k,lx) to (4,t;), if the variable z; ;, effectively

appear in the expression of Ty, ;, (x[°]). Formally, we have the following:

Definition 6.1 (o-graph of a nonnegative tensor). Let o = {0;}%, be a shape
partition of 7 € RY***Nm = The g-graph of T is the directed graph G(T) =
(Z°,£°(T)) defined as follows: The set of nodes is Z% = U%_ {i} x [n;] and there is
an edge ((k,lx), (i,t;)) € E7(T) C Z% x Z7 if one of the following condition holds:

o (k,lx) # (3,t;) and there exists ji,...,Jm such that T;, ;i >0, js, = li
and t; € {jo | a € 0;}.
o (k,lx) = (4,t;) and there exists ji,...,Jm such that T;, ;. >0, js, = li
and t; € {jo |a € 0, \ {si}}.
Note that in the cases d = 1 and d = m, G7(T') coincides with the graphs associated to
T introduced in Sections 4 and 1 of [9], respectively. Furthermore, when d = 2, G7(T)
coincides with the graph associated to T introduced in Section 4 of [17]. In particular,
if M € R™ "™ is a square matrix, then the shape partitions of M are o = {{1,2}}
and & = {{1}, {2}}, and G7(M) is the graph with n nodes and adjacency matrix M,
whereas G (M) is the bipartite graph with 2n nodes and adjacency matrix | o %T ].
In the next example we illustrate the three graphs associated with a square tensor of
order 3.

Ezample 6.2. Let T € R3*3%3 be defined as

TQ,Q’l = T37271 = T17371 = T27272 = T17173 =1 and T%JJC =0 otherwise.

2

Furthermore, let o', 02, 0 be the shape partitions of T, namely:

(22) ol = {{17273}}7 o’ = {{l}v {233}} and o’ = {{1}7 {2}7 {3}}
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The following three o-graphs can be associated to T*

g7 (1)

In the following lemma we show that the o—graph of a nonnegative tensor T
coincides with the graph of the corresponding multi-homogeneous mapping F(7P).
Moreover, we prove that the Jacobian of the map is always an adjacency matrix
for such a graph. To this end, we first recall from [11] the definition of graph of a
multi-homogeneous map.

Definition 6.3 (Graph of a multi-homogeneous mapping). The graph G(F) of
an order-preserving multi-homogeneous mapping F': K7 — K7 is the pair G(F) =
(Z°,E(F)), where Z° is the set of nodes and an edge ((k,l), (i,ji)) € E(F) exists
if and only if lim,_,oo Fiy, (€(%79)(2)) = oo, where e®!): Ry — K9 is defined as
(e™99)(z)); ;, = z and (e(i’j”’)(z))mn =1 for all (n,t,) € Z7\ {(4, i)}

LEMMA 6.4. Let G°(T) = (Z°,°(T)) be the a-graph of T and G(F(@P)) =
(Z7,E(F@P))) be the graph of F(7P) as multi-homogeneous mapping. Then, for
every (k,li), (i,t;) € %, the following are equivalent:

(Z) ((k7 lk)v (Zatz)) € go’(T)
(it) For allx € KT, %F,ﬁj‘lf) (x) exists and it holds M‘?ﬁ F,gf;)’cp) (x) > 0.
(iii) ((k,l), (i, 1)) € E(FTP)).

Proof. (1)=-(ii): If ((k,lk),(i,ti)) € E7(T), there exist indexes ji,...,Jm such
that Tj17---;j7n > 0, jsk =1l and t; € g; where ¢; = {ja | a < Ui} if (k‘,lk) 75 (i,ti) and
G =1{Jala€oi\{si}}if (k,lx) = (i,t;). Then, for x € K7, we have

,,,,,

o, =1 o pi—1
BP0 = (T D)7 2 (T €70, 0) >0,

d

: (o)

with i@ = 1T Il#ws) II ki
l=1,l#k t€o; tETk, t#£S

It follows that ax? —F ,gg;p) (x) exists since x — Ty, 4, (x[71) is a polynomial and for all

a >0, z — 2% is differentiable at z > 0. It holds

9 o, o =2 9 o
(23) 0y, F]§7lkp) (%) = (B, — D (Tt ()" 0z, Torn (%)
o 2_2 9 o
> (p;c - 1) (7—5kmlk (X[ ]))P les“~~,jm Oxi 4. g](d,?-.,jm (X)

It holds -2 ¢!

a.’Ei,f,i j17---7j7n
(ii)=(iii): Let z > 0, then e(**)(z) € K7, so that LF,&Z’CP) (et (2)) > 0. The

81’7;1”

(x) > 0 since t; € g; and @ € K. Hence, 52 F,g;};p) (x) > 0.

ari,ti
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equality in (23), implies that

It follows that f is a nonconstant polynomial in z with nonnegative coefficients and
thus lim, o f(2) = co. As F( ’p)(e(” )(2)) = f(z)P»~! and p}, — 1 > 0 we have
((k, 1), (i, t3)) € E(FEP)).

(iii)=-(i): We prove that if (i) does not hold, then (iii) does not hold either. Indeed,
f ((k,l), (i,t;)) ¢ E°(T), then by construction of (™) (z), with j,, = I we have

F,Ei;p) (et)(z)) = (30, U ij T, _Jm,)p’“fl. As this expression is bounded
and constant in z, (iii) can not hold. |

6.2. o-strict nonnegativity. The o-strict nonnegativity condition for a non-
negative tensor corresponds to the requirement that the associated multi-homogeneous
map F(7P) is positive, i.e. F(7P)(x) € K9, for every x € K7, This is shown by the
following

LEMMA 6.5. The followings are equivalent:
(i) T is o-strictly nonnegative.
(i) FoP)(x) € KT for everyx € KI,,
) F("’p)(l) eK9,,

(iv) For every (i,l;) € 17, there exists ji,..., jm with T}, ;. >0 and js, = 1.

.....

Proof. (i) = (ii): Let (i,1;) € Z¢ andx€K++,WeshowthatF( P) 5 0. As T is
o-strictly nonnegative, there exists (k, jx) € Z° such that the matrlx M of Definition
2.3 satisfies M(;1,),(k,j,) > 0. Lemma 6.4 then implies 8 7'5“1 (x[1) > 0 and so

-1
F‘(OHP) = (T.. 1. [a'] i — ( 2 [o-] )pl 0
4,04 (X) (T’Lall( I/k; 81/‘]{; I 517 ’L )mkvlk > )

where we have used Euler’s theorem for homogeneous functions in the second equality.
(if) = (iii) is obvious. (iii) = (iv): Let (i,4;) € Z°, then 0 < F,;"(1). The claim

follows from F( (1) = (E;n:l’#si Zz‘zl le,m7jm)p'i_1, where j;, = 1;. (iv) = (i):
Let (i,1;) € I" There exists ji,...,Jm such that T;, _; > 0 and js, = ;. If
d > 1, then ((4,1;),(k,js,)) € E°(T) for k # ¢, and if d = 1, then ¢« = 1 and
((3,1;), (k,j2)) € €°(T). In either cases, the (i,{;)-th row of M has at least one

positive entry which concludes the proof. ]

Note that a direct consequence of Lemma 6.5 (iv) implies that the o-strict non-
negativity property is preserved by the shape partitions’ partial ordering of Definition
2.4. We state this observation in the next lemma, whose straightforward proof is
omitted for brevity.

LEMMA 6.6. Let o = {0;}¢,, 6 = {52-}5:1 be shape partitions of T such that
o C . If T is o-strictly nonnegative, then it is &-strictly nonnegative.
Before concluding this subsection we want to stress that o-strict nonnegativity is

a very mild condition as it still allows T' to be very sparse. This is illustrated by the
following:

Ezample 6.7. Let T € R}*™*™ be an m-th order tensor so that T}, . ; >0
if and only if j; = ... = j,,. Then, for any shape partition o = {o;}¢_, of T, F(-P)



PERRON-FROBENIUS THEOREM FOR NONNEGATIVE TENSORS 19

satisfies F(7P)(x) € K9, for every x € K9, . Note that this tensor has n positive
entries and n™ — n zero entries.

6.3. o-weak irreducibility. Lemmas 6.4 and 6.5 imply that if T is o-weakly
irreducible, then T is o-strictly nonnegative. Furthermore, Lemma 6.4 implies that T’
is o-weakly irreducible if and only if G7(T) is strongly connected. The lemma below
shows that, when T is partially symmetric with respect to o, G7(T') is undirected
and, as for o-strict nonnegativity, o-weak irreducibility is preserved by the shape
partitions’ partial order.

LEMMA 6.8. Let o = {o;}L |, 6 = {6:}L, be shape partitions of T. Then
1. if T is o-symmetric G°(T) is undirected, and
2. ifo C o, T is a-symmetric and T is o-weakly irreducible, then T is &-weakly
irreducible.

Proof. Let o = {o;}_, and let (k,li), (i,t;) € Z% be such that ((k, 1), (i,t;)) €
E7(T). If (k,li) = (i,t;) then clearly ((i,t;), (k,lx)) € E7(T). If (k,1y) # (i,t:),
there exists ji,...,Jm with 75, ; > 0, js, = lp and t; € {j. | a € o;}. Let
s, € o; be such that t; = Jst- As T is partially symmetric with respect to o;, we
have Ty o = Ty g, > 0 where Je, = Jsts jég = js; and j/ = j, otherwise. In
particular, this implies that ((z7 t:), ((k, lk)) € £7(T) and thus G7(T) is undirected.
Now, assume that 7' is o-weakly irreducible and let = {62»}?:1 be a shape partition
of T such that ¢ C &. Let () # f/l,f/Q C Z% be such that V1N V2 = § and
VIUV?2 = 79 We show that there is an edge between V! and V2 in order to
conclude that T is &-weakly irreducible. As o C &, there exists g: [d] — [d] such that
0i C Gy for all i € [d]. For k=1,2,i € [d] and j € [d] let VF = {t; | (i,t;) € V*}
and VF = ng(j). Furthermore, set V¥ = U%_, {j} x V} for k = 1,2. Then V', V2 forms
a partitioning of Z¢ into nonempty disjoints subsets. As G7(T) is strongly connected,
there exists (k,1z) € V! and (i,t;) € V2 such that ((k, ), (i,¢;)) € E7(T). We claim
that ((g(k), 1), (9(i). t;)) € E9(T), as (g(k),lx) € V! and (g(i),t;) € V2, this will
conclude the proof. Let §; = min{a | a € &;} for i € [d]. There exists j1,...,Jm such
that Ty, ;.. > 0, js. = I and either (k,lx) = (4,%;) and ¢t; € {jo | a € 0, \ {s:}}
or (k,l) # (i,t;) and t; € {jo | @ € 0;}. In either cases, one can use &-symmetry

Qf T and. rear'range'the J1s .- .',jm ipto Jis--+yJr, so that Czjj{,‘..,j,’n = le,:..,jm > Q,
jgg(k) = Jsx» Jep = J5,0 and Jo = ja for all a € [m] \ {sk, 34 }. In particular this
implies our claim and the proof is done. ]

Note that the o-symmetry assumption is essential in order to have property 2 of
Lemma 6.8. In fact, for instance, if o', 02,0 are defined as in (22), then the tensor
of Example 6.2 is o’-weakly irreducible for i = 1,3 but is not o2-weakly irreducible.
In fact, already for the case of 3 x 3 x 3 tensors, for any Q C {1,2,3} one can find
a tensor which is o’-weakly irreducible for i € Q and not o’-weakly irreducible for
i € {1,2,3} \ Q. We prove the latter statement in the following remark where we
exhibit 3 x 3 x 3 tensors with binary entries which are o-weakly irreducible for i €
and not o’-weakly irreducible for i € {1,2,3}\Q, for all Q C {1,2,3}. As {1,2,3} has
8 different subsets 2, for the sake of brevity, we simply list all entries of these tensors
in the reverse lexicographic order as a binary string of length 27. So, for instance, the
tensor T of Example 6.2 can be compactly written as

=

I1l
O+—1

1,1 T

1
1
0

1,3,1 --- ... T11,3 T3,3,3

1 T2,2,1 T3,2,1 71,3
4 4 4 4 {
1 1 100000010000100000000

H
o
O+
=
bs.

O

(24) T
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Remark 6.9. Let o', 02,03 be as in (22). For every ¢1,¢e2,e3 € {0, 1} there exists
a tensor T(1:5253) ¢ [0,1}3%3%3 guch that for i = 1,2,3, T152:238) is g'-weakly
irreducible if ; = 1 and T(15253) is not o’-weakly irreducible if ¢; = 0. Precisely,
with the notation introduced in (24) we have

7(0-9:0) =000000000000000000000000000, T(--0:9 =011100100000000000000000000,
70:1.0) =111010100000000000000000000, T(*-1:9 =111100100000000000000000000,
791 =001010100000010000100000000, 791 =000011100000010000100000000,
711 =001010100010000000100000000, 71 =111100100100000000100000000.

All the tensors given above are not o’-strongly irreducible, for i = 1,2, 3.

6.4. o-strong irreducibility. We characterize o-strong irreducibility and dis-
cuss its connection with F( P)_ In particular, we prove that 7' is o-strongly irreducible
if and only if for every xY € K< o, there exists an integer N such that xN ¢ K9 where

xFtl = xF 4 F(@P)(xF) for k = 0,1,..., N Note that this is conceptually analogous
to the well-known property of nonnegative matrices Q € R™*" for which there exists
an integer N < n such that (I + Q)" is positive. This property implies that every
nonnegative (o, p)-eigenvector of T is strictly positive. Indeed, the following lemma
holds:

LEMMA 6.10. Suppose that for every x° € Ko\ K9, there exists N such that
xN € K9, where x*+1 = xk + F@P)(x*) for k= 0,1,.... Then, for every (6,x) €
R x K9 o such that F@P)(x) = 0 ® x, we have x € KT .

Proof. If x € K, there is nothing to prove so let us assume that x ¢ K7, . Set
xY = x and let N be such that xV € K9 .. Note that for every k we have xk = 6W @x
where §%) € R4, is given by 6 =1 and VY = J(j)Jr(J(j))AoH forall j =0,1,...
In particular s e REIH_ and so 6NV @ x =xN € K9, implies that x € K7, which
concludes the proof. O

The lemma below gives several equivalent characterizations of o-strong irredu-
cibility:
LEMMA 6.11. The following statements are equivalent:
(i) T is o-strongly irreducible.
(ii) For every® #V C I such that V; = {l; € [ni] | (i,1;) € V'} # [ny] for alli € [d],
the following holds: There exists k € [d] and j1,...,Jm such that Tj, . ;. >0,
Jse € Vi, Je € i) \ Vi, t € ok \ {sx} and js € [ni]\ Vi, t € 04,0 € [d] \ {k}.
(iii) There exists N <nj+...+ng—d such that for allJ = (J1,.--,Jd) € [n1] X ... %
[nal, it holds e} € ICLF, where eJk+1 =ef + G(”)( ), G K9 — K is given
by G\ (x) = (E(r["])a-wTd(fE["])) and( )kzk =1 if b = jr, (€)1, =0
else.
(iv) For every x° € IC+ o, there exists a positive integer Ny such that xNx € K9,

where x*1 = x* + F@P)(xF) gnd k =0,1,2. ..
(v) Q(F("’p (z)) 2 Q(z) for every z € K o\ K9, where, for every x € K,
Q(x) ={(i,ji) € I7 | @i, =0}
Proof. Note that the equivalence (i)<(v) is direct. We show the other implica-
tions by a circular argument, i.e. (ii)= ... =(v)=(ii).
(ii) = (iii): Let z € K7, \ K7, and let Q(-) be defined as in (v). Let V = Q(z),
then V # 0 and V; = {j; | zi,j, = 0} # [n,] for all ¢ € [d]. Now, there exists k € [d]
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and j1,...,J5m such that Tj, ;. >0, js, € Vi, ji € [ne] \ Vi, t € o \ {sx} and
je € [ni] \ Vi, t € 04,1 € [d] \ {k}. Tt follows that

d
GE:J‘)% (2) = 7;k’j5k (Z{a]) > Tj1,...,jm( H ka) H H 2.5, > 0,

tEoK, t#£Sk i=1,i#£kt€o;

and so (k,7js,.) € Q(z) \ Q(G?)(2!°])). This shows that |Q(z)| > |Q(z + G7)(zl]))]|
for all z € K7, \ K. Tt follows that for all j € [n1] x ... x [ng4], we have [Q(ef)| >
|Q(ef™)| for all k such that [Q(ef)] > 0. Finally, note that if e* € K7,, then
el e K9, foralll > 0and |Q(e§))| <ny+...+nqg—d, so that |Q(ej"1+'”+”d’d)| =0
for all j € [n1] x ... x [ng] which concludes this part.

(iii)=>(iv): Let x° € lCi 0 \ K7, then there exists j € [n1] X ... X [ng] and 6 e RY .,
such that 6 ® eJQ < x%. We prove by induction that for every k there exists s e
R?, such that 6" ® ef < x". The case k = 0 is discussed above, so suppose it is
true for a k > 0 and let 5% ¢ R 4 be such that 6 & e < x*. Set

204

o = min{(G(a ((ef)["]))pi_2 | Ji € [n;] and G(a)(( ) ) > 0} Vi € [d],

and let 6£k+1) = min{él(k),((é(k))"‘)iai} > 0 for i € [d]. Then, as F(®P) is order-
preserving, we have

* D @ el < 6™ @ el + (a0 (6¥)*) @ G ((ef))
SIC (S(k) ®ej€ +F(va)(5(k) ®e ) <)C X + F(o' P)( k) — X]H”l.

This concludes our induction proof. In particular, we have 0 <y 6N @ ngv <xV for
all N > nq + ...+ ng which shows the claim.

(iv)=(v): We show that if (v) does not hold, then (iv) does not hold either. Note
that for x,y € K7 ,, if Q(x) = Q(y), then there exists o, 8 € REIH_ such that

a®y <x x <g¢ B ®y which implies that Q(F(”’p)(x)) = Q(F("*p)(y)) as we
then have a? @ F(@P)(y) < F@P)(x) <, B @ F(@P)(y). Now, suppose that there
exists x° € K, o with 0 # Q(x°) € Q(F(@P)(x%)). Then, we have

Q(x') = Q(x" + FIUP(x%) = Q(x ﬂQ(F‘”’p)( %) = Q).

%)
Using induction and the arguments above, if Q( ) ) for k > 0, then

QE) = Q(FI7PI(x)) NQ(x") = Q(F‘”’) D) NQKE") = Q")

Hence, Q(xk) # () for every k > 0 and thus (iv) can not be satisfied.

(v)=(ii): Let § #V C Z9 be such that V; = {j; | (i,4:) € V} # [n,] for all i. Define
z € Ky as 25, = 01if (4,5;) € V and z;5, = 1 else. Then z € KT ; as V; # [ny]
for all 4, and z ¢ K7, as V # (. Now, we have Q(F(“P)(z)) ¢ Q(z) and so there
exists (k,l;) € Z° such that F,g;;p)(z) > 0 and zp,;, = 0. F;S,;p)( ) > 0 implies the
existence of ji, ..., Jm such that

d
le,...,jm( H le‘t) H Hzi7jt>0~

tEoL, t#£Ss i=1,i#k t€o;
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Hence, we have T}, ;> 0 and z; > 0 for all t € 0;,i # k and 2z ; > 0,
t € op\{sk} As (klz) € V and z;; > 0 implies (¢,5;) ¢ V, this concludes the
proof. ]

Let us point out that the second characterization in the above lemma reduces to
the definition of irreducibility introduced for the cases d = 1 and d = m in [4] and
[9], respectively. Furthermore, the third characterization is particularly relevant as
it allows to introduce a simple algorithm for checking o-irreducibility. In particular,
observe that, when d = 1, such characterization reduces to Theorem 5.2 of [23].

Finally, with the next lemma we prove that, as for o-strict nonnegativity and o-
weak irreducibility, for o-symmetric and nonnegative tensors, o-strong irreducibility
is preserved by the partial order on shape partitions.

LEMMA 6.12. Let o, & be shape partitions of T. If T is &-symmetric, o-strongly
irreducible and o C &, then T is a-strongly irreducible.

Proof. By Lemma, 6.11, we may assume without loss of generality that p; = p; = 2
for all i € [d],j € [d]. Now, there exists & such that x[°/ € K7 for all x € KJ. Let
x® € K4\ K9, and, for k € N, define x**1 = x* + F(@P)(x*). We show that
xK ¢ Kg . for some K > 0 so that the claim follows from Lemma 6.11. Define
2’ = (x°)) € K9, and 2" = zF + F(@P)(z%) for k € N. As T is G-symmetric,
we have zF = (x*)[? for all k. Lemma 6.11 implies the existence of K > 0 such that
2K € K9, and thus xK e ICL_ which conclude the proof. ]

As for the case of o-weak irreducibility, we show in the following remark that o-
symmetry is an essential requirement for the above lemma.

Remark 6.13. Let o',0% 02 be as in (22). For every e1,e2,e3 € {0,1}, there
exists a tensor T(15253) ¢ {0, 1}3%3%3 such that for i = 1,2,3, T(15253) ig g'-
strongly irreducible if e; = 1 and T¢15253) is not o'-strongly irreducible if &; = 0.
Precisely, with the notation of (24) we have

7(0:0,0) =111100100100000000100000000, 7'(*:9:9) =111000000000100000000000100,
7(0:1.0) =100010100111000000111000000, 7(:+1:9) =111100100100100000100000100,
7(0,0.1) =110011011100000000100000000, 7°(1:0:1) =(011111111000100000000000100,
7(0:1.1) =100100100111000000111000000, 7*-1-1) =110011011100100000100000100.

All the tensors given above are o’-weakly irreducible, for i = 1,2, 3.

Furthermore, in the case d = 2, it follows from Theorem 2.4 in [26] that if T
is irreducible in the sense of Definition 1 in [6], then T is o-strongly irreducible.
However, the converse is not true. For example, the tensor T(%1:0) of Remark 6.13
is o2-strongly irreducible, but, with x = ((1,0,0)T, (0, 170)—'—), we have T(x["Q]) =
((0,0,0)T,(1,0,0)T) and so, by Lemma 2 in [6], T can not be irreducible in the sense
of Definition 1 of [6].

6.5. Proof of Theorem 3.1. Note that points (iv) and (v) of Theorem 3.1
follow immediately from Lemmas 6.8 and 6.12, respectively. Thus, we only need
to prove that o-strong irreducibility implies o-weak irreducibility and that o-weak
irreducibility implies o-strict nonnegativity. This is addressed by the following lemma.

For completeness, let us remark that in the particular cases d = 1 and d = m,
it is known that (strong) irreducibility implies weak irreducibility (see Lemma 3.1 in
[9]). Furthermore, still for the particular cases d = 1 and d = m, it was proved in
Proposition 8, (b) of [10] and Corollary 2.1. of [14] that weak irreducibility implies
strict nonnegativity. All these results are particular cases of the following:
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LEMMA 6.14. If T is o-strongly irreducible, then it is o-weakly irreducible. If T
is o-weakly irreducible, then it is o-strictly nonnegative.

Proof. The case d = 1 follows from Corollary 2.1. [14] and Lemma 3.1 [9]. Now,
suppose d > 1. Let M be as in definition (2.3). If M is irreducible, then M has
at least one nonzero entry per row and thus if T is o-weakly irreducible, then T
is o-strict nonnegative. Now, suppose that T is o-strongly irreducible and let us
show that T is o-weakly irreducible. To this end, we first show that T is o-strictly
nonnegative. Suppose by contradiction that it is not the case. By Lemma 6.5, there
exists x € K7 and (k,li;) € Z% such that F,g';’p)( ) =0. Let z € K7 be deﬁned
as zij, = x5, for all (i,5;) € %\ {(k, 1)} and 2, = 0. Then, as z <;C x, we have
Flgi;p) (z) < Féz;p)( ) = 0 which contradicts Lemma 6.11, (v).

Now, to show that T is o-weakly irreducible, we show that for every nonempty
subsets V1, V2 C 79 with VINV?2 = ) and V1UV? = 7 there exists (k,l;) € V! and
(i,t;) € V2 such that ((k,lx), (i,t;)) € E7(T). So let V!, V2 be such a partition of Z%
and set V7 = {t; € [n] | (i,t;) € V7Y fori € [d], j = 1,2. First, assume that V;' # [n,]
for all ¢ € [d]. Then, as T is o-strongly irreducible, by Lemma 6.11 (ii), there exists
k € [d] and j1,...,Jm such that Tj, ;. > 0, js, € V!, jr € V2, t € op \ {si}
and j, € V2, t € 04,1 € [d]\ {k}. It follows that ((k,Js,), (i, js,)) € E7(T) for all
i # k and we are done. Now, suppose that there exists k € [d] such that VEI = [ng].
We claim that if there is no edge between V1 and V2 in G7(T), then T is not o-
strictly nonnegative which contradicts our previous argument. Indeed, suppose that
((k,lk), (i,t;)) ¢ E(T) for all (k,l;) € V! and (i,t;) € V2. Let (i,¢;) € V2. Note
that i # k as VE1 = [ng]. Furthermore, we have T}, . ;. = 0 for all ji,...,j, such
that js, =t; and js_ € [nz]. By Lemma 6.5, (iv), this implies that T" is not o-strictly
nonnegative, a contradiction. Thus, there exists (k,lx) € V! and (i,t;) € V2 such
that ((k,lx), (i,t;)) € £7(T) and as this is true for every partition of Z7, it follows
that G7(T) is connected. |

We finally have all the tools for the proof of Theorem 3.1, which is now a simple
consequence of what have been discussed so far.

Proof of Theorem 3.1. (i), (ii), (iii) follow from Lemma 6.14 and (iv), (v) follow
from Lemmas 6.8 and 6.12, respectively. 0

We conclude the paper by proving the other two main results of Section 3.

7. Proof of Theorems 3.2 and 3.3. Recall that the homogeneity matrix A of
F(@P) is given as

A= dlag(pll - 17"'7p21 - 1)(1VT 7[)5 V= (‘01|7~'-a|gd|)7

and b € RY , is the unique positive vector such that A™b = p(A4)b and Ele b = 1.
For the proof of Theorem 3.2, we first need the following additional lemma.

LEMMA 7.1. Suppose that p(A) <1 and T is o- strz’ctly nonnegative. If (8,u) €
R x Sf’p) satisfies F(OP)(u) = O ® u with Hl V00 = rp(F@P)) then g7 =
r(@P)(T) for alli € [d] and (r@P)(T),u) is a (o, p)-eigenpair of T.

Proof. By Lemma 6.5, we have that the o-strict nonnegativity of T implies
FeP)(x) € K7, for all x € K7,. Now, as Fi(a’p)(u) = O;u for all i € [d],
Lemma 5.1 implies the existence of A € R, such that 7~' = X for all i € [d]
and (\,u) is a (o, p)-eigenpair of T. We prove that A\ = 7('P)(T). Clearly, we have
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A < r@PN(T). Now, let (9,v) € R x R™ x ... x R™ be any (o, p)-eigenpair of
T. Then, by definition, we have T;, (vl?]) = Uty (v;) for every i € [d]. It follows
that ¢, (7 (V["])) = |9Pi~Lsign(¥)v; for all i. In particular, by the triangle in-
equahty, Wlth w = |v|, i.e. w is the component-wise absolute value of v, we have
[pr (Tsi s (V 1)) < Fi(;’p)(w). Hence, for (i,j;) € Z% such that w; j, > 0, it holds

Uy (Te, 5, (V1)) FE@’;‘”( )

Vi ji Wi, j;

Pt =

Now, as ||vi||p, = 1 for all ¢ € [d], we have w € Sf’p) and thus Theorem 6.1 in [11]
implies that, with 7/ = Zf L bipl, it holds [9]7'~1 = [T, [9|@i=1) < rb(F(" P)) =
AL Finally, as v/ = 7= 1., where 7 is defined as in Lemma 5.2, we have 4 > 1 and
thus it follows that || < X implying that A > r(?"P)(T) which concludes the proof. O

Proof of Theorem 3.2. Note that, by Lemma 6.5, we have F(?P)(x) € K, for
all x € K9, , as T is o-strictly nonnegative.

(i) First note that v € (1,00) by Lemma 5.2. To show the existence of a (o, p)-
eigenpair (A\,u) € Ry x K9 ; of T such that A = r(@P)(T), it is enough, by
Lemma 7.1, to show that there exists (6, u) € RY x Sf’p) such that F(@P)(u) =
6 ® u and Hl 00 = rp(F@P)). If p(A) = 1, the existence of (6, u) follows
from Theorem 4.1 in [11]. If p(A) < 1, then Theorem 3.1 in [11], implies the
existence of (0,1) € RL, x §(f+p) such that F@P)() = f®1. As 1 is positive,
Theorem 6.1 in [11] implies that ]_L 107 = rp(F@P)) and thus we can choose
(6,u) = (6,1). In any case, we have proved the existence of (6,u) with the
desired property and it follows from Lemma 7.1 that (7(2P)(T),u) is a (o, p)-
eigenpair of T.

(ii) Lemma 5.2 implies that 7(@P)(T) = r,(F@P)7~1 and v € (1,00). Thus, (10)
and (11) follow from Theorems 6.1 and 4.1 in [11], respectively.

(iif) First note that as p(4) < 1 and F(©P)(x) € K9, for all x € K7, we know from
Theorem 6.1 in [11] that for any (0,1) € R%, x §(fjrp) such that F(oP)(q1) =
6 ® @, we have H2 L0 = rp(F(@P)). Now, if p(A) < 1, then Theorem 3.1 in
[11] implies that there exists a unique @ € SS:’F such that F(P)(q) = § ® &
for some @ € RZ . If p(A) = 1, then by Lemma 6.4, we know that the o-weak
irreducibility of T' implies that the graph of the multi-homogeneous mapping
F(@P) is strongly connected Hence, Theorem 5.2 in [11] implies the existence
of (B,1) € R?, x S ’p) such that F(°P)(1) = § ® 6. Furthermore, as T is
o-weakly 1rredu(31ble, by Lemma 6.4 we know that DF(P) (x) is irreducible for
every x € K7 . Hence, Theorem 6.2 in [11] implies that @ is the unique vector
in SEH’_p) such that F@P)(@) = @ ® 0. In any case, we have that there exists a
unique (0, 1) € R, x SS_U_LP with F(?P) (1) = @ 1. Hence, Lemma 7.1 implies
that the (o, p)-eigenvector u of (ii) can be chosen strictly positive. Finally, if
v € S p) is a (o, p)-eigenvector of T' such that v # u, then, by Lemma 5.1,
there ex1sts A€ R++ such that F(7P)(v) = X ® v which is a contradiction as
we have shown that u is the unique vector in st@ i + havmg this property.

(iv) If (9,x) is a (o, p)-eigenpair of T' and x € K7 ; \ £7,, then by Lemma 5.1,

we have Fi(a’p) (x) = 9Pi~1x,; for all i € [d]. Now, Theorem 6.2 in [11] implies
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that, with o = 13 = Zle bip}, we have 9 = (97 ~1)7=1 < pp(F@P))1—1 =
7(@P)(T), where we have used Lemma, 5.2 for the last equality.

(v) Let (9,x) be a (o, p)-eigenpair of T such that x € K7 5. As T is o-strongly
irreducible, Lemma 6.11 implies that F(°P) satisfies the assumption of Lemma
6.10. In particular, as Fi(a’p)(x) = YPi~1x,; for all i € [d], Lemma 6.10 implies
that x € S(fj’). As o-strong irreducibility implies o-weak irreducibility by
Theorem 3.1, we know by (iii) that u is the unique positive (o, p)-eigenvector
of T in SS_U_LP) and thus x = u. 0

To prove Theorem 3.3, we first introduce the following preliminary lemma:

LEMMA 7.2. Let G(P) be defined as in (13). Then, the following hold:

(a) G'9P) s an order-preserving multi-homogeneous mapping. Furthermore, the ho-
mogeneity matriz of G(7P) is given by B = (A+1)/2 and B"b = p(B)b, where
A is the homogeneity matriz of F(P).

(b) If T is o-strictly nonnegative, then G\7P)(x) € KT, for allx € K. )

(¢) For everyu € K%, we have F(“P)(u) = 0 ® u if and only if G“P(u) =0 @u
with 62 = 0; for all i € [d].

(d) Tt holds rp(G(@P)2 = 1 (F(@P)),

(e) If T is o-weakly irreducible, then the Jacobian matriz DG(7P)(x) is primitive for
every x € K9,

Proof. (a)-(d) follow by a straightforward calculation. For (e), note that
1
DGP)(x) = 3 diag(GP)(x)) ™/ (diag(F“P) (x)) + diag(x) DF“P) (x)).

As T is o-weakly irreducible, DF(?P)(x) is irreducible by Lemma 6.4. It follows that
DG?P)(x) is primitive. 0

Proof of Theorem 3.3. We begin with general observations: As u € Sf_;p) is
a positive (o, p)-eigenvector of T, we know by (10) that its corresponding (o, p)-
eigenvalue is A = 7(?"P)(T). Furthermore, Lemmas 5.1 and 7.2 imply that Fi(a’p) (u) =
APi~lu; and Gl(.p’a)(u) = APi=1/2y; for all i € [d]. Lemmas 5.2 and 7.2 imply that
A = rp(FEP)=1 = 1 (G@P)20-D) To show (i), let w € {£,¢}. Then (15) follow
from Lemma 7.4 in [11]. Now, suppose that ¢ > 0 and & — & < . Then, (16) is
obtained by subtracting (@ + @x)/2 from @y < A < &. Finally, with Lemma 7.2,
(e), we have that (ii) and (iii) both follow from Theorem 7.1 in [11]. O
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