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ABSTRACT

We study the properties of large deviations for symbol statistics in primitive rational
models. These models are defined by generalized automata over a binary alphabet for
which the overall matrix of the transition weights is primitive. The corresponding sym-
bol statistics enjoy a property of large deviations, and here we study the associated rate
functions, which are always defined in an open interval (U,V) C (0,1). In particular,
we prove some properties of symmetry of such functions, and show that their limits
at the endpoints U and V' are always finite. Moreover, under a rather mild condition,
we prove that the same values U and V are rational numbers of the form i/j such
that 4,57 € {0,1,...,d}, where d is the number of states of the generalized automaton
defining the model. Under the same hypotheses we also yield a precise value for the
corresponding limits depending on the characteristic polynomial of the matrix of the
transition weights.

Keywords: automata and formal languages, large deviations, pattern statistics, ratio-
nal series, regular languages

1. Introduction

In this work we study the properties of large deviations for symbol statistics in ra-
tional models. Such statistics represent the number of occurrences of a letter in a
word generated at random among all strings of length n, over a binary alphabet, with
a probability proportional to the values of a given rational formal power series in
non-commutative variables [2] [9] B, [I7]. These probabilistic models can be completely
defined by a generalized automaton where the transitions are equipped with positive
weights [29]. The study of symbol statistics in rational models is related to classi-
cal research topics in the areas of formal languages, descriptional complexity, random
generation and analysis of combinatorial structures [13}, 4} 6], 211, [8, [15]. Moreover, they
are naturally related to the analysis of pattern statistics. Symbol statistics in rational
models can represent a large variety of pattern statistics on words in several proba-
bilistic contexts; this occurs for instance when the set of patterns is given by a regular
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language and the random text is generated by a Markovian source [2] 24] [I§]. Typ-
ical results on pattern statistics concern the asymptotic evaluation of the moments,
the limit distributions and also the properties of large deviations [25] [I6] 15 23]. In
particular large deviations estimates are studied in order to evaluate the probability
of rare events, when one or more patterns are over- or under-represented in a random
text [5, 12, 23).

In the present contribution we continue the investigation started in [20], where we
proved a property of large deviations for any symbol statistics defined in a rational
model assuming that the overall matrix of the weights of transitions is primitive. Here,
we first prove as an auxiliary tool some properties of symmetry of the rate functions
occurring in these large deviations estimates. It is known that these functions are
well defined in an open interval (U, V) included in (0,1). Then, we show that the
limits of the rate functions at the endpoints U and V are always finite. Moreover,
under a rather mild condition, it turns out that such extremes are rational numbers
of the form i/j such that ¢ < j and i,5 € {0,1,...,d}, where d is the size of the
model, i.e. the number of states of the generalized automaton defining the model.
Under the same hypotheses we also determine the above limits, depending on the
coefficients of the characteristic polynomial of the matrix of weights. Independently
of these general results, we also present an analysis of the rate functions for models
of size d = 2 and d = 3, which shows how in these cases the values U and V, and
the corresponding limits, are related to the cycles of the transition diagram of the
automaton that defines the model. Our analysis is partially based on the properties
of the coefficients of the characteristic polynomials of primitive matrices, which we
believe are interesting in their own right, and are here proved by using the traditional
correspondence between non-negative matrices and weighted oriented graphs.

The material we present partially appeared in a preliminary form in [I9] and is here
organized as follows. In Section[2] we recall the notion of large deviations for sequences
of random variables. In Section [3] we give the definition of the rational models and
recall some known results concerning the corresponding symbol statistics. In Section[d]
we summarise the properties of large deviations for symbol statistics in primitive
rational models, i.e. those models defined by generalized automata with primitive
transition matrix. In Section [5| we prove some properties of symmetry of the rate
functions of large deviations for such symbol statistics. Sections [f] and [7] are devoted
to the analysis of the characteristic polynomials of primitive matrices, essentially
based on the cycles of the corresponding graphs. In Section [§] we prove that in any
primitive rational model the limits of the rate functions at the extremes U and V
are finite, and show other properties that hold in these models without additional
hypotheses. In Section [J] we assume that certain families of coefficients of the above
characteristic polynomials are singletons and, under this condition, we prove that
both U and V are of the form i/j, where 4,5 € {0,1,...,d} and d is the number of
states of the generalized automaton defining the model. Under the same assumptions,
we also determine the value of the limits of the rate functions at the extremes U and V.
In Sections [10} [II] and [I2] we study the models of size d = 2 and d = 3. In these
cases an independent and direct proof of the previous results can be presented which
shows the relationship between the weights of cycles in the transition diagram of
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the automaton and the properties of the corresponding rate functions. Finally, in
Section [I3] we prove the previous results on U, V and the corresponding limits of the
rate functions under different conditions. Such an analysis seems to suggest that the
above properties actually hold for any primitive rational model.

2. Large Deviation Properties

The large deviations are typical properties of a sequence of random wvariables,
say { X, }, that have increasing mean values. They consist of a bound exponentially de-
creasing to 0 over the probability that X,, deviates from F(X,,) by an amount greater
or equal to cE(X,), for any ¢ > 0. The main situations occur when FE(X,) ~ fn
for a constant # > 0, and since this occurs in the contexts considered in this work,
here we refer to the following formal definition, inspired by [IT], [I5], which is rather
restrictive with respect to the usual general setting [10].

Definition 1. Consider a sequence of random variables {X,} such that
E(X,) = pBn+o(n)

for a constant 8 > 0, and let (xo,z1) be a real interval including 5. Assume F'(x)
is a function defined over (zg, 1) taking values in R, such that F'(z) > 0 for = # 3.
We say that {X,,} satisfies a large deviation property in the interval (z¢, z1) with rate
function F(z) if the following limits hold:

1
lim —logPr(X, < an)=—F(x), for g <z < 3,
n—,oo N

1
lim —logPr(X,, > an) = —F(x), for f < x < x7.
n—,oo N

This property is equivalent to require that

Pr(X, <zn)= e~ Fl@)nto(n) for zg < x < 8 and
Pr(X,, > xn) = e~ Fl@nto(n) for f < x < xy.

Such a property holds for several quantities of interest in the analysis of various
combinatorial structures (see for instance [14] [7] [15] 22]).

The rate functions we encounter in this work are convex over their interval of def-
inition and enjoy the following property, which often occurs in the study of large
deviations [I0]. For any open interval (a,b) C R, we say that a convex func-
tion F': (a,b) — R is essentially smooth if F is differentiable in (a, b),

lim F'(z) = —oo and lim F'(z) = +oo.

z—at b~

3. Symbol Statistics in Rational Models

In order to define the rational stochastic models, consider a formal series in the non-
commutative variables a, b, that is a function r : {a,b}* — Ry, where R} = [0, +00)
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and {a, b}* is the free monoid of all words in the alphabet {a,b}. As usual, we denote
by (r,w) the value of r at a word w € {a,b}*. Such a series r is said to be rational if
for some integer d > 0 there exists a monoid morphism u : {a,b}* — le_x‘i and two
(column) arrays &,n € R4, such that (r,w) = & u(w)n, for every w € {a,b}* [1, 27] El
Note that in this case, if w = wyws - - - w, with w; € {a,b} for every i = 1,2,...,n,
then p(w) = p(wy)p(ws) - - p(wy,). Thus, as the morphism g is generated by matri-
ces A = p(a) and B = u(b), we say that the 4-tuple (£, A, B,n) is a linear represen-
tation of r of size d. Such a 4-tuple can be considered as a generalized automaton
over the alphabet {a,b} as defined in [29], where {1,2...,d} is the set of states and
the weights of the transitions, as well as of the initial and final states, are positive
real numbers. In particular, the matrix A (resp. B) represents the weights of the
transitions labelled by a (resp. b), while £ (resp. 7)) represents the weights of the
initial (resp. final) states.

To avoid trivial situations, we assume that £ # 0 # 7 and both A and B are
non-zero matrices (i.e., each of them has at least one positive entry). Moreover,
denoting by {a,b}" the family of all words of length n in {a,b}*, we assume that the
set { w € {a,b}" | (r,w) > 0 } is not empty for every integer n > d. Thus, for every
such n, we can consider the probability measure Pr over the set {a,b}"™ given by

S N L) B /71 Col z € {a,b}"
Y ( ) ZwE{a,b}"(rvw) & (A—‘,—B)nn’ v E{ ,b} . (1)

Note that, if r is the characteristic series of a (regular) language L C {a,b}* then Pris
the uniform probability function over the set LN {a,b}". Also observe that the tradi-
tional Markovian models (to generate a word at random in {a, b}*) occur when A+ B
is a stochastic matrix, £ is a stochastic array and ' = (1,1...,1) (for a comparison
between the rational models and different types of Markovian models, one may refer
to [18], while for their relations with stochastic automata one may consider [29]).

Then, under the previous hypotheses, for every integer n > d we can define the
integer random variable (r.v.) Y, = |w|,, where w is chosen at random in {a,b}"
with probability Pr(w) and |w|, denotes the number of occurrences of a in w. One
can easily prove [2] that the probability function of Y, is given by

[2*]¢'(Az + B)™n

pn(k) :=Pr(Y, =k) = c(AT By

vk e {0,1,...,n}

where [2¥]g(x) denotes as usual the coefficient of the monomial of degree k in
an arbitrary polynomial g(z) € Rlz]. For sake of brevity we say that the se-
quence {Y;,}n>q (which we will simply denote by {Y,,}) is defined by the linear rep-
resentation (£, A, B,n). As shown in [2] [9] B [I7], the traditional properties of Y,,, as
mean value, variance, limit distributions and local limit properties, can be studied by

using its moment generating function ¥, (2), given by

§'(Ae* + B)"n

cazm e 2)

Uy (2) =) pa(k)e =
k=0

1 As usual, we denote by v’ the transpose of an array v € R%, i.e. a row array.
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4. Large Deviations for Primitive Models

In this section we summarize the large deviation properties of {Y,,} when the ma-
trix A+ B is primitive [20]. Here and in the subsequent sections we denote by m;;, a;;
and b;; the entries of indices 7,j of the matrices M, A and B, respectively. Recall
that a square matrix M € ]R‘_i._Xd is primitive if there exists a positive integer n such
that M™ > 0, i.e. all entries of M™ are strictly positive. It is well-known that M is
primitive if and only it is irreducible and aperiodic [28]. Tts main properties are estab-
lished by the well-known Perron-Frobenius Theorem (see, for instance, |28, Sec 1.1])
stating that every primitive matrix M € RiXd admits a real eigenvalue A > 0 (called
the Perron-Frobenius eigenvalue of M) such that |u| < A for any eigenvalue p of M
different from ), the same ) is a simple root of the characteristic equation of M, and
the following property holds:

(i) If a matrix A € RiXd satisfies A < M (i.e. a;; < myy;, Vi,j) and « is an
eigenvalue of A, then |a| < A. Moreover, || = A implies A = M.

Now, under the hypotheses of Section [3] assume that A + B is primitive and let A
be its Perron-Frobenius eigenvalue. In this case it is known that the sequence {Y;,}
has a (non-degenerate) Gaussian limit distribution [2], it enjoys several local limit
properties [3, [I7] and also satisfies a large deviation property [20]. These results are
maily obtained by studying the function y = y(t), where ¢ € R, implicitly defined by
the equation

det(Iy — Ae' — B) =0 (3)

with initial condition y(0) = A. Clearly y(t) is well defined and real analytic all over R.
Since also Ae! + B is primitive for every t € R, y(t) is its Perron-Frobenius eigenvalue;
thus, y(t) is a positive real function, strictly increasing all over R (by statement
above).

Moreover, we can define the constant f = y/io) and the function 8(t) = CAO)
for t € R, which enjoy the following properties [2, [20]:
(a) 0< B <1land E(Y,,) = Bn+c+0O(e"), for some |e| < 1 and some constant ¢ € R;

(b) For every ¢t € R we have 0 < (t) < 1, 5'(t) > 0, and hence the following limits
exist and are finite:

U= lim B(t), V= lim B(t). (4)

t——o0 t——+o0

Also, these limits imply
0<U<p(0)<V <1 (5)

(¢) For every x € (U, V) there exists a unique 7, € R such that 8(r,) = x. More-
over, 7, < 0 whenever x < 3, 73 = 0 and 7, > 0 when z > .

By using the properties above the following result can be proved [20].
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Theorem 2. Let {Y,} be defined by a linear representation (£, A, B,n) where A+ B
is primitive. Then {Y,} satisfies a large deviation property in the interval (U, V') with
rate function

G(z) = —log (y(“)) (6)

AetTe

where A is the Perron-Frobenius eigenvalue of A+ B and T, is defined by sentence @
above. Moreover, G(x) is real analytic in the whole interval (U, V), where it is also
convex and essentially smooth with a unique minimal value G(B) = 0.

A natural question arising from the previous result is whether the interval (U, V)
of definition of G(x) coincides with the interval (0,1), as it occurs in the classical case
of binomial random variables [10, [II]. One may also ask what the behaviour of G(z)
is when x tends to the extremes of the interval. In [20], it is proved that U = 0
and V = 1 when the main eigenvalues of the matrices A and B are non-null. A
simple check of the proof allows us to strengthen the result, making independent the
two conditions that imply, respectively, U = 0 and V = 1. To state this property
precisely, note that A and B are non-zero matrices with entries in Ry ; hence, they
both have a real non-negative eigenvalue, that we denote by A4 and \p, respectively,
greater or equal to the modulus of any other eigenvalue of their respective matrix.
Clearly, it may happen that Ay = 0 or A4 = |u| for some eigenvalue p of A different
from A4, and the same may occur for Ag. However, again by statement , it is clear
that Aa < X and Ag < A. Then, following [20], one can prove the following result.

Theorem 3. Under the hypotheses of Theorem[d, the following properties hold:
(1) If Ap > 0 then U = 0 and lim,_,o+ G(z) = log(A/Ap) (independently of the
value of Aa ).
(1) If Ag > 0 then V =1 and lim,_,;- G(x) = log(A/Aa) (independently of the
value of Ag).

This result leaves open the problem of finding the values of U and V, re-
spectively, when Ap = 0 and Ay = 0. In these cases, also the lim-
its lim, ,y+ G(z) and lim,_,y,- G(z) are not established. We only know, by The-
orem 2] that 0 < U < V <1 and that |G'(z)| — +00 as @ approaches U or V.

5. Properties of Symmetry

In this section we present a natural property of symmetry between rate functions in
our context. Let A, B € R‘j_Xd be two non-null matrices (i.e. A # [0] # B). Clearly,
for every pair of values y € C and ¢ € R, we have det(Iy — Ae! — B) = 0 if and only
if det(Iye*—Be '—A) = 0. As a consequence, if y = y(t) and v = v(u) are functions
defined, respectively, by the equations det(/y—Aet—B) = 0 and det([v—Be“—A) = 0,
with the same initial condition y(0) = A = v(0), then v(u) = e"y(—u) for every u € R.
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Theorem 4. Given two non-null matrices A,B € ]R‘iXd, assume that A + B is
primitive. Let G(x) and F(x) be the rate functions of the symbol statistics defined,
respectively, by (£, A, B,n) and (£, B, A,n), and suppose G(z) defined over the inter-
val (U, V), for some 0 < U <V < 1. Then the following properties hold:
(1) F(z) is defined over the interval (U', V') such that U' =1-V and V' =1-U.
(11) For every x € (U, V"), F(z) = G(1 — z).
(1) lim, ,p+ F(z) =lim, ,y- G(z) and lim, - F(z) = lim, ,y+ G(z).

Proof. Clearly the third property is consequence of the other two. To prove the first
one, let y(t) and v(u) be defined as above. According with the notation of Section

v’ (u)

set B(t) = % and B(u) = “lay - As stated above, we know that v(u) = e"y(—u) for

every u € R, and hence v'(u) = e“[y(—u) — y'(—u)], which implies B(u) = 1 — B(—u).
Thus, by relations , the last equality shows that

U= lim Bu)= lim 1-3(-u)=1-V
U——00 U——00
and, similarly,

! . .
V= ugrfmﬁ(u) = ugrfoo 1-8(-u)=1-U.
These equalities prove statement since, by Theorem [2| F'(z) is defined over the
interval (U, V).

To prove statement (i), let € (U’,V’) and set 2 = 1 — z. By sentence of
Section [4] there exists a unique value 7, € R such that 5(7,) = z. Analogously, there
is a unique u, € R such that 3(u,) = z and, since f(u) = 1—B(—u), we get u, = —7..
Thus, by relation @, we can write

F(z) = —logv(ug) + log A + zu, = —loge“* y(—uy) + log A + (1 — 2)uy,
= —logy(r:) +log A + z7, = G(2).

6. Characteristic Polynomials of Non-negative Matrices

In this section and in the next one we present some properties of the characteristic
polynomials of non-negative matrices that are useful for the study of the rate func-
tions G(x) described above. To this end, we first recall the traditional relationship
between non-negative matrices and weighted oriented graphs.

For every matrix M = [my;] € ]RiXd, we denote by G(M) the weighted oriented
graph with set of nodes V.= {1,2,...,d}, set of edges E = { (4,j) € VxV |m;; >0}
and weight m;; for every edge (4, j) € E. Further, for any cycle C in G(M), the weight
of C is defined as the product of the weights of its edges and is denoted by w(C),
while the length of C' is just the number of its edges. The cycles of length 1 are called
loops, and a cycle is said to be simple if it does not cross any node twice. We denote
by C; the family of all simple cycles of length ¢ in G(M).
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This correspondence is useful to find properties of non-negative matrices by using
the corresponding graphs. For instance, it is well-known that a matrix M € RiXd is
primitive if and only if G(M) is strongly connected and the lengths of (simple) cycles
in G(M) are relatively prime numbers. Also note that, denoting by tr(M) = Zle M
the trace of M, tr(M) = 0 if and only if G(M) has no loops. More generally, just from
the definition of determinant, one can easily deduce the following property concerning

the matrices that only admit the eigenvalue 0.

Proposition 5. For every matriz M € RiXd, det(Iy— M) = y? if and only if G(M)
has no cycles.

Moreover, any cyclic permutation of a subset u C V' can be interpreted as a simple
cycle that crosses every node in u once. In general, any arbitrary permutation o of
a subset u C V can be represented by a family U(c) of disjoint simple cycles over u,
where every vertex in u just belongs to one cycle in U(c). We will say that U(o) is
the family of the cycles of o. Thus, the permutation ¢ can be seen as a family of
disjoint simple cycles over the subset of vertices u C V. Moreover, we may define the
weight of o as the value [], ., m;y(;), which is different from 0 if and only if all cycles
in U(co) are subgraphs of G(M) and, in this case,

Hmw(i) = H w(C)
i€u CeU(o)

As a consequence, det(M) is a sum of products (with sign) of weights of simple
cycles in G(M). More precisely, let us denote by fu the cardinality of a set u. For
every h € {1,2,...,d}, define P, := { v C {1,2,...,d} | fu = h }. Moreover, for

every u € Py, set the submatrix M, := [m;;]; je. and denote by S, the family of all
permutations of u. Then, for every h € {1,2,...,d} and every u € P}, we have
det(M,) = Y sgn(o) [[mioey = D sen(e) [ w(C). (7)
o€ESy i€u 0ES, CeU(o)

Also recall that the sign of a permutation o is given by sgn(o) = (—1)!, where ¢ is
the number of simple cycles of even length in U(c). Thus, for any u € Py, if 0 € S,
is a cyclic permutation then sgn(o) = (—1)"1.

Now, we use the above notions to describe the characteristic polynomial of a non-
negative matrix.

Proposition 6. Given a matric M € RiXd having a non-null eigenvalue, define the
coefficients a1, a9, ..., aq by the equality

d
det(ly — M) =y = " apy®". (®)
h=1

Then, for every h € {1,2,...,d}, we have
ap = (1" Y det(M,).

ue Py,
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Moreover, setting h = min{ h € {1,2,...,d} | ap # 0 }, it turns out that h is the
smallest length of a cycle in G(M), ay > 0 and ay = Z(Jec,; w(C).

Note in particular that a; = tr(M) and ag = (—1)9"1 det(M).

Proof of Proposition @ By Proposition it is clear that h is well-defined and belongs
to {1,2,...,d}. By the usual definition of determinant, we have

d
det(ly — M) = Z sgn(o) H(5ia(i)y — M (4))-

UGS{l‘Q,___)d} =1

For every h € {1,2,...,d}, the coefficient of y9~" in the right hand side of the above
equation is given by the sums of products of h values —m;,(;y where the indices i, o(7)
belong to a set u € Pj. Such products are just the weights of the permutations
of {1,2,...,d} that leave unchanged d — h indices and map the other h elements one
to another, thus forming a permutation over a set u € Pj,. Therefore, the overall
contribution given by a set u € P, with h indices is det(—M,) = (—1)" det(M,,).
Note that the signs of these permutations are automatically included in det(M,).
Summing up all these values for u € P, we obtain

d
det(Iy — M) =y + > { > (—1)hdet(Mu)} yd=h,
h

=1 \uePkP;,

Thus, by equality , the coefficients a; defined in are given by
ap = (—1)h1 Z det(M,) = (=1)" ! Z Z sgn(o) Hmw(i). (9)

u€ Py, ueP, €S, 1EU

By the previous discussion, each non-null value [[,., mis(;) is the product of the
weights of the simple cycles of G(M) that compose o. Hence, the first non-null
coefficients aj, is determined only by those cyclic permutations that are the cycles of
smallest length in G(M). Moreover, all these cyclic permutations have the same sign:
if h is odd then such a sign is positive, otherwise it is negative; by relation @, this
implies a; > 0 and hence

=2 2 [Imiow

u€P;, 0€S, i€u
This concludes the proof since the non-null products in the last expressions are just
the weights of the cycles of minimum length in G(M). O
7. Characteristic Polynomials of Pairs of Matrices

The previous correspondence between matrices and graphs can be extended to pairs
of non-negative matrices. Given two arbitrary matrices A, B € RiXd, we define the
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labelled graph G(A, B) as the oriented graph having set of vertices {1,2,...,d} and,
for every pair 4,5 € {1,2,...,d}, an edge from i to j of weight a;;, labelled by a,
whenever a;; > 0, and an edge from i to j of weight b;;, labelled by b, whenever b;; > 0.
Note that here there may be two distinct edges from a node i to a node j, one labelled
by a the other by b, both of which we denote by (4, 7). Moreover, any path (or cycle)
in G(A, B) consists of consecutive edges, each of them labelled by either a or b. Also
in this case, the weight of a cycle in G(A, B) is the product of the weights of its edges.

Observe that G(A, B) can be interpreted as the transition diagram of a weighted
finite state automaton, over the alphabet {a,b}, where A and B are the matrices of
the weights of transitions labelled by a and b, respectively.

Now set M = Aw + B, for an arbitrary variable w. By Proposition [6] we obtain

d
det(Iy — Aw — B) = y% + Z(—l)h Z det(A,w + B,)y* " (10)
h=1 ue Py,

Moreover, for every u € Py, setting Pj(u) :=={v Cu|fv =7} for j=0,1,...,h, the
previous arguments implies

det(Auw =+ Bu) = Z sgn(a) H(aw(z)w + bzo‘(z))

gES, €U
h
=> sen(@)> [ D> Tlewe I biow | v’
o€Sy Jj=0 \weP;(u)i€v i€u\v

Note that, for j = 0, the sum included in round brackets of the last expression reduces
to [[;cy bioiy, while for j = h it becomes [],., @is(;)- In the first case, that is the
product of weights of simple cycles over the set of nodes u in the graph G(B); in the
second one, it is the same quantity in the graph G(A).

Taking into account all the previous equalities, let us define the family of real
coefficients { cp; e R | h e {1,2...,d},j € {0,1,...,h} } such that

d h

det(Iy — Aw — B) =y — Z Z chjwlyt=h
h=1j=0

i.e.

chj = (1)t Z Z sgn (o) Z Haia(i) H bio(i)- (11)

u€Pp 0€Sy vEP;(u) 1€V 1€u\v

By the previous argument, applying relation @ to A and B, one obtains the following
identities:

d d

det(Iy — A) =y — Z crny®", det(Iy — B) = y? — Z choy® M. (12)
h=1 h=1
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Thus, the coeflicients cp; also determine the characteristic polynomials of A and B.
Moreover, assume that A + B has a non-null eigenvalue, and let h be the min-
imum length of a cycle in G(A,B). Then, by Proposition @, ¢y = 0 for ev-
ery j € {OJ,...,E}, cpy >0 for some j € {0,1,...,7L}, and cp; = 0 for every h < h
and every j € {0,1,...,h} (if any).

For our purposes it is relevant here to show that c;; > 0 also for pairs of indices h, j
that have maximum and minimum ratio j/h. In order to prove a property of this
kind, let us introduce the following definitions:

L:={(hj)|he{l,2...,d},j€{0,1,...,h},cp; #0 };
R:={reQ]3(h,j) € L such that r = j/h };
L.:={(h,j)eL]|j/h=r}, foreveryreR;
7:=max{r € R}, r := min{r € R}.

By Proposition [f] it is clear that, if A + B has a non-null eigenvalue, then £ is not
empty, 0 < r <1 for every r € R, the family of sets { £, | » € R } forms a partition
of £, and also L7 and £, are not empty.

In the following we denote by A4 and Ap the largest real non-negative eigenvalue
of A and B, respectively. Note that, since A has non-negative entries, A4 always
exists, |u| < A4 for any eigenvalue p of A, and the same holds for B.

Proposition 7. Given two matrices A, B € ]RiXd such that A+ B has a non-null

eigenvalue, assume Aq = 0, and let (i_z,]_) be the element in L+ with smallest value h.
Then 7 < 1 and ¢p; > 0.

Proof. First observe that, since Ay = 0, cpp, = 0 for all h € {1,...,d}, and
hence 7 < 1. The positivity of the sign of ¢;; follows from an analysis of iden-
tity . Note that, just by , the value of each non-null coefficient cj; is given
by the weights of permutations of sets of h nodes whose cycles in G(A, B) have j
many edges labelled by a and h — j edges labelled by b. Since 7 is the maximum value
in R, all simple cycles in G(A, B) of length h < h have a number of occurrences of a
strictly smaller than j: hence they cannot contribute to determine the value cj;. As
a consequence, the only permutations o that contribute to ¢; are cyclic permuta-
tions of h nodes whose corresponding cycles in G(A, B) have exactly 7 many edges
labelled by a (and the others by b). Thus, as in the proof of Proposition @ the sign
of these permutations always is sgn(c) = (—1)"~!, which implies ¢p; > 0 by the same
identity . 0
An analogous symmetric reasoning (exchanging A and B, a and b) allows us to state
a similar result for £,. Note that, also in this case, if (h,j) is the element of £, with
smallest value h, then all permutations that contribute to cp; are cyclic and hence,
reasoning as above, one deduces that cp; > 0.

Proposition 8. Given two matrices A, B € RiXd such that A+ B has a non-null

eigenvalue, assume Ag = 0, and let (7L,j) be the element in L, with smallest value h.
Then r > 0 and Cy > 0.
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8. Onmn the Limits of G(z) at the Endpoints U and V

In this section we study the behaviour of G(x) for  tending to V' or U under the
assumptions of Theorem [2] without restrictions on the matrices A and B, so including
the case Ay = 0 and Ap = 0. Here we show that under these hypotheses such limits
are always finite. In the next section, under more restrictive assumptions, we yield a
precise expression of their values.

To present the result in detail, consider the family of real coefficients cp; defined in
Section[7] Defining the bivariate function F(¢,y) := det(Iy— Ae! — B), where t,y € R,
it is clear that

Ft,y) =y —ZZch ety (13)

h=1 j=0

We first study the limit of G(x) for z tending to V~. In our hypotheses, the

set L ={ (h,j) | he{l,2...,d},j € {0,1,...,h},cn; # 0 } is not empty, and

we can also define the sets
Q=09V):={qgeR|3(h,j) € Lsuch that ¢g=3j —Vh };
Ly={(h,j)eL|j—Vh=q}, foreveryqeQ.

Clearly also Q is not empty, and the family { £, | ¢ € Q } forms a (possibly new)

partition of £. Moreover, we can set g := max{q € Q} and ¢ := min{q € Q}. Thus,

up to a division by y¢, by , equation can be written in the form

Z chjetjy_h. (14)
(h,j)eL

Now, let us study the properties of the previous equation when ¢ tends to 4oc in order
to evaluate V' and the limit lim,_,;- G(x). Consider the function 3(t) = y'(¢¥)/y(t)
introduced in Sectlon ' where ¢t € R. From the second relation of (4] . we deduce that,
for t = +o0, Llogy(t) = B(t) = V — &(t), where £(t) — 0 monotonically. This
implies

¢ ¢
logy(t) —log A = / di logy(u) du =Vt — / e(u) du =Vt —n(t)
o au 0

where n(t fo u)du. Note that n(0) = 0 and n(¢t) > 0 for any ¢ > 0; more than
that, n(t ) is strictly increasing in R, and one easily sees that n(t) = o(¢) for t — +oo.
As a consequence, either lim; o, 7(t) = 400 or lim;—, 1o 7(t) = ¢~ for some ¢ > 0.
Moreover, from the last equalities we get

y(t) = xeVt1®), (15)

Replacing this expression in equation and using the sets defined above we get

1= Z et Z chj)\_heh”(t), VteR.

qeQ (h,j)ELy
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Now it is convenient to define the polynomial p,(z) := Z(h,j)eﬁq cng A"l for ev-
ery g € Q. Replacing it in the previous equation, we have

L=epg(e") + > elip(e"™),  VteR
q€\{q}

and hence, for t — 400, we obtain
1=¢W {pg(e”(t)) + O(e_w)} (16)

for some ¢ > 0. This proves § > 0, otherwise since 7(t) = o(t) the right hand side
of the equality above would go to 0 as t — 400. As a consequence, whatever the
value of § > 0 is, n(t) cannot tend to 400 as t — +00, otherwise the right hand side
of the previous equality would not tend to 1. This implies lim; , ., n(t) = ¢~ for

some ¢ > 0, and hence £(¢) is integrable at +oo, that is f0+oo e(t)dt € R. For this
reason, since £(t) tends to 07 and is monotonically decreasing for ¢ — +o00, we have

t “+ o0
t~6(t)§2/ s(u)du§2/ e(u) du — 0" as t — +o0
/2 /2

which yields the relation

e(t) = o(t™h) as t — +o00. (17)
Moreover, setting the constant C € (0,1) by

C:=e°= lim ¢ (18)

t—+oo

the identity implies
y(t) = ACeV (1 + o(1)) as t — +oo. (19)

These equalities allow us to evaluate the limit of G(z) for x — V~. Re-

call that B(t) = V — e(t) and, by property of Section x = B(1s)
and lim,_,; - 7, = +o0o. Thus, from equality @, by relations (19) and 7 let-
ting x — V'~ we get

G(z) = —logy(r:) + log A + a7,
= —log(ACe"™ (1 4+ o(1))) + log A + ()7
= —logC —log (1 +0(1)) — e(14)7s = —log C + o(1). (20)
As a consequence lim,_,- G(x) is always finite. By applying Theorem [] it is easy
to verify that an analogous property holds for U. Therefore, we have proved the

following result, which extends to the cases Ay = 0 and Ap = 0 the analysis of the
limits of G(z) at the extremes of its defining interval.

Theorem 9. Under the hypotheses of Theorem@ both limits of G(x) for x — U™
and for x — V'~ are finite.
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The previous result is not taken for granted since, from Theorem [3] in case Ay = 0
one might expect that the limit of G(x) at V'~ is 400, while we have just proved it is
finite. The same holds for the limit at UT in case A\g = 0.

Moreover, the inequality § > 0 proved above implies V' < j/h for some (h,j) € L,
and hence V' < 7. As a consequence, by Proposition [7} if A4 = 0 then V < 1.
Clearly, by Theorem [4] a symmetric reasoning holds for U. This proves the following
statement.

Proposition 10. Under the hypotheses of Theorem[d, we have V < T and U >
Moreover, if Ay = 0 then V. < 7 < 1 and, independently of that, if A\p =
then U >r > 0.

T.
0

The previous result shows that when the main eigenvalue of either A or B becomes
null the interval of validity of the large deviation property shrinks.

9. On the Endpoints of the Domain of G(z)

The results obtained above hold under the assumptions of Theorem[2] i.e. A+ B prim-
itive and both A and B non-null. Now we introduce further hypotheses in our analysis.
Our goal is to prove that, under a mild condition, the endpoints of the domain of G(z)
are of the form j/h for some integers j, h € {0,1,...,d} such that j <h (h # 0) and,
under the same hypothesis, we determine a precise value for the limits of G(x) at
these extremes when Ay = 0 or A\p = 0. The proofs are based on the properties of
the characteristic polynomials presented in Sections [6] and [7] and here we widely use
the notions introduced therein.

Theorem 11. Under the hypotheses of Theoremﬁ@ let Aa = 0 and assume that L5 is
a singleton defined by Lz = {(h, )} for a given (h,j) € L. Then V =7 <1, c¢}; >0
and

lim G(z) =log — .
=V~ {1/07,’17

Proof. Recall that, by Proposition [7, 7 < 1 and c¢j; > 0. Also note that, for ev-
ery r € R different from 7 and every (h,j) € L, one has j — 7h < 0. Now, let us
consider the function

F(t,y) = det(ly — Ae' — B) =y — Z cnjeyt "
(h,g)eL

In our hypotheses, we have

F(t,y)=y?[1- c,—ljetjy*h - Z cnjely"
(h.d)eL\{(h.2)}
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Then, for any constant o > 0 and for t — oo, the value F(t,ae!”) satisfies the
relation

F(t,ae™) = (ae!™)? (1 - cﬁja_h + 0(1)) .

Thus, for ¢ large enough, F (¢, ae’”) is greater or smaller than 0 according to whether a
is greater or smaller than {/5-. Since F(t,y) is continuous, for the (Perron-
Frobenius) solution y = y(t) of F(t,y) = 0 the following relation must hold for
every € > 0 and every t large enough:

(ﬁ cﬁj—e)eﬁ<y(t)< (ﬁ c,;j+e)eﬁ.

Since y(t) has the form , the inequalities above prove V =7 = 7/h. Clearly,
the same relation now becomes y(t) = /e (1 + o(1)), for t — +oo, and
hence C = W/A Replacing this value in 1) for £ — V'~ one gets

G(z) =log ( Q/%) +o(1).

Again, by applying Theorem [4] an analogous result can be proved for U.

Theorem 12. Under the hypotheses of Theorem@ let \p = 0 and assume that L, is
a singleton defined by L, = {(h, )} for a given (h,}) € L. Then U =71 >0, ¢ >0
and

lim G(z) = log .
U+ W
Clearly, under the hypotheses of the previous theorems, both U and V turn out to be
of the form j/h for some h € {1,...,d} and some j € {0,...,h}.

Example 13. Consider the linear representation defined by the finite automaton of
Figure [1} where all transitions have weight 1. In this case A =2, 8 =2/3, A4 =1
while A\g = 0, det(Iy — Aet — B) = y3 — y%e! — 2ye! and y(t) can be computed

. . t . .
explicitly as y(t) = S (1 4+ V14 8e~%). Since d = 3, here all sets L, are singletons.
Moreover, the non-null coefficients cj; are c¢11 = 1 and co1 = 2, and hence r = 1/2,
which implies U = 1/2 by Theorem By the same theorem we have

li G(z) = (1/2)log2.
im Gz) = (1/2)log
Since A4 > 0, the behaviour of G(x) near V is established by Theorem 3} V =1
and lim,_,;- G(z) = log2. These evaluations are confirmed by analysis of the rate
function G(x) = log 2+ xt—log y(t), where t = t(x) satisfies the relation y'(t) = zy(t),
the graphic of which is plotted at the right hand side of the figure.
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log 2

A=2,8=2/3,
A =1, Ag=0.

0.6 0.7 0.8 0.9 1.0

Figure 1: Generalized automaton of size 3, where all transitions have weight 1 and
the matrix of transition weights is primitive. The right hand side shows the graphic of
the corresponding rate function G(z).

Example 14. Consider the linear representation defined by the finite automaton in
the left hand side of Figure[2] A direct computation together with an appropriate use
of the Implicit Function Theorem [26, Ch. 9] prove the equalities in the right hand
side of the same figure. In particular, here y(t) is implicitly defined by the equation

Y — dyel — e — 2e! =0,

the non-null coefficients cp,; are co1 = 4, c32 = 1, 31 = 2, and all sets £, are singletons.
Hence, by Theorems [11| and U=r=1/3,V =7 =2/3, and the limits of G(x)
at U and V are log(A\/+/2) and log \, respectively.

A=1YI8 5, —0, A =0,

(b,1) . f = 542V/13

@ (a,1) 134+44/13’
U=1/3,V =2/3,
a,l (6, 1) lim G(z) = log(A\/ 2
: ( ) ) (b 12 z—1/3% ( ) g( / )7
(a’2) @

Figure 2: Generalized automaton with primitive transition matrix, where
A=Ap=0,U=1/3and V =2/3.

lim,_,5/3- G(z) = log .

10. Analysis of Rate Functions for Models of Size 2

When the linear representation (£, A, B, n) has size d = 2 or d = 3 the analysis of G(z)
is particularly simple since all sets L, are singletons, and hence the coefficients Ch7
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and cj. are always positive. In this section we present a complete analysis of the
case d = 2 that is independent of the results of Sections [§] and [0} and shows how the
coefficients cy,; are related to the entries of the matrices A and B. In the subsequent
section we present a similar study for the case d = 3, which we believe to be useful
to understand the meaning of such coefficients.

First note that, for any 2 x 2 matrix M, we have

det(Iy — M) = y* — tr(M)y + det(M). (21)

Then, since A 4+ B is primitive, by the Perron-Frobenius Theorem its characteristic
polynomial det(Iy — A — B) = y*> —tr(A+ B)y + det(A + B) must have two real roots
of different modulus, which implies

tr(A+ B) = tr(A) + tr(B) > 0. (22)
Now define ¢ as the operator over pairs of 2 x 2 matrices given by the relation
(p(A, B) = tI‘(A . B) — tI‘(A)tI‘(B) = a12b21 + a21b12 — a11b22 — a22b11 (23)

where A = [ajjlijeqr,2y and B = [bijl; jeq1,2)- Note that ¢ is symmetric,
i.e., (A4, B) = (B, A). Moreover, for an arbitrary variable w, we get

det(Aw 4 B) = det(A)w? — ¢(A, B)w + det(B) (24)

and hence, by relation , the characteristic polynomial of Aw + B can be written
in the form

det(Iy — Aw — B) = 4> — tr(A)wy — tr(B)y + det(A)w? — (A, B)w + det(B).

Note that if tr(A) = 0 or tr(B) = 0, then p(A, B) is the sum of the weights of the
cycles of length 2 in the graph G(A, B), having one occurrence of a and one occurrence
of b.

Theorem 15. Let {Y,} be defined by a linear representation (£, A, B,n) of size 2
with matriz A + B primitive, and let A\ be its Perron-Frobenius eigenvalue. Under
these hypotheses the following properties hold:

(1) If \p =0, then Aa >0, p(A,B) >0,U =1/2 and

A
lim G(z) =log ———. 25
Ly, O) = los Zm=ms (25)
() IfAa =0, then \g >0, p(A,B) >0,V =1/2 and
. A
lim G(z) =log (26)

e1/27 V(A B)
Proof. First, note that the case Ay = 0 = Ap is not possible since it would im-
ply det(Iy — A) = y?> = det(Iy — B), and hence by equation tr(A) = 0 = tr(B),
which contradicts relation .
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Now assume Ap = 0. By the previous argument we have tr(B) = 0 = det(B),
which implies b11 = b22 = O, and either (b12 =0A b21 > 0) or (b12 > 0A b21 = O),
otherwise B = [0]. In the first case we obtain ajs > 0, otherwise A + B would not
be irreducible, while in the second as; > 0 for the same reason. In both cases, we
get (A, B) = aj2ba1 +a21b12 > 0 and, since tr(A) > 0, for any ¢ € R the characteristic
polynomial of Ae? + B becomes

det(Iy — Ae' — B) = y* —tr(A)e'y + det(A)e* — (A, B)et

where the coefficients in e’y and in e’ do not vanish. Again, let y = y(t) be im-
plicitely defined by the equation det(Iy — Ae! — B) = 0, with initial condition
y(0) = A\. For t — —oo the equality y = \/tr(A)ely — det(A)e2 + (A, B)e! shows
that y(t) — 07, and, hence,

y(t) = Vp(4, B)e'*(1 + O('?)). (27)

Expressing the derivative 3/(¢) by the Implicit Function Theorem [26], we may write

) Ay — 24ei(A)e + o(4,B)
pt) = y(t) 2y2 — tr(A)ety

and, for ¢ — —oo, by relation , we obtain

1
Bt) = 5 +O(e) (28)
which proves U = 1/2. Thus, we can determine lim,_,;/o+ G(x ) 1n this case.

For # — 1/2% we have 7, — —oo, and hence, applying equalities (27) and (28),
from relation @ we obtain

G(z) = —logy(7z) +10g/\+m
—log+\/¢(A, B) 77'1—1—@ e™/?) +log A + B(1,) 7w

A

which proves relation .
The case A4 = 0 is symmetrical: statement 2. easily follows from statement 1. by
applying Theorem [4 g

11. Analysis of Rate Functions for Models of Size 3
Given an arbitrary 3 x 3 matrix M, for any pair of indices 4,5 € {1,2,3} let M;;

be the matrix obtained from M by erasing the i-th row and the j-th column. Also,
define the operator T over 3 x 3 matrices as follows:

3
M) =" det(M;). (29)
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Then, by a direct computation, we obtain

det(Iy — M) =y — tr(M)y® + T(M)y — det(M). (30)
Moreover, for any pair of 3 x 3 matrices A and B, we define the value ®(A, B) by the
equality

3
(A, B) := Z@(Aii,Bii) (31)

where ¢ is defined in . Thus, applying identity , we obtain

T(Aw+ B) =Y det[(Aw + B);;] = T(A)w? — ®(A, B)w + T(B). (32)

i=1
Now we introduce a further binary operator, denoted by v, that is given as

3
(A, B) =Y (=1)""" [by det(An) — ainp(Ain, Bi)] - (33)

i=1

Note that v is not symmetric, i.e. ¥(A, B) # (B, A) in general. It is straightforward
to notice that

G(A,B)= > (1) det(Ay;).

i,j€{1,2,3}

Moreover, using (24]) to evaluate det[(Aw + B);;|, this operator allows us to express
the determinant of Aw + B as follows:

det(Aw+ B) = Y (=1)""(a;w + b;y) det[(Aw + B);]

M«

1

.
Il

(71)”1(ai1w + b’Ll) [det(Ail)wz — (p(Ail, Bll)w + det(Bﬂ)]

Il
'M“

=1

= det(A)w® + (A, B)w? + ¢(B, A)w + det(B). (34)

Thus, the characteristic polynomial of Aw + B can be determined explicitly as a
function of the operators T', ® and 1 defined in , and 7 respectively.

Lemma 16. For every pair of matrices A, B of size 3 x 3 we have

det(Iy — Aw — B) = y* — tr(A)wy? — tr(B)y?
+ T(A)w?y — ®(A, B)wy + T(B)y
— det(A)w® — (A, B)w? — (B, A)w — det(B).

Proof. The result follows from by applying relations and . O
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We are now ready to present the main result of this section, which yields the values
of the extremes U and V' when the size of the linear representation is 3, together with
the corresponding limits of G(z), depending on the values of the operators introduced
above.

Theorem 17. Let {Y,} be defined by a linear representation (£, A, B,n) of size 3
with matriz A + B primitive, and let A be its Perron-Frobenius eigenvalue. Under
these hypotheses the following properties hold:

(1) The equality \a =0 = Ap implies (A, B) > 0 and Y(A, B) + (B, A) >0 .
(1) When Ap =0 the following cases occur:

A
(o) IfY(B,A) >0, then U=1/3 and lim G(x)=log
r—1/3+

(B, A)

(B) Ify(B,A)=0and ®(A,B) >0, thenU =1/2 and (Aa > 0Vy(A, B) > 0)

and also lim G(x) = log —————.
z—1/2+ (@) & ®(A, B)
(c) If ¥(B,A) = 0 = ®(A,B), then U = 2/3, Aa > 0, v(A,B) > 0
and lim G(w):log#.
s2/3t V(4. B)
()  Symmetrically, when Aa = 0 the following cases occur:

() IfY(A,B) >0, then V=2/3 and lin/l G(z) = log A
T—2/3~

Y/(A,B)

(B) IfY(A,B) =0 and ®(A,B) >0, thenV =1/2 and (Ag > 0Vy¢(B, A) > 0)

and also x_l)ilrnT G(z) = log \/ﬁ
(C) If $(A,B) = 0 = ®(A,B), then V. = 1/3, Ay > 0, $(B,4) > 0
and lim G(x) A

=log— .
e/ VB A

Before proving the theorem (in the subsequent section), we briefly discuss this re-
sult and its consequences, also yielding some examples. First note that several cases
mentioned in the statement cannot occur together. For instance, case (i1.B|) excludes
case (18], and vice-versa; if occurs, then A4 > 0 and hence cases (ur.4]), (5],
and (ir1.c)) cannot happen; by symmetry, case ({11.c) excludes all cases (1.4l), (11.B
and (fi1.cf). On the contrary, as shown in Example|14} cases ({i11.A]) and (i1.A) may occur
in the same model. Also the pairs ((ir.4), (i.8)) and ((i1.8), (11.4)) are clearly compat-
ible. Note that in this case (i.e. d = 3) the constant U lies in the set {0,1/3,1/2,2/3},
while V lies in {1/3,1/2,2/3,1}. Moreover, since here all sets L, are singletons, the
result above may be considered as a refinement of the statements of Theorems [T]]
and

12. Proof of Theorem [17

The proof is split in three cases, according whether A4 = 0 = Ap or only one of these
equalities holds. We start by showing a property of the primitive matrices concerning
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the coeflicients of their characteristic polynomial.

Lemma 18. For any primitive matriz M € R3®, if tr(M) = 0 then T(M) < 0 and
det(M) > 0.

Proof. Since tr(M) = 0, G(M) has no loops and hence, just from the definitions
of T(M) and det(M), one deduces that —T'(M) is the sum of the weights of all cycles
of length 2, while det(M) is the sum of the weights of all cycles of length 3. Also,
here all cycles of length 2 and 3 must be simple. At last, G(M) must have some cycle
of length 2 and some cycle of length 3, otherwise M would not be primitive. As a
consequence, T(M) < 0 and det(M) > 0. O

From the previous proof it also follows that, for any arbitrary matrix M € RiX3,
if tr(M) = 0 then T(M) < 0 and det(M) > 0.

12.1. Analysis of the Case Ax =0 = Ap
Under this hypothesis, by relation , we know that
tr(A) = T(A) =det(A) =0 =tr(B) = T(B) = det(B).

Hence, by applying Lemmas and we obtain ®(A,B) > 0 together
with det(A + B) = ¢(A,B) + ¢(B,A) > 0. Moreover, the characteristic polyno-
mial of Aw + B becomes

det(Iy — Aw — B) = y* — ®(A, B)wy — (A, B)w? — (B, A)w. (35)

Now consider the graph G(A,B) defined in Section @ Here, by our hypothe-
ses, G(A, B) has no loops and, by Proposition |5} all cycles of length 3 must be simple
and cannot be labelled by the same symbol (either a or b). This implies ¥(A4, B) > 0
and ¢ (B, A) > 0 because, in our case (by the definition of ¢ and a simple check)
they represent the sum of the weights of all cycles of length 3 having, respectively,
two labels a and one label b in this first case, and two labels b and one label a in the
second one. Since their sum must be positive, (A, B) = 0 implies (B, A) > 0 and,
analogously, ¥(B, A) = 0 implies ¥(A, B) > 0. Overall, we then have three possible
cases:

Y(A,B) > 0A¢(B,A) >0,

Y(A,B)=0A9(B,A) >0, or

Y(B,A)=0A¢(A,B) > 0.
We treat these cases separately in the following three propositions, where we always

consider a linear representation (£, A, B,n) of size 3 having primitive matrix A + B
with maximum eigenvalue A and A4 = 0 = Ap.

Proposition 19. If ¢(A,B) > 0 and ¥(B,A) > 0, then U = 1/3 and V = 2/3,
while

T R S TV W2 R
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Proof. By equality , the function y = y(t) defined by det(ly — Ae! — B) = 0 with
initial condition y(0) = X satisfies the relation

y = (O(A, B)e'y + ¥(4, B)e* + 4(B, A)e')/* (36)
which implies

y'(t) _ 20(A B)e® + (A, B)e'y + ¢(B, A)e’

ple) = y(t) 3y3 — ®(A, B)ety ' (37)

Letting ¢t — —oo we get y(t) = [1)(B, A)e']'/3(1 + O(e!/3)) and B(t) = § + O(e!/3),
which implies U = 1/3 and, for z — U™,

1 w 1
G(z) = —3logy(B, A4) — % +o(1) +log A + <3 i @(671/3)) -
A

(¥(B, A))'/3

Now, let t — +o00. Exchanging the matrices A and B and using the notation of
Theorem our present hypotheses also hold for the linear representation (£, B, A, 7).
Therefore, by the previous argument, we obtain U’ = 1/3 and

= log +o(1).

. A
TR e

By properties 1) and 3) of Theorem [4} this implies V = 2/3 and

A
G0 =l G By

which completes the proof. O
Proposition 20. If¢(A,B) =0, then U =1/3 and V = 1/2, while

A\ A
) I S i —log ————.
A OO =l gy o By 6 =l T

Proof. By the previous argument we have ¢ (B, A) > 0 and hence, for ¢ — —oo,

from relations and ([37)), we get the same asymptotic expressions of y(t) and 3(t)
obtained in Proposition proving that U = 1/3 and

: A
s ) R G

On the contrary, for ¢ — +00, the same relations and prove that

y(t) = VA, B) ¢/2(1+ 0(c2)) and B(t) = % +O(et?)
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where ®(A, B) > 0. This implies V = 1/2 and, for x — V', we obtain
1 Ty 1 7t/2
G(z) :—ilog(i)(A,B))—5+0(1)+log>\+ 5-1—9(6 ) ) T

A
= log m + o(1).

Proposition 21. If (B, A) =0, then U =1/2 and V = 2/3, while

A
lim G(z)=log ——2—— and lim G(z)=log — .
i O =loe gy ot i G =l ey s

Proof. First note that here we have (A, B) > 0 and ®(B, A) > 0 (since P is symmet-
ric). Then, the result follows from Proposition 20| by applying properties (i) and
of Theorem [ O

12.2. Analysis of the Case Ap =0 and Aq # 0

Here, still assuming A + B primitive, we determine the value of U when Ag = 0
and A4 > 0. Note that in this case, by Theorem [3] V' =1 and

lim G(z) =logA/Aa.
rz—1—
Again by relation (30), Ap = 0 implies tr(B) = T(B) = det(B) = 0. Thus, by
Lemma [T6] the characteristic polynomial of Aw + B reduces to

det(Iy — Aw — B) = ¢* — tr(A)wy?
+ [T(A)w® — ®(A, B)w] y — det(A)w® — (A, B)w® — ¢(B, A)w. (38)

Moreover, since the graph G(B) has no cycle, the following properties hold:

(A) ®(A, B) > 0 because, in our hypotheses, it represents the sum of the weights of
all simple cycles of length 2 in G(A, B) having one label a and one label b;

(B) ¢(B,A) > 0 because, in this case, it equals the sum of the weights of all simple
cycles of length 3 in G(A, B) having one label a and two labels b;

(C) If (B,A) =0 and ®(A, B) = 0, then ¥(A, B) > 0, otherwise from one
deduces that det(Iy — A — B) = det({y — A), and hence A + B and A would
have the same eigenvalues, which is not possible for two different matrices A and
A+ B such that A + B is primitive and A < A+ B (see property ({il) of Section
. Also note that, in this case, ¥(A4, B) is the sum of the weights of all simple
cycles of length 3 in G(A, B) having two labels a and one label b.
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Overall, with our hypotheses, we may study only three possible cases:
Y(B,A) >0,
Y(B,A)=0 A ®(A,B) >0, and
(B, A) =0=®(A, B),

which correspond to sentences , and of the following statement.

Proposition 22. Let (§, A, B,n) be a linear representation of size 3, where A+ B
s primitive, \ is its Perron-Frobenius eigenvalue, \g =0 and A > 0. Then V =1
and U € {1/3,1/2,2/3}. In particular, the following three cases occur:

) B A
(1) If¢(B,A) >0 then U =1/3 and x_1)11r513+ G(z) = log 7\3/1@
() IfY(B,A) =0 and ®(A,B) >0 then U =1/2 and
_ _ A
mi1%§12+ G(z) =log 7@
() Ify(B,A)=0=®(A,B) then v(A,B) >0, U =2/3 and
A

lim G(z) =log ————.
z—2/3% ( ) 8% ¢(A7B)
Proof. Clearly V = 1 because of Theorem [3| Assume (B, A) > 0 and let y = y(t)
be defined by det(Iy — Ae! — B) = 0 (¢t € R) with initial condition y(0) = A. In
order to determine U we have to study the behaviour of y(t) and y/(t) for t - —o0.
From , using classic analysis, as t goes to —oo, we obtain:

y(t) = Vo(B, A)e* (1 +0(e'?)),

() (B,A1+0E?) 1 t
= J(6) 357 —9(A, Bty + Oely?) 3 O(e"?)

proving U = 1/3. Moreover, for x — 1/3T, we have 7, — —co and

G(z) = —logy(rz) + log A + (:1)) + O(eTz/?’)) T
=log A — (1/3)log (B, A) + o(1),

which concludes the proof of point ().
Now assume ¥ (B, A) = 0 and ®(A4, B) > 0. In this case, as t goes to —oo, y(t)
and S(t) behave as follows:

y(t) = VO(A, B)e"?(1+ O(e"?)),

RO (@(A,B)et)a‘m (1 +O(et/2)) 1 t
B(t) = y(t) - 3y3 — @(A,B)ety—k O(etyQ) =3 + O(e /2)
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proving U = 1/2. Moreover, for x — 1/2%, we have 7, — —oo0 and

G(z) = —logy(t,) +log A + (; + 0(671/2)> Ta
~ log A (1/2)log (#(A, B)) + o(1),

which concludes the proof of point .

At last, assume ¢(B,A) = 0 = ®(A4,B). By point above, this im-
plies ¥(A, B) > 0. In this case, as t goes to —oo, the asymptotic behaviour of y(¢)
and S(t) become

y(t) = V(A B)* P (1+ 0(e?)),

_ Y1) 20(A,B)e*(140(e?) 2 t
B(t) B y(t) o 3y3 _ Qtr(A)ety2 + T(A)egty = g =+ O(e /3)

proving U = 2/3. Moreover, for z — 2/3%, we have 7, — —oco and

G(z) = —logy(rz) + log A + (:2)) + O(eTw/?’)) T
=log A — (1/3)1log (A, B) + o(1),

which concludes the proof. O

12.83. Analysis of the Case Aa =0 and Ag # 0

This case is clearly symmetric to the one studied in the previous subsection. Hence,
applying Theorem[d]to the properties proved in Proposition[22] we obtain the following
result:

Proposition 23. Let (£, A, B,n) be a linear representation of size 3, where A+ B
is primitive, X\ is its Perron-Frobenius eigenvalue, A\a = 0 and Agp > 0. Then U =0
and V € {1/3,1/2,2/3}. In particular, the following three cases occur:

. B A
(1) IfY(A,B) >0, then V=2/3 and xilz%— G(z) = log — D)
() IfY(A,B) =0 and ®(A,B) >0, then V =1/2 and
lim G(z) =log A .
z—=1/27 ®(A, B)

(m) IfY(A,B)=0=®(A,B), then V =1/3, ¢(B,A) >0 and

lim G(z)=log A

z—31/3- (B, A)
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13. Further Results

By a careful reading of the proof of Theorem one might expect that a similar ar-
gument can be developped also when the set L7 defined in Section [7]is not a singleton,
perhaps on the condition of assuming different hypotheses. To present our reasoning
we exhibit an example where L7 consists of two elements, showing how the main
result of the theorem (that is V' =7) is still valid, and the value C' occurring in
can be determined by means of a suitable root of (a variant of) the polynomial pg(x).

(b, 1) (b,2)
(b,2) A=319.., 24 =0, Ap =2,
U=0,V=r=1/2
(@,2)| [(b,1)  (a,3)] |(b,1) Lr = {(21)(4,2)},

hInz—>0Jr G(I) = log()‘/2)a

(a, 1) lim,_,1 /2~ G(z) = log <)\\/5_2ﬁ)

Figure 3: Generalized automaton with primitive transition matrix where Aa = 0
and L7 is not a singleton.

Consider the linear representation defined by the generalized automaton of Fig-
ure 3} Clearly A+ B is here primitive and a direct computation shows that its largest
eigenvalue is a constant A = 3.19.... Moreover, it is easy to verify that Ay = 0, A\p =2
and, for every w > 0, we have

det(Iy — Aw — B) = y* — 33> — bwy® + 2y* + Twy + 2w>.
This shows that 7 = 1/2, L7 = {(2,1)(4,2)}, c21 = 5, and ¢42 = —2. Thus, looking
for a possible value a > 0 as in the proof of Theorem for t — +o00 one gets
F(t,0e'’?) = det(Iae'/? — Ae' — B) = e (a* —5a® +2+0(1)).

Now, the polynomial p(x) = x* — 522 + 2 only has simple real roots, and the largest
one is

_ 5+ V17
a=A\—-.
2

This means that, for every o > & and every t large enough, F(t, aet’?) > 0; similarly,
for every positive o < @, greater than the other roots of p(z), we have F(t, ae'/?) < 0
for any ¢ large enough. As a consequence, by the continuity of F', y(t) being the
solution of largest modulus of F(t,y) =0 (Vt € R), for every € > 0 and every t large
enough, we have

(@ —e)et/? < y(t) < (a+e)et/?
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By this proves V = 1/2 and y(t) = ae’/?(1 + o(1)). Therefore the constant C
of identity becomes C' = a/\ and, by relation , the limit of G(z) at V™~ is
given by

2

-1
lim G(z) = 1ogé = log ()\57) .
=V = [0}

Exchanging ¢ and b in this example we obtain a case where £, = {(2,1)(4,2)},
while co1 and c4o remain the same, leading to an analogous result for U and the
corresponding limit.

The key property in the previous argument is that a is the largest positive real
root of p(x) and is a simple root. This idea can be used in a general context. Using
the notation of Section |7} let us define the polynomials P(z) and Q(z) given by

P(z) := 2% — Z cnjrt™", Q(x) ==z — Z cnjrdh.

(h.j)€Lx (h.j)€Ly

Reasoning as in the previous example, as well as in the proofs of Theorems [11]and
one obtains the following result.

Theorem 24. Under the hypotheses of Theorem[3 the following properties hold:

(1) If Aa = 0 and P(x) admits a simple real root & > 0 greater than all other real
roots, then V. =7, y(t) = ae'™ (14 o(1)) for t — +o0, and

A
lim G = log —;
x—lﬂ/* () = log o

(1) If A\p =0 and Q(x) admits a simple real root & > 0 greater than all other real
roots, then U =r, y(t) = &e'™(1 + o(1)) for t = —o0, and

A
lim G(z) =log —.
i, Glo) = los g

Thus, under the hypotheses and of Theorem the values U and V are
rational numbers of the form j/h, for some j,h € {1,2,...,d}, j < h, and the
limits of G(x) at these points are determined explicitly, depending on the roots of the
polynomials P(z) and Q(x).

14. Conclusions

In this work we have studied the rate functions of large deviations for symbol statistics
defined in primitive rational models. These models are described by a generalized
finite automaton over the alphabet {a, b}, with positive weights on transitions, where
the matrices A, B € R‘j_Xd of the weights of transitions labelled by a and b, respectively,
are non-null and their sum A + B is a primitive matrix (with a Perron-Frobenius
eigenvalue \).
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The rate functions G(x) obtained in our analysis are always defined in an open
interval (U,V), where 0 < U < V < 1. They are real analytic, convex, and es-
sentially smooth in (U, V), with a unique minimum value at a point g € (U,V),
where G(8) = 0. The limits of these functions G(z), at the extremes U™ and V—,
are always finite, and the values U and V themselves first of all depend on the main
real eigenvalues of the matrices A and B, denoted by A4 and Ap in the present
contribution.

It turns out that, if A\g > 0, then U = 0 and the limit of G(x) at 07 is log(A\/Ap);
on the contrary, if A = 0, then U > 0 and the corresponding limit remains finite.
Analogously, if Ag > 0, then V = 1 and the limit of G(x) at 1~ is log(A/A4); again,
if A4 =0, then V < 1 and, yet again, the corresponding limit remains finite.

At last, Theorem 24]above yields the value of U and V when A4 = 0 and Ap = 0, re-
spectively, assuming a further condition on the polynomials P(z) or Q(x), accordingly.
In these cases, the values of U and V are of the form j/h for some j,h € {1,2,...,d},
with j < h, and the limits of G(x) at these extremes can be determined explicitly,
depending on the polynomials P(z) and Q(x). We think that similar properties hold
in general under the simple hypotheses A4 = 0 and A = 0, without any further as-
sumption on the polynomials P(z) and Q(x). However, proving such a result remains
a possible goal for future investigations.
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