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Abstract The goal of this mainly expository paper is to develop the theory of the algebraic entropy in the basic
setting of vector spaces V over a field K. Many complications encountered in more general settings do not
appear at this first level. We will prove the basic properties of the algebraic entropy of linear transformations
¢ : V — V of vector spaces and its characterization as the rank of V viewed as module over the polynomial
ring K[X] through the action of ¢. The two main theorems on the algebraic entropy, namely, the Addition
Theorem and the Uniqueness Theorem, whose proofs require many efforts in more general settings, are easily
deduced from the above characterization. The adjoint algebraic entropy of a linear transformation, its connec-
tion with the algebraic entropy of the adjoint map of the dual space and the dichotomy of its behavior are also
illustrated.
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1 Introduction

The following questions, even if formulated in a vague way, should excite curiosity in people with a basic
mathematical education:

Question 1.1 Given a linear transformation ¢ : V. — V of a vector space V over a fixed field K, how chaotic
is the iterated action of ¢ in V ? Can we measure the dynamical behavior of the linear transformation ¢ ?
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The attempt to give a precise answer to the above questions, not in the setting of vector spaces, but in the
less elementary setting of Abelian groups, originated the theory of the algebraic entropy (see [1,6,14,20]).
Nowadays, this theory is extended to R-modules over arbitrary rings R (see [2,15,16,18,21]), and also to
topological groups (see [9]). As usual, the more general the considered ring R is, the less specific are the
results obtainable for R-modules. Nevertheless, general deep results also for modules over arbitrary rings have
been recently obtained for the algebraic entropy.

The goal of this paper is to develop the theory of the algebraic entropy in the simplest possible case,
that is, in the setting of vector spaces over commutative fields. This soft approach to the subject should be
accessible to people with a basic knowledge of linear algebra and of the theory of modules over PID’s. Many
complications arising even for Abelian groups, or for modules over more general rings, do not appear at this
first level. However, the basic properties and the two main theorems, namely, the Addition Theorem and the
Uniqueness Theorem, have their full significance even for the algebraic entropy of linear transformations of
vector spaces.

As motivation for our goal, it is worthwhile to remark that the general study of the algebraic entropy
reduces in many different cases to linear transformations of vector spaces: for instance, if ¢ : G — G is an
endomorphism of an Abelian group, the study of ent(¢), the algebraic entropy of ¢, reduces to that of ent(¢),
where ¢ : G/pG — G/pG (p a prime number) is the linear transformation induced by ¢ on the vector space
G/ pG over the field with p elements (see [6]). Furthermore, in the investigation of the rank entropy, which
is associated with the rank of modules over an integral domain R, one can reduce to linear transformations of
vector spaces over the field of quotients K of R (see [16]).

The plan of the paper is as follows. In Sect. 2, we will give the definition of algebraic entropy of a linear
transformation, which is based on the computation of the limit of a sequence of positive real numbers; further-
more, we will show how the algebraic structure of a vector space allows one to avoid the limit calculation in
computing the value of the algebraic entropy.

In Sect. 3, we will prove the basic properties of the algebraic entropy and in Sect. 4 we will discuss the
structure of K [X]-module induced on the K -vector space V by a linear transformation ¢; we will denote such
a module by V. This matter reflects a classical point of view in linear algebra (see Chapter 2 in Kaplansky’s
monograph [12] or the book by Warner [19, pp. 659-674]), and is of essential importance in dealing with
algebraic entropies. Moreover, we will show the characterization of the linear transformations ¢ : V. — V
with finite algebraic entropy, interpreted as properties of K[X]-modules. From this characterization, we will
derive the main formula: ent(¢p) = rkx[x](Vy).

Section 5 will be devoted to the proof of the Addition Theorem and the Uniqueness Theorem, two funda-
mental results in the theory of algebraic entropy. Unlike in more general settings, where the two theorems have
long and complicated proofs, in our case they follow quite easily from the formula ent(¢) = rkg[x](Vy). In
fact, the Addition Theorem is just a corollary of the fact that the rank is an additive function, and the Uniqueness
Theorem is a consequence of a result on length functions proved by Northcott and Reufel [13].

In Sect. 6, we investigate the adjoint algebraic entropy of a linear transformation ¢ : V — V, that is,
ent*(¢), which was introduced for endomorphisms of Abelian groups in [5] and studied also in [11]. After
providing its basic properties, we will prove the main formula ent*(¢) = ent(¢*), where ¢* : V* — V*
is the adjoint linear transformation of the dual space V* of V. A relevant difference between the algebraic
entropy ent and its adjoint version ent* is that the latter presents a dichotomy in its behavior, since it takes
only values 0 and co. The proof of this dichotomy furnished here for vector spaces, similar to the analogous
proof for Abelian groups given in [5], makes an essential use of some structure results of modules over PID’s.
In the setting of Abelian groups, the adjoint algebraic entropy does not satisfy the Addition Theorem, except
when one considers only bounded groups; in the present setting of vector spaces, we will prove the Addition
Theorem for ent* in full generality, as an easy consequence of the dichotomy of ent*.

2 Measuring the dynamical behavior of linear transformations

We can specify Question 1.1 in the Introduction by asking how complicated are the sets F + ¢ F + ¢>F +
<-4 ¢"F (n > 1) of the sums of the iterated images of a finite subset F' of V. We could consider this set
theoretical question but, since V has an algebraic structure, it is reasonable to formulate the above question not
just for finite subsets of V, but for the subspaces they generate in V (see the next Remark 2.5, which explains
the main differences between taking finite subsets or finite dimensional subspaces of V). So, we are led to
consider a finite dimensional subspace F of V and its iterated images: F, ¢ F, ¢>2F s, O F, .. If we take
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the subspace of V generated by the first n of these subspaces, that is,
F+¢F +¢*F+---+¢"'F,

we obtain again a finite dimensional subspace of V, called the n-th partial ¢-trajectory of F in V, and denoted
by T, (¢, F). Note that T,,(¢, F) < T,,+1(¢, F) for all n. Adding all the subspaces ¢" F we get:

UTu@. F)= F+ ¢F + ¢ F 4+ ¢"F + -

which is a subspace of V no longer of finite dimension, in general; it is denoted by T (¢, F) and it is called
the ¢-trajectory of F in V. The ¢-trajectory T (¢, F) is said to be cyclic if dim(F) = 1.

Everybody should agree that infinite dimensional subspaces are less easy to handle than those of finite
dimension, so Question 1.1 could be reformulated more precisely as follows:

Question 2.1 Given a linear transformation ¢ : V. — V of a vector space V over a field K, and a finite
dimensional subspace F of V, when is the ¢-trajectory T (¢, F) infinite dimensional? If this occurs, can we
estimate how fast the partial ¢-trajectories T,(¢, F) grow?

From an intuitive point of view, we could say that ¢ creates chaos in V if there exist ¢-trajectories 7 (¢, F)
of infinite dimension, and that the chaos is bigger when the growth of these trajectories is faster.
Some easy examples could give some hints for a possible answer to our questions.

Example 2.2 Let K be a field and V = @n>0 Kx, a K-vector space with countable basis {xg, x1, x2, ... }.
Let B : V — V be the right Bernoulli shift, that is the linear transformation defined by the assignment
B(x,) = xu41 for each n > 0. We compare the chaos created by B with the chaos created by other linear
transformations of V.

Obviously, 8 is more chaotic than the identity map 1y of V. Less trivial is the comparison with the linear
transformation ¢ : V — V defined by the assignments:

X0 X9, X1 = X2 > X1, X3F> X4 X5 X3, XgF> X7FH> X8> X9 —> X6, ....

Since for all x € V there exists k > 0 such that ¢¥(x) = x, one can easily deduce that for every finite
dimensional subspace F of V, the ¢-trajectory of F has finite dimension, while, for instance, the S-trajectory
of Kxg is the whole space V. We can conclude that 8 is more chaotic than ¢.

Example 2.3 We compare now the right Bernoulli shift 8 of Example 2.2 with its square 42, which sends x,,
to x,4+2. Take the finite dimensional subspace F' = @O<i<, Kx; of V, for a suitable r > 1; for every n > 0
we have T

dim(F + BF +---+p"F)=r+n
and
dim(F + *F + B*F + B°F + -+ B F) = r + 2n.

Hence, both the S-trajectory and the 82-trajectory of F have infinite dimension, but the growth of their partial
trajectories are different: the growth of 7,,(8%, F) is faster than the growth of 7, (8, F). If we compute the
asymptotic average growth of F under the action of 8 and 2, we get:

. dim(F 4+ BF + B*F +---+ B"F)  r4n
lim = lim =1
n—00 n+1 n—oon+ 1
and
lim = lim =2
n—00 n+1 n—oo n+ 1

This suggests that the chaos created by 82 doubles the chaos created by S.
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The preceding examples lead naturally to the following:

Definition 2.4 Given a linear transformation ¢ : V — V of a vector space V over a field K, and a non-zero
finite dimensional subspace F of V,

(a) the algebraic entropy of ¢ with respect to F, denoted by H (¢, F), is the asymptotic average growth of
the partial ¢-trajectories of F, that is

dim(7, (¢, F)) .

H(¢, F) = lim
n—oo n
(b) the algebraic entropy of ¢, denoted by ent(¢), is the supremum of the algebraic entropies of ¢ with respect
to F, ranging F over the set of all finite dimensional subspaces of V, that is

ent(¢p) = sup H(¢, F).
F

Remark 2.5 The above definitions make sense even if F is not assumed to be a finite dimensional subspace,
but only a finite subset. In this case, the partial ¢-trajectories 7, (¢, F') are no longer subspaces of V, but only
finite subsets; so their size, that cannot be computed by the dimension, is computed by log |7, (¢, F)| (log is
necessary to make the invariant additive). The next proposition, which ensures that the limit defining H (¢, F)
exists and is finite, is applicable also to this different version of the algebraic entropy, which is called here
Peters entropy. If the base field K is finite, then every finite dimensional subspace of V is a finite subset; hence,
the Peters entropy essentially coincides with the algebraic entropy (up to the multiplicative factor log | K ).
But if K is infinite, the two notions are different. Actually, since the definition of the Peters entropy involves
only sums of elements and not their multiplication by scalars, one can consider only the structure of Abelian
group of V, disregarding that of K-vector space. We refer to [3,4,14] for many interesting results on Peters
entropy in the Abelian groups setting.

Remark 2.6 As another less interesting variation of the definition of algebraic entropy, we can consider finite
dimensional subspaces F of V as above, but we measure the size of the partial ¢-trajectories by log |T;, (¢, F)]|,
and not by means of the dimension. Again, if K is a finite field, we do not find anything essentially new, but,
if K is infinite, log |T;, (¢, F))| = oo for every non-zero subspace F. Therefore, in the latter case we obtain a
trivial notion of entropy.

Remark 2.7 If in Definition 2.4 we replace the linear transformation ¢ : V — V by an endomorphism
¥ : G — G of an Abelian group G, and the invariant “dimension” by the invariant “rank”, we obtain the
notion of rank-entropy, investigated in [16]. But, even if the algebraic entropy of linear transformations of
Q-vector spaces and the rank-entropy of endomorphisms of Abelian groups are calculated in the same way
(recall that tk7(G) = dimg(G ®z Q)), there is a deep difference between the two settings. For instance, every
vector space of infinite dimension has linear transformations of arbitrarily large algebraic entropy, as we will
see below; on the converse, it is possible to construct torsion-free Abelian groups G of rank 2 such that every
endomorphism of G has rank-entropy zero (see [10]). This obviously reflects the fact that endomorphism rings
of Abelian groups have a much more complex structure than the endomorphism rings of vector spaces.

The next proposition shows that Definition 2.4(a) makes sense; recall that a sequence of real numbers {a, },
is subadditive if a4+, < a, + a,, for all n and m.

Proposition 2.8 The sequence {dim(T,, (¢, F))}, is subadditive, hence the limit

H ) — 1y S0

does exist and equals inf > w

Proof We have Ty, 4y, (¢, F) = T, (¢, F) + ¢"T,, (¢, F) for every n, m > 0. Then for all n, m > 0,
dim(Ty4m (¢, F)) < dim(T, (¢, F)) + dim(@" (T (¢, F)) < dim(T, (¢, F)) + dim(T,,. (¢, F)).

This proves that {dim(7,,(¢, F))}, is subadditive. The rest of the statement follows by a well-known result of
calculus, due to Fekete [7], which completes the proof. O
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The next two results allow one to avoid the limit calculation in the computation of the algebraic entropy.
This fact, which has no analogy for topological or metric entropies, essentially depends on the additivity of
the invariant dim. The crucial fact is provided by the following:

Lemma 2.9 For everyn > 0 let

a, = dim (M> . @.1)
T,(¢, F)

The sequence of non-negative integers {&, }, is decreasing, and hence stationary.
Proof Letn > 1. Since T, 1 (¢, F) = T,(¢, F) + ¢" F and since ¢T,,_1(¢, F) C T, (¢, F), it follows that

L1 F) . ¢"F
T,($. F) T F)NG"F

is a quotient of
P"F
T @T (¢, F)N@F
Therefore «;, < dim B,,. Furthermore, since ¢T,,(¢, F) = ¢T,—1(¢, F) + ¢" F, we have:

B,

5 = PTG )+ ¢"F _ $Ti@. F) 1. F)
" ¢Th—-1(¢, F) ¢Th-1(9, F)  Th—1(¢, F) + (T(¢, F) Nker ¢)
which is a quotient of 7,,(¢, F)/T,,—1(¢, F), sodim B, < «,_1. Hence o;, < o1, as desired. O

By means of Lemma 2.9, we can easily show how to determine the algebraic entropy of the linear trans-
formation ¢ with respect to the subspace F, avoiding the limit calculation.

Proposition 2.10 Let ¢ : V — V be a linear transformation of the vector space V, and F a finite dimensional
subspace of V. Then H(¢, F) = o, where « is the value of the stationary sequence {a,}, for n large enough.
In particular, H (¢, F) = 0 precisely when the sequence {dim (T, (¢, F))}, becomes stationary, equivalently,
when o, = 0 for every n large enough.

Proof For every n > 0, in view of the definition of the «;, given in (2.1),
oy = dim(Ty41(¢, F)) — dim(T,,(9, F)). 2.2

By Lemma 2.9, the decreasing sequence {«,,}, is stationary, so there exist ngp > 0 and @ > 0 such that o, = «&
for every n > ny.

Then, @ =0if and only if dim(7,,+1 (¢, F))=dim(7T,,(¢, F)) forevery n > ngp; in this case, dim(7 (¢, F)) =
dim(7, (¢, F)) for every n > ng. If « > 0, since by (2.2) dim(7},+, (¢, F)) = na + dim(7,,(¢, F)) for
every n > 0, we have

dim (Zug4n (¢, F)) _ lim dim(7,y (¢, F)) + na

H(d)’F) =nll>nc}o no+n n— 00 no+n

This concludes the proof. O

From Proposition 2.10, we derive that the value of the algebraic entropy ent(¢) of a linear transformation
¢ is either a non-negative integer or oo.

We consider now the two examples of the right and the left Bernoulli shifts on a countably dimensional vec-
tor space, showing that their algebraic entropies are, respectively, 1 and 0. The example of the right Bernoulli
shift is fundamental, since it plays a crucial role in the Uniqueness Theorem, discussed in Sect. 5.

Example 2.11 (a) Reconsidering Example 2.3, every finite dimensional subspace of V = @, -, Kx, is con-
tained in a subspace of the form F = @,_;_, Kx; for a suitable » > 0. We have shown in Example 2.3
that H (B, F) = 1, independently of the dimension of F, so ent(8) = 1. Note that, using the notation of
Proposition 2.10, the sequence {«;,}, is constantly equal to 1.
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(b) By means of the same argument, one can show that ent(ﬂz) = 2.Notethat V = T(ﬂz, xX1)® T(ﬁz, X2),and
that ;‘32 acts as the right Bernoulli shift on the two cyclic trajectories 77 = T(,Bz, xy)and T = T(ﬂz, X2).
Thus ent (B2 I7;,) =1fori =1,2and ent(B%) = ent(B? 1)+ ent(pB> I'7,). This gives a foretaste to the
Addition Theorem, to be proved in Sect. 5.

(c) Slightly modifying the previous argument, one can show that, if W = €, V, with V,, = V for all
n > 0, setting B(vo, vy, v2,...) = (0, vg, v1, V2, ...), then ent(8) = dim(V).

(d) Reversing the arrows, we can consider the left Bernoulli shift A : W — W, defined by A(vg, v, v2,...) =
(v1, v2, v3, ...). For a finite dimensional subspace F of W, we get that A" (F') = 0 for a suitable positive
integer r; from this one easily deduces that H (A, F') = 0, independently of F, so ent(%) = 0 (again using
the notation of Proposition 2.10, the sequence {¢},}, is equal to O for n > r).

3 Basic properties of the algebraic entropy

In this section, we prove some basic properties of the algebraic entropy, starting with the announced fact that
the algebraic entropy is stable under conjugated linear transformations.

Proposition 3.1 Let ¢ : V — V be a linear transformation and a : V. — W an isomorphism of vector
spaces. Then ent(¢) = ent(apa ™).

Proof Let F be a finite dimensional subspace of W. For every n > 0 we have Tj(a¢a™!, F) =
(T, (¢, = F)). Therefore,

=H(p,a 'F).

im(7, -1 F im(aT, -1F
H(aa~ . F) = lim dim (7, (@pa™", F)) _ i dm@Tn(@, 0™ F))
n—oo n n—o0 n

Since F is a finite dimensional subspace of W if and only if @ ~! F is a finite dimensional subspace of V', we
can conclude that ent(aga ') = ent(¢). O

Proposition 3.1 says that the algebraic entropy is an invariant of the category Mod(K [X]); the fact that it
takes integer values (plus co) is expressed by saying that it is a discrete invariant.

The following lemma is one of the inequalities of the Addition Theorem. In particular, it shows that the
algebraic entropy is monotone under restrictions to subspaces and quotients.

Lemma 3.2 Let ¢ : V — V be a linear transformation and W a ¢-invariant subspace of V. Then ent(¢) >
ent(¢ [w) + ent(¢), where ¢ : V/W — V /W is the linear transformation induced by ¢.

Proof We prove first that
ent(¢) > max{ent(¢ [w), ent(¢p)}. (3.1

Since every finite dimensional subspace of W is a finite dimensional subspace of V, it follows that ent(¢) >
ent(¢ [w).Let F'/ W be a finite dimensional subspace of V / W. Then there exists a finite dimensional subspace
F of W such that F//W = (F + W)/W. For every n > 0,

T F)+W _  Tu(¢, F)
w T T, H)NW’

Tu(¢, F'/W) =

thatis, 7, (¢, F'/W)is a quotient of 7,,(¢, F). Passing to the limit, this gives H(p, F'/W) < H(¢, F); hence
ent(¢) < ent(¢). This concludes the proof of (3.1).

If ent(¢)) = oo, the inequality in the thesis is satisfied. So assume that ent(¢) is finite. By (3.1) both
ent(¢ [w) and ent(¢) are finite. By Proposition 2.10 there exists a finite dimensional subspace F’ of W and a
finite dimensional subspace F” of V such that ent(¢ [w) = H (¢, F') and ent(¢p) = H(¢, F" + W/ W). Let
F = F + F".Then

ent(¢ [w) = H(p, FNW),
as H(¢p, F') < H(¢p, FN W) <ent(¢ |w) = H(¢, F’), and
ent(¢p) = H(¢p, F + W/ W).
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We need to prove now that
H(¢,F) = H(@$ lw, FOW)+ H(g, (F+ W)/W). (3.2)

To this end, consider the exact sequence

T, F) _ Ta(d, F)+W
~ —

0— Tu(p, F)NW — T, (¢, F) — T RN v

0.
Then,

dim(7,, (¢, F)) = dim(T,(¢, F) N W) + dim (M) .

W

Since, &LV — 7, (p, EEW)

. . . — F4+W
dim(T, (¢, F)) = dim(T,(¢, F) N W) + dim (T,, (¢>, W )) .

Moreover, T, (¢ [w, F NW) C T,(¢, F) N W and so

. . ) _ F+W
dim(7,, (¢, F)) > dim(T,,(¢ [w, F N W)) + dim (T,, (q§, W )) .

Dividing by n and passing to the limit, we have (3.2). _
Now, (3.2) implies ent(¢) > H(¢p, F) > H(¢ [w, F N W) + H(¢, F + W/W), and hence ent(¢) >
ent(¢ [w) + ent(). O

From Lemma 3.2, we derive the following important property of the algebraic entropy.
Proposition 3.3 Let ¢ : V — V be a linear transformation. If V is the direct limit of ¢-invariant subspaces
Vo, then ent(¢) = sup, ent(¢ [v, ).
Proof By Lemma 3.2, ent(¢) > ent(¢ [y,) for every o and so ent(¢) > sup,ent(¢ [y, ). Let F be a
finite dimensional subspace of V. There exists o such that /' € V,. Then H(¢, F') < ent(¢ [y,) and so
ent(¢) < sup, ent(¢ [y, ). O
The following property is the so-called logarithmic law for the algebraic entropy; compare it with
Example 2.11.
Proposition 3.4 Let ¢ : V — V be a linear transformation. Then, ent(¢X) = k - ent(p) for all k > 0. If ¢ is
an automorphism, then ent(¢) = ent(¢~"); in particular, ent(d)k ) = |k| - ent(¢p) for every integer k.

Proof For k = 0, it is enough to note that ent(idy) = 0. So let £k > 0 and let F be a finite dimensional
subspace of V. For every n > 0, we have Ty (¢, F) = T, (¢F, Ti (¢, F)). Let E = Ty (¢, F). Then

dim(Tu(¢, ) _ . dim(T,(¢", E))
n

nk n— 00

k-H(p.F) =k lim = H(@", E) < ent(9");

consequently, k - ent(¢) < ent(¢X). Conversely,
dim(T (¢, ) _ | dim(T(@", E)) _ H(@", E)
nk T n—oo nk B ko

Since T, (¢*, F) < T,(¢X, E), it follows that dim(T},(¢*, F)) < dim(7T,(¢*, E)), and so k - ent(¢)
H (¢, F). Hence k - ent(¢) > ent(¢X).

Assume now that ¢ is invertible. Forevery n > 0, we have T}, (¢, F) = ¢" "' T,,(¢~", F),andso H (¢, F)
H(¢~!, F). Hence, ent(¢) = ent(¢ ). O

The following is a particular case of the Addition Theorem.

Lemma 3.5 IfV = V| & V; for some subspaces Vi, Vo of V, and ¢ = ¢1 @ ¢ : V — V for some linear
transformations ¢; : Vi — Vi, i = 1,2, then ent(¢) = ent(¢1) + ent(¢z).

ent(¢) = H(g, F) = lim

v

Proof Let F; be a finite dimensional subspace of V| and F>, a finite dimensional subspace of V>.
Since T, (¢, F1 x F2) = T,(¢1, F1) + T, (¢2, F2) for every n > 0, it follows that H(¢, F1 x Fp) =
H(¢1, F1) + H(¢2, F2). Since every finite dimensional subspace F' of V is contained in F; x F,, where
F1 is the projection of F onto V| and F> is the projection of F onto V3, it follows that ent(¢) =
ent(¢y) + ent(¢h2). o
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4 Passing to modules over polynomial rings

In this section, we connect the algebraic entropy of linear transformations of K -vector spaces with the structure
of K[X]-modules, following the classical approach that can be found for instance in [12, Chapter 12] and [19,
pp. 659-674].

Fixing a field K, we can define the category whose objects are the pairs (V, ¢) with V a K-vector space
and ¢ : V — V alinear transformation. In this category, a morphism « : (V, ¢) — (W, 1) is a commutative
square of the form

¢

V ——

il

W—Ww

4.1)

where « is a linear transformation from V to W. This category is just isomorphic to the category Mod (K [X])
of modules over the polynomial ring over K, which is a PID; the equivalence functor is given by (V, ¢)
Vo € Mod(K[X]), where Vj as a K-vector space is just V and X acts on Vy via ¢; in detail, if v € V and
fX)=ao+a1X +---+ a, X" is a polynomial in K[X], then

FX)v= ()W) =apv +a1p() + - + ang™ (v).

The homomorphism « in (4.1) becomes a K [X]-homomorphism, as it commutes with the action of X. In
this way, a ¢-invariant subspace of V' is just a K[X]-subspace of V; furthermore, Vj and Wy, are isomorphic
as K[X]-modules if and only if there exists a K -isomorphism « : V — W such that ¥ = a¢a ™!, that is, ¢
and ¥ are conjugated.

Every K[X]-module can be viewed as a K -vector space V with the multiplication by X acting as a K -endo-
morphism. So, in the following, when dealing with K[X]-modules, we will always consider objects written in
the form Vy; we will sometimes abuse notation, denoting a ¢-invariant subspace W of V with the structure of
K[X]-module induced by the restriction of ¢ to W simply by Wj.

At this point, we can interpret the algebraic entropy as a map

ent : Mod(K[X]) — Rxo U {oo},

which associates to the K[X]-module Vy the value ent(¢). Indeed, in Proposition 3.1, we have seen that two
K[X]-modules Vs and Wy, are isomorphic exactly when ¢ and i are conjugated, which implies that iso-
morphic K[X]-modules have the same algebraic entropy. Therefore, ent can be viewed as an invariant of the
category Mod(K[X]) with values in R>o U {oo} (this point of view is fully developed in [15]). Moreover, as
every module is the direct limit of its finitely generated submodules, Proposition 3.3 says in particular that the
algebraic entropy is an upper continuous invariant of Mod (K [X1]), thatis, ent(Vy) = supy, ent(W), ranging W
in the set of the finitely generated K[X]-submodules of Vj, that is, of the ¢-trajectories of finite dimensional
subspaces of V.

In [12], one can find the description of when Vs is primary (under the assumption that K is algebraically
closed), or primary of bounded order, or cyclic, and some classical theorems holding for Abelian p-groups are
adapted to the present situation.

We introduce now a functor from the category Vect(K) of K-vector spaces to the category Mod (K [X]) of
the K[X]-modules, which will play a crucial role in the Uniqueness Theorem 5.3.

The Bernoulli functor B : Vect(K) — Mod(K[X]) associates with a K-vector space V the direct sum
D,~0 Vu, with V,, = V forall n, endowed with aright Bernoulli shift 8 defined in Example 2.11. If & : V. — W
i1s a K -linear transformation, then

B(x) : B(V) — B(W) is defined by B(x)(vg, v1, v2, ...) = (¢vo, vy, ¢va, ... ).

It is easy to check that the Bernoulli functor is equivalent to the functor — ® ¢ K[X], thatis, B(V) is naturally
isomorphic to V ®g K[X]. Thus, Example 2.11 can be reformulated by saying that, for all vector spaces V,
the following equality holds:

ent(V @k K[X])) = dim(V). 4.2)
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Recall that the linear transformation ¢ : V. — V is locally algebraic if for every v € V there exists a
non-zero polynomial f(X) € K[X] such that f(¢)(v) = 0, and ¢ is algebraic if the polynomial f(X) is
independentof v € V.

We give now an example of a locally algebraic linear transformation which fails to be algebraic.

Example 4.1 The linear transformation ¢ : V. — V considered in Example 2.2, defined by the assignments:
X0 > Xo, X1 > X2 > X1, X3 0> X4b> X5 X3, Xg > X7 > Xg > X9 > Xe, ...

is locally algebraic, since for all v € V there exists k > 0 such that ¢*(v) = v; hence, v is annihilated by the
polynomial X¥ — 1. One can easily deduce that for every finite dimensional subspace F of V the ¢-trajectory of
F has finite dimension; therefore, ent(¢) = 0, according to the next Theorem 4.3. Clearly, ¢ is not algebraic,
since for each k > 0 there exist cyclic trajectories of dimension bigger than k.

In the following, we will assume the reader to be familiar with basic notions on modules over PIDs, as
developed for instance in [12]. If R is such a domain and M is an R-module, we will denote as usual by # (M)
the torsion part of M.

Theorem 4.3 characterizes the linear transformations of zero algebraic entropy. To prove it, we need the
following

Lemma4.2 Let ¢ : V — V be a linear transformation, W a ¢-invariant subspace of V, and ¢ : V/W —
V /W the linear transformation induced by ¢.

(@) Ifent(¢) = 0, then ent(¢) = ent(¢ |w).
(b) Ifent(¢ w) = 0 and dim(V /W) is finite, then ent(¢) = O.

Proof (a) ByLemma3.2wehaveent(¢) > ent(¢ [w). To prove the converse inequality, it suffices to show that
H(¢, F) <ent(¢ [w) for every finite dimensional subspace F of V. So, let F be a finite dimensional sub-
spaceof V and F = F+W/W.By Proposition 2.10, there exists m > 0 such that Ty, 1, (¢, F) = T, (¢, F)
for every n > 0. In particular, amf C T,u(¢, F), and so ¢"F C T, (¢, F) + W. Since ¢ F is finite
dimensional, there exists a finite dimensional subspace E of W, such that ¢"'F C T,,(¢, F) + E. It is
possible to prove by induction that ¢ T,,(¢, F) C T, (¢, F) + T,,(¢, E) for every n > 0. Consequently,

Tnin(@, F) = T(¢, F) +¢" Ty (¢, F) S Tn($, F) + T (9, E)

for every n > 0. Then
dim(Tn4n (¢, F)) < dim(T (¢, F)) + dim(T,, (¢, E)),

so that dividing by m + n and passing to the limit with respect to n, we obtain H(¢, F) < H(¢, E) <
ent(¢ [w).

(b) The hypothesis ensures that V = Fy @ W for a finite dimensional subspace Fy of V. If F is an arbitrary
finite dimensional subspace of V, then F < Fy @ F| for a finite dimensional subspace F| of W. In order
to show that H (¢, F') = 0, it is enough to prove that H (¢, Fp) = 0, as H(¢, F1) = H(¢ [w, F1) = 0,
by hypothesis. Let now Fy 4 ¢ Fy = Fo @ Wy, where W) is a finite dimensional subspace of W. For every
n > 2, we have that 7, (¢, Fo) < Fy ® T,,—1(¢, W1). Since H(¢ [w, W1) = 0, the conclusion easily
follows. O

Theorem 4.3 Let ¢ : V — V be a linear transformation. The following conditions are equivalent:

(a) ent(¢) =0;

(b) every ¢-trajectory T (¢, F) of a finite dimensional subspace F of V is finite dimensional;

(¢) Vg is the union of a smooth ascending chain of K|[X-submodules Vs (0 < A) such that dim(Vy1/ V)
is finite for all o and Vo = 0O;

(d) ¢ is locally algebraic;

(e) Vy is a torsion K[X]-module.
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Proof (a) = (b) The condition ent(¢) = 0 implies that H (¢, F)) = 0 for every finite dimensional subspace F
of V. By Proposition 2.10, there exists k > 0 such that dim(7,,(¢, F)) = dim(T; (¢, F)) for every n > k. In
particular, dim(7 (¢, F)) = dim(Tx (¢, F)) as well, and so dim(7 (¢, F)) is finite.

(b) = (c) We construct the V,; by transfinite induction. Let Vy = 0. Suppose that o0 = 8 + 1 for some 8
and assume that Vg # V; let x + Vg be a non-zero element of V/Vg. Let V, = Vg + T (¢, Kx). Then, V,; is
¢-invariant as T (¢, Kx) and Vg are ¢-invariant, respectively, by definition and by inductive hypothesis. By

hypothesis, dim(7 (¢, K x)) is finite, moreover Vﬁ+T‘§:’Kx) = V,e?(g)if,);()x) ,

For o limit, let V, = Ug., Vg. Then, V = |J,,_, Vi for some A.

(¢)=(a)Let¢s = ¢ [y, forevery o. By Proposition 3.3, it suffices to verify that ent(¢,) = 0 forevery o.
We proceed by transfinite induction on o. If o = 0, then V() = 0 and in particular ent(¢9) = 0.If o = g+ 1 for
some B, then Lemma 4.2 ensures that ent(¢,) = 0, since dim(V,, / V) is finite and ent(¢g) = 0 by inductive
hypothesis. If o is a limit ordinal, then ent(¢s) = supg_, ent(¢g) = 0, in view of Proposition 3.3 and the
inductive hypothesis.

(b) & (d) Let x € V. Item (b) implies that dim(7 (¢, Kx)) is finite. Then, T (¢, Kx) = T,(¢, Kx)
for some n > 0, and so ¢"(x) = apx + ajp(x) + -+ + ay,_1¢" " (x) for some ay, . ..,a,—1 € K. Then,
f(X)=ao+arX +---+a,—1 X" ' — X" is a polynomial such that f(¢)(x) = 0. Therefore, (b) implies
(d). The argument can be reversed thus: as for a finite dimensional subspace F = €, ., Kx; of V, we have
that T (¢, F) = >, T(¢, Kx;), the converse implication holds too.

(d) & (e) Look at the definition of ¢ that is locally algebraic. O

so Vi / Vg has finite dimension.

i<r

In the proof of Theorem 4.3, we used a special kind of trajectories, namely, those of the form 7' (¢, Kx),
which we call cyclic trajectories. These trajectories are of great importance in the characterization of the
endomorphisms of finite algebraic entropy given in the next Lemma 4.4 and Theorem 4.7.

The rest of this section is devoted to prove the characterization of linear transformations of vector spaces
having finite algebraic entropy. The proof will be done by induction, the basic step being furnished by the
following:

Lemma 4.4 Let¢ : V — V be alinear transformation. Then, ent(¢p) = 1 if and only if there exists a non-zero
element x in V such that T = T (¢, K x) is infinite dimensional and Vy /T is a torsion K[X]-module.

Proof Assume ent(¢) = 1. By Theorem 4.3, there exists an element x € V such that T (¢, K x) has infinite
dimension. It is immediate that this implies that 7 (¢, Kx) = @nzo K¢"(x);clearly ¢p actson T = T (¢, Kx)

as the right Bernoulli shift, hence ent(¢ [7) = 1 by Example 2.11. By Lemma 3.2 we get that ent(¢) = 0,
where ¢ is the linear transformation induced by ¢ on V/ W, and hence the conclusion follows by Theorem 4.3.
Conversely, since ent(¢) = 0 and ent(¢ [7) = 1, the conclusion derives from Lemma 4.2(a). O

We give now an example, which is an application of Lemma 4.4 showing that the “bilateral” right shift has
the same algebraic entropy as the right Bernoulli shift.

Example 4.5 Let V = @, .7 Kx, and B the right shift. Then, B restricted to T' (B, xo) is the usual right Ber-
noulli shift, and Vg/T (B, xo) is a torsion K[X]-module, because " (x_,) € T(B, xo) for all r > 0. Hence,
ent(¢) = 1 by Lemma 4.4.

Lemma 4.6 Let ¢ : V — V be a linear transformation, W a ¢-invariant subspace of V and ¢ V/W >
V /W the linear transformation induced by ¢. If ent(¢p) > 0, then there exists x € V such that the elements in
{¢"x}n>0 are independent and @nzo K¢"xNW =0.

Proof By Theorem 4.3, there exists X = x + W € V/W such that T (¢, X) has countable dimension. There-

fore, 7,,(¢, X) has dimension n for each n > 0, and so T (¢, X) = (T (¢, x) + W)/ W =B, K¢"X, where
5”7 # 0 for all n > 0. This implies the thesis. O

Theorem 4.7 Let ¢ : V — V be a linear transformation. The following conditions are equivalent:

(a) ent(¢p) =k, where k > 1;
(b) V is the union of an ascending chain of K[X]-submodules

t(Vp)=Vo< Vi< - < V=V,

such that, for all 0 < i < k, ent(¢;) = 1, where ¢; : V;/Vi_1 — V;/Vi_1 is the linear transformation
induced by ¢, and ent(¢ [v,) = i;
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(¢c) there exist k independent cyclic trajectories T; = T (¢, Kx;) (i < k) which are infinite dimensional, such
that Vg / @lsisk T;: is a torsion K[X]-module.

Proof (a) = (b) We construct the subspaces V; by induction on i > 0. For i = 0, there is nothing to prove in
view of Theorem 4.3. Assume that i > 0 and that V;_; is already constructed. Then the linear transformation
55—1 : V/Vi—1 = V/V;_ induced by ¢ has ent(ai_l) > 0. In fact, if ent(al-_l) = 0, then Lemma 4.2(a)
would imply ent(¢p) = ent(¢ [y, ;) =i — 1 < k, against the hypothesis. By Lemma 4.6, there exists x; € V
such that T; = T (¢, x;) has countable dimension and 7; + V;_1 = T; ® V;_1, where T; and V;_ are ¢-invariant
subspaces of V. Since ¢ acts as the right Bernoulli shift on 7;, we have ent(¢ [7;) = 1 by Example 2.11. Then,
Lemma 3.5 gives

ent(¢p [,ev,_,) =ent(¢ [1,) +ent(¢p y,_,) =1i. 4.3)
Let V; be the subspace of V, containing 7; & V;_1 such that
Vi/Ti ® Vier = t(V/(T; @ Vi—1)g)- 4.4

We show that ent(¢;) = 1. To this end, consider the short exact sequence
0T, =T ®Vi-1)/Vie1 = Vi/Vicr = Vi/(Ti ® Vi—1) = 0.

By (4.4), Theorem 4.3, Lemma 4.2(a) and Proposition 3.1, it follows that ent(¢;) = ent(¢ [1,) = 1.
Consider now the short exact sequence

O—->Ti@Viei—>Vi—>Vi/(Ti®Vi-1) - 0.

By (4.4), Theorem 4.3, Lemma 4.2(a) and (4.3), we have ent(¢ [v;) = ent(¢ [r,qv,_,) = i.

By construction, ent(¢ [1,ev,_,) = k = ent(¢). Consequently, (V /(T @ Vk—1))¢ is torsion in view of
Lemma 3.2 and Theorem 4.3, hence V = V.

(b) = (a) is obvious.

(a) = (c) Let m > 0 be such that there exist x1, ..., x, € V witheach T; = T (¢, x;) = @, K¢"x of
countable dimension and independent, that is,

T:Z]}:@Ti. (4.5)

1<i<m 1<i<m

By Lemma 4.4 at least the case m = 1 is possible. Moreover, ent(¢ [7;) = 1 for every 1 < i < m, by
Example 2.11 since ¢ acts as a right Bernoulli shift on each 7;, and so Lemma 3.5 yields

ent(¢ [7) = m. 4.6)

Then, m < k by Lemma 3.2. Suppose that m is maximum with respect to (4.5); we verify that m = k. Assume
looking for a contradiction that m < k. By (4.6) and Lemma 4.2(a) ent(¢) > 0, where ¢ : V/T — V/T is
the linear transformation induced by ¢. In view of Lemma 4.6, there exists x,,,+1 € V such that T (¢, x,,+1)
has countable dimension and 7' N T (¢, x,+1) = 0; this contradicts the maximality of m. Thus, m = k and
(V/T)y are torsion.

()= (@) Let W = @, -, T;. Since (V/ W)y is torsion, Theorem 4.3 and Lemma 4.2(a) give ent(¢) =
ent(¢ [w).ByLemma3.5ent(¢) = >, ent(¢ [1(,x)); since ¢ acts on each T (¢, x;) as aright Bernoulli
shift, by Example 2.11 we can conclude that ent(¢) = k. O

The following is the most important consequence of Theorem 4.7, which extends to arbitrary K [ X ]-modules
the formula proved in (4.2).

Corollary 4.8 Let ¢ : V — V be a linear transformation. Then ent(¢) = rkgx](Vyp).

Proof 1t is enough to prove the equality when ent(¢) is finite, say equal to k. By Theorem 4.7, V contains
®15i§k T;, where T; = T (¢, Kx;) is isomorphic to K[X] as K[X]-modules for all i, hence tkxx)(T;) = 1.
Taking care that Vy /(D ~; <, T;) is a torsion K[X]-module, we get

kkx1(Vy) = rkk(x] @ T; | =k,

1<i<k

which concludes the proof. O
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5 Addition Theorem, Uniqueness Theorem and their consequences

The Addition Theorem for the algebraic entropy of endomorphisms ¢ of an algebraic structure (however
defined) says that, given a ¢-invariant substructure, the algebraic entropy of ¢ is the sum of the algebraic
entropy of the restriction of ¢ to the substructure and of the algebraic entropy of the induced map on the quo-
tient structure. It is a very useful tool, since it allows one to reduce the computation of the algebraic entropy
to simpler substructures.

The Addition Theorem was one of the main achievements in the study of the algebraic entropy of endo-
morphisms of Abelian groups in [6]. In that paper, the theorem was proved to hold for the subcategory of
torsion groups, and it was proved to fail for the whole category of Abelian groups. Its demonstration was quite
eleborate, reducing the proof to bounded p-groups and then inducting on the exponent of the group.

The proof of the Addition Theorem for the rank-entropy given in [16] was much simpler. Very recently,
using ideas from both the above proofs and borrowing techniques typical of p-groups and of torsion-free
groups, a very general Addition Theorem has been proved in [15] for suitable subcategories of modules over
arbitrary rings, dealing with the algebraic entropies associated with length functions (see their definition below
in this section).

In our present setting of vector spaces, the Addition Theorem loses its complexity and becomes an easy
consequence of the formula proved in Corollary 4.8.

Theorem 5.1 (Addition Theorem) Let V be a vector space over the field K and ¢ : V — V a linear
transformation. If W is a ¢-invariant subspace of 'V, then

ent(¢) = ent(¢ [w) + ent(d)
where ¢ : V)W — V /W is the linear transformation induced by ¢.

Proof Look at the algebraic entropy as a discrete invariant on the category Mod (K [X]). Corollary 4.8 ensures
that this invariant coincides with rk xx}, which is obviously additive. So

rkxx1(Vg) = tkxx1(We ) + tkk px) (V/ W)
from which the conclusion immediately follows. O

As a consequence of the Addition Theorem, we prove now the counterpart of the Grassmann formula for
the algebraic entropy:

Corollary 5.2 Let ¢ : V — V be a linear transformation, and let U and W be ¢-invariant subspaces of V
such that V.=U + W. Then ent(¢) = ent(¢ [y) +ent(¢ [w) —ent(¢p [ynw)-

Proof Consider the short exact sequence

o>UnwhvewSvu+w=v o,

where f : UNW — U @& W is defined by f(x) = (x,—x),and g : U ® W — U + W =V is defined by
gx,y)=x+y.Lety =¢ [y ®p |w: U ® W — U & W. Then the subspace

D=kerg={(x,—x)eUW:xeUNW}
of U® W is y-invariantand (U@ W)/ D = V. Moreover, the induced linear transformation y : (U®W)/D —
(U @ W)/D is conjugate to ¢ and so ent(¢) = ent(yr) by Proposition 3.1. Analogously, it is possible to prove

thatent(y [p) = ent(¢p [ynw). Moreover, ent(y) = ent(¢ [y) +ent(¢ [w) by Lemma 3.5. Hence, applying
Theorem 5.1, we have

ent(¢ [u) +ent( [v) = ent(y) = ent(Y [p) +ent(¥) = ent( [ynw) + ent(¢),

which concludes the proof. O
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As we saw above, the algebraic entropy of linear transformations of K-vector spaces can be viewed as
a discrete invariant for the category Mod(K[X]). Proposition 3.3 says that it is upper continuous, and the
Addition Theorem says that it is also additive. Now, upper continuous additive invariants for Mod(R) with
values in R>¢ U {oo}, where R is a commutative integral domain, have been investigated by Northcott and
Reufel in [13] under the name of length functions (see also [17]). In particular, Theorem 2 in [13] states that
a length function L : Mod(R) — R0 U {oo}, where R is an integral domain, coincides with L(R) - rkg
provided that L(R) < oco. From that theorem, we immediately derive the following

Theorem 5.3 (Uniqueness Theorem) Given an arbitrary field K, the algebraic entropy ent is the unique
length function L : Mod(K[X]) — Rso U {oo} such that, for every finite dimensional vector space V,
L(B(V)) =dim(V).

Proof Let L : Mod(K[X]) — R>0 U {oo} be a length function such that, for every finite dimensional vec-
tor space V, L(B(V)) = dim(V); then L(K[X]) = L(B(K)) = dim(K) = 1. Therefore, L = rkg|x] by
Theorem 2 in [13]. Hence the claim follows by Corollary 4.8.

As an application of the above results, we will prove now that the algebraic entropy of the right and the
left Bernoulli shift of the direct product is co (see also [8]); let us denote respectively by B : ano Kx, —

[1,50 Kxn and A [1.50 Kxn = [1,50 Kxn such shifts.

Proposition 5.4 ent(,é) = o0 and ent(}:) =

Proof The canonical isomorphism of vector spaces ano Kx, = K[[X]], given by (k,x,), > ano k, X",
is also an isomorphism of K[X]-modules between (ano Kx,) A and K[[X]]. It is well known that
rkg[x](K[[X]]) is infinite and so Corollary 4.8 gives ent([ ], Kxp)p) =00

To see that ent(X) = oo, since ent([ [~ Kxn)3) = tkxx)([ =0 Kxn);) by Corollary 4.8, we verify now
that kg x) (ano K xy)3) is infinite. To this end, for every m > 2, we provide m many independent elements

of (ano K x,);. We consider first the case m = 2. Let v = (v,(ln)n be defined by

n n

0 otherwise.

NON 1 if n = (2k)! for some k > 0, @ _ 1 ifn = (2k + 1)! for some k > 0,
and v
0 otherwise;

In other words, supp(v") = {(2k)! : k > 0} and supp(v®) = {(2k + 1)! : k > 0}. Now, let f1(X), f>(X) €
K[X] and assume that d; = deg f1(X) > 0 and d, = deg f>(X) > 0. We have to show that fl(X)v(l) +
FH(X)v@ £ 0. To this end, it suffices to find & > 0 such that & supp(fl(X)v(l)) \ supp(fz(X)v(Z)). Let
d = max{d;, d>} and k > d. Then

Qk— 1! < Q) —d < k) < Qk+ D! —d < 2k + 1)\

Therefore, (2k)! — d; € supp(f1(X yoy\ supp(f2(X yv?), that concludes the proof for the case m = 2. It
is possible to extend in an easy way this argument for an arbitrary m > 0. However, we leave it to the reader.
O

We provide a sketch of a more structural proof of the equality ent(h) = oo given in Proposition 5.4. Let
F be the prime subfield of the field K. Let M = ano Fx, and consider M as an F[X]-module using the

action of the left shift A. First, one has to prove that the torsion part of M as F[X]-module is countable: in fact,
since F[X] is countable, it is enough to prove that the submodule M[ f (X)] of M consisting of the elements
annihilated by a fixed non-zero polynomial f(X) € F[X] is countable. To prove this fact, one can see that
an element in M[f(X)] has the coordinates of index > deg f(X) determined by the coefficients of f(X)
and the preceding coordinates; thus, there exists countably many of such elements. Thus, the rank of M as
F[X]-module is the continuum; hence, for each natural number n, M contains a free submodule of rank n and,
once tensored by K, this submodule becomes a submodule of the K [X]-module [ [, o Kx,, where the action

of the indeterminate X is still that of the left shift A. This shows that ent():) =
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6 Adjoint algebraic entropy

In this section, we introduce the adjoint algebraic entropy for linear transformations of vector spaces. In partic-
ular, first we give its definition and some basic examples, then we study its fundamental properties and lastly
we prove the main theorems.

6.1 Definition

Let W be a subspace of V. The codimension of W in V is dim(V/W). If V is finite dimensional, then
dim(V/W) = dim V — dim W. Let C(V) be the family of all subspaces of V of finite codimension. We start
giving basic properties of C(V).

Lemma 6.1 Let ¢ : V — V be a linear transformation. Then:

(a) C(V) is closed under finite intersections;
(b) C(V) is closed under counterimages, that is, ¢ N € C(V) forevery N € C(V),
(¢) ifdim V is infinite, then |C(V)| = |K |4m V.

Proof (a) First, we show that if Ni, No € C(V), then N N N, € C(V). In fact, consider the linear trans-
formation ¥ : V. — V/N; & V/N; defined by v — (v + N1, v + N3). Since ker y = N1 N Ny, it
follows that V /(N1 N N3) is isomorphic to a subspace of V/N; @ V/N,, and so dim(V /(N1 N N»)) <
dim(V/N; ®V/N,) = dim(V/Np)+dim(V/N;), which is finite by hypothesis. Hence, Ny NN, € C(V).
Proceeding by induction, it is possible to prove that each finite intersection of elements of C(V) is still in
C(V).

(b) Let N € C(V). Consider the linear transformation ¢ : V/¢~'N — V/N induced by ¢; then ¢ is injective
and so dim(V/¢_1N) is finite, as dim(V /N) is finite. In other words, ¢~ IN e C(V).

(c) Itis well known that there is a bijection between the set C(V') and the set of the finite dimensional subspaces
of the dual space V*, and that this set has cardinality max(| K|, dim V*). Since dim V* = |K |9V we
get that C(V) = |K|4m V. o

To introduce the adjoint algebraic entropy, we start with some definitions. Let N € C(V). For a linear
transformation ¢ : V — V and a positive integer n, let
Bi(@.N)=NnNng¢~'Nn---ng~"'N
and let
—_— V .
By(¢, N)’

Cn (¢, N) is called the n-th ¢-cotrajectory of N in V. Lemma 6.1 implies that B, (¢, N) belongs to C(V) for
every n > 0, hence dim (C,, (¢, N)) is finite for every n > 0. Let

Cn(o.N)

Vv

B(¢.N)= ()¢ "N and C(¢.N)= o)

n>0

C(¢, N) is called the ¢-cotrajectory of N in V. It is easy to check that B(¢, N) is the maximum ¢-invariant
subspace of N.
The adjoint algebraic entropy of ¢ with respect to N is

dim (Cy (¢, N))
m —.

H*(¢.N) = li 6.1)
n—o0 n
We will show now that this limit exists and is finite.
Lemma 6.2 For everyn > 0, let
C , N
)/n=dlm( n+1(¢ )) 6.2)
Then y, = dim (%) and the sequence of non-negative integers {y,}, is decreasing, and hence

stationary.
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Proof Since for every n > 0, B,4+1(¢, N) is a subspace of B, (¢, N), it follows that

\%
V. BN Cut1(@,N)

Cn((,b, N) = Bn(¢, N) = By (@.N) = B, o.N)
B)1+1(¢3N) Bn+l(¢aN)
; Ba(¢.N) . ; Bu—1(¢.N)
Letn > 1. We intend to prove that m is isomorphic to a subspace of W.
First, note that Bfﬁ‘@{\j@) ~ BM%’\QJ;? N From B,(¢, N) = NN ¢~ 'By_i(d,N) < ¢~ B,_1(¢, N),
it follows that
Bi¢ N)+¢™"N _ \ _¢7'Bui($ N)+ "N
¢~"N - ¢"N '
Since the linear transformation ¢~> : ¢_L,,N — ¢_+1N, induced by ¢, is injective, also its restriction to A, is
—n+1
injective, and the image of A, is contained in L, = W#, which is isomorphic to W.
Summarizing,
By(¢,N) _ Bu(¢p,N)+¢™"N ~ Bn-1(¢,N)
= < A” — Ln = — )
Byi1(p, N) ¢"N By(¢, N)
which concludes the proof. O

The following proposition shows that indeed it is possible to avoid the calculation of the limit in the
definition of the adjoint algebraic entropy, that is, in (6.1).

Proposition 6.3 Let ¢ : V — V be a linear transformation and N € C(V). Then H*(¢, N) = y, where y is
the value of the stationary sequence {y,}n for n large enough. In particular, H(¢, N) = 0 precisely when the
sequence {dim(Cy, (¢, N))}, becomes stationary, equivalently, when y,, = O for every n large enough.

Proof For every n > 0, in view of the definition of the y, given in (6.2),
Yo = dim(Cp41(¢, N)) — dim(Cy (¢, N)). (6.3)

By Lemma 6.2, the decreasing sequence {y; }, is stationary, so there exist ng > 0 and y > O such that y, =y
for every n > ny.

Then, y = 0 if and only if dim(Cy,+1(¢, N)) = dim(C,(¢, N)) for every n > nop; in this case,
dim(C(¢, N)) = dim(C, (¢, N)) for every n > ng. If y > 0, since by (6.3) dim(Cyy4,(¢p, N)) =
ny 4+ dim(Cy, (¢, N)) for every n > 0, we have

H @, N) = tim 2@ M) dm(Cn @ N Hny
n—00 no+n Nn—> 00 no +n

This concludes the proof. O
An easy computation shows that H*(¢, M) is an anti-monotone function on M:

Lemma 6.4 Let ¢ be a linear transformation and let N, M € C(V). If N < M, then B, (¢, N) < B, (¢, M)
and so dim (C, (¢, N)) > dim (C,, (¢, M)). Therefore, H*(¢p, N) > H*(¢p, M).

Now we can define the adjoint algebraic entropy of ¢ : V. — V as the quantity
ent*(¢) = sup{H*(¢, N) : N € C(V)}.

By Proposition 6.3, the value of the adjoint algebraic entropy ent*(¢) of a linear transformation ¢ is either a
non-negative integer or oo (we will see in Theorem 6.15 that ent*(¢) is either zero or co), and ent*(¢) = oo
if and only if there exists a countable family {Ny}r>0 S C(V) such that H*(¢, Ni) converges to co. Now we
give some easy examples.

Example 6.5 (a) If ¢ : V — V is a linear transformation and N € C(V) is ¢-invariant, then H*(¢, N) = 0.
Indeed, ¢~'N D N, so B,(¢, N) = N for every n > 0 and consequently C,, (¢, N) = V /N for every
n > 0; hence, H*(¢, N) = 0.

(b) For V any vector space, ent*(idy) = ent*(0y) = 0, by a trivial application of item (a).

(¢c) Letx € K and x : V — V the linear transformation of V defined by v + xv for every v € V. Then item
(a) shows that ent*(x) = 0, since all subspaces of V are x-invariant.
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6.2 Basic properties

In this section we present the basic properties of the adjoint algebraic entropy, in analogy to the basic properties
of the algebraic entropy discussed in Sect. 3. We omit the proofs, which are a simplified version of the proofs
given in [5] and which can be verified by the reader as a straightforward application of the definition, imitating
the proofs of the corresponding properties of the algebraic entropy.

Property 6.6 Let ¢ : V — V be a linear transformation and o : V. — W an isomorphism of vector spaces.
Then, ent*(¢) = ent*(adpa™").

The following property shows that the algebraic entropy is monotone under restrictions to subspaces and
quotients.

Proposition 6.7 Let ¢ : V — V be alinear transformation, W a ¢-invariant subspace of V and VW —
V /W the linear transformation induced by ¢. Then ent*(¢) > max{ent*(¢ [w), ent*(¢p)}. If W € C(V), then
ent*(¢) = ent*(¢ [w).

The following is a logarithmic law for the adjoint algebraic entropy.

Property 6.8 Let ¢ : V — V be a linear transformation. Then ent*(¢pX) = k - ent*(¢) for every k > 0. If ¢
is an automorphism, then ent*(¢) = ent*(¢~"); in particular, ent*(¢*) = |k| - ent*(¢) for every integer k.

Property 6.8 has the next good consequence, which will be applied in the proof of Theorem 6.15.

Corollary 6.9 Let¢ : V — V bealineartransformation. If f (X) € K[X], thenent*(f(¢)) < deg f-ent*(¢).

Proof Let f = ao+ a1 X + -+ + ap X*, where k = deg f and ag, ay, ...,ar € K.Letn > 0and N € C(V).
Then an easy check shows that B, (f(¢), N) > By, (¢, N) and that Cp,x (¢, N) = C, ((f)k, Bir (¢, N)). Conse-
quently,

dim (C(f (@), N)) = dim (Cia (¢ N)) = dim (Cu(6*, Be(@, N))) .
Hence, H*(f(¢), N) < H*(¢*, Br(¢, N)) < ent*(¢¥), and so ent*(f(¢)) < ent*(¢¥). By Property 6.8,
ent*(¢%) = k - ent*(¢). O
The following is a particular case of the Addition Theorem.

Proposition 6.10 If V = V| @ V; for some subspaces Vi, V> of V, and ¢ = ¢1 @ ¢» : V. — V for some
linear transformations ¢; : Vi — Vi, i = 1,2, then ent*(¢) = ent*(¢1) + ent*(¢).

6.3 Duality theorem, dichotomy theorem and addition theorem
Let V* be the dual space of the vector space V. If U is a subspace of V, we set as usual:
Ut ={x eV*: x(x) =0, forevery x € U}

which is the annihilator of U in V*. Moreover, for a linear transformation ¢ : V — V|, the adjoint linear
transformation ¢* : V* — V* of ¢ is defined by ¢*(x) = x o ¢ for every x € V*.
We collect here some known facts concerning the dual space.

(i) If V is a finite dimensional vector space, then V* = V.
(ii) For a family {V; : i € I} of vector spaces, (P;; Vi)* = [[;; V-
(iii) If V is a vector space and W a subspace of V, then W+ = (V/W)* and V*/ W+ = W*.
(iv) If vy,. " V), are subspaces of a vector space V, then (3.7, V,~)L = N, vVt and (N, Vi)L -~
SV

We recall also the following two properties that will be applied to prove Theorem 6.12.
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Proposition 6.11 Let ¢ : V — V be a linear transformation and W a subspace of V. Then:

(a) W is ¢p-invariant if and only if W is ¢*-invariant;
(b) (@"W)t = (¢*)"W+ for everyn > 0.

Proof (a) If W is ¢-invariant, then ¢*(x)W = (x o )W C xW = 0 for every x € W, that is, W+
is ¢*-invariant. Suppose now that W is not ¢-invariant, that is, W & W. Let x € ¢ W\W and define
x:V — Ksothat W = 0and yx # 0. Then ¢*(x)W = x oW £ 0, and so W is not ¢*-invariant.

(b) We prove the result for n = 1, that is, (¢~ 'W)t = ¢*W-. Indeed, the general case easily follows as
(@) = (¢")* foreveryn > 0.Letn' : V — V/¢~'Wandrw : V — V/W be the canonical projections.
Let¢ : V/¢~'W — V/W be the linear transformation induced by ¢, and note that ¢ is injective. Let us
consider the following diagram:

where the square commutes. If we take a x € (' W)L, then x = non’ forasuitable n : V/p~'W - K.
Since ¢ is injective, 1 can be extendedto & : V/W — K, i.e., n = & o ¢. Therefore,
X =no7r/=§o$o7r/="§ono¢),

which shows that x = ¢*(0), where @ = & o m € W. This proves the inclusion (¢~ W)+ C ¢*WL.
Now let x € @WL.Thenx = ¢*(0) =0 o ¢, whered € W-.So0 =& om, forsome £ : V/W — K.
Take n = & o ¢ (since ¢ is injective we can think that n = & [y 4-1y). Therefore,

x=0op=Eomop=Eopon’ =nox’ € (d W)
This proves the inclusion (¢~ ! W)+ 2 ¢* W+ and concludes the proof. O

It is now possible to prove the main theorems on the adjoint algebraic entropy, starting from the following
result connecting it with the algebraic entropy.

Theorem 6.12 (Duality Theorem) Let ¢ : V. — V be a linear transformation. Then ent*(¢) = ent(¢*).

Proof Let N € C(V). Then, F = N L is a finite dimensional subspace of V* by facts (iii) and (i). By Propo-
sition 6.11(b), (¢""*N)* = (¢*)"F for every n > 0. Hence, B, (¢, N)© = T, (¢*, F) for every n > 0 by fact
(@iv). It follows that

dim (C,,(, N)) = dim (C, (¢, N)*) = dim (B,,(¢>, N)L) = dim (T,,(¢*, F))

for every n > 0, and this concludes the proof. O

We see now that the value of the adjoint algebraic entropy on the right and the left Bernoulli shift is oo.
A direct computation of this fact is given in [9].

Proposition 6.13 ent*(8) = ent* (1) = oc.

Proof Identify K* with K, and so also KN with (K®™)* Let x = (ag, a1, ...) € KN and consider the i-th
canonical vector ¢; = (0,...,0,1,0,...,0,...) (where 1 is in i-th position) of the canonical basis of K®
fori > 0. Then x(e;) = a; for every i > 0, and hence x(x) = Zi>0 a;x; for every x = (x;)i>0 € KM,
Therefore, B*(x) = x o B = (a1, az,...) = i(x), because x o B(eo) = 0 and x o B(ej) = a;j4+1 for every
i > 0. Analogously, A*(x) = x oA = (0, ap, aj, ...) = ,é(x), because x o )AL(eo) =0and x o ,é(e,-) =a;_|
for every i > 0. So, we have proved that

B*=7% and A*=B.

By Proposition 5.4, ent(,é) = ent(A) = oo, hence ent* () = ent(A) = oo and ent*(L) = ent(B) = oo by
Theorem 6.12. o
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As a consequence of Proposition 6.13, we can prove the following result relating the algebraic entropy
with the adjoint algebraic entropy, which will be applied in the proof of Theorem 6.15.

Corollary 6.14 Let ¢ : V — V be a linear transformation. If ent(¢) > 0, then ent*(¢) = oo.
Proof By Theorem 4.3, ent(¢)) > 0 is equivalent to the existence of an infinite trajectory 7T (¢, x) =

D, -0 K¢"x for some x € V. Then, ¢ |74, is a right Bernoulli shift, and so ent*(¢ IT(@,x) = 00
by Proposition 6.13. Now Property 6.7 yields ent*(¢) = oo as well.

O

The next theorem is one of the main results of this section; it has as immediate consequence the Dichotomy
Theorem.

Theorem 6.15 Let ¢ : V — V be a linear transformation. Then the following conditions are equivalent:

(a) ¢ is algebraic,
(b) ent*(¢p) = 0;
(¢c) ent*(¢) is finite.

Proof (a) = (b) By hypothesis there exists f(X) € K[X]of deg f = n > 0 such that f(¢)(V) = 0. An easy
computation shows that B(¢, N) = B, (¢, N) forevery N € C(V). Consequently, C(¢, N) = C, (¢, N), and
hence H*(¢, N) = 0 for every N € C(V), that is, ent*(¢) = 0.

(b) = (c) is obvious.

(c) = (a) Assume by way of contradiction that ¢ is not algebraic, that is, V, is not bounded. We prove that
ent*(¢p) = oo.

If Vi is not torsion (i.e., ¢ is not locally algebraic), then ent(¢) > 0 by Theorem 4.3, and so Corollary 6.14
gives ent*(¢) = oo. Thus, let us assume that Vj is torsion.

First, suppose that the module Vj is not reduced. Then there exist an irreducible polynomial f(X) € K[X]
and an independent family of elements {v,},>0 € V such that

F(@)(wo) =0, f()(v1) = vo, ..., f(@)(Vnt1) = Vn, ...

Then, f(¢) is aleft Bernoulli shifton (v, : n > 0), and ent*(f(¢)) = oo by Proposition 6.13. By Corollary 6.9,
ent*(¢) = oo as well.

Finally, suppose that Vy is a reduced torsion unbounded K[X]-module. Then, Vs contains as K[X]-sub-
module an infinite direct sum @,,. V,, where either V, = K[X]/(f,(X)) for each n, with {f,(X)}, a
sequence of different monic irreducible polynomials, or V,, = K[X]/(f(X)™) for every n, with f(X) a fixed
irreducible polynomial and {r, }, a strictly increasing sequence of positive integers. In both cases, each V,, is
a ¢-invariant finite dimensional subspace of V and a torsion cyclic K[X]-module.

Let us assume, without loss of generality that Vg, = @, Va. Let ¢, = ¢ [y, for every n > 0. Con-
sider ¢* : V* — V*. By facts (i) and (i), V* = [],., V. and V,* = V, for every n > 0. Moreover,
Ve = (P, £m V,)* and so V* is ¢*-invariant by Proposition 6.11(a), and ¢* [vi= ¢,. As ¢, and its adjoint
map ¢, have the same minimal polynomial, the two K[X]-modules (V;)g, and (V)¢ are isomorphic.

Now, in both cases considered above, V* = Hn>0 V¥ is not a torsion K [X]-module, being a direct product
of an unbounded sequence of cyclic modules; hence, ¢* is not locally algebraic, that is, ent(¢*) > 0, by
Theorem 4.3. .

We can now easily conclude that ent(¢*) = oo. In fact, there exists a partition N = | J; .y N; of N, where
each N; is infinite. Then, V* = [] 5 = [lis0 Wi, where W; = [],cy, V' is ¢*-invariant and has the

n>0 "n
same properties of V* for every i > 0. By the previous part of the proof, ent(¢* [w,) > 1 for every i > 0 and
so ent(¢p*) > Zizo ent(¢* [w;) = oo. By Theorem 6.12, ent*(¢) = oo as well. O

Corollary 6.16 (Dichotomy Theorem) Let ¢ : V. — V be a linear transformation. Then either ent*(¢) = 0
orent*(¢) = o0.

Applying Theorem 6.15, it is now possible to give a short direct proof of the Addition Theorem for the
adjoint algebraic entropy. If one would avoid the use of Theorem 6.15, one can prove it by applying the above
properties of the duality, the Addition Theorem for the algebraic entropy and Theorem 6.12; this proof was
given for example in [5].
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Theorem 6.17 (Addition Theorem) Let ¢ : V — V be a linear transformation, W a ¢-invariant subspace of
Vandgp : V/W — V /W the linear transformation induced by ¢. Then

ent*(¢) = ent*(¢ [w) + ent*(}).

Proof By Proposition 6.7 and Theorem 6.15, it suffices to prove that ent*(¢) = 0 when ent*(¢ [w) =
ent*(¢) = 0. In view of Theorem 6.15, ¢ [w and ¢ are algebraic, that is, there exist f(X), g(X) € K[X]
such that f(¢)(W) = 0 and g(¢)(V/W) =0, i.e., g(¢)(V) C W. Let h(X) = f(X)g(X); then h(¢)(v) =
(fe)(@d)(v) = f(P)(g(p)(v)) = 0 forevery v € V. This shows that ¢ is algebraic, and hence ent*(¢) = 0 by
Theorem 6.15. O
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