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CHAPTER 1

Products of random 2 x 2 matrices

1. Foreword: products of IID random variables and matrices

The focus of this chapter is on the n — oo asymptotic behavior of products of
the form Y,)Y,,_1 ... YiorY;...Y,_1Y, when Y7, Y5, ... are IID real random matrices,
and we will limit ourselves to two by two matrices. We stress that by this we do not
mean that the entries of Y] are independent random variables: they can be, but we
will actually consider very general joint laws of the entry of the matrices.

By behavior of products of matrices we may mean several things: for example
behavior of the entries, behavior of a norm of the matrix product, behavior of the
matrix product when applied to a given vector (again, we can take the norm, or look
at the components). The first and, in a sense, most important case is considering
a norm of the matrix (we will see that which norm we choose is irrelevant). In fact
we will consider the limit of

1
~log [V Y1 Vil (1.1)

and we will show that, under suitable assumptions, the limit exists a.s. and in L!.
In this case, the limit is not random and does not depend on the norm: we suggest
to check the norm independence (use that norms on finite dimensional spaces are
equivalent). The value of the limit is called top Lyapunov exponent and, in these
notes, is denoted by . Of course, it just depends on the law of Y;. We will see also
that the limit is the same if we consider the product Y1Y5...Y,, instead.

Before looking at the case of matrices, it is natural to quickly review the case
of scalars: if Y7,Y5,... are IID real random real numbers (variables). In this case
Kolmogorov’s Law of Large Numbers tells us that

1
lim = log VY. Y,| = Elog |Yi[] , (1.2)

n—oo N,

a.s. if and only if E [|log|Y;]|] < co. The convergence holds also in L'. From this
result, with a cut-off argument, one easily extracts also that the limit exists a.s. also
under the weaker hypothesis that £ [log 4 \Yﬂ] < 00, respectively E [log, \Yl\] < 00,
except that the limit is going to be —oo unless also the expectation of the negative
part is finite (respectively: the limit is going to be 400 unless also the expectation
of the positive part is finite).

The situation with matrix products is more involved, but it is well understood.
Nevertheless, the result has a fundamental difference with respect to the case of
products of random variables: the limit v is much less explicit than what we have
in (1.2). We will show that the limit can be expressed in terms of the invariant
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4 1. PRODUCTS OF RANDOM 2 x 2 MATRICES

probability of a suitable positive recurrent Markov chain on a continuum space.
Except for a few very particular cases (most of them rather pathological), one cannot
make this invariant probability explicit.

It is however rather easy to compute with very high precision Lyapunov ex-
ponents: so we look at a couple of particular cases from the numerical viewpoint
before putting the hands on the theory, also to highlight phenomena that are rather
surprising.

A first ezample. Consider for a > 0 the matrices

M, = My(a) = a ((1) 1{5) and M, = My(a) = a (; ?) 13

and, given (X;);=12, . IID Bernoulli random variables of parameter 1/2 (fair coin
tossing), we define Y; := X; M, + (1 — X;) Ms.

FIGURE 1. The case in which we select M;(1) and M (1), given in (1.3), by fair
coin tossing (qualitatively the result would be the same also if the coin was biased,
as long as not totally biased!): see the definition of (Y;) right below (1.3). We
plot the logarithm of the operator norm of Y,,Y,,_1...Y7 as a function of n, up to
n = 150 (the norm on R? is the Euclidean norm). One can of course go to a much
larger value of n and estimate that the Lyapunov exponent ~ is equal to 0.32.. ..
In particular, exp(y) > 4/3. We do not discuss here numerical methods and how
to control errors.

Of course both M;(a) and Ms(a) have (both) eigenvalues equal to a: so we
start by remarking that, in view of what we remarked numerically in the caption of
Figure 1, if we choose a € [3/4,1) we are are going to have that v > 0, i.e. that
1Y, Y, —1 ... Y1|| tends to infinity exponentially fast, even if || M;(a)"|| and ||Mz(a)™||
tend to zero (exponentially fast). This is (in my view) an instance of what is now of-
ten called Parrondo’s paradox (but the phenomenon in random matrices was known
since much earlier): that one can win by switching randomly (or also periodically)
between two loosing game strategies.

We have mentioned that ||Y,Y,_1...Y1|| and [|[Y;Y;...Y,|| behave in the same
way, at least in the sense of Laplace asymptotic behavior. But (Y, Y, _;...Y}), and
(Y1Y3...Y,), are very different processes! In fact:
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e (Y,Y,_1...Y1), is really a random walk on the matrices! Even simpler and more

useful: consider
Tp T
=YY, ...V , 1.4
(%) S (yo) (14)

for example for xg > 0 and yo > 0. Then also (z,,y,) is a point in the first quad-
rant and (o, ¥o), (Z1,¥1), - - - is a (time homogeneous) Markov chain on (0, 00)?. Tt
is actually an elementary exercise to see (arctan(y,/x,)), is a Markov chain too,
this time on (0,7/2). We will see that the most important feature of the random
walk (Y,Y,,—1...Y]), is captured by the Markov chain (arctan(y,/x,)),. We plot
in Figure 2 a numerical approximation of the invariant measure of this Markov
chain. So (arctan(y,/z,)), oscillates wildly! And (V,Y,,_1...Y1), is even wilder
(because it grows too).

e (Y1Y5...Y,), is not at all a random walk: we already know that it grows, but
in fact it grows in one specific (random) direction. Once again, this can be un-
derstood much better by applying the matrix to a fixed vector (xg,yo) and by
considering the arising (x,,y,) — note that in the previous item (z,,y,) denoted
a different process — as we can appreciate by looking at Figure 3 where we plot
(arctan(y,/xy)),. We insist that this is not a Markov process.

0.2 0.4 0.6 0.8 1.0

FIGURE 2. The invariant measure of the Markov process (2arctan(y,/x,)/m)
plotted by letting the process run up to n = 107. The roughness is probably not
due to numerical limitations: the measure does not appear to have a smooth

density.

REMARK 1.1. In spite of the fact that the invariant probability may not have a
smooth density, see Fig. 2, the situation for the choice (1.3) is definitely much better
than what we have for example with the choice

M, = ((1) i) and My = a (\}g 0) . (1.5)

In fact, it is easy to realize that My maps the first quadrant to the sector of the first
quadrant with angle from 0 to w/4, while My maps the first quadrant to the sector
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FIGURE 3. Plot of five realizations of the process (2arctan(y,/x,)/m) in the
case in which we are considering Y7Y5...Y,,, so the process is not Markovian. It
converges very quickly to a random limit point. We will see that in this particular
case the law of this invariant limit point is the invariant measure that appears in
Fig. 2, but this is just an artefact of the symmetries of this specific example.

with angle from 7/3 to w/2. So the invariant probability will not be supported on
the sector from w/4 to /3. In fact, the support of the invariant probability is not
obvious.

1.1. A second example. We now consider

E+eU;, -1
Mj = < 1 J 0) y (16)

with (U;) an IID sequence of U(—1,1) random variables. The eigenvalues of M; are
equal to (E+¢eU; £+/(E + €U;)? — 4) /2. They are complex conjugate and of norm
one if =2 < E'+¢eU; < 2: this is the case of Fig. 4 and Fig. 5: once again we are in a
case in which none of the matrices in the ensemble grows when when multiplied by
itself, but the random product has positive Lyapunov exponent (we will prove this
in full generality, but it is readily appreciated from simulations)! One can of course
consider also the case |E + €U;| > 2 in which one of the two eigenvalues is larger
than one, and the other are smaller (their product is equal to 1). Also in this case
the Lyapunov exponent is positive, but this is less surprising.

2. Products of IID random matrices: the top Lyapunov exponent

Let (Yx) = (Yi)ren be an IID sequence of random matrices with real entries on
the space (Q, F,P). We assume that Y] is almost surely in G Ly := GLs(R), that is
P(det(Y7) # 0) = 1, where det(-) is the determinant of -. We use 11, := 15(R) for
the set of all 2 x 2 matrices with real entries. Our minimal assumption is that

E [logJr ||Y1|H < 00. (1.7)

| - || is the operator norm on My, i.e. [[M|| = sup,, 1 [[Mz|, and depends on
the norm || - || we choose of R%. Even if this will be a minor detail because of the
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FIGURE 4. Plot of the norm of the product in the case of (1.6), with E = 1.7

and € =0.1.
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FIGURE 5. Invariant probability for the process considered in Fig. 4: once again
we plot the angle process times 2/7. In this case the matrices do not have non
negative entries so the invariant measure is supported also on negative angles.
Moreover, the invariant probability appears to have a rather regular density.

equivalence of the norms on R?, we make and keep the choice ||z]| := \/2? + 23. So
| M|| is equal to the square root of the largest eigenvalue of the symmetric matrix
M*M (M* is the transpose of M). Of course all the eigenvalues of M*M are non
negative: (z, M*Mzx) = ||Mz||*> > 0 and we have introduced (x,y) = x1y; + T2yo
for the scalar product.

Since || - || is sub-multiplicative, i.e. |[AB]| < ||A]|||B||, and since the law of
(Yiam)ren does not depend on m = 0,1,..., we see that, with the notation P, :=
Y,...Y; for n € N and F, is the identity matrix, we have

Elog || Poiml| < Elog ||[Yaim - Yoi1l|[+Elog||Y, ... Yi|| = Elog || P,||+Elog HPnH)

(1.8
This means that the sequence (Elog ||V, ... Y1) is sub-additive. We can therefore
apply:
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LEMMA 1.2. If (ay) is a sequence of numbers in RU{—oo} such that a, i, <
Ay, + ay, for every n,m € NU{0}, then the sequence (a,/n) has a limit and

a a
lim — = inf = € RU {—o0}. 1.9
im—= = inf — {—o0} (1.9)

We can now introduce:

DEFINITION 1.3. We call
1

v = lim—Elog||Y,... V1| € RU{-o0}, (1.10)
n n

top Lyapunov exponent associated to the sequence (Yy). The limit coincides with
the infimum of the sequence.

We remark that, in our IID context, v depends only on the law of Y;. It is
straightforward to see that it does not depend on the choice of the norm we have
chosen in R?, nor on the matrix norm (which may not be sub-multiplicative).

Now we aim at an analog of the strong law of large numbers. Namely, we want
to show that there is no need to take the expectation in (1.10). This result is an
immediate consequence of the probabilistic (or ergodic) version of Lemma 1.2 (i.e.,
Birkhoff sub-additive Ergodic Theorem), but we provide a self-contained approach
with which we will also develop a number of tools that will be useful later on. We
will nevertheless rely on the (additive) Birkhoff Ergodic Theorem, i.e. Theorem A.1.

The argument we present is based on the elementary observation that

|V, ... Y]
| Y,... Y| = log———— +1 Y, 1...Y
og || 1l = log A + log [|Yn—1 | -
Zilog IYe ... V1Yo |
2By vl

where we have introduced Y, which is the identity matrix.
This highlights the presence of a general structure: with G := GLy and B :=
{M eM,: ||M| =1} we set for M € G and A € B

o (M, A) = log | MA]|l, (1.12)

so o is an additive cocycle in the sense that for M, My € G and with the notation
M-A:=MA/||MA| we have

o (MyM;, A) = o (M, M, - A) + o (My, A) . (1.13)

In particular (1.11) can be rewritten as
o(Yo. . V1,Y0) =D o(YiYia.. . Y1-Yp), (1.14)
k=1

with Yy1... Y1 - Yo=Yy if bk =1.



2. PRODUCTS OF IID RANDOM MATRICES: THE TOP LYAPUNOV EXPONENT 9

It is useful to introduce some probability notation: if p is a probability on G
and v a probability on B, then p* v is the law of M - A if M is a random variable
with law p and A is a random variable with law v, and M and A are independent.
More explicitly: for every f € L>°(B;R)

/fd k) //f (M - A) p(dM)p(dA) . (1.15)

Note that in essentially the same way we can define also py * o with puy and pue
two probabilities on G. Moreover these definitions can be generalized to the case in
which G is a topological group that acts continuously on the topological space B.
We will always keep the choice G = G L,, but in the next sections we will work also
with a different space B.

We say that v, probability on B, is u—invariant, with g a probability on G, if
LxV=U.

PROPOSITION 1.4. (Yi)ren s an IID sequence of G valued random variables

with Y1 ~ p and v is a p-invariant law on B. Moreover 0 : G x B — R s an
additive cocycle such that [, [; |o(M, A)|u(dM)r(dA) < co. Then the sequence

(10 (Ya(w). .. Yi(w). A)) (1.16)

n neN

converges P @ v(d(w, A))-a.s. and in LY(P® v).

ProoF. This is a matter of showing that this statement is a direct consequence
of Birkhoff Ergodic Theorem (Theorem A.1l). For this we work on the canonical

space G" instead of Q. We set £ := GY x B and we introduce the translation
operator ¢ : E — E defined by
0 ((Mk)keN,A) = ((Mk'i'l)keN’Ml . A) ) (1.17)

By using the independence assumptions and the fact that v is p-invariant we readily
see that 0 preserves the probability u*N®@v on E. Moreover, as pointed out in (1.11)-
(1.14), we have

n

o(My... M, A) => o (My,My_y...M ZF M;)jen, A))
k=1
(1.18)
where in the last step we have introduced the definition F((My), A) := o(M;, A).
By the Birkhoff Ergodic Theorem the proof is complete. O

We are now ready to state:

THEOREM 1.5 (Furstenberg-Kesten). (Yy) are IID G-valued random vari-
ables and Elog, ||Y1]] < co. Then lim,(1/n)log||Y, ... Yi| =~ P-a.s..




10 1. PRODUCTS OF RANDOM 2 x 2 MATRICES

PROOF. The upper bound follows easily from the super-multicative property
of the matrix norm we use. In fact, choose p € N and write n = mp + r with
r€{0,...,p—1}. Then

m—1

1 1
Llog [V Yill < = S Tog Yy Voot + 108 [Vigir - Yipiall - (1.19)
k=0

The superior limit of the second addendum in the right-hand side is non positive
because 1og [|Yinptr - - Yiprall < D27 logy [[Yinp ]| and this last term vanishes a.s.

as n — oo because if (X;) are IID real random variables with X; € L!, then
lim,, X,,/n = 0 a.s.. We are left with the first term in the right-hand side of (1.19) to
which we can apply the Kolmogorov law of Large Numbers for IID random variables
and we obtain that a.s. for every p € N

1
hmsup logHY Yi|| < =Eflog|Y, ... YAll] - (1.20)
p
By taking the infimum over p we obtain that a.s.

1
limsup —log ||V, ... Y1|| < 7. (1.21)
no N

We are left with the lower bound and for this we can and do assume v > —o0,
otherwise there is nothing to prove.

REMARK 1.6. We note that v = inf,(1/n)Elog||Y,...Yi|| < Elog||Yi]| so
Elog ||Y1]| > —oo, that is E|log ||Yi||| < oco. In other terms, we could go ahead
in the proof assuming also that Elog_ ||Y1|| < oo, but this does not seem to be of
much help. In any case, this remark contains the interesting information that, under
the assumption Elog, ||Y1]| < oo, v = —o0 if and only if Elog_ ||Y1]| = oo

Always with the convention that Yj is the identity matrix, with m = dy, (so m
is concentrated on the identity matrix) and with v, := (1/n) ZZ;& w* % m we write

1 1
Em%mxunnz—Ewmwaa%n

:_Z]E (Yes1, Yi... Y1 - Y0)]
:_5;/ 7 (M, Yie.. Yi - Yo) pu(AM) (122

nl// (M, A) p( AM)( x m)(d24)

1
- / / u(dM)v, (dA).
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Now we remark that (1,) is a sequence of probability mesures on a compact space.
It is therefore a relatively compact sequence (for the standard convergence of prob-
ability measures) and, thanks to the Césaro mean structure of v,

1
PxVy = Up+ — (" *xm —m), (1.23)
n

one readily sees that any limit point v is p-invariant.
Now we claim that for any limit point v

s el (n®v) and /B/GO—(M, Ap( dM)(dA) > . (1.24)

This suffices to complete the proof because by Proposition 1.4 we know that
there exists an L' (u ® v) random variable (w, A) — ®(w, A) in L*(P ® v) such that
a.s. and in L!

1
O(w, A) = lim - log ||V, ... ViA|, (1.25)
n n

so, in particular, [, [, ®(w, A)P(dw)r(dA) = [; [, o(M, A)u(dM)v(dA) because
the P ® v expectation of what we are taking the limit of in the right-hand side of
(1.25) is equal for every n to [; [, o(M, A)u(dM)v(dA) by the steps that are in
(1.22). But, since ||A]| =1 v-a.s., we have

1 1

so, by (1.21), we see the limit of the left-hand side in (1.26) is a.s. bounded by
v. That is, almost surely ®(w,A) < «. But if we combine this with the second
statement in (1.24) we readily obtain that ®(w, A) = v p ® v-a.s.. Now it suffices
to combine (1.25) and (1.26) to obtain the desired lower bound:

HRr-a.s

1 1
=" lim—log |V, ... Y1 A| < liminf —log||Y,...Yi]|. (1.27)
n mn n n

En passant, we observe that this argument implies also that the inequality in the
second statement in (1.24) implies the equality.

We are left with the proof of the claim (1.24) and we proceed by considering first
o, and then o_.

We introduce the map A — [, o (M, A)pu(dM) from B to [0,00). This map is
continuous (and therefore bounded too, because B is compact). In fact for every
M € G we have that A — |[MA] is continuous and ||[MA| < |[M]||. Therefore
the non negative function A — o (M, A) =log, ||[MA|| is continuous and bounded
above by log, |[[M|. By [,log, [|M|u(dM) < oo and the Dominated Convergence
we obtain that A — [, o (M, A)u(dM) is continuous. Therefore if v,, = v we
have that

liin/B/Gng(M,A)u(dM)ynj(dA) = /IB/(}0+(M,A)M(dM)V(dA). (1.28)
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For the negative part we can apply the same argument if instead of working directly
with log_(+) we introduce a cut-off L > 0 to apply the Dominated Convergence:

hm// (M, A) A L) p(dM ), (dA) = // (M, A) A L) u( dM)v(dA).

(1.29)
Therefore
hmlnf// (M, A)p(dM)v,, (dA) // (M;A)ANL)p(dM)v(dA),
(1.30)

and the cut-off L can be removed by Monotone Convergence.
By putting together positive and negative parts we therefore reach

hmsup// (M, A)p(dM)v,,(dA) // (M, A)p(dM)v(dA),  (1.31)

but by (1.22) and Definition 1.3 the superior limit in the left-hand side is a limit
and it is equal to v so

—o00 <7 < /B/GU(M,A)M(dM)y(dA)

< [ [ ot Au(asnuas) < Eflog, Ml < oo. (132

Therefore claim (1.24) is proven and the proof of Theorem 1.5 is complete. 0

3. The Furstenberg formula

In this section we work with a different space B on which G = GLy(R) acts: B is
the projective space P(R?), i.e. for z € R?\ {0} there is a unique T = 2R € P(R?)
which we identify (=) also with a/||z| & —x/||z|. G acts on B as M - T = Mz =
Mz/||Mz||. Of course given T there are plenty of x such that T = zR, but in
practice this lack of uniqueness does not give problems and, given Z, with some
abuse of notation we will denote by x one of these choices. In this section and
context we will work with the additive cocycle on G x B

M
o(M,T) = log% (1.33)
x
B will be viewed as a metric space with respect to the distance
_ | det(z, )|
d(z,79) = ———— (1.34)
[yl

where det(z,y) = z1y2 — x2y; is the determinant of the matrix with first column
equal to x and second column equal y. Moreover d(Z,7) coincides with the absolute
value of the sine of the angle between the two lines (or rays) Z and 7.
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THEOREM 1.7. We assume that (Y, )nen s an IID sequence of G-valued
random wvariables on which we assume that P(|det(Y1)| = 1) = 1 and that
E[log(||Y1]])] < co. Moreover we call j1 the law of Y1 and we assume

(a) that the smallest closed subgroup G, of G that contains the support of
W 18 not compact;

(b) that p is irreducible in the sense that no finite family of lines (or rays)
is stable under the action of all the elements of G,,.

Then there exists a unique probability v on B which is p-invariant and we have
v({z}) =0 for every T € B. Moreover
(1) For every x € R*\ {0} we have that a.s.

1
lim—log ||V, ... Yiz| = v, (1.35)
non

where 7 is the top Lyapunov exponent of (Yy,).
(2) We have (Furstemberg formula and positivity of 7y)

[ M ]| _
v = //bg I H u(dM)v(dz) > 0. (1.36)

The property that v({Z}) = 0 for every T € B will be simply stated as “v is
diffuse”. Note that P(|det(Y;)] = 1) = 1 directly yields v > 0, because it yields
that the determinant of (Y, ...Y7)*Y, ...Y] is one, hence the largest eigenvalue is
not smaller than one. For the same reason (or simpler) we have also that ||Y;| > 1:
so the hypothesis is really that log(]|Y;]|) is in L.

Theorem 1.7 and, in particular, Furstenberg formula for products are given for
IID matrices in G with determinant equal to 1 or —1. This result can easily be
adapted to the case in which one does not assume that the determinant is 1 or —1.
In fact for M € G we can introduce M° := M/+/|det(M)]| so

1 1 5 5 1 &
log [V il = S og V7YY 4 oo > logdet (¥;)] (1.37)
k=1

and if we call Ay (M) and A_(M) respectively the largest and the smallest eigen-
value of M*M, then det(Yy) = /det(Y;Y1) = /A (YDA (Y1) and |[Y2|? =
VAL (Y1) /A-(Y1). Since we will work under the assumption that E| log Yy°|| < oo,
on the original matrix we are actually requiring that Elog(A;(Y1)/A-(Y1)) < o0 and
that E|log(A+(Y1)A_(Y1))] < oc.

We now state and prove a series of results that hold under (a subset of) the
hypotheses of Theorem 1.7.

3.1. Irreducibility implies that p-invariant probabilities are diffuse.
The existence of a p-invariant probability v on B is straightforward by a Césaro
mean argument because B is compact.
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PROPOSITION 1.8. Under the hypotheses of Theorem 1.7 we have that if v
1s p-invariant, then v is diffuse.

PROOF. Let us assume by absurd that v is not diffuse, i.e. that there exists
T € B such that v({Z}) > 0. Since v is a probability, for every € > 0 there is a most
a finite number of T such that v({Z}) > ¢ and therefore there exists § > 0 such that

e v({Z}) <4 for every T € B;
e ifweset S:={7e€B: v({T}) =9, then 1 <|S| < 0.

We are going to show that S is stable under the action of G, which is in contrast
Hypothesis (b) of Theorem 1.7, so v is diffuse.
For this we first choose y € S and remark that

5 = v({7}) = (ux0)({T)) = / / Lnrar—gy( AT dM)
:/ ({M~'-g})p(dM) < 6, (1.38)

v
G

because v({M~!-7}) < 6. But this implies that there exists a measurable subset
F of G,with u(F) = 1, such that v({M~!-5}) = § for every ¥ € S and for every
M € F. In other words, M~ .75 € S for every j € S and for every M € F. Of
course we cannot have M~! .7 = M~ .7 for T # 7, that is T — M ! -7 is injective
and, since S is finite, it is also surjective. Hence the inverse function, 7 +— M - T, is
also a bijection from S to itself.

Now we remark that, by the definition of Supp(u) (the support of p), i.e. the set
of M € G for which every neighborhood has positive y measure, we have that F' is
dense in Supp(u). Therefore M -3 € S as well as M~! -3 € S for every 3y € S and
for every M €Supp(p) and, in turn, also for every M € G,. So S is stable under

the action of GG, and the proof is complete.
O

4. About the action of the transposed matrices

Considering the transposed random variables X,, := Y* does not make a big
difference. If (Y},) satisfies the hypotheses in Theorem 1.7, the same hypotheses are
satisfied by (X,,). We state this in a lemma in which we use p* for the law of Xj.

LEMMA 1.9. If (Y,,) satisfies the hypotheses in Theorem 1.7, then the same
holds for (X,,), which is therefore an IID sequence of G valued random variables
with absolute value of the determinant equal to one. Moreover G~ is not compact
and there exists no finite union of rays that is stable under the action of G .

In particular, Theorem 1.8 applies and any p*-invariant probability v* is diffuse.
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PROOF. The basic facts (value of the determinant and integrability properties)
are evident. The non compactness property follows because taking the transpose is
a homeomorphism form G to G. So if we take the transpose of the elements in the
smallest closed semigroup that contains the support of y, we find the smallest closed
semigroup that contains the support of p*. Moreover the norm of M € G coincides
with the norm of M* because the spectrum of M x M coincides with the spectrum
of M M*. Since the non compactness property of a closed subset G of G is just the
fact that the supy,cq ||M]| = co we are done.

The X matrices inherit the irreducibility property because if there exists a finite
family of rays that is stable under the action of G, there exists such a family
also for the Y matrices. This can be seen by observing that if M - = T, then
Mz = A\x for some X\ # 0, so 0 = (zt, Mz) = (M*z*, x), where of course zt is a
non zero vector perpendicular to . Hence M*z+ = Nt and we have a fixed ray
also for the transposed matrix. This takes care of the case in which the family of
rays is just given by one ray. In the general case in which there are k£ rays that are
fixed (in reality one can show that k is either one or two) then, since 7 — M - T
is injective, for every ray 7 in this family there exists j < k such that M7 -7 = 7.
Then, by the previous argument, (M*)? fixes the ray Z+. This directly yields that
{z+, M*zt, ... (M*)’~171} is invariant under the action of M*. To wrap it up: if
if there exists a finite family of rays that is stable under the action of G+, then the
family of the orthogonal rays are stable under the action of G, but such a family
does not exist by hypothesis. 0

The novelty in working with the transposed matrices is the inversion of the
order: (Y, ...Y1)" = Xy ... X,. If this is irrelevant from certain viewpoints, notably
(Y, ... Y)*|| = ||Ys... Y1 soy =lim,(1/n)Elog || X; ... X,||, it is not irrelevant at
all from other aspects. In particular, X; ... X,,-T converges in probability (and even
a.s. under slightly stronger assumptions): in Proposition 1.10 one can find a result
that goes toward this direction. Note that this is definitely false for Y,,...Y; - Z: the
action of Y,,,, will substantially modify the direction of the vector and one can only
hope for convergence in law for Y,,...Y; - 7.

Here is the main result of Section 4:

PROPOSITION 1.10. We assume the validity of the hypotheses in Theorem 1.7.
There exists a unique probability vx that is p*-invariant and a B valued random

variable Z (of law v*) such that P(dw)-a.s.
X1(w) .. Xp(w)r* =5 6y, (1.39)

REMARK 1.11. Note that, since by Lemma 1.9 the sequences (Y,) and (X,)
satisfy the same assumptions, Proposition 1.10 implies also that there exists a unique
p-invariant probability v (and, by Proposition 1.8, v, as well as v*, is diffuse.

A main step in proving Proposition 1.10 is the following statement, that will be
proven by a martingale argument.
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LEMMA 1.12. Under the hypotheses in Theorem 1.7 we have that if v* is
a pw*-invariant probability then there exists w — v,,, measurable map for ) to
the probabilities over B (equipped with the weak convergence metric and the
corresponding Borel o-algebra) such that P(dw)-a.s.

X1 (w) ... Xp(wv' =y, (1.40)
and (P& p*)(d(w, M)) a.s.
X1 (W) ... Xp(w)My == v, (1.41)

Moreover EfB fdu, = fB fdv* for every bounded measurable f : R — R.

PROOF OF LEMMA 1.12. For f € C°(B;R), hence f € CP(B;R), we introduce
the function F': G — R defined by

F(M) = Fy(M) = /Bf(M-f) v (dT). (1.42)

In analogy with the definition of Y;, X is the identity matrix. We now define
M, = XoX;...X, and claim that (F'(M,))n—01,. is a martingale with respect to
the natural filtration (%,) of (X,,)n=01,... F(M,) is in fact measurable with respect
to F,, it is a real random variable in L! (in fact, in L>) and

BF (M) 93] @) = [ F (0,000 (a)

_ / / [ (Mo (w)M - ) i (AM)v*(d7)

(1.43)
_ / f (Mo(w) - 7) (" % v7)(d7)

- / f (Mo(w) -9)v*(dg) = F(M,) .

Since ||F' (M) |oo < ||f]oo, the Martingale Convergence Theorem guarantees that
(F(M,)) converges a.s. and, by the Dominated Convergence Theorem, also in L'
(in fact, in any LP, p > 1), to a random variable that we denote by @;. We
now use that we can find a sequence (f;) of elements in C°(B;R) which is dense
in C°(B;R), so P(dw) a.s. we have that for every k the sequence (Fj, (M, (w)))
converges to Qy, (w). Of course this means that (M, (w)r*) converges to a limit
probability v, for w in a probability one subset of 2. By defining v, to be an
arbitrary fixed probability measure on B for all the rest of the w’s, one readily
verifies the measurability properties of w — 1,,. Therefore (1.40) is established.

Our argument shows that [, fdv* = F(M,) = E[F(M,)] — E[Q;] but also
that F(M,(w)) = [3 f(M,(w) - T)v*(dT) — [; fdu,. Again by the Dominated
Convergence Theorem, we obtain that lim,, E[F (M, (w))] = E[ [ f dv,] and therefore
that E[[; fdv,] = [ fdv.
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Now we turn to (1.41) and we aim at showing that that there exists {1y measur-
able subset of Q with P(Q;) = 1 and Gy measurable subset of G with p*(Gy) =1
such that

lim F(M,(w)M) = Qs(w), (1.44)

for every w € Q¢ and every M € Gy. This suffices because we can find a sequence
(fx) of elements in C°(B; R) which is dense in C°(B;R) and of course P(N;Qy,) =1
as well as p*(NpGy,) =1

For this we exploit that (F(X,)) is a martingale in L2 so

ZE F(Mi))?) = E[FOM)] ~E[FOLP] < [IfI%.  (145)
Therefore
ZE F(Mi1))?) < £ < oo. (1.46)
But since (X;) is an IID sequence

B [(F(Me) ~ FOR)] = [ B [(FORM) = FOR)] (M), (147

hence, by (1.46) and the Fubini-Tonelli Theorem, we have
> (F(MM) - F(Mk>)2] pH(dM) < oo. (1.48)

/ E
G k=0

In particular limy F'(My(w)M) — F(Mi(w)) = 0 P(dw) and p*(dM) almost surely,
and this yields (1.44) since limy F'(Mg(w)) = Q(w) P(dw)-a.s.. O

In what follows we are going to need to work also with matrices which do not
have an inverse. Notably, we need to define Am for some probabilities m on B and
this could be ill defined because defining Am involves computing A - T which is not
defined if Az = 0. However this is not really a problem if we exclude the trivial case
A =0 (i.e., at least one entry of A is non zero) and if we assume that m is diffuse.
This is the content of the next lemma.

LEMMA 1.13. If A # 0 and m is a diffuse probability on B = P(R?) then
Am is the probability defined by

/de(Am) - /{GM L famman, (1.49)

for every f : B — R bounded and measurable. Moreover if (A,) converges to A,
then A,m = Am.

PRrOOF. The key point is to observe that, since A # 0, there exists at most one
ray ¥ such that Ay = 0. So, A -7 is ill defined only for T = 5. But m({y}) =0
because m is diffuse so we can proceed to define the Am as we did. The fact that
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Am is a probability follows from the properties of the integral in the right-hand side
of (1.49): in particular [z d(Am) = 1 because m({y}) = 0.

The second statement holds because if we call 7,,, respectively 7, the ray such
that Ay, = 0, respectively Ay = 0 (they may or may not exist), we can perform the
limiting (Dominated Convergence) procedure by integrating over {Z € B : = # y
and z # y,, for every n}, since this is a set of m-probability one. 0

We are now ready to prove Proposition 1.10.

PROOF OF PROPOSITION 1.10. We exploit the content of Lemma 1.12 and also
the notation M, = X;...X, used in its proof. For v* a p*-invariant probability —
we recall that by Lemma 1.8 v* is diffuse — Lemma 1.12 tells us that (for w € Qg
and M € Gy, P(Q = 1) and p*(Go) = 1) M, (w)v* = v, and M, (w)Mv* = v,,.
Consider then the sequence of norm one matrices (M, (w)/||M,(w)]]) for w € Qq: this
is a relatively compact sequence and we call A(w) a limit point. Since |[|A(w)| =1,
then A(w) # 0. Moreover M, (w)v* = (M, (w)/||M,(w)||)v*. So by Lemma 3.15 we
have that for w € Qy and M € G|

Alw)v* = v, and A(w)Mv* = v, . (1.50)

Let us show that we cannot have det(A(w)) # 0. In fact in this case we would have
Mv* = (A(w)) 'y, as well as v* = (A(w)) 'v,. So Mv* = v* for every M € Gy
and this extends to every M €Supp(u) because Gy is dense in Supp(u). Therefore
we see that

Supp(p) € {M € G: |det(M)| =1, Mv* =v*} = G;. (1.51)

but G is a compact subset of G and this is impossible because Supp(yu) is not. In
fact, if Gy is not compact we can find M,, € G with || M, || — oo. Using the relative
compactness of (M, /||M,||) we can extract a subsequence along which this sequence
converges to a limit matrix that we call C' for which C'v* = v* still holds and we have
also that lim, det(M,/||M,]||) — det(C). But det(M,/||M,||) = £1/||M,|| — 0 so
det(C) = 0. But then Cv* = v* implies that v* is concentrated on one ray and this
is impossible because v* is diffuse.

We are therefore dealing with A(w) of rank one, so there exists one (and only
one) ray 7j(w) for which A(w) - 7(w) is not defined. And there exists also Z(w) € B
such that for T # y(w) we have A(w) -7 = Z(w). Therefore for every w € Gy

Ve = Aw)v" = 0z, and Xi(w)... Xp(W)v" = d7, - (1.52)

Lemma 1.12 is telling us also that for f bounded measurable

E[f (Z(w))] = E{/deyw} _ /dey*, (1.53)

which means that the law of the B-valued random variable Z is v*. Remark now the
important fact that A(w) does not dependent on the choice of v*, so Z(w) does not
depend on this choice either: therefore there is a unique p*-invariant probability. [
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We complete this subsection by giving a deterministic result that helps substan-
tially in going from results on the transposed matrix to the matrix itself.

LEMMA 1.14. Let (A,) be a sequence of 2x2 matrices such that | det(A,)| =1
for every n and such that there exists a diffuse probability m on B and a ray
z € B such that A;m = 6z. Then

(1) lim, ||A,| = oo
(2) for every x € R?

. Anz]] ~
lim = |(z,2)| , 1.54
m i = ) (154)

where we recall that (-,-) is the scalar product in R? and in the right-
hand side Z should be read as z/||z||.

PROOF. By passing to a subsequence we can assume A,/||A,| — A. Since
|AL]] = ||Anl| and (A%/||ALl)m = Afm we have A*m = 05. If det(A) # 0 then
m = (A*)718z = §(4+)-1.z which is 1mp0881ble because m is diffuse.

So det(A) = 0 But +1/[|A,||? = det(A, /|| An|]) — det(A) = 0 so ||A,]| — oo.
This proves (1).

For (2) we use that A is of rank one, since it is not identically zero. Therefore
A*m = Orma=) where of course Im(A*) is the Image of A* acting on B, but it is
also the Image as linear operator on R? (a line that goes through the origin). In
particular we have Im(A*) = {Z} and the kernel of A (as linear operator on R?)
coincides with the orthogonal of Im(A*). Therefore if we choose z; to be a unit
vector in the line Z and 2, a unit vector orthogonal to z, for € R?

Ar = (z,21) Az + (x, 22) Ao = (x,21) A2y, (1.55)
and
= AL = s Ael = max [z Az = Azl (156)
Now it suffices to observe that
im 2l = el = 1ozl 14a) = [(o. 2] (157
OJ

5. On the L! character of the cocycles and on the positivity of v

In this section we develop the tools to show that the Lyapunov exponent is non
zero. This will go through showing that if the positive part of the cocycle is in L!
and if the cocycle evaluated on the product of random matrices Y, ...Y; tends to
oo in a suitable (weak) sense, then the cocycle in in L' and the growth is actually
proportional to n. We give this result in a rather general framework.
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LEmMA 1.15. (Y,) is an IID sequence of G-valued random variables with
common law . We consider an additive cocycle o on G x B. We assume that
v is a p-invariant probability on B and that

/B/(}a+(M,T)u(dM)V(dE) < oo, (1.58)
and that (P ® v)(d(w,))-a.s
limo (Yy(w)... Yi(w),T) = co. (1.59)

n

Then o € LY(P®v) and

/B/GU(M,E)M(dM)U(df) > 0. (1.60)

PROOF. Like in the proof of Proposition 1.4, we work on £ = GY x B equipped
with the product probability A := u®N ® v and 6 is the translation operator defined
like before, i.e. 0((My)ren, T) = ((Mg41)ken, My - ). Note that 0 is A-preserving.

We focus on F((Mg)ren, ) := o(M;,T) and (again, like in the proof of Proposi-
tion 1.4) we have

n

oY, . Y1,7) =Y o(YiYiq.. .Y, 7) = iFo@k((Yn),f) . (1.61)
k=1 k=0

From now on, for conciseness, we call x an element of F/, F the o-algebra on F
and what we want to show is that if f : E — R is a measurable function such that
J [+ dA < 00 and S, (z) = S o fobfF(x) — oo A(dz)-as. (it is practical to set
for later on Sy(z) :=0), then f € L' and [, fdA > 0.

For this we apply the Birkhoff Ergodic Theorem (Corollary A.2) to obtain that
A(dx)-a.s.

lim %Sn(m) —E[f]9] (). (1.62)

where E is the expectation with respect to the probability A and J is the o-algebra
of the events A € F such that A(AAO~(A)) = 0. Since S,(z) — oo we directly
obtain that a.s. E[f|d](x) > 0 and therefore E[f] = [, fdA > 0. In particular
Jp f-dA < [, frdA < oo, ie fell.

We are therefore left with showing that [ pfdA > 0. Let us therefore assume
that [, fdA = 0 and look for a contradiction. So we start by observing that
0= [, fdA = E[E[f|J]] = 0 and we have seen that E[f| ] > 0 a.s.. So E[f|J] =0
a.s. and this means that S, (z) = o(n) a.s..

To show that this is impossible we use (.5,,) to build a sequence of random subsets
of the real line equipped with the Lebesgue measure \. This sequence of random
sets depends on a parameter € > 0 and the n'" set is the union of the intervals
Sk(x) 4 [—¢, ] =: I.(Sk(x)) for k going from 0 to n— 1. We call m (z) the Lebesgue
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measure of this set:
n—1
i) = A (U I <sk<x>>> . (163
k=0

The straightforward rough upper bound

me (z) < 2( max_|i(a)| +g) MAD2s o), (1.64)

.....

and the even more immediate remark that mg (z) < 2en lead (via Dominated Con-
vergence) to lim, E[m:]/n = 0.

Now we play on the structure of S,,: in particular we have Sy o = Si, 1 — 5i.
Using Ug Ay \ UT A, = Ap \ UT A, and Sy = 0 we obtain

my, . (x) —my (fx) = A (U 1. (Sk(x))) - A (U I (Spsr(w) — Sﬂx))) =
A (U I (Sk(x))> -\ (O I (Sk+1(ac))) =\ (U I (Sk(ac))> -\ (U I (Sk(ac))>

= ([—e,e] WU <sk<x>>) > 2 Ljuin,,

k=1

n |Sk|>2¢} (33') ) (165)

.....

from which it is also clear (last equality) the important fact that m_ ,(x) —m: (6x)
does not increase as n increases and therefore E[mS, || -E[m] has the same property.
All this implies that

.....

n

1

< et D) (E [mi,,] —E[m})) < —F/—2"50,, (1.66)

k=

o

that means
A ({x ; %§|Sk(x)\ > 2&?}) =0. (1.67)

Actually, Skim — Sm = Sipo0™ and Sy, 0 0™ has the same law as Sy, so for every € > 0
and every m = 0,1, ...

A <{x : :%1i£ | Sktm () — Sp(2)| > 2£}> =0, (1.68)
c
and therefore the A-measure of the event

Eq:={z: 3e>0and m € NU{0} such that |Skim(z) — Sp(x)| > 2e Vk € N} |

(1.69)
is zero and this is impossible because {x : S, (x) — 0o} C Ey. In fact if S, (z) — oo
we can choose m equal to the last time n at which S,(x) is equal to its global
minimum, i.e. m = max{n = 0,1,... : S,(z) = ming Sk(z)}, and we can choose



22 1. PRODUCTS OF RANDOM 2 x 2 MATRICES

e = infy_1o  |Smir(x) — Sm(z)|/3, which is in fact a minimum and it is positive
because of the way defined m and because S, x(x) — Sy (z) = oo for k — oco. O
6. The Furstenberg Theorem and Formula: a proof

This section is devoted to the proof of Theorem 1.7. The arguments we present
naturally give more results that we collect in the following statement:

PROPOSITION 1.16. Under the hypotheses of Theorem 1.7
(1) For every T,y € B with T # 7 we have that P(dw)-a.s.

lim logd(Ya(w) - Vi(w) T, Ya(w) . Vilw) ) = ~2. (1.70)

(2) There exists a random variable w +— V(w) taking values in R? \ {0}
such that P(dw)-a.s

1
lim —log |¥,... ¥ Viw)| = =7, (L.71)

and for every non zero random variable U which a.s. is not collinear
with V' (i.e., the probability that U(w) and V(w) are not on the same
ray is one) we have

1
limﬁlogHYn...YlU(w)H =7, (1.72)

PrROOF OF THEOREM 1.7. For the existence of a unique p-invariant probability
see Remark 1.11 and v is diffuse by Lemma 1.8.

We recall that X;, = Y,* and in this proof S, := Y, ... Y}, so S, = M} (with
M, used in Sec 4). By Proposition 1.10 we know that a.s. Sy (w)v* = dz, so, by
Lemma 1.14, we have that for every z € R? a.s.

=00 an IInM = _w Xz
lim [|5, | d I TEReB]] (Z(w),z)] . (1.73)

Since the law of Z(w) is diffuse (Z(w),z) # 0 a.s. and this largely implies that
log ||.Sy (w)z|| and log||S,(w)|| are asymptotically equivalent and, by Theorem 1.5
that says that (1/n)log||Sn(w)|| — 7, (1.35) is established.

For the integral formula (1.36) we recall that the relevant cocycle is o(M,7) =
log(||Mz||/||z]|). We have

//me MQMM_LMJMMM@=MMNWW (1.74)

Moreover from (1.73) we have that
limo (S,,7) = oo, (1.75)

n

if (Z(w),Z) # 0 and this happens P® v( d(w, T))-a.s. by the Fubini-Tonelli Theorem
using either that v is diffuse or that the law of Z is diffuse. We can therefore apply
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Lemma 1.15 and we obtain that o € L' and

// 'ﬂ”n” (dM)(dF) > 0. (1.76)

We are therefore done once we show that the left-hand side of (1.76) coincides with
. For this we remark that by Proposition 1.4 (strictly speaking, Proposition 1.4
is stated and proven with a different choice of space B, but the proof is identi-
cal for the B we are using now) lim,, o(S,(w), _)/n =: O(w, E) IF’ ® (d( ,T))-a.s.
and in L'. In particular [; [, ®(w,Z)P(dw)v = [z Jco( dM) (dz):
note that this is the left-hand of (1.76). At thls pomt we recall that we have just
proven that log ||S,(w)z| ~ [|Sn(w)|| ~ ny for n — oo and of course o(S,,T) =
log(||Sn(w)z||/||z||) ~ log||Sn(w)x|. We therefore conclude that ®(w,z) = 7,
P ® v(d(w,T))-a.s., which directly yields that the left-hand of (1.76) is equal to
. 0

PrROOF OF PROPOSITION 1.16. With the same notation of the previous proof,
by (1.73), by recalling (1.34) and that [det(S,(w)| = 1 we see that for T # ¥ that
are not orthorgonal to Z(w)
1S (w)z|[[| Snyll [(Z(w), ) (Z(w), Y)| | Sn(w)]I?

B (1.77)
Since the law of Z(w) is diffuse we have that P((Z, z)(Z,y) = 0) = 0 so, by (1.35),
we obtain (1.70).

We now move to (1.71) and we remark that (1.71) is strongly suggested by
lim,, [|Sy(w)z||/||Sn(w)|| = [(Z(w),z)|, with V(w) perpendicular to Z(w). In fact
150 (W) ||I? = ||S7(w)Sy(w)]| is just the largest of the two eigenvalues of S*(w)S, (w).
So the other eigenvalue is 1/||.S,(w)||* and if we call u,(w) and v,(w) the two (nor-
malized) eigenvectors, we have ||.S,,(w)u,(w)|| = ||Sn(w)]|| as well as ||.S, (w)v,(w)|| =
1/||Sn(w)]]. So we do have a direction (v,(w)) along which the matrix product con-
tracts exponentially with rate  (and therefore all other directions expand with rate
7). Trouble is that v,(w) depends on n and we want to replace v, (w) with a vector
that does not depend on n. Actually, this replacement is possible because v, (w)
does converge to a limit unit vector and because it does so exponentially fast with
a rate that is larger than ~y (in fact, it is 27y). This deep linear algebra statement is
the d = 2 case of a celebrated result (Oseledets Theorem): statement and proof are
in Appendix A (Theorem A.3).

The proof of Proposition 1.16 is therefore complete. 0

d (Sn(w) - I, Sn(w> : y) -







CHAPTER 2

On the disordered Ising model

1. The basic example: the one dimensional Ising chain

We consider the one dimensional Ising model with random external field, that
is a Gibbs probability on the spin configurations o € {—1,+1}". We choose peri-
odic boundary conditions for simplicity, that is oy 1 := o1, but this can easily be
generalized (see Remark 2.1). The Hamiltonian of this model is

N N
Hy(o) = —JZ 0041 — Z h;o;, (2.1)
s =1

where J > 0 and (h;) is the realization of a sequence of IID random variable: the
law of (h;) is denoted by IP, but we stress that we really view (h;) as a given (frozen,
quenched,. . .) realization. We then introduce the probability measure jiy ;) by
setting

exp (—Hy(0))

) (0) 1= — ; (2.2)
N?(hj)
where Zy ;) is the normalization and therefore
Znay = Y. exp(—Hy(0)). (2.3)

oe{-1,1}N

Z N (ny) is called partition function and it contains a lot of information about py, ;).
Notice in fact that

N N
&] 10g ZN,(hj) = Z <Z Uj0j+1> ,LLN,(hj)(O') =: EN,(hj) [Z O'jO'jJrl] s (24)
j=1 j=1

[

which is the expected value of the Hamiltonian under iy, (n,) and if h = E[h;] then

N
1 1
ahNIOgZN,(hj) = En @) [N;Uj] ; (2.5)

which is the expected value of the spatial average of the spins. Since we are interested
in very large values of N we introduce the free energy density

) 1
F = ]\}5{1)0 NElog ZN\(hy) - (2.6)

25
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We will see just below that this limit exists: in fact almost surely in the realization
of (h;)

1
F = lim —logZn @), (2.7)

N—oo

and the convergence holds also in L.!. The free energy density F is a function of J
and of the law of (h;). In particular, it may be viewed as a function of h and, for
example, we do have that

OpF = 11]{[11 EEN7(hj)

1 N
Nzaj] , (2.8)

provided that O,F exists (and, in this case, E can be removed from the right-hand
side (2.8)). This result just follows from the fact that h +— log Zn (,) is convex and
convexity carries with itself also the information that h ~ F is continuous and C*
except possibly for a countable number of values. We will see later on that F is in
fact very regular.

Now we explain that Zy ;) can be written as the trace of the product of the
IID random matrices (called transfer matrices)

ehi 0 el e’ elthi e ths
T; = (0 e—hi =7 o ) T \eThi oIk ) (2.9)

In fact
N
o1€{-1,41} o2e{-1,+1} one{-1,+1} j=1 (210)
= Z (T1T2 . TN)k:(Ul),k:(Ul) = trace (T1T2 . TN) s
0’16{71,4»1}
where we have used the periodic boundary conditions oxy; = 07 and we have

introduced the function &k : {—1,1} — {1,2} defined by k(—1) =2 and k(1) = 1.

REMARK 2.1. Other boundary conditions can be chosen: for example if we fix
o1 =1 and oy = —1 then the arising partition function would simply be equal to
(T1T2 Ce TN)l,Z'

From this matrix product representation we can easily extract that the limits in
(2.6) and (2.7) exist if by € L'

PROPOSITION 2.2. Assume hy € L. For every J > 0 the limits in (2.6)
and (2.7) exist and they are equal to the top Lyapunov exponent of the product
of the random matrices (1j). In short, F =~.
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PROOF. Let us first observe a fact of independent interest (and valid in general
for matrices with positive entries even if we give the argument for the specific case
we consider): for j, k € {1,2}

1
lim —log(ThTy ... T)jk = 7, (2.11)
non

a.s. and in LL!. This of course yields the result for the trace, i.e. the convergence
results we are after.
The claim (2.11) follows directly from

< 2J + |[hy| + |l - (2.12)

lOg(T1T2 e Tn)j,k — Z IOg(TQ .. -Tn—l)j,k
gk

This follows by observing that with h = h,,

(5 ) - () (-, e

where the inequalities are meant componentwise. Note that the same inequality
holds (in principle, even a better one) if we replace (1,0) by (0,1). In the same way
for h = hy

eJth e Ith Jin - < exp(J + [h])
1,0 = (e/Th ey = (1,1) x 2.14
o) (S0 ) = ety = <SS e
and the same bound holds if we replace (1,0) by (0,1). Therefore the claim (2.11)
is proven and the proof is complete. O

Next we show that Furstenberg Theorem (Theorem 1.7) applies and we exploit
the formula for v that it gives.

PROPOSITION 2.3. Assume hy € L' and nontrivial. Consider the Markov
chain X = (X;)j=o1,.. on (0,00) defined by the random iteration

—2J
—on; € 0 X
Xjpire 15 X027 (2.15)
Then X has a unique invariant probability my; and
F=J+Eh|+ / log (1+ e */z) my(dz). (2.16)
0,00)

PROOF. First of all notice that det(T}) = €2/ —e™?/ > 0 is deterministic. So the
transfer matrices can be trivially reduced to unit determinant: this reduction will
be relevant only in verifying the non compactness property, so we will mostly work
with (7,) rather than (7,,/4/2sinh(2J).

The integrability property is evident. For the rest note that 77 is a matrix with
positive entries, so by the Perron-Frobenius Theorem the largest eigenvalue is real,
positive and simple. Since the determinant is positive, also the other eigenvalue is
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positive. Let us note immediately that this implies the non compactness property,
because it implies that 7,,/4/2sinh(2J) has one eigenvalue larger than one.

Let us turn to irreducibility. For what follows we use the notation Tyzt = A a™
and Tyx~ = A_x~, with Ay > A_ > 0. In particular, the ray containing ™ and the
one containing x_ are fixed. Moreover for every x # 0 not collinear with 2~ we have
that Tz becomes asymptotically collinear to x*. In order to prove irreducibility
it is therefore sufficient to show that the eigenvector corresponding to the leading
eigenvalue of T; (for short: leading eigenvector) is not collinear with the leading
eigenvector of Ty when hy # hs.

Showing this involves a computation.

First of all A1 are identified by Ay A_ = >/ —e™2 and A\, + A_ = 2¢” cosh(h).
Therefore

A+ = e’(cosh(h) + y/cosh(h)? — 2e=2/ sinh(2J), (2.17)
and
- Y
Lo L —2h l—e —2h
— = - 1 l—— —-1]. 2.1
oy 2° <( +e) cosh(h)? T ) (2.18)

It is straightforward to see that lim,_, o 3 /z] = oo and limy,_, x5 /z{ = 0. Tt is
also immediate to see that z3 /] decreases as h < 0 increases. The fact that z3 /]
is decreasing also for h positive becomes clear if we observe that the term between
parentheses in (2.18) can be rewritten as

—4J
1+4e ) tanh(h)y /1 + — 0 4 e 2h 1 2.1
(1+ ") tanh( )\/ +cosh(h)2—1+€ ; (2.19)

which is zero for J = oo for every h > 0. The claim then follows because the square
root term is decreasing for h > 0 increasing. Therefore the leading eigenvectors of
T, and of T, are not the same and no union of lines is invariant under the action of

both T} and T5.
So we can apply Theorem 1.7 and we have in particular

F = /E {log M} v(dv) >0, (2.20)
B o]

where v is the unique invariant probability on the projective space. Since the matri-
ces we are considering map the first quadrant to itself, as well as the third quadrant
to itself, and since v is unique, v is supported only on the set of the lines going
through the first and third quadrants and it is more practical to talk about a mea-
sure on an angle # € [0,7/2]. In order to understand the action of the matrix we
observe that for y > 0

6J+h e*]‘i’h 1 €J+h +67J+hy
<€—J—h eJ—h y - e—J—h + €J_hy , (221>

so the action of the matrix on (0, 00) is

e~ /mh p ey P e+y

— = —_— = 7 = Z 2.22
y €J+h+€7‘]+hy € 1+672Jy 1+€y fE(y)7 ( )
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where we have introduced the standard variables [8, 4]
e=e¢? and Z =e?. (2.23)

Of course we can can go back to the action on (0, 7/2) by using # = arctan(y). Note
that we can consider [0, 00] and [0, 7] instead, but 0 and infinity are transient and
are not accessible from (0, c0).

By (2.21) it is clear that the Markov chain on the projective space we are after is
equivalent to the Markov chain on the positive real numbers given in the statement
of Proposition 2.3 (see (2.15)). And by Theorem 1.7 we know that it has a unique
invariant probability that we call m.. Of course we know also that m, is diffuse.
Finally, from (2.20), we see that

1 1 (1+ey)® + Z%(e +y)?
— ——(E[log Z] +1 - E |1
F 5 (Ellog ]+0g8)+2/(0m) {Og 1+

where we have used that in the new variables

(@1/) ~ J% (Zl<s+ fi)) ' (2.25)

We can simplify (2.24) by observing that

/ E {bg (1+ey)® + Z%(e 4+ y)?
(0,00) 1+y2

} me(dy), (2.24)

} m-(dy) =
(1+ey)’ -
/(O’OO) log = 5 m=(dy) + /(O,M)E[log (1+Z%f2(y))] me(dy) (2.26)

and, by stationarity, Z f.(Y') has the same law as Y, where Y and Z are independent
and the law of Y is m.. Therefore we can replace Z2 f2(y) with y* in the last integral
and we obtain (2.16). O]

As we will discuss in some detail in Section 3, one does not expect anything
particularly interesting in the one dimensional Ising model. But there is a pseudo-
critical behavior as J — 00, i.e. € N\, 0 which is meaningful in applications (see also
Section 2). This is the limit of strong interaction, for fixed disorder intensity.

2. More on disordered systems and matrix products

TO BE WRITTEN

3. The Derrida-Hilhorst singularity

We now choose to work with the variables ¢ = exp(—2J) € (0,1) and Z; =
exp(—2h;) € (0,00) that we have already used in the proof of Proposition 2.3. So

1 €
(L 2). o)
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We are always going to assume (at least) that log Z; € L!. We call y(¢) the Lyapunov
function of this matrix product:

v(e) = /log(l—iret) me(dt), (2.28)

which is directly extracted from (2.16).

The origin of the question leads to the hypothesis € > 0 but of course we can
consider the case ¢ = 0: this case fails to be irreducible. Note also that the case
€ < 0 can also be considered: in fact

-1 1 —& . . 1 g
D(1,-1) (—er Zj) D(1,-1) = <gzj Z]) (2.29)
where D(a,b) is the diagonal matrix with D(a,b);; = a and D(a,b)s2 = b. This
directly yields that vy(g) = v(—¢).

Corollary B.5 tells us that € — 7(¢) is real analytic for € € (0, 1), so the same is
true for e € (—1,1) \ {0}. What happens for ¢ — 07

We are now going to explain the 2-scale idea in [8] that leads to the prediction
that if E[log Z] < 0 and E[Z] € (1, 00) then

1(e) R Cle, (2.30)

where C' is a positive constant and o € (0, 1) is the unique positive solution to
the equation E[Z”] = 1. Note in fact that 8 — E[Z”] is a convex function. The
assumption that E[Z] is finite is telling us that this function is bounded in [0, 1]
(hence continuous and even smooth in (0, 1)) and E[log Z] < 0 is its derivative form
the right at zero. Since this function in zero takes value one, E[Z”] = 1 has a unique
solution 8 € (0,1) that we call a.

The point is understanding the invariant measure of the Markov chain on (0, o)
defined by the random iteration (2.22): X, 11 = Z,11f-(X,). It is of course equiv-
alent to study the Markov chains (X, /¢) or (¢X,): we are going to consider the
€ \¢ 0 limit of these two processes.

(1) The random iteration corresponding to (X, /¢) is
1+ eN\o0
T Z(1+x). (2.31)

Therefore we introduce the Markov chain (X?3), that focuses on the short
range (i.e., near the origin), defined by X\, = Z, 1 (1 + X3").
(2) The random iteration corresponding to (¢X,,) is

T Z

e24+r 0, @

H R
1+ 1+
and we introduce the Markov chain (X), that focuses on the long range
(i.e., the tail), defined by X", = Z, 1 X /(1 + X¥).

For the short range process we can even write an explicit formula: by iterating
we see that

erbr = Zn + Znanl + .ot Znanl e ZQ + Znanl oo Z1 (1 —|— Xgr) 5 (233)

T— 7

(2.32)
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FIGURE 1. A numerical approximation of the invariant probability of the short
range Markov chain (2.31), for € = 0.1 (the more compact histogram) and ¢ = 0.
The simulation uses Z ~ U(0.05,2.05), which yields E[log Z] = —0.1893... and
a = 0.7369... In fact, the histogram approaches the density of the invariant

probability.

where of course X§" is independent of (Z,,). Then we remark that
Xt~ v+ 0\ D+ ..+ 202y Dy + 207 2y (14 X)) (2.34)

and, if E[log Z] < 0, the right hand side converges a.s. to the random variable

Y = iﬁzj, (2.35)

n=1 j=1

whose law 14, is therefore the invariant probability for the short range Markov chain.
Since X§' has an arbitrary law, this is the unique invariant probability of the chain.
It is not completely straightforward to get quantitative properties on law of Y, but
this random variable has been studied, notably because it come sup as fundamental
tool in studying random walks in random environment. Notably, in [18, Th. 5] it is
shown that there exists ¢, > 0 such that

Ve ((t,00)) "~ — (2.36)

where v, is the law of Y and (2.36) holds just assuming that the support of log Z is
not contained in c¢Z for some ¢ > 0 and that E[Z®log, Z] < oo (besides, of course,
E[log Z] < 0 and E[Z%] = 1). For the result in (2.36) we signal also [3].

The long range process has a very different nature. In fact it is not difficult to
see that it is transient. This follows by observing that X, < Z, 1 X)". Hence

Xy < Xo[[% = Xoexp (Z log Zj> : (2.37)

J=1 J=1
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50 lim,, XY = 0 a.s.. As a matter of fact, the random walk (377, log Z;) is transient
(and tends to —oc). Therefore (log X) is transient, and so is (X). There is
therefore no hope to find an invariant probability. Nevertheless one can find invariant
measures: this problem has not been considered in full generality, but for example
in [16] it is shown that an invariant measure v, exists if

(1) the support of the law of Z is bounded and bounded away from zero;

(2) Z has C! density.
Moreover, under these conditions, 1}, has a density (still denoted by 1,(-)) and
limg o 11 (8)/8'T = ¢ > 0. Since v, is defined up to a multiplicative constant, the
value of ¢ is arbitrary. On the other hand, since we are assuming that the support
of the law of Z is bounded, also the support of v is bounded: it is straightforward
to see that the support of 1, is bounded above by sup Supp(Z). in fact, a more
attentive analysis shows that sup Supp(,) = sup Supp(Z) — 1.

It is certainly possible to generalize this result to a wider class of distributions

(less regular, without the conditions on the support) and obtain nevertheless that

c

i ((s,00)) "~ 2 (2.38)
where, again, ¢, > 0 depends on an arbitrary choice. However such a result has
been fully developed only in the restricted set-up explained above.

REMARK 2.4. It is not difficult to identify the supremum and the infimum of
the support of m., the invariant probability of our main Markov chain defined by
the iteration (2.22). When the support of Z is bounded away from 0 and oo, it
is just a matter of finding the (stable) fixed point in (0,00) of y — zf-(y) with
z=z_:=1infSupp(Z) < 1 and z = z; := sup Supp(Z) > 1. Then

C VAol + (2o — 12+ 20 — 1 (de2zy + (24 — 1)2+ 24 — 1

S

upp (1) 5 5 :
(2.39)

so, to leading order in € 0, the support is between € times 2z_ /(1 — z_) and 1/e

times z, — 1. These results are correct also if z— =0 and/or z, = occ.

REMARK 2.5. A way of grasping why the exponent o enters the game is that
the “smoothing transformation” ¥ — Zx appears as large scale approrimation of
the short range transformation (2.31) and as short scale approzimation of the long
range transformation (2.32). Passing to logarithm this is just the problem of finding
positive measures that are invariant under convolution with the law of log Z. One
can then show that if log Z has a density with respect to the Lebesque measure, then
the only invariant measures are superpositions of measures with density proportional
tot — exp(—at) with a € R solution to E[Z*] = 1. Going back to (0,00) by applying
the exponential function we see that these densities become x +— x~1=%. A priori
one should consider also the presence of complex solutions «, but these are easily
excluded because we are interested in positive measures.
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With v, and 1, in our hands we can now define the probability measure g. on
(0,00). We use the notation G,,(t) = m((t,00)) for a positive measure m on R such
that lim;—,. m((t,00)) = 0:

[Guttfe)  itt<,
Gact) = {a(s)Gl,lr(at) ift>1, (2.40)

where a(e) := G, (1/¢)/G,, (). Note that lim.\ o a(e) is equal to a positive constant
(that depends on the choice we made for 1,) and, above all, that G_(-) is continuous.

We expect that g. is close to m.. Mathematically, the whole point is to show
that this is true and in a sense that is sufficiently strong to control the error in
the computation of the Lyapunov exponent. But let us proceed at a heuristic level
assuming that (recall (2.28))

() = /log(1+€t)m5(dt) %0/10g(1+et)ge(dt). (2.41)

And of course we can estimate precisely the rightmost term, by first re-expressing
it via integration by parts:

_ [T G

[ Gt g GallfD) [ Gl

1+4et Gy, (¢) 1+et

1/e )
52 / GVsr (t) dt + GVsr (1/5) / GVlr (t) dt 7
0 €

1+ e2t G, (¢) 1+t

(2.42)

and, by (2.36), we readily see that the contribution of the first term is asymptotically
equivalent to (1—a)c,, '™, but this sharp computation is useless because the second
term is much larger: by (2.38)

Gy, (1/e) [* Gy (t) | o0 Cor o0 [T G, (D) 0 [ Ve

G () /8 . dt "~ Clrs /0 . dt ~ cye /0 log(l—l—t)qr(dt),
(2.43)

and we obtain (2.30) with a precise value of C' which depends on ¢, but luckily not

on ¢y.. It depends of course on the long range distribution via the integral appearing

in the last term in (2.43): this integral is finite because of (2.36) and because the

support of v, is bounded if the support of the law of Z is bounded.

REMARK 2.6. What happens when Z = exp(—2h) is non random? Computations
are elementary but consequences are deep: it is more practical to go back to the
notation of (2.17) and we find (just a Perron-Frobenius eigenvalue computation)

log (cosh(h) + [ sinh(h)]\/T+ e—4J/(sinh(h))2) ifh#0,

(2.44)
log (1 + exp(—2J)) if h=0.

F(J,h) = J+{
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and for J — oo

| + W‘("h‘) exp(—4J) + O (exp(—8J)) if h#0,

F(J,h) = J+ , (2.45)
exp(—2J) + O (exp(—4J)) if h=0.
It is also useful to remark that for h # 0
sign(h) e 2/

8hF(J, h) =

VIte 7 /smh(a) sign(h) <1_ m) +0 () , (2.46)

and since OpF(J, h) is the expectation of the mean of the spins, hence it is the ex-
pectation of each spin by translation invariance, this result makes clear that, for J
large and h # 0, almost all spins are aligned with the magnetic fields (i.e., their sign
coincide with the sign of the field). The density of the mistakes is proportional to
exp(—4J) = €2 and, by working a bit more, one can show that these deviations for
J large are essentially isolated “mistakes”.

Things are different for h = 0 because a more unstable phenomenon sets in:
the system s equally well on +1 or —1, so it will organize in long stretches of +1
and —1 for J large. This is a “domain-wall” structure and the walls have density
exp(—2J): this is the signature of a “pseudo-phase coexistence”. One can work this
out in detail for h non random, but we rather signal that when h, i.e. Z, is random
the result (2.30) strongly suggests that there is a complex “domain-wall” structure,
connected to a “frustration phenomenon”.

4. Mathematics results on the Derrida-Hilhorst singularity

The arguments in the previous section provide a probability g. that should be
close to the invariant probability we are after. In fact, an analogous 2-scale argument
can be performed also for the E[log Z] = 0 case (in a sense, this is the a = 0 case)
and it leads to the prediction that

c

1) gD

for a ¢ > 0 that is about as explicit as for the E[log Z] < 0 case. Note that this
case is more singular than the previous one and this should not come as a surprise:
v(g) is singular at the origin because there the matrix is not irreducible. But in the
case a = 0 the behavior of the logarithm of the two terms on the diagonal coincides.
Said otherwise, there is no separation of the two Lyapunov exponents in the e = 0
case if E[log Z] = 0.

We now state a result under the hypothesis that the (nontrivial!) support of the
law of Z is bounded and bounded away from zero. This means that E[Z”] < oo for
every € R. Then it is not difficult to see that v — unique non zero solution 3 to
EZ? = 1 — is well defined as soon as P(Z > 1) > 0 and P(Z < 1) > 0, with the
provision that E[log Z] # 0. In fact if E[log Z] = 0 we have that EZ® = 1 if and
only if 3 = 0. Moreover if P(Z > 1) = 0 we see that E[Z”] < 1 for every 8 > 0 and
E[ZP] > 1 for every 8 > 0: that is why we want to avoid these (trivial cases).

(2.47)
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THEOREM 2.7 ([16, 17]). We consider the top Lyapunov exponent associated
to the sequence (1}), see (2.27) and we assume that

(1) the support of the law of Z is bounded and bounded away from zero;
(2) the law of Z has a C' density;

then if a € (0,1) there exist C >0 and § > 0 such that

v(e) = Clef* + O ([ef**) (2.48)
and if a = 0 there exist C7 > 0, C5 € R and § > 0 such that
O]_ F)
g) = — + 0 (legl°) . 2.49
’7( ) 02 — log(|5|) (| | ) ( )

There is no loss of generality in assuming E[log Z] < 0. In fact

(;Z ;) - 2(1{52 s/lZ> _ Z((l) (1)) (8/12 1/52) (? é) . (250)

so the Lyapunov exponent when we replace Z with 1/7 is equal to —El[log Z] 4+ v(¢).
But of course the hypothesis that E[Z] > 1 is a real restriction. It is claimed in [8]
that if E[Z"] < 1 but E[Z""!] > 1 than we should have

V() = c1e® + ...+ g™ 4+ C** + 0 (£2) (2.51)

with explicit ¢q,...,¢, € R and an implicit C' > 0. Results in this direction can be
found in [12], but they are still far from identifying the Ce®® term in (2.51).

Of course another limit of the result in Theorem 2.7 is the hypothesis on the
support of the law of Z and of the existence of a C density (the result for a = 0
actually holds under weaker conditions: in [17] the support condition is removed,
and the density needs only to be Holder continuous in an appropriate uniform way).
It is not known how much these assumptions can be relaxed: in [8] an exactly
solvable case is given (with Z that takes only two values, one of which is zero)
in which v(g) ~ H(log(1/¢))e**, with H(-) a non trivial periodic function. It is
possible that this log-periodic amplitude persists when Z is supported contained in
{z" : n € Z} for a given x > 0 and it may be that Theorem 2.7 can be generalized
out of these cases.

We complete this section by giving some hints about how the proof of Theo-
rem 2.7 goes.

Sketch of proof of Theorem 2.7. Let us discuss first the case Ellog Z] < 0, i.e.
a € (0,1). There is a first step: show existence and establish asymptotic properties
of both v and 1,. The importance of the asymptotic properties are already clear
because of the computation (2.43), but sharper asymptotic control is needed for the
rest of the proof. Once this step is performed we have in our hands the probability
g- and we need to show that it is sufficiently close to the invariant probability m..
For this we introduce a norm of differences of probabilities on (0, 00): for 5 € (0«)

b= ally = [ (G a) = Gun(i)] (2.52)
0
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One can check (without much effort) that if define L.[v] = [log(1 + €%t)v(dt) we
have

|Le(v1) = Le(va)] < €l = walllg, (2.53)

and if we call T, the one step Markov transition matrix for Markov process (let us
choose the short range one, i.e. (2.31), but this is an arbitrary choice: with this
choice and if we call m, the invariant probability on this scale, i.e. Gg_(t) = G, (te),
then v(e) = L.(m.)) then for every vy and vy

T~ Teonll, < L2l — vl (2.51)
and remark that E[Z”] < 1. This contraction property can be very useful because
H|ms - g&”lﬁ = H|T€ms - g&l”ﬁ S H’Téms - Tz—:ﬁs‘”ﬁ + H’ngs - g&”’ﬁ’ (255)

where, once again, G (t) = G, (te). By applying the contraction property (2.54)
to the first addendum in the rightmost term in (4) we readily obtain that

|Hﬁ15 o §€|H,8 < C,3|HT£§£ - gamﬁa (256)

with cg 1= 1/(1—E[Z”]). The inequality (2.56) is very useful because the right-hand
side contains only g., a probability on which we have full control. We are therefore
left with controlling [[|7.g. — gc[l| ;- Unfortunately (for these notes) such an estimate
is quite heavy, and it depends on the adequately sharp control on the asymptotic
behaviors of vy, and v, that we mentioned above. But it should be clear that it
suffices to show that ||T.g. — gc|l, = 0(£2@=A))"and we can play on choosing < «a
close to a.

If we want to treat the case a = 0, there is no room to choose 5 < «. But one
can work with ||-|]|, and (2.54) still holds. But E[Z"] = 1 and there is no contraction
anymore. The point that saves the game is that, by looking more closely, we can
show that there is still a micro-contraction and one can establish a version of (2.56)
with cg = ¢y = 0o replaced by an € dependent term that tends to oo as € ™\, 0. But
it turns out that the control one can get on [|7.g. — g.|||, is sufficient to counter the
effect of the diverging pre-factor.

((D??

5. Continuum limits

We now consider an approximation of the random matrix product under analysis.
It is a diffusion limit in which one can compute the invariant probability, hence the
Lyapunov exponent becomes explicit (in terms of special functions). This approach
has been initiated by [14] and was first applied in the Ising context by [21]: it is a
weak disorder approach. The idea is simple: instead of (2.27) consider for A > 0

A 1 8A
= (eAZjA Zﬁ)’ (2.57)

where

2
78 = exp <a\/an — a%A) , (2.58)
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with ¢ > 0 and (71;) are IID standard Gaussian variables (this choice has been made
for simplicity, but it can be greatly generalized, see Remark 2.12). Note that

(1) E[log Z2] = —Aac?/2 and E[(Z2)a] = 1;

(2) as A\, 0 we have that T tends to the identity matrix.

Point (2) says in particular that the dynamics induced by this matrix product is
very slow, while (1) says that a corresponds to the same parameter for the case
(2.27) (and if we set A =1 in (2.57) we just find a particular case of (2.27)).

We will now show that the dynamics happens on the time scale 1/A. For this
we introduce the discrete time stochastic process {(X{(n), X£(n))}n=o.1... defined
recursively from the deterministic initial condition (X2(0), X£(0)) = (X;(0), X»(0))
by

XP(n+1) = XP(n) +eX2(n)A,
{XQA(TH— 1) = VAN 1% A (XA (n) + eXA(n)A) (2.59)
which can be rewritten in a more compact fashion as
X2(n+1) = XA(n) A+ DX (), (2.60)
where .
XA = (é@) . A%n) = <€AZOA(n) ZA&A)_ 1) : (2.61)

So, X2 (n) results form the product of n independent matrices of the form I + A%,
Rewriting (2.59) as
X2 (n+1)— Xf(n) = eX2(n)A,
, 2 ,
XB(n+1) = X§(n) = (e7VBm-aTd 1) XP(n) + eVBlsiXP(n)A,
(2.62)

and remarking that

VA0 g A _ | 4 o AN L - &%A i %A M) + ..., (2.63)

makes the following result plausible:

ProproOsITION 2.8. Consider the random process

[ (L/AD X2 (1AD) e - (2.64)

with trajectories in the Skorokhod space D([0,00), (0,00)?). As A\, 0 we have
that this process converges in law to the diffusion (X1(-), Xao(+)) solution of the
Ito stochastic system

AX, (1) = eX,(t) dt,
{ dXQ(t) = <€X1(t) + MXQ(t)) dt + O'Xg(t) dBt s

2

(2.65)

where B. is a standard Brownian motion and the initial condition is the same
as for the A > 0 case.
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The choice fo the space of CADLAG trajectories D([0,00), (0,00)?) has been
made to accommodate the discrete trajectories, but one can easily define the A > 0
process by affine interpolation and work in C°([0, o), (0, 00)?).

It natural to define also for (X;(-), X5(+)) a Lyapunov exponent and it turns out
that this Lyapunov exponent can be made explicit: for this we recall one of the
definitions of the modified Bessel function of 2" kind of index a € C and argument
x>0

o 1 [ 1 1
Kq(z) == / exp (—z cosh(t)) cosh(at) dt = 5/ s exp (—g (y + ;)) dy.
. 0

(2.66)
PROPOSITION 2.9. For every € # 0 and every (X1(0), X2(0)) € R\ {(0,0)}
the limit 1

Jim FE10g | (Xa(0) Xa(0)] = 28(c). 267)

exists and does not depend on (X1(0), X2(0)). Moreover

2
0 0? (xKy_1(x) , 4e

tale) = 5 () it = (2.68)

How is this Lyapunov exponent 73@ () related to the Lyapunov exponent of the
matrix product? We call v2(g) the Lyapunov exponent associated to (TjA) defined
in (2.57) and, by Theorem 1.7, we have that a.s.

Y2 (e) = JLI&%logHXA(n)H : (2.69)

The link between 72 () and 7 ,(¢) is a priori not clear. Recall in fact that in Propo-
sition 2.8 the convergence is in D([0, 00), (0,00)?) and this is equivalent to claiming
convergence in D([0,],(0,00)?), for every t > 0. So, in reality, the convergence is
local in time or, at least, there is no uniformity in time. In this sense, the following
result is not a priori obvious:

PROPOSITION 2.10. For every e # 0

A
) _ .0
E\Inﬂ 2 - Va,a (8) : (270)

It will not come as a surprise now that one can analyze in great detail the e — 0
behavior of 7 ,(¢). What is possibly a bit surprising is that this continuum case
yields behaviors that are in full agreement with the discrete case. And, in the
continuum case, the results go much farther.

In the next statement I'(-) denotes the Gamma function, see for example [22,
5.2] for definitions and properties.
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PROPOSITION 2.11. Recall that x = 4e/0?. For a € (0,00) \ Z we have for

e N0

4 'l —a«) fo\2 ;
;72@(8) = ci(a)r* +... + Clal ()22 4 2—(F(a) ) <§) +0 (mmmma]’m)) ,
(2.71)
where ¢;j(-) is an explicit rational function.
For a € {1,2,...} we have
4 22—2a

**log x+0 (x%“) ,
(2.72)

—SV0ale) = al@)+.. Ao (a)z? @D (—1)°

where c;(+) is the same rational function as in the non integer a case.

For oo = 0 we have
2

Too(e) = Toa(l/) = 71082 +0 (%) , (2.73)

with v = 0.577 ... the Euler-Mascheroni constant.
Moreover the result for o < 0 is directly recovered from (2.71)-(2.72) by using
the identity

4 <0 4
;72,04(5) =" 2/a] + ﬁ%?,m\(@)- (2.74)

The identity (2.74) is a simple consequence of the Bessel identity
rKiio(x) = 20K,(x) + 2K _144(2), (2.7

that follows from (2.66) by integration by parts and by using the identity K, (x)
K_,(z) which follows by the change of variable y — 1/y in (2.66).

6. Proofs

PROOF OF PROPOSITION 2.8. Several works are dedicated to diffusion approx-

5)

imations. Here we exploit [25, pp. 266-272], notably [25, Assumptions (2.4)-(2.6),

Theorem 11.2.3]. Alternatively, one can resort to [9, Corollary 4.2 in Chapter 7].
is sufficient to check three hypotheses that we give in our set-up: recall (2.59)-(2.6

e compute the local drift at # € R?%: uniformly for x = (21, 25) in compact

sets

b (@) = % B (5]E [OZA} @) (2)

It
1)
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e compute the diffusion matrix at x: again uniformly in x in compact subsets

of R?
A (z) = ATE [AA (2) (xl,xg)(AA)*l AN (2) = (8 fo%) .27

o AT'P(JJA2|| = ¢) — 0 for every ¢ > 0.

Then, since the stochastic differential system with drift b(-) and diffusion matrix
a(+) has unique (strong) solution, the Markov chain X2 converges in law to the
diffusion process with drift b(-) and diffusion matrix a(-), which is precisely the
solution X to the stochastic differential system (2.65). This completes the proof of
Proposition 2.8. 0

REMARK 2.12. From the proof one readily sees that Proposition 2.8 holds well
beyond the Gaussian case. In fact it suffices to consider a family of positive random
variables {Z®}ac(0.ny) Such that for some o > 0 and o € R we have

2
CE[z2-1] 1, CE|(z2-1)7
ilgloT_ia (1—«a) and ill\n‘o A =0, (2.78)

and such that for every ¢ > 0

lim IP(]ZA—l\ > ) = 0. (2.79)

In addition, we can generalize Proposition 2.10 to the set up in this remark if we
assume also that
E[1/Z2] -1

A < 00. (2.80)

lim sup
AN\

PROOF OF PROPOSITION 2.9. We use the short-cut notation § := o?(1—a)/2 €
R and work with € > 0 without loss of generality. We start by showing that the pro-
cess does not hit (0,0). Recall that (X;(0), X2(0)) # (0, 0) and set 7(g0) := inf{t >
0: (X1(t),X2(t)) = (0,0)}. For this let us consider R(t) := /X?(t) + X2(t). By
Ito6’s formula:

X1 Xo 1X?

dR(t) = 7 dXi+ 5 dXo + §—R§ d(Xs, X5)
XiXp | (X3 XPX3 X3
= (2 B
<€R+5R+2R3 dt—l—URdt

% Y2 o2 y? y?
- r(2 5 z dt + R dB
(€1+Y2+ 1+Y2+2(1+Y2)2) * (01+Y2> t
—. RDdt + RQAB,,
(2.81)
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where Y := X5/ X, € [—o0,00] and D = D(t) and Q = Q(t) are uniformly bounded
continuous stochastic processes (|| D]« < 2e+ [6| +02/2 and Q € [0, 0]), defined up
to T(0,0)- Since, again by It6’s formula, we have

dlog R(t) — (D(t) - %Q%ﬁ)) dt + Q(t) dB,, (2.82)

we see that R(t)/R(0) is bounded away from zero on every compact time interval.
This readily yields a contradiction if P(7(0) < oo) > 0. Hence P(7(p0) < 00) =0
and we have proven that the process does not hit the origin.

Next we work under the assumption that both X;(0) > 0 and X3(0) > 0 and that
the diffusion does not hit the boundary of the quadrant in finite time: of course this
covers also the case X;(0) < 0 and X5(0) < 0 and for all the other cases it suffices
to show that the process does enter the (interior of the) first or third quadrant in a
(random) time that is in L.

By It6 formula for Y = X5/ X; we obtain

dY = (e (1-Y?)40Y) dt+0Y dB, (2.83)

and we want to identify the invariant probability of (2.83) and show that there is
only one. Actually, for uniqueness we have to restrict to measures supported on the
first quadrant, but the trivial lack of uniqueness that is inherent to our problem is
irrelevant. But let us first show that there is one invariant probability.

For this we observe that the generator of the evolution (2.83) acts on C? functions
f:(0,00) = R as

0.2

V') = s 0’p-W) ()", (2:84)

Lfly) = (=) +dy) f(y) + z 2p:(y)

2
where p.(+) is the probability density

1 2e 1 . 9
and K,(-) is defined in (2.66). This makes evident the reversible nature of the
diffusion Y and, in particular, that p.(-) is an invariant probability density. But
the transformation S(t) := log Y (t) makes things even more straightforward: S is a
diffusion on R with additive noise and strongly confining potential:

2
dS = =U'(S)dt+o0cdB; with U(s) := ¢ (exp(—s) + exp(s) + %s) . (2.86)
An invariant probability of this diffusion is p.(s) o< exp(—2U(s)/0?) and the gener-
ator has the familiar symmetric form L.g = (62/2)(p.¢') /D=, for g € C*(R,R), see
for example [13, p.111], to which one can refer also for the ergodic properties of the
process and for the uniqueness of the invariant measure. We cite here one of the
first works dealing with this issue [19] and were one can find also the (Pointwise)
Ergodic Theorem we are going to apply next.
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For every choice of Y (0) € (0, 00), almost surely and in L' we have that
eK, 1 (4e/0?)

t

1 1 o
lim —log X;(t) = e lim — | Y(s)ds = 6/ yp:(y)dy =
t—oo ¢ 0

t—oo { 0 Ka (46/0_2) ’
(2.87)
where in the first step we have used the first identity in
t
Xi(t) = X1(0) exp (5/ Y (s) ds) ;
0 (2.88)

2

which is directly derived from (2.65) and holds for all ¢ > 0 if both X;(0) and X5(0)
are positive. The second step in (2.87) is the application of the Pointwise Ergodic
Theorem and the last one is an explicit computation. In the same way, by using the
second identity in (2.88) we get to (with z = 4e/0?)

.1 1 b1 o?
tllgloglogXQ(t) = Etligég (/0 mdS) - Od?
>1 o?
=ec [ —p(ydy—a—
| Srway-af

_ o’ (:cKHa(:c) B 2a> (2.75) o® 2Ky o(x) _ Koy (4e/c?)
4 K, (z) 4 Ky(zx) K, (48/0’2%2 5;9)

which coincides with what we found in (2.87). This shows that both components
have the same exponential growth rate, hence also the norm of (X;(t), Xs(t)), and
(2.68) is proven. If instead of starting from the first quadrant, we were starting from
the second quadrant, the result is unchanged if we show that the second quadrant
is abandoned after a random time that is in I.!. And we have also to show that the
diffusion stays in the first quadrant if it starts from there. These facts are somewhat
intuitive if we consider the drift

This is somewhat intuitive by considering the drift in (2.83), but it does require
some analysis. In this the Feller test for explosion turns out to be very useful: we
refer to [6, pp. 183-184] for the details. O

Xo(t) = X5(0) exp <g /Otﬁds —aa—2t+oBt) |

PROOF OF PROPOSITION 2.10. The proof uses the convergence of the process
over bounded times intervals, the ergodic properties of the process for A > 0 and
some estimates on the invariant measure of the process with A > 0 that are uniform
in A € (0,4y) for some Ag > 0. The proof works under assumptions that are much
more general than the ones in Proposition 2.10, see Remark 2.12. For the moment
we just refer to [6, pp. 211-213] gfor the details of the proof. O

PROOF OF PROPOSITION 2.11. Such a proof is way too heavy and uninterest-
ing, unless you are absolutely fond of Bessel functions. So we refer to [6] for the
real proof (that heavily exploits several known relations and asymptotic behaviors
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of special functions [22]). At the same time all these results are actually rather ele-
mentary, as it will be clear by the following proof of (2.71) in the case of o € (0,1)

(and without explicit control on the rest):

4 0 (1T —a) a2
ERJRENRUE YRS
o F(a) \2
For this we first recall that

4  wKy ()

o2 /yo,a(g) - Ka(l‘) )
and that K,_1(x) = Ki_4(z), so (2.90) follows from

Kaolr) ™ 210) (5)

which holds for e > 0. To show (2.92) we simply write directly from (2.66)

1 > 1 1 1
K,(z) = Py v exp (—5 <x2y+§)> dy

1 >~ 1 1 1 /N~ [
~ — _ d — _ <_> / a—1 fzd ’
2z J, ylte P < 29) 2\2 0 ° 0w

and the integral in the very last term is I'(«), so (2.92) is proven.

(2.90)

(2.91)

(2.92)

(2.93)






CHAPTER 3

On Anderson localization in one dimension

1. Preliminary facts

Given a sequence of real numbers (V},),cz we are going to consider the operator
H = H(V) defined by

(Hw)n = (H0¢)n + (V,@Z))n = _¢n+1 - ¢n—1 + Vn¢na (31)

for every 1 € C? and every n € Z. So Hj is the discrete Laplacian without the
diagonal term and V' is a diagonal operator. It is practical to introduce from now
the Wronskian W (1, ¢) of ¥, ¢ € CZ which is the sequence defined by

Wn(wv ¢) = det (¢1Z:1 ¢2—;1 ) = ¢n+1¢n - ¢n+1¢n . (32)

One directly verifies that the following Green’s formula holds: for every 1, ¢ and

m<n
n

> (HE) ks — Ve(HG)n) = Wi (1h,6) = W1, 6). (3.3)
k=m
Thanks also to the fact that Hy = H1), Green’s formula directly yields that if we
choose Dy = {¢p € CZ: |{n € Z : 9, # 0} < oo} as domain of H, then H is
symmetric, that is (¢, Ho) = (He,v), where (6,8) :i= ¥, 8,0,

For simplicity and conciseness we are going to choose sup,, |V,| = ||V« < oo,
so it is straightforward to see that H can be extended to lo(Z) := {¢ : [[¥|3 =
(1,1) < oo}. In fact, H is a bounded self-adjoint operator on ¢5(Z) and we remark
also that Dy is dense in ¢5(Z). More quantitatively:

[H Y2 < 9l + loallz + (Vb lla < @+ [[VI[e) 9]z - (3.4)

We are going to look for solutions to Hy) = E1) for E € C and for this the matrix
formalism is very useful because one readily sees that if we set for j € Z

Vi—E —1
Yj:_<71 0), (3.5)
and
Y, Yo1...Y, forn=0,1,...,
O orn (3.6)
Y,V .Y ... forn=-1,-2..,

then for n =0,1,...

() =) =5 (). o

45
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(i) =) (38)

Of course, implicit in what we did, was the remark that Y,, is invertible: in fact,
det(Y,,) = 1 for every n. We also remark that

n= (—01 Vn1—E> - ((1] (1)) (VHIE _01) <(1) (1)) (3:9)

that tells us that the Lyapunov exponents associated to (Y;,) and (Y, 1) coincide.

This matrix representation of the solutions shows that the space of solutions to
Hvy = E1p — all the solutions, not only the ones in /5(Z) — is a two dimensional
subspace of CZ that can be parametrized by the values of the two solutions on two
neighboring sites. In fact, it is practical to choose the two independent solutions
p=p(F) and ¢ = q(F) such that

po(E) = q1(E) =1 and qo(E) = p_1(E) =0, (3.10)

and forn = —1,-2,...

SO
1/% = pn(E>¢0 + Qn(E)w—l . (311)

REMARK 3.1. It is also useful to recall that if HY = Ev (v £20) and Hp = E¢,
then W, (v, ) does not depend onn and W, (1, ¢) = 0 if and only if o = cip for some
c € C. The fact that this Wronskian is constant follows because for n =0,1,...

wnJrl ¢n+1 i ’QDO ¢0
( Un  On ) = O (¢1 ¢1) : (3.12)

and det(S,) = 1 (the argument is identical for negative values of n). The second
statement is therefore just a well known linear algebra fact.

REMARK 3.2. Remark 3.1 implies that the eigenvalues of H are simple. We say
that E is an eigenvalue of H if there exists 1 € Ly, 1 £ 0, such that HY = E1.
We know a priori that the multiplicity of E is either 1 or 2, so we have to exclude
that the multiplicity is 2 (but the argument we are giving here does not use the fact
that we know that the multiplicity is bounded by 2). If ¢ is another eigenvalue then
W (¢, ¢) = C for every n. But 1, ¢ € o readily yields | Y, W,(¢, ¢)| < oo, that is
C = 0, which means that ¢ < ¢.

2. A mathematical approach to the physical viewpoint

Let us first stress that if we were really to talk about quantum mechanics we
should study the solutions to the Schroedinger equation (with unit mass and Plank
constant equal to one too)

i0(t) = Hy(t), (3.13)
with suitable initial condition that corresponds to the experiment we intend to
perform. We will instead concentrate on the time independent solutions to Hiy =
E7. These two problems are of course related, but we will not discuss the time
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dependent case (that would be needed to fully justify some of the assertions, from
a physical viewpoint).

Moreover, for the physical intuition, it is probably better to work with the no-
tation

(HY)n = —tni1 — o1 + 200 + Vyibn, (3.14)

where V! = V,, — 2. Note that for V' = 0, then Hy = E1) has solutions that do
not grow exponentially at +o0o or —oco if and only if £ € [0,4]: for E € (0,4) these
solutions are actually bounded and they are the plane waves exp(+ikn), k € [0, 27),
and E = 2(1 — cos(k)).

REMARK 3.3. We briefly discuss the classical (i.e., non quantum) case: analo-
gous to the problem we consider is the case of a particle of mass one that evolves in
a potential V(x), with V(z) =0 for x <0 and x > L, and V(z) > 0 in (0,L). You
should think of something close to a square barrier (because it is closer to what we do
next), but we may consider any potential V(-) in C' with max, V(x) = U > 0 and
such that V'(z) <0 forx € (L—c,L) and V(L —c¢)=U . Then &(t) = =V'(x(t)),
with ©(0) > L and #(0) = —vy < 0. By integrating ©(t)i(t) = —x(t)V'(x(t))
and by using the fact that the potential is zero at the starting point we obtain
(2(t))* = v — 2V (x(t)) which tells us that the particle will go past the bump if
and only if the kinetic energy of the particle at time zero, i.e. v3/2, is larger than
the barrier, i.e. U. Otherwise the particle will bounce back or, when v3/2 = U,
the particle stops at the top of the barrier. This is simply because if to is such that
vg =2V (x(ty), then Z(to) = —V'(x(0)) which is strictly positive as long as v /2 < U.

2.1. The free Hamiltonian (V' = 0). We go ahead by steps and we stress
that we do not use the convention of Fig. 1 and of (3.14). In particular, the energy
E of a wave will be in [—2,2] and not in [0,4]. With reference to the caption of
Fig. 1, the tunneling condition £ < U becomes £ < U — 2.

The first step is to consider the case V' = constant, which is equivalent to the case
V' =0. So H = Hy. For k € [0,27) we define the ¢, and ¢~ by ¢, = exp(ikn)
and ¢, = exp(—ikn). So for V=0 and £ = —2cos(k) we have

Hyly = Bdy and Hydi = B (3.15)

This actually fully solves Hyyp = Ev for E € (—2,2) because we have found two
independent solutions. Since by direct computation one sees that the solutions to
Hy = Ev for |E| > 2 have exponential growth at +00 or —oo, these values of
E do not belong to the spectrum of Hy (this will be explained in detail later on:
see Proposition 3.12). We skip the analysis of the cases F = 4+2. Focusing on the
solutions for |E| < 2 we observe that they are superpositions of the wave 1;”, that
goes to the right, and of the wave 1~ that goes to the left. In order to get convinced
that this is not just a convention one should actually consider the time evolution,
i.e. (3.13), of wave packets. This is one of the more physical aspects we will no
discuss.
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incident wave

0 L n

FIGURE 1. As we have quickly discussed in Rem. 3.3, when a classical particle
encounters an obstacle, it will either cross the obstacle (if its kinetic energy before
the barrier is larger than the energy barrier) or it is kicked back (if it is smaller).
In quantum mechanics when a particle (or wave) approaches an obstacle (in the
image, from the right) there will be a reflected wave and a transmitted wave. If
the amplitude of the of the incoming wave of energy F is i (w.l.o.g., i = 1), the
reflected wave is characterized by a complex number r and the transmitted wave
is characterized by another complex number t. We expect that the conservation
law |t|? 4 |r|?> = 1. Actually (recall the discussion just before Rem. 3.3), waves
can have energies E € [0,4] (we are using (3.14), not (3.1)!). Here is what can
happen:

(1) If E > U then the size [t| of the transmitted wave does not depend on how
large L is: in particular, one can have |t| = 1 or close to 1, hence |r| = 0 or very
small, for L arbitrarily large. In fact, we will see that ¢ is never zero.

(2) If E < U then |t| decays exponentially with L: this is the tunneling effect,
i.e. the wave overcomes the obstacle even if its energy is lower than the height the
obstacle, but the intensity of the transmitted wave is exponentially small in the
length of the obstacle.

If we now introduce randomness in the potential (think of the top of the barrier
that, instead of being flat, wiggles) then, no matter how weak the randomness
is, we are going to be in the tunneling regime and the transmitted wave has an
amplitude which is exponentially weak in L. This is the Anderson localization
effect: waves hardly propagate in a disordered potential.

2.2. Square potential case: the quantum tunneling effect. We now con-
sider the case is which we introduce an obstacle in our system and we consider the
simple case V,, = Ul, 1,1}, L € N. This is schematically presented in Fig. 1: a wave
of wavenumber k, hence energy F = —2cos(k), comes from +o0o toward the bump.
What happens is that there will be a reflected wake and a transmitted wave. In order
to solve this problem we start from the fact that on the left of the bump there will be
only a transmitted wave: 1, = t exp(—ikn) for n < 0, where t € C. Note that this
implies also that ¢, = texp(—ik). For n > L (and therefore also for n = L as we
deduce from (3.1)) we have instead v, = exp(—ikn) + rexp(ikn), where r € C and
|r| is the amplitude of the reflected wave. We just have to solve Hytp,, = (E — U),
for n = 1,2,...,n, with the boundary conditions ¥; = texp(—ik), ¥y = ¢ and
n, = exp(—ikn) + rexp(ikn) forn =L and n = L + 1.
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At a physical level, we do expect that the amplitude of the wave that hits the
obstacle should match the amplitudes of reflected and transmitted waves, i.e. we
expect |t|> + |r]> = 1. We will see that this is true well beyond this first example
and it holds also in the fully inhomogeneous setting.

We solve Hi),, = (E — U), by looking for solutions of the form A™. It is just a
matter of solving

NI (E—UN+1=0 = )\l,gzé(U—E:I:\/(U—EP—ZL). (3.16)

Of course these two solutions are also the eigenvalues of Y, (see (3.5)) when V,, = U:
since the determinant of this matrix is one we have A\{Ay = 1, which is of course
evident also from (3.16). Therefore \; and Ay are complex conjugate solutions if
|E — U] < 2 and in this case they both have absolute value one. So, also inside the
bump, the solutions are waves, just with a wave number that is not k. On the other
hand for |E — U] > 2 both solutions are positive: one is larger than one, the other
one is smaller than one.

o If | E—-U| <2-ie. U =U—-2< E, because £ < 2+VU is trivially verified (U > 0)
— the solution of Hyyp = (E — U)v is given by 1, = c_, exp(ik'n) + c exp(—ik'n),
with &' € [0, 27) determined by U — E = 2cos(k’) and n € {0,..., L + 1}. Since
1o =t and Yy = texp(—ik) we find

exp(—ik) — exp(—ik’) exp(ik') — exp(—ik)

c, = and ¢ =t (3.17)

exp(ik') — exp(—ik’) exp(ik’) — exp(—ik’)

In turn, we want also that 1, = exp(—ikn)+rexp(ikn) forn = L and n = L+ 1.

This way we can determine the values of t and 7:

(€2ik o 1) (62ik’ o 1)
1 — e2i(h+K'L) 4 ikt +2K'L) _ Qpi(ktk) 4 o2i(k+k) _ g2ik/ (L+1)
(e — eik’) (ei(k—i-k’) ~1) (62ik’L —1)

(kK L) _ 9ei(kt2k LK) | Dei(kth) — o2i(k+k') + o2ik/(L+1) _ 1’

(3.18)

b= LK)

—i(2kL+k)

r=ce

and one can check that [t|*+ |r|?> = 1. Note in particular that |¢| (and |r|) are just
periodic functions of L (the period is 7/k').

o If |[E—U|>2-1ie U =U—2>F —the solution of HY = (E — U)y is given
by ¥, = ;A" + coA™", with A > 1 > 0. Once again we can determine the values
of t and 7 (once again, they satisfy |t|> + |r|* = 1), but in this case

B (1 _ €2ik) ()\2 _ 1) efikLAL L(—\Coo /\_L (1 _ €2ik) ()\2 _ 1)

(eik — )\)2 A2L — (eik\ — 1)2 eikL (eik — )\)2 ’
e—QikzL ()\2L - 1) ()\2 — 92X COS(/C) + 1) B 6—2ikL+i7r
(R (A1 (@ X))

5+ 0 (1/A%) .
(3.19)

In particular, 1 — |r| = O(1/AY), so the reflection in this case is much stronger
and there is a natural penetration length (1/log\) of the wave into the obstacle.
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FIGURE 2. The plot of [¢|? (in blue) and of |r|? (in violet) as a function of L over
one period. In both cases k' = 4/6, which means U — E = 2cos(k’) = v/3. The
value of k instead is £27/3 (i.e., E = —1) on the left and k = £7/3 (i.e., E=1)
on the right. So in the first case the potential is lower: U = /3 — 1, with respect
to U = v/3 + 1 in the second case.

2.3. Disordered potentials. We now consider the case in which V,, is random
for n € {1,...,L}. More precisely we consider an IID sequence (U,)n=12,. of
bounded non trivial, i.e. non constant, random variables, and then we define V,, :=
U, forn=1,...,L and V,, = 0 otherwise.

To fix the ideas and as a remarkable example one can think of the case in which
U; has mean U > 0 and very small variance, so we are rather close to the case
treated in Section 2.2, but we stress that the arguments that follow are general.

We can consider the same set-up of Section 2.2. In this case the matrix formalism
is going to be very useful. So we consider again an incident wave that comes from
+00 and we foresee the presence of a reflected wave, so ¢, = exp(—ikn)+r exp(ikn)
fork=L,L+1,...and, with £ = —2cos(k), (HY), = EY, forn = L+1,L+2,....
Again, to the left of the obstacle there will be only the transmitted wave: 1, =
texp(—ikn) for n =1,0,—1,... and (Hv), = Et, also for n =0,—1,... By (3.5)—
(3.7) we have forn=1,...,L

wn+1 o ¢1
( o ) =Y, Y, 1...%, (%) , (3.20)

U —E -1
Y; = ( - o) , (3.21)

and of course 1); = texp(—ik) and 9y = t. In the next statement we make explicit
the dependence on L of ¢ and r by writing ¢(L) and r(L).

with

PROPOSITION 3.4. For every choice of E € R the Lyapunov exponent v of
the product of the random matrices (Y,,) is positive. Moreover, if E € (—2,2) the
transmittal and reflection coefficients t(L) and r(L) are well defined, they satisfy
[t(L)|>+|r(L)|> = 1 and, almost surely, |t(L)| = O (exp(—+'L)) for L — oo and
v <.
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Therefore if we choose E[U;] > 0, |E[U;] — E| < 2 and var(U;) very small we
are close to the case of the previous section in which essentially the wave can go
through the obstacle for L arbitrarily large. Now instead, for L large there will be
almost no transmitted wave. One can probably come to terms with this by arguing
that if the variance is small then v > 0 is close to zero, and the penetration length
1/~ is large. Nevertheless, Proposition 3.4 is telling us that wave propagation is not
compatible with the presence of disorder in one dimension.

PROOF OF PROPOSITION 3.4. First of all in the support of the law of U; there
are a least two values ug # u;. The corresponding matrices have have the form

M, = <af —01> , (3.22)

with a; = F — u;. Since

L -1 _ Qo —1 0 1 i 1 ag — aq
I () TR A IR NP

by taking powers of M we readily see that the group that contains the support
of the law of Y] is non compact. The irreducibility follows by observing that
lim, M™z/||M™z| = (1,0) and of course the ray associated to this direction is in-
variant. So, if there is a finite union of rays that is invariant under the action of all
the elements of the group spanned by the support of the measure, it must coincide
with the ray that goes through y = (1,0). But this is impossible because M j_ly is
not collinear with y.
Therefore, by Theorem 1.7 (Furstenberg Theorem), we have that vy > 0.

Now we recall that we are interested in

Y, Yo 1. Y, (Cos(k) zism(k)> : (3.24)

times the transmittal coefficient t € C. But, again by Theorem 1.7, we know that
almost surely the logarithm of the norm of the real part of the vector in (3.24)
behaves like ny for n large. In fact, the same is true also also for the imaginary part
because we are excluding £k =0 and k =7 (i.e. E = £2).

Next step is writing

cos(k) —isin(k)\ _ [exp(—ik(L + 1))+ r(L)exp(ik(L + 1))
HEYLYpr ( 1 ) = ( exp(—ikL) + (L) exp(ikL) ) '
(3.25)
We claim that also in this case we have |r(L)|* + |¢(L)|*> = 1 (see Lemma 3.5).
Therefore the norm (in C%: ||(z,w)||? = |z|*> + |w|?) of the right hand side of (3.25)
is bounded by v/2(1 + |r(L)|) because the absolute value of each one the two entries
of the vector is bounded by 1+ |r(L)|, while the norm of the left-hand side is equal

’ YiVii... Y (Cos(k) B isjn(k)) H , (3.26)

al ;
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and we know that the norm that multiplies |t(L)| grows with the correct exponential
rate because real and imaginary parts do (for v € C? we have |[v||? = [|Rv[|*+[|Sv]|?).
This implies the claimed (almost sure) exponential decay of |t(L)]. O

LEMMA 3.5. For every k € (0,2r) \ {7}, L=0,1,2,... and every choice of
the real numbers ay, as, . . . we have that there exists a unique choice of (t,r) € C?
such that

t(af —O1> (aLll —01) (all —01) (exp(l—z'k)> _
(exp(—ik(L +1)) + rexp(ik(L + 1))

exp(—ikL) + rexp(ikL) ) (3.27)

where the matrix product should be read as the identity matrix if L = 0. Moreover
t#0 and [t +|r]* = 1.

PROOF. The solution exists and it is unique because (3.27) can be written, with
obvious definition of the matrix 7" (of determinant 1), as

o (PT0) = (M) gty ) (1) =1 () 629

and the matrix M has determinant —2isin(k) # 0. Therefore with A := M~'T

tA (eXp(l_ ik)) = G) , (3.29)

Since det(A) # 0 we see that t # 0. We therefore have an expression for the vector
(1/t,r/t) and r and t are uniquely identified.

We are now at the key point of showing that [t]* + |r]* = 1. We do this by
looking at the action of one matrix at time, see Figure 3. For ¢ = 1,..., L, but in
fact ¢ can be seen as an arbitrary integer number, the action of the matrix on the
wave function between ¢ — 1 and ¢ on the basis of ¢~ and ;" yields

v —1 ekl o B ikt ae—k(E+D) 4 poik(e+1)

(1 0 ) <a/6ik(21) + b/eik(zn) = ( ae~ " 4 peikt ) (3-30)
where where v = Up;; — E is at this stage just and arbitrary real number. Note
that the (complex) coefficients a and o’ are the amplitudes of the waves going from
right to left, respectively before and after going through the potential slice at ¢. In
the specular way, b and 0’ are the amplitudes of the waves going from left to right,
respectively after and before going through the potential. What we want to show is
that, regardless of the value of v, we have the conservation law |a|?— [b|*> = |a/|* —|V/|?
which is possibly more clear in the non symmetric version |a|? + [0/|? = |a/|* + |b]?
which means that what goes in must come out. We rewrite (3.30) as

(Z) = A (11} —01) A (Z) (3.31)
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¢ 041
F1GURE 3. The effect of a slice of potential. The waves going from right to left
are two: one, with intensity a, is incoming and one, with intensity a’ is outgoing
(transmitted). In the same way the waves from left to right are an incoming one

with intensity ¥’ and and outgoing one with intensity b. Therefore we expect
lal? + (V> = [a'|* + [b]*.

where we have introduced the matrix
ok ikt
Ag(k) = Ay = (e—z’k(é—l) eik(l—l)) ; (3.32)

and we note that det(A,) = e=* —e* = —2isin(k). Therefore |a|?—[b|* = |'|*>—|V'|?
holds if

(v 1\, i\« (1 0 ,.; (v —1 10 .
Ay <_1 0) (AEH) (0 _1) Al (1 0 ) Ay = (0 _1> = D. (3.33)
It is therefore a matter of a computation (remark that the result does not depend
on the value of £):

N 1 e~ ik(l=1)  _ ik({—1) etk (£—1) — ikt
—1 -1 _
(Af ) DAZ - _4(8111(]{?))2 < — ekt ekl e—ik‘(f—l) — e ikt

Y

1 0 —2i sin(k)
~ 4(sin(k))? <2z'sin(k) 0 ) (33)

“ g (1)
( a) a2 (3 3) = g (1) (5 0) ()

(3.35)

SO
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Finally
(0 1 okt pik(e=1) p—ik(t=1)  gik(e=1)
Az (_1 0) A = (eiké e ik(¢=1) ikt _pikt
(3.36)
— 2isin(k) (L Y
N 0 —-1/)°
Therefore (3.33) holds and we are done. O

3. Operator viewpoint on localization

Let us first introduce some important tools in our analysis. First of all, the
spectrum Y (A) of a bounded operator A is the complement of the set of A € C such
that A — Al (I is the identity) has an inverse: note that, since A is bounded, such
an inverse is necessarily bounded. ¥(A) is closed, bounded and not empty.

We are focusing on A = H and H self-adjoint (and we recall that we work on
Uy = l5(Z)). Therefore ¥(H) C R. If H is random, a priori also ¥(H) is random.
However:

PROPOSITION 3.6. If (V},) is an IID sequence then for almost all realizations
of this sequence we have that X(H) = [-2,2] + Supp(Py) = {z+vy : = €
[—2,2], y € Supp(Py)}, where Py is the law of V.

PROOF. Recall the definion of H = Hy + V in (3.1). Let us first point out
that [—2,2] is the spectrum of the operator Hy as can be seen by direct com-
putation, plus some operator theory considerations. In fact it suffices to remark
that ||Holl = supy, =1 [Ho|| < 2 so %(Hy) C [-2,2] and, for ¢, = exp(ikn),
Hyyp = —2cos(k)v, so X(Hp) D [—2,2]. Note that ¢ & £, but if we define () by
setting (1), = ¥, /2L + 1if |n| < L and (¢1),, = 0 otherwise, then one readily
sees that || Hoyp™™ +2 cos(k)i ™| = O(1/v/L) which means that —2 cos(k) € X(H,).
Not only, this actually means that —2 cos(k) is not an isolated eigenvalue of finite
multiplicity (more on the spectrum of Hy in Remark 3.8). All of this is consequence
of the following fundamental result that we will repeatedly use (we give it in the
restricted framework of self-adjoint operators, see for example [26, Lemma 2.16 and
Lemma 6.17] for a proof and more):

LEMMA 3.7 (Weyl’s criterion). For T self-adjoint, A\ € 3(T) if and only if
there exists a sequence of (1), called “Weyl sequence”, with ||1,|| = 1 for every
n such that

lim [|(T = Ao = 0. (3.37)

Moreover, A € X(T) is not an isolated eigenvalue of finite multiplicity if and only
if there exists (1) with ||¢,|| = 1 such that (3.37) holds and lim,(p,,) = 0
for every ¢ such that ||| < oco. In this case (V) is called “singular Weyl
sequence”.
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The important part of the statement for us is the first one. The second part is
included as a sanity check: we stress that by isolated eigenvalue we mean isolated
in the whole spectrum, i.e. that there exists € > 0 such that Z(T)N{z: |z — A| <
e} = {A\}. But in reality we will prove Proposition 3.6, which implies that there is
no isolated point in 3(H) (otherwise said, no subset of the spectrum is discrete, or
that there is no discrete spectrum), without using the second part of Lemma 3.7.

The operator V instead is diagonal in the orthonormal basis (€*),cz, defined by
eF = 6,1 (Kronecker delta). If is then clear that, almost surely, the spectrum of V'
is Supp(Py ). Note that the spectrum of V' is never discrete, not even if the sequence
(Vi) takes only a finite number of values. This is due to the fact that there are
either eigenvectors of infinite multiplicity and/or the eigenvalues are not isolated.
This can is directly seen, but it is helpful to see it also through Lemma 3.7: for
example, if (V) takes only a finite number of values, the some value A is taken up
infinitely many times, i.e. Vi = X for k € I = {iy,is,...} C Z, |I| = co. So the
> or_, e /y/n forms a singular Weyl sequence (of eigenfunctions this time!).

Both Hy and V' are bounded self-adjoint operators, as H = Hy + V is. In
this context it is not difficult to see that max ¥(H) < maxX(H,) + max X(V) and
that min 3(H) > minX(Hy) + min (V). It is in fact a direct consequence of the
statement for self-adjoint operators (see [26, Th. 2.20])

maxX(T) = sup (¢,T¢) and minX(T) = inf (¢,TY). (3.38)
¥ [l|=1 Y lpll=1

Therefore ¥(H) C [—2,2] 4+ Supp(Py) is established. The opposite inclusion fol-
lows from the first part of Weyl criterion (Lemma 3.7)). In fact it is straightforward
to see that almost surely for every E € Supp(Py ), every L € N and every € > 0 one
can find N € Zsuch that V,, € [F—¢, E+¢] foreveryn = N+1, N+2,..., N+L. We
then consider, for k € [0,27), 1, = exp(ikn)/v/L) forn =N +1,N+2,...,N+ L,
and 1, = 0 otherwise. It is therefore easy to see that

I(H — EINy|| < e+0(1/VL), (3.39)

where the O(1/v/L) correction comes from the contribution near 0 and L. Therefore,
by choosing a sequence of (L,) going to oo and of (e,) that goes to zero we see that
E —2cos(k) belongs to X(H). This completes the proof, but we add the observation
that of course the Weyl sequence we built is singular, since there is no isolated point
in the spectrum. 0

Now we keep going for a while with (V,,) an arbitrary bounded real sequence.
Since H is a bounded operator, f(H) is directly defined for every polynomial func-
tion f(-) and, by approximation, the definition can be extended to f € C°(R;R).
Therefore, thanks to the Riesz-Markov Theorem, for every 1 € {5 there exists a
unique measure /i, — we call it spectral measure associated to 1 — such that

(F(HYb, ) = / Fg(dN) (3.40)

for every f € C°(R;R). Let us remark that the support of y, is contained in 3(H):
in fact, since the spectrum is a closed set, if Ay € R\ X(H) then A € R\ X(H)
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if |]A — Ag| < 9 for some § > 0. Hence C' := supy, | 5 <5 |(HY — A) 7| < oo and
therefore [, (N — A)?uy(dX) < C? which implies [ote JoON = A)2py(dN) dX <

Ao—€
2eC?. But f;ooj;()\’ — A)?2d)\ = oo for every N € (A\g — &, \g + €) and this implies
that [Lw(()\o — &, )\0 + E)) = 0.
In fact, f(H) is defined also for less regular functions, notably indicator functions
of measurable sets and we have

py(B) = (1p(H)Y, 1) , (3.41)

for every Borel subset B of R. Note that j, is a positive measure also if ¢ takes
complex values.

In the same way for every v, ¢ € ¢, we can introduce the measure p, , defined
by

which is a complex measure if ¢ and ¢ take values in C.

Another important result we borrow from functional analysis is that the Hilbert
space ¢ can be decomposed into three orthogonal subspaces that are H invariant:
with < to denote absolutely continuous with respect to and A the Lebesgue measure
on R we introduce

h* = {p €ly: py <A}, R = {p €ly: py £ X and py,({z}) =0Vze},

AP = {@D €ly: puy = chémj for a suitable choice of (¢;) and (:p])} . (3.43)
J
Note that here we have exploited the Lebesque decomposition of a measure:

foy = py + i+ (3.44)

i.e., that every measure on R can be written as sum of three mutually singular
measures: one absolutely continuous with respect to the Lebesgue measure, one
singular with respect to Lebesgue (but for which the measure of every point is zero)
and one that is pure point. We can therefore consider the spectrum of the restriction
of H to each one these three subspaces and

S(H) = SY(H)USS(H) U SP(H). (3.45)

In general these three spectra — absolutely continuous, singular, pure point — are
not disjoint.

REMARK 3.8. Let us discuss the spectrum of Hy as an example. The spectrum
of Hy can be understood in detail thanks to the fact that Hy (on l3) is unitarily

equivalent to the operator ﬁo on L% of [0,27) equipped with the Lebesque measure
defined by f[of(k:) = —2cos(k)f(k). The unitary operator that links the two spaces
is of course the Fourier Transform @Z(k) => exp(ikn), /v/21. By exploiting this
equivalence it becomes evident that [—2,2]° is not in the spectrum: to show that
Y(Hy) = [-2,2] requires in any case Weyl’s criterion (Lemma 3.7). But we can
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also make the spectral measure associated to 1 explicit. In fact for »p € fy and
t€[-2,2] = X(Hy)

27'(' o~
poll=o0.t) = (2g00) = [ PIPL 2emrze

arccos(—t/2) 2T R
-/ GwP e+ [ B(k)Pdk, (3.46)
0 2

m—arccos(—t/2)

so p s absolutely continuous with respect to the Lebesque measure with density

1—22)(t) (‘12;(arccos(—t/2)))2 + ‘QZ(QW — arccos(—t/Z))r) / (2 1— t2/4> .
(3.47)

Hence the spectrum of Hy is absolutely continuous: Y.(Hy) = X*(Hy) and X5(Hy) =
YP(Hy) = 0.

The definition (3.45) depends a priori on the choice of ¢. But it is possible to
make a canonical (and, in a sense, also optimal) choice for the spectral measure.
For this we recall the orthonormal basis (€)icz, defined by ef = §, , used above.
Note that (w,ek) = 1. Moreover we use the notations ji, for pien .« and p, for
ten. Here is our choice for the spectral measure:

M= fh—1+ Ho - (3.48)

Of course p is not a probability, but, since 1/2, is we will at times write p(d\)-
almost surely, referring to p/2. Recall now the definition of p,(\) and ¢,()) from
(3.10). In particular, Hp(\) = Ap(A) and Hq(\) = Ag(N).

LEMMA 3.9. p,(H)e® + q,(H)e ' = e for every n € Z.

PROOF. po(H) = q_1(H) is the identity operator and go(H) = p_1(H) is multi-
plication by 0. So the cases n = 0 and n = —1 hold. We then proceed by induction
in the two directions by exploiting that for every k we have

Heb = —eftt — b1 4 Vel (3.49)
So we want to show p,,(H)e®+ ¢, (H)e ' = e™ for m = n+1 if we know it for m = n
and m =n — 1, with n = 0,1,2,... (respectively, for m = n — 1 if we know it for

m=mnand m=n+1, withn = —1,-2,...). This is just a matter of applying H to
Pn(H)e® + g (H)e ™' = e™ and of using repeatedly (3.49). Here is one of the steps
(going down): we know the result for n and n+1 so Hp,(H)e’ + Hq,(H)e ' = He"
can be developed and reordered into

pnfl(H>eO + anl(H)eo - enil =
st (H)® — gt (H)e® + e+ 4 vn< W(H)e + g (H)e® — e”) . (3.50)

Since the right-hand side is zero by the induction assumption, the proof is complete.
O
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Here is why ¢ may be considered the spectral measure of interest for our problem.

LEMMA 3.10. For every ¢ € {5 we have that p, < p.

PROOF. First of all 0 = u(B) = u_1(B) + po(B) implies that
115(H)e||> = (15(H)e’, 15(H)e’) = (15(H)e,€’) = po(B) = 0,  (3.51)

so 1g(H)e? = 0 € fy and the very same argument yields also 15(H)e ! = 0. But
then Lemma 3.9 directly yields that 15(H)e™ = 0 for every n. Since (e™) is a basis
of /5 we directly have the claim (in fact, 15(H) = 0). O

PROPOSITION 3.11. We have that ¥*(H) = Supp(u®), XP(H) = Supp(uP)
and ¥5(H) = Supp(®). Moreover E is an eigenvalue of H (i.e., there ezists
Y € Ly non zero such that Hy = Ev) if and only if n({E}) > 0.

PROOF OF PROPOSITION 3.11. This is based on the first part of Weyl’s crite-
rion (Lemma 3.7).First of all we remark that for the three spectrum-support equal-
ities it suffices to give the argument for ¥ (H) = Supp(p): the same argument can
be repeated for the three different orthogonal spaces (that are H-invariant). So
E € ¥(H) if and only if lim, [(t — E)?uy, (dt) = 0 with ¢, € H and [j¢,] = 1,
i.e. py,(R) = 1. In particular we have that p,, = 0p. Now if E € ¥(H) then for
every € > 0 we have that p,, (E —e, E +¢)) > 1/2 for n sufficiently large, which
implies that pu((E — e, E +¢)) > 0 by Lemma 3.10, so £ €Supp(p). On the other
hand, if £ ¢ Supp(u) then p((E — ¢, E +¢)) = 0 for some £ > 0, hence, always by
Lemma 3.10, py,((E — €, E +¢)) = 0 for every n and therefore p,, # dg, hence
E ¢ Y(H).

We are left with showing that F is an eigenvalue of H if and only if u({E}) > 0.
We know that, for every ¢ € ly, ||(H — EN)Y|| = [(t — E)*uy(dt). So ¢ is an
eigenfunction with eigenvalue £ if an only if p,({E }B) = 0 or, equivalently, ft, o< 0p.
Therefore, by Lemma 3.10, 1 is an eigenfunction with eigenvalue F if an only if

n({E}) > 0. O

It is now practical to introduce a measure valued matrix associated to H:

M= ( Ho “—170) . (3.52)

Ho,—1  H—1

We note that this matrix is symmetric and that its trace is p. A less immediate
observation is that

fna 4E) = (o)t EDCa) (215 ) 3:5)
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which follows because for every Borelian B by Lemma 3.9 we have
fmn(B) = (1p(H)e™, ") = (1p(H)e™, 15(H)e")

= (pm(H)1p(H)e® + qu(H)1p(H)e ™", pp(H)1p(H)e" 4 g, (H)15(H)e ")

~ [ B Bo(AB) + [ an(E)an( Ei-a(aE)

= [ (Bl E) + pu(BNan(EDpio1(dE).
B
(3.54)
It is actually practical to use that M < p and work with the density M(-) of M
with respect to p. Without surprise, S(E) is symmetric p( dE)-almost everywhere.
Moreover it is also non negative (as a matrix), which is a direct consequence of the

fact that M(B) > 0 as a matrix, for every Borelian B, and this last fact follows by
observing that for every x € R?

(2, M(B)z) = atpo(B) + 2125 (10,1 (B) + pr_10(B)) + 250 1(B)

3.55
= ||I113(H)50+ZL‘2]_B(H)5_1|I2 2 0. ( )

We are now ready to prove an important result about generalized eigenvectors.

PROPOSITION 3.12. p(dE)-a.s. there exists ¢ such that Hiyp = Ev and, for
every £ > 0, U, = O(n2") for [n| = oc.

PROOF. In the whole proof we work p(dFE)-almost surely. As we have seen,
M (FE) is symmetric and non negative. Moreover, since the trace of M is the measure
w, the trace of M(FE) is one. So there exists a (real) orthogonal matrix A = A(FE)

such that
a 0 .
A <O b) A" (3.56)

with a >b>0and a+b =1, so a > 1/2. Therefore if we use (3.53) for n = m and
hiding the dependence on E we obtain

_ a 0\ . (pn
The key point now is to remark that the two entries of the vector (p,,q,)A, for
n € Z, are the solutions to Hy = Ev with conditions at the origin given by the
columns of A (recall (3.11)): this becomes clearer if we write write

(% o
A= (¢—1 @—1) , (3.58)

SO (,’l}na SOn) = (pna Qn)A> and ¢, = wn(E)a respectively ¢, = SOn(E)a is the solution
of Hy = Ev with 1y and ¥_; given, respectively solution of Hyp = F¢ with ¢, and
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w_1 given. Therefore we readily see that

A (5 )4 (2) = o (5 0) (0) 2 502 e

On the other hand ,(R) = (e",¢") = 1 so 3 [¢2dpu < 1 and therefore by the
Fubini-Tonelli Theorem for every e > 0 we have

[ e < 23 s < (3.60)

n#0 n#0
We can therefore conclude that pu( dE)-a.s.

Z—(%(E))z < o0, (3.61)

|n|1+6
n#0
and the proof is complete. O

We move now toward the characterization of the nature of the spectrum for H
in the disordered case, namely (V) and IID sequence of random variable that are
taking values in a bounded interval. V,, is of course defined on a probability space
(Q,F,P), so also H is a random variable on this space: w — H,. It is rather
straightforward to verify the measurability of w — H,, from §2 to the space of
bounded linear operators equipped with the operator norm. The result that we are
aiming at is that the spectrum of H is pure point:

THEOREM 3.13. If the law of V; is absolutely continuous with respect to the
Lebesgque measure and if its density is bounded, then X.(H) = ¥P(H), ¥*(H) =
Y%(H) = 0 and the eigenfunctions with eigenvalue E decay exponentially with
rate y(E) (the Lyapunov function associate to the sequence of random matrices

defined in (3.5)).

So the spectrum of H is made of eigenvalues. Of course the union of all the
eigenvalues are far from being the whole of ¥(H), but they are dense in X(H). In
this sense the following result may at first look surprising:

PROPOSITION 3.14. Choose any E € R. Then the probability that E is an
eigenvalue of H is zero.

PROOF. We consider the (self-adjoint) projection operator 1;gy(H). The trace
of a projection is the dimension of the target space and if the target space if of
dimension k£ then E is an eigenvalue of H of multiplicity k. So, by Remark 3.2,
Trace(1gy (H)) € {0,1}. Therefore'

1> E[Trace(lisy ()] = Y (L (H)e",¢") = 3 [({E))] . (3.6

In this step we use that u,({E}) is a random variable. This, i.e. measurability, is not obvious
a priori: a proof can be found for example in [1, Lemma 2.1, pp. 206-207]



3. OPERATOR VIEWPOINT ON LOCALIZATION 61

Translation invariance implies that E [u,,({£})] does not depend on n and therefore
E [u.({E})] = 0. Therefore p,,({E}) = 0 for every n, P(dw)-a.s.. Therefore
to({E}) = ow({E}) + —1.({E}) = 0 and (by Proposition 3.11), P(dw)-a.s., E is
not an eigenvalue of H,,. O

The next result approaches Theorem 3.13. Tt say that X*(H) = (). We state it
in an equivalent way: recall the Lebesgue decomposition (3.44) that we now apply

to u = py.

THEOREM 3.15. 12 (R) =0, P(dw)-a.s..

Actually, the proof says more, because it works with any fixed (i.e., non random)
measure, it does not need to be the Lebesgue measure. More precisely, it says
that given any measure v on R, P(dw)-a.s. there exists a Borel set B such that
v(R\ B) = 0 as well as p2(B) = 0. This is intriguing because we can choose
V = [, highlighting thus the wild dependence of p,, on w.

Proor. Consider the product measure space of {2 equipped with the probability
P and R with the Lebesgue measure. We set S, (w, E) =Y,,...Y;, with Y] defined
in (3.5), and y(F) is the Lyapunov exponent associated to this sequence: we know
that v(E) > 0 for every E (see Proposition 3.4). Introduce the measurable subset
of @ x R

1
W= {(w,E) o lim —log||Sh(w, E)|| = v(F) and E is not eigenvalue of Hw} .

(3.63)
Note that for every £ € R the map (random variable) w +— 1y (w, F) is almost
surely equal to one, that is P({w : (w, F) € W}) = 1. This is on one hand because
of Theorem 1.7 (with (3.9) for the n — —oo case) and, on the other, because of
Proposition 3.14. Therefore for every L > 0 (in reality it sufficed to consider L such
that [—L, L] contains ¥(H)) by the Fubini-Tonelli Theorem

oL = /[_m P{w: (w, E) € W})dE = /Q</[_m 1y (w, ) dE> P(dw).

(3.64)
But ka’L] lw(w, E)dE < 2L, hence P(dw)-a.s. ka’L] lw(w,E)dE = 2L. We
therefore consider for every w € (2

Ap, = {E€|-L,L]: (w,E) e W}, (3.65)

which, P(dw)-a.s., differs from [—L, L] only of a Lebesgue null set. But for £ € Ap,
we know that if ¢ solves H,1) = E1 then by Theorem A.3 (Oseledet’s Theorem)
we have that 1) either tends to infinity or to zero, but in both cases exponentially
fast. E is not an eigenvalue and therefore ¢ tends to infinity exponentially fast for
n — oo or for n — —oo (or both). Hence, by Proposition 3.12, p,(Ar.) = 0 (we
recall that p, = p is the spectral measure jg + p—; of H,). Since Ap, is of full
Lebesgue measure we see that p, is singular with respect to the Lebesgue measure



62 3. ON ANDERSON LOCALIZATION IN ONE DIMENSION

on [—L, L] (in the sense, that it concentrates on a Lebesgue set of measure zero).
The proof of Theorem 3.15 is therefore complete. 0



APPENDIX A

Birkhoff Ergodic Theorem

Let (X, B, u) a probability space and let T': X — X be a measure preserving
transformation, i.e. T is measurable and pu(T'A) = u(A) for every A € B. One
directly checks that ¢ = {A € B : u(T"'AAA) = 1} is a o-algebra. In particular,
if T is ergodic, then J is trivial.

THEOREM A.1 (Birkhoff Ergodic Theorem). For every f : X — R with
f e LYX,B, ) there exists a real valued function f, with f € LY (X, B, u), such
that we have u(dz)-a.s.

lim fx)+ f(Tz) + ...+ f(T" 'z)

n—oo n

= f(2), (A1)

and the convergence holds also in L'(X, B, ). Moreover f is the conditional
expectation of f with respect to 4, that is f is measurable with respect to 9 and

fAfd,u:fAfd,ufor every A€ d.

Proofs of the Birkhoff Ergodic Theorem may be found for example in [2, Ch. 6,
Th. 6.1, pp. 113-115 | and [24, Ch. 5, Sec. 3, pp. 409-411]. There only the a.s.
convergence is stated. The LL! convergence can be extracted from the a.s. result
by replacing f with f; = f1;_p 1) € L*, so if we call Sf,(x) the normalized sum
in the left-hand side of (A.1), we have that lim, Sy, » = fo a.s. and in L' (by
Dominated Convergence). Dominated Convergence also yields limy, o || f — fr|1 =

limy, [o [f]15>2 dpe = 0. Now it suffices to use
1S5 = Il < WS5m = Spally + [[Ssm = fell, + e =l s (A2)

and we have seen that the middle of the three terms in the right-hand side vanishes
as n — oo for every fixed L. By the measure preserving property and the triangular
inequality we readily see that the first term is bounded by ||f — frl1 < e for L
sufficiently large. And Jensen inequality applied to the conditional expectation
yields HfL — le < ||f = frll1 so also this term is bounded by ¢ for L large. Hence

for every € > 0 we have lim sup,, Hvan — le < 2¢ and we are done.

Birkhoff Ergodic Theorem holds also just assuming that fR frdp < oo: in this
case of course the limit is not necessarily in L' and one has to give up ! convergence.
Note that the conditional expectation of f with respect to ¢ is well defined as the
difference of the conditional expectation of f; (which is in ') and of the conditional
expectation of f_ (which is non-negative).
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COROLLARY A.2. For every f : X — R with fR frdp < 0o we have that
p(dx)-a.s.

i f(x) + f(Tx) tz L) A3)

where f is the conditional expectation of f with respect to d.

ProoF. With E,[] for the expectation on (X, B, i), in particular f = E,[f|9],
we introduce for L > 0 the event Ay := {z: E,[f|9](x) > —L} € 4. So for x € Ay,
we have E,[f_|9)(x) < L+ E,[f]9](), hence E,[f-14,] = Eu[B,[/-|9]1,] <
L+ E,[f+]. Therefore g := f1,, € L' and by Theorem A.1 we have that a.s.
lim, S,,, = E[g|9] = E[f|9]14,. On the other hand, since A € 9, we readily see
that p(dx)-a.s.

fx)+ f(Tz) + ...+ f(T" 'z)
Syn(z) = ) ) " ( 14, (2), (A.4)
and therefore, with A, := U Ay, we have that p(dx)-a.s.

f(x)+ f(Tz) + ...+ f(T" o)

lim . Lin() = BAI9)@)1a(@).  (A5)
On the other hand, for 2 € A%, we have E,[f|9](z) = —oo (equivalently, E,[f_|9](z) =
00), so we are left with showing that a.s lim,, Sf,1 At = —00l 0 or, equivalently,

that lim, Sy ,14 = 00l,s . By using that AC € g we see that it suffices to
show that a.s. lim, Sy, = 00l ¢ where this time we used g := f_1,; . But what
Theorem A.1 tells us is that for every L > 0 a.s.

liminf Sy, = lim Syrrn = Eu[gAL[I] = E, [f-ANL|I]1 4 . (A.6)

By the Monotone Convergence we pass to the L — oo limit and the rightmost term
becomes 001 4¢ , so the proot of the corollary is complete. O

The following form of the result known as Oseledets Theorem is stated in [1,
Prop. 1.1, p. 188-189]. It does not involve any probability, just linear algebra. The
proof given here is a mild adaptation of the one in [27].

THEOREM A.3. Let Y7,Ys, ... be two by two real matrices with absolute value
of determinant equal to 1 and such that

(1) lim,(1/n)log ||Y,.Y,—1 ... Y1|| =~ > 0;
(2) lim, (log ||Y,||)/n = 0.
Then there exists a vector V' # 0 such that

1
lim —log [|Y,.Y,—1... YAV = —v, (A7)
non
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and for every vector U # 0 which is not collinear with V, i.e. U # V., we have
1

lim —log [|Y,.Y,—1... Y1U|| = 7. (A.8)
non

PrROOF. We set M,, :=Y,Y,_1...Y1. Since ||M,]||, which we may assume to be
larger than 1 without loss of generality, is the square root of the larger of the two
eigenvalues of MM, and since the product of the two eigenvalues is one, we see
that, if we call U,, the eigenvector corresponding to the larger eigenvalue and V,, the
other eigenvector (we choose [|V,,|| = ||Uy,|| = 1), we have

IMpUpll = [[My] and  [[ML Vo] = 1/[| M| (A.9)

Let us stress that V,, and U,, are orthogonal. Moreover note that the normalization
does not identify U, and V,,, but rather +£U,, and £V,,. It is about this sign that we
are going to refer to in the rest of the proof when saying by a suitable choice of the
54gNs.

Recall that, for z,y € R\ {0} we use on the projective space the distance d(z,y)
which is the absolute value of the sine of the angle between the two rays. For ease
of notation we write d(z,y) for d(Z, 7).

The crucial claim is that

1
limsup —logd (V,,, V1) < —27. (A.10)
no N

In fact, from (A.10) one easily obtains that the convergence lim, V,, =: V in the
projective space, or, equivalently, lim, V,, = V in R? with a suitable choice of the
signs. This is because (V) is a Cauchy sequence: d (V,,,V,,41) < exp(—cn) for any
¢ < 2y and n sufficiently large. So there exists C' > 0 such that d (V,,, Vi) <
Cexp(—cn) for every m € N. This also implies that d (V,,,V) < Cexp(—cn), in
particular

1
limsup —logd (V,,,V) < —27. (A.11)
n n

Let us give a proof of (A.10). For this we call 6,, the angle angle between V,, and
Vi1. We can write V,, as linear combination of U,,; and V,41:

Vi, = cos(0,,) Vg1 +sin(0,)Up 1 - (A.12)
By using the fact that also M,,11V,+1 L M, 11U,+1 we obtain
[ M1 Vol = [sin(@n)[[| My 1Unsa || > [sin(0,)|[| M|l (A.13)
and
[ M1 Vall < IYaialIMaVall = Yol 1Ml (A.14)
Therefore
: R
|sin(6,)] < ————, (A.15)
(Mo [ | M1 |

and by exploiting both the assumptions (1) and (2) of Theorem A.3 we see that the
superior limit of (1/n)log|sin(d,)| is not larger than —2+ and (A.10) is proven.
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The next step is showing that V' is contracted by M,, at the same exponential
rate as V,,, that is

1
limﬁlogHMnVH = —7, (A.16)

which is (A.7). To show this we now redefine 6,, to be the angle between V' and
Vo, so V' = cos(6,,)V,, + sin(6,,)U,, (here again, a choice of the signs is made) and
by exploiting once again the orthogonality of M,V,, and M,U, and /2?2 + 23 <
|z1] + |x2| we see that

M V| < [ cos(0n)[[| M Vall + [sin(6n)[ || MnUn |

cos(0,, .
_ LeosOIl o

|| M| (A.17)

1
< m +d(V, V)| M, < e~ (1mem 4 e 20—ein rtein
where we have used |sin(f,)| = d(V,V,) and the last step, which holds for every
e > 0 and for n sufficiently large, follows from (A.11) and the hypothesis on the
asymptotic behavior of ||[M,||. Therefore (A.16) is established.

We are therefore left with showing (A.8). But for this is sufficient to remark, since
Vi, L U,, also (U,) converges (in the projective space) to V-, at the same exponential
speed (even if we will not use that). Therefore if we write V4 = aV,, + bU,, for n
large we have |b| close to one and a close to zero. Therefore for n large |a| is bounded
away from zero and this suffices to conclude that lim,,(1/n)log || M, V*]|| = v. Since
the vector U that appears in (A.8) can also be written as aV +bV+ with b # 0, the
proof is complete. H
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Regularity of Lyapunov exponents

Let us start with an example (due to H. Furstenberg and Y. Kiefer [15] that
shows that the Lyapunov exponent is, in general, not a continuous function of the
law of the random matrices. Consider in fact the Lyapunov exponent v(p) of the
product of the random matrices (M;X; + My(1 — Xj)), with (X;) IID Bernoulli
random variables of parametr p and

M, = (8 19@) and M, := (1% 8) (B.1)

and @ > 1 and b > 0 two constants. This is not a nice random matrix sequence
because it does not satisfy irrreducibility: in fact the union of the x and y axes is
stable under the action of the group generated by M; and Ms. On the other hand,
it is not difficult to compute v(p) and see that

LEMMA B.1. v(p) =0 for p € [0,1).

On the other hand, it is evident that v(1) = loga > 0. Hence p — ~v(p) has a
discontinuity at 1.

PrROOF. The Markov chain underlying this matrix product is very simple if we
start from the unit vectors of the two axes (and of course we can recover the general
case by superposition, so let us focus on them). If one starts from (1,0)* with
probability p this direction is preserved and the length is multiplied by a. With
probability 1 — p instead we step to (0,1)*, and the vector is multiplied by b. The
dynamics is similar from this other state, except that a is replaced by 1/a and b by
1/b. Therefore if introduce the sequence of random times 7, = inf{n : X; = 0} then
one easily infers that

M

M

1 j 1
Toj—1- - M,y (0) = aZkZI Y (O) ) (BQ)

where (Y;) is a sequence of IID random variables and Y; ~ G — G’, where G and G’
are two independent Geometric random variables of parameter p, i.e. the probability
that Gisn=0,1,...1is p"(1 — p). In the same way we see that

Moy, My, 1 ... My (?) = a~ Th= Vi ((1)) . (B.3)

But Zi::l Y} /Vk converges in law toward a Gaussian random variable and one can
apply an iterated logarithm result to get to a sharp estimate. Here we just content
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ourselves with the Law of Large Numbers that tells us that lim; Zi:l Yi/k =0 as.
and in ! that is telling us that

1
~log <(1,0)J\472j1\4ﬁ,j1...M1 (é)) — 0, (B.4)

a.s. and in L'. The very same result holds with (1,0) replaced by (0,1). Since
the case of cross products clearly yield zero, we readily see that we can also replace
(1,0) with (1,1) and this is a norm of the matrix product because we are multiplying
matrices with non-negative entries.

Therefore the proof of Lemma B.1 is complete. 0

Here is a general result that shows that some regularity (upper semi-continuity)
does hold under rather minimal conditions. We write v(u) for the Lyapunov expo-
nent of (Y,,) IID and p is the law of Y].

PROPOSITION B.2. For every sequence () of probabilities on G such that,
using Y™ for a random variable with law i, we have
(1) (log Y ™) is uniformly integrable;
(2) (Y™) converges in law toward Y ~ p;
then
limsup y(pn) < (1) - (B.5)

n—oo

Continuity holds if we are under the hypotheses of Theorem 1.7:

PROPOSITION B.3. With the same notations of Proposition B.2, if
(1) the probability that det(Y (V) = 1 is one;
(2) (Y™) converges in law toward Y ~ p and Y satisfies the assumptions
of Theorem 1.7 (i.e., non compactness and irreducibility);
(3) (log. Y ™) is uniformly integrable;
then
lim y(pn) = v(p) - (B.6)

n—0o0

Next we state a somewhat general result, which is a very special case of the
general result due to D. Ruelle [23]. We work as usual in R?: we need the notion
of a proper convex cone (we will simply say: cone) which in R? is simply a subset

{0} U{y e R\ {0}: d(Z,5) <1—0} foran x # 0 and a § € (0, 1).

THEOREM B.4. We consider a sequence ((Yy,, M,)) of IID GLy(R) x M,(R)
random variables. We assume that
(1) log |[Y1]| € L;
(2) there exists two cones Cy and Cq, with Cy strictly contained in Cy such
that if x € Cq, then P(Yiz € Cy) = 1;
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(8) there exists ¢ > 0 such that P(||Mq]||/]|Y1]| <¢) =1;

then the top Lyapunov exponent v(0) associated to (Y, + dM,) is well defined
for every § € R. Moreover § — ~(0) is real analytic for § in a neighborhood of
0.

PROOF. The conditions yield that ||Y14+0M; || < (14[6|c)||Y1]], hence E[log, Y+
dM,||] < oco. This is sufficient to define v(d) (Definition 1.3). For the rest we apply
[7, Theorem 1.3]: note in particular that for ¢ small we have that E[|log ||Y, +
SM,||]] < oco. O

As an application we consider the Lyapunov exponent v(¢) associated to (7}) in

(2.27);
T = (;Zj Zi) , (B.7)

with (Z;) IID and log Z; € L'. We have that:

COROLLARY B.5. With the definitions we have just introduced, € — ~(¢) is
real analytic in e € (—1,1)\ {0}.

PROOF. For this it suffices to choose an arbitrary € # 0 (without loss of gen-
erality we choose ¢ > 0). We are going to work with Y; = T in Theorem B.4

and 0 7
_ j
w-(03) -
We are exploiting here the fact that the Lyapunov exponent is the same if we consider
the transpose of the matrices.
Hypothesis (1) is obvious. Let us focus on (2) and (3).
For (2) we choose C; = {x : #y > 0 and 2o > 0} U {z : 2; < 0 and 25 < 0},
i.e. the first and third quadrant. The we observed that the action of ¥ =Y} sends
r:=xy/x1 to (e + Zr)/(1 4+ €Zr) and for every z,r € (0, 00)

— 2 _ 22
c< e 1+zr(1 %) _eter 1 - 1—¢ Sl, (B.9)
e(l+ezr) l+ezr ¢ 1+ezr £

so the cone C; is contracted into the cone that is between the line with angle
arctan(e) with the = axis and the line with angle with angle arctan(1/e) with the
same axis.

For (3) a straightforward computation yields

17> = % ((1 + (14 2% + V(1 +e2)2(1 4 22)2 — 422(1 — 52)2>

1
> 5(1+52)(1+Z2),
and ||M|| = Z. So |M||/I|T|| = | M]|/[IT=|| < 2. O

(B.10)






APPENDIX C

Some statistical mechanics

We start by working on a finite set A and H : {—1,1}* — R. We set for 8 > 0

ex H(o )
ps(o) = %B(” with Zyg == Y exp (BH(o)) - (C.1)
The free energy density is
1
FA(B) = WIOgZA,B. (C2)

By Jensen inequality for every probability v on {—1,1}4

log Zrp = logz M < BZ Zy(a) logv(o), (C.3)

o

from which we obtain the variational formula

Fa(B) = mln (BZ \A| ]A] Z )logv(o ) ) (C.4)

because equality holds for v = pig:

<BZ rA| ﬁzuﬁwﬂogum). (C.5)

Let us introduce a formalism to make the partition function more explicit: for
n <m and oy,0, € {—1,1} we introduce

Zn,m,ar,U, = Z eXp (‘] Z 0j-10j + Zh g]) (C6>
m+1}

O'G{—l,l}{n ,,,,, j= =n-+1

where 0, = o, and 0,,.1 = o, are the boundary conditions. We identify in what
follows the spin up ¢ = 41 with the column vector (1,0)* and the spin down o = —1
with the column vector (0,1)*. So

Znmoyo, = 04 dnt1 ... Tho, (C.7)

6J+hj €_J+hj
T; = (—J—hj ol | (C.8)

with

e
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Let us apply (C.5) to the one dimensional Ising case with h = 0. In this case

the matrix is
el e’ 1 e
(e‘J eJ) =/ (I+e) [ e T (C.9)

1+e=2/ 14e=2J

With p = e/ /(1 +e72/) we see that the entropy contribution gives for renewal
with inter-arrival K(-) and then for K(n) = (1 —p)"'p

2y K (n)log K(n)
2 i (n)
This means that the free energy is for J — oo
027 027 027 027
2J1 - 1 -
J+ Jog(l_l_eQJ) 1+672J Og(1+62J)+1+62J+O(6 )
=J+e*+0(e*). (C11)

= plogp+ (1 —p)log(l —p) = plogp—p+O(p*). (C.10)

Now we repeat the computation for a more generic K (-) for which ) nK(n) ~
CJ?. For the free energy we obtain

B 2J ~ 2. K(n)log K(n)
CJ2(1+0(1)) CJ2(1+0(1)) ~’
so if K(n)=(1—p)"'p, then p ~ 1/(CJ?)

J (C.12)
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