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DISTRIBUTION OF RESONANCES FOR OPEN QUANTUM MAPS

STEPHANE NONNENMACHER AND MACIEJ ZWORSKI

1. INTRODUCTION

1.1. Statement of the results. In this paper we analyze simple models of classical chaotic
open systems and of their quantizations. They provide a numerical confirmation of the
fractal Weyl law for the density of quantum resonances of such systems. The exponent in
that law is related to the dimension of the classical repeller of the system. In a simplified
model, a rigorous argument gives the full resonance spectrum, which satisfies the fractal
Weyl law. Our model is similar to models recently studied in atomic and mesoscopic
physics (see §2.4 below). Before stating the main result we remark that in this paper we
use mathematicians’ notation h for what the physicists call h. That is partly to stress that
our h is a small parameter in asymptotic analysis, not necessarily interpreted as the Planck
constant.

Theorem 1. There exist families of symplectic relations, B C T? x T2, and of their
(subunitary) quantization, B, € L(CN), N = (2rh)~!, such that

#{\ € Spec(By) : [N >7} =c(r) ™" +o(h7"),
r>0, h=h,=2rD"!' -0, k— o0,
v=dim (T_(B)NW(B)), c(r)=(2m) "X, ("), 0<ro(B)<1,

where the integer parameter D > 1 depends on B. The set T_(E) C T? is the forward

trapped set of B and W, (B) is the unstable manifold of B at any point of I _(B). The
eigenvalues are counted with multiplicities.

In the model discussed in detail we took D = 3. The asymptotics are actually much
more precise and include uniform angular distribution (see Prop. f.-§). The resonances lie
on a lattice, and some of this structure is also seen in numerically computed more generic
situations (some numerical results have been presented in [0, BY, BJ)). Each symplectic
relation B (or “multivalued symplectic map”) is defined together with the probabilities,
for any point, to be mapped to each of its images: B thus represents a certain stochastic
process. The quantizations By quantize the relations together with their jump probabilities

in the precise sense given in §f.4.
1
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In the models used in Theorem [[] we can compute the conductance and the shot noise
power (or the closely related Fano factor) — see §2.4.3 and references given there for physics
background and §ff for precise definitions.

Theorem 2. Suppose that the models in Theorem [ have the openings consisting of two
“leads” of equal width (see §6.1 for a detailed description), so that each lead carries the
same number, M(h) ~ h, of scattering channels. Then, the quantum conductance (b.9)
between the two leads satisfies

1
(1.1) ymziMmﬂHmu»,h:m—m.
The Fano factor (6.3) is given by

11 M(h)

(1.2) F0) = 5 0]

(1+0(1)), h=h,—0,
where the exponent v is the same as in Theorem [

The theorem should be interpreted as follows. In ([LI) we see that for a model of
scattering through a chaotic cavity, approximately one half of the scattering channels get
transmitted from one lead to the other, the other half being reflected back (this is natural
and well known). Asymptotics in ([.3) are more interesting. We see that the fractal
Weyl law, h™, appears in the expression for the Fano factor. In the interpretation of the
Fano factor in terms of “shot noise” (see §P.4.3), 11/80 gives the average “shot noise” per
“nonclassical transmission channel”. This number is close to the random matrix theory
prediction for this quantity, namely 1/8 2§, F7q]. In fact, had ([-J) come from a physical
experiment rather than an asymptotic computation, it would be regarded as being in a
very good agreement with random matrix theory?.

Much of the paper is devoted to rigorous definitions of the objects appearing in the
statements of the two theorems. In this section we give some general indications, with
detailed references to previous works appearing below.

We consider the two-torus T? = [0,1) x [0,1) as our classical phase (with coordinates
p = (q,p)). Classical observables are functions on T? and classical dynamics is given in
terms of relations, B C T? x T?, which are unions of truncated graphs of symplectic (area
and orientation preserving) maps T? — T?. An example is given by the baker’s relation

N q =3q, P =p/3, 0<¢<1/3

This is a “rectangular horseshoe” modeling a Poincaré map of a chaotic open system: some
points (here {p : 1/3 < ¢ <2/3}) are thrown out “to infinity” at each iteration.

IWe are grateful to Yan Fyodorov for this amusing comment.
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For relations such as B we can define the forward and backward trapped sets (see (B.4)
for the definition in the case of flows):

pel_ < Hpi}Zo, m=p, (pipi1)€B, j>0,

peli & Hpl— o, po=0r, (pjipj1) €B, j<0.

In the example ([C3), T- = C x [0,1), Ty = [0,1) x C, where C'is the usual —Cantor set.
We also define the trapped set K = I', NI'_ and, at points of K, the stable and unstable
manifolds, W.. In the case of the above baker’s relation,

1 log 2
y=dimI_NW, = >dimK = dimT, N\W_ = —=>=

2 log 3
but for general (possibly multivalued) relations these equalities do not hold.

A quantization (in the sense made rigorous in §f.5) of B is given by

Fniz 00
(1.4) B,=Fs| 0 0 0 , h=(27N)"', 3|N,
0 0 Fnys

where F,, is the discrete Fourier transform on CM.

N=3"|r=01|r=02|r=03|r=04|r=05|r=06|r=07|r=0..8
k=1 5 5 5 5 5 4 3 3
k=2 14 14 10 9 8 8 7 6
k=3 |32 26 23 19 16 16 14 5

k= 63 53 45 40 33 33 30 6

k= 124 103 85 78 71 65 63 11
k=6 |237 196 161 150 142 131 128 12

TABLE 1. Number of eigenvalues of By, in the regions { |A| > r }, for 2nh =
1/N, N given by powers of 3.

Table P} shows the analogies between the eigenvalues of this subunitary quantum map
and the resonances of a Schrodinger operator for a scattering situation (see §P.1]).

For B), given by ([[.4) we are unable to prove the fractal Weyl law presented in the
last line of Table P, but numerical results strongly support its validity [E0]. A striking
illustration is given by tripling N, in which case the number of eigenvalues approximately
doubles, in agreement with the fractal Weyl law — see Table [.
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The family of subunitary quantum maps in the main theorem is obtained by simplifying
By, and is described explicitly in (B-2). It is a quantization of a more complicated multival-
ued relation for which Ty, =T?, T'_ = C x [0,1), and I'_NW, ~ C — see Proposition [.1]
Theorem [J] follows from the more precise Proposition p.4.

1.2. Organization of the paper. In §f] we present related results from recent mathe-
matical, numerical, and physics literature. In particular, in §2.4.3 we give the physical
motivation for the objects appearing in Theorem P above. §f is devoted to the review of
classical dynamics used in our models, stressing the dynamics of open baker’s relations.

In §f] we first review the quantization of tori. We assume the knowledge of semiclas-
sical quantization in 7*R" (pseudodifferential operators) but otherwise the presentation
is self contained. The definitions of Lagrangian states associated to smooth and singular
Lagrangian submanifolds is based on the ideas of Guillemin, Hérmander, Melrose, and
Uhlmann in microlocal analysis but, partly due to technical differences, we give direct
proofs of the properties we need in this paper. These properties are used to analyze the
quantizations of the baker’s relation coming from the work of Balazs, Voros, Saraceno and
Vallejos.

Numerical results for the (usual) quantization of the open baker’s relation have been
presented in [A0], we briefly summarize them in §L.6. In §f§ we discuss the toy model
Eh, with two different interpretations. That section contains the proof of Theorem [
Finally in §f we give precise definitions of objects appearing in Theorem P] and in a lengthy
computation we give its proof.

Acknowledgments. We are grateful to Christof Thiele and Terry Tao for pointing out the
“Walsh” interpretation of our toy model, and to the anonymous referee for his comments.
The first author thanks Marcos Saraceno for his insights on that model, and André Voros
for interesting questions. He is also grateful to UC Berkeley for the hospitality in April
2004. Generous support of both authors by the National Science Foundation under the
grant DMS-0200732 is also gratefully acknowledged.

2. MOTIVATION AND BACKGROUND

In this section we discuss motivating topics in mathematics and theoretical physics, and
survey related results.

2.1. Schrodinger operators. The original motivation comes from the study of resonances
in potential scattering. The simplest case is given by considering the following quantum
Hamiltonian:

(2.1) H=-PA+V(), VeC RY,R).

By assuming that the potential vanishes near infinity and that it is infinitely differentiable,
we eliminate the need for technical assumptions — see [ and [pJ] for more general
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settings, in the analytic and C* categories respectively. For instance, as noted in [0,
(c.32)-(c.33)] the theory of P9 applies to arbitrary homogeneous polynomial potentials at
nondegenerate energy levels.

h—0 N = (2rh)™' — oo
xexp (—it(=h*A+V)/h)x, t >0, Bt t=0,1,--
X a cut-off on the interaction region Bj, a subunitary matrix

e~z/h 5 a resonance of H = —h2A +V A X\ an eigenvalue of By, € L(CV)

z € [E — h,E+ h] —i[0,~vh] 1>|A>r>0

#{z € [E—h,E+h]—i]0,vh]} ~ C(y)hHe #H{N N >r}~ Cr)NY

TABLE 2. Analogies between Schrodinger propagators and open quantum maps.

Before discussing open systems we recall the well known results for closed systems, ob-
tained for instance by considering H above on a bounded domain 2 C R™ and imposing
a self-adjoint boundary condition at J2 (Dirichlet or Neumann). Then the spectrum,
Spec(H), of H is discrete and, at a non-degenerate energy level E its density is described
by the celebrated Weyl law:

1

22 #{Spec() N [E 6B 48]} = o / /| vy 10 O,

see [[4, B3 and references given there. We note that this implies a precise upper bound
(2.3) #{Spec(H)N[E —Ch,E+Ch]} =O(h'™),
which can be improved further by making assumptions on the classical flow of the Hamil-

tonian p* + V(q) on €, see [[4, BF].

For open systems, with the simplest example given by the Hamiltonian in (R.1]), real eigen-
values are replaced by complex resonances. The simplest definition (easily made rigorous
in the case (P.J])) comes from considering the meromorphic continuation of the resolvent.
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Defining the Green’s function G(z, ¢, q) for Im z > 0 through
(z—H /quq (@) dq, weCER"),

then G(z, ¢, q) admits a meromorphic continuation in z across the real axis. Its poles for
Im z < 0 (which do not depend on (¢, q)) are the quantum resonances of H.

Counting of resonances is affected by the dynamical structure of the scatterer much more
dramatically than counting of eigenvalues of closed systems. Since we are now counting
points in the complex plane we need to make geometric choices dictated by dynamical and
physical considerations. Here we consider scatterers and energies exhibiting a hyperbolic
classical flow, and regions in the lower half-plane which lie at a distance proportional to
h from the real axis. This choice is motivated as follows. Quantum mechanics interprets
a resonance at z = F — iy in terms of a metastable state, which decays proportionally to
exp(—ty/h). Hence for v > h the decay is so rapid that the state is invisible. On the
other hand, for many chaotic scatterers there are no resonances with v < h. One class for
which this is known rigorously consists in the Laplacian on co-compact quotients H"/T",
H = —h*Agnr, when the dimension of the limit set satisfies §(I") < (n—1)/2. This follows
from the work of Patterson and Sullivan — see the discussion below and [B7].

After a complex deformation (see [B3] and references given there) the long living quantum
states should semiclassically concentrate on the set of phase space points which do not
escape to infinity, that is on the trapped set Kg defined as follows: let =y be the Hamilton
vector field of the Hamiltonian H(q,p) = p*/2 + V(q):

Zn = ij i; — Og;,V ()0, -

Then
def

(2.4) Kg =T, (E)NT_(F), with the forward/backward trapped sets

T.(E) = {p€Sp : exptZy(p) /0o, Ft — oo}

Suppose that the flow generated by Zp is hyperbolic near Kz for E’ close to a non-
degenerate energy E. That means that the field =g does not vanish on the energy surfaces
Y ={p*+V(q) =FE} CT*R" for E' ~ E, and that for p € ¥p near K,

T)Xe =REu(p) ® E4(p) ® E_(p),

Yp 3 pr— Ey(p) CT,Xp is continuous,
d(expt 2y )(Ex(p)) = Ex(expt Zu(p)),

|d(exptZp)(X)|| < Ce*M|| X, for all X € E.(p), ¥t > 0.

(2.5)

Weaker assumptions are possible — see [B5(, §5] and [B3, §7].
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Typically, the set Kg has a fractal structure and in the semiclassical estimates the
Minkowski dimension naturally appears:
dim K =2n — 1 —sup {c : limsupe “vol{p € Xy : dist(Kp,p) <€} <oo}.
e—0
We say that Kg is of pure dimension if the supremum is attained. For simplicity of the
presentation we assume that this is the case.

Under these assumptions the estimate (R.3) has an analogue for chaotic open systems
B3]. For Cy > 0 there exists C; such that

(2.6) #{Res(H)N{z : |z—E|<Coh}} < Cih™"7, dim K =2up + 1.

We notice that for a closed system the trapped set is the entire energy surface, so that
in that case ug = n — 1, hence (B.f) is consistent with (B.J). In this note we use open
quantum maps to provide the first evidence that this precise estimate is optimal.

We should also mention that, as was already stressed in the work of Sjostrand [BQ], the
estimates involving the dimension are only reasonable when the flow is strictly hyperbolic.
In the case of more complicated flows the estimates should be stated in terms of properties
of escape or Lyapunov functions associated to the flow — see [B0, 3. For expository reasons
the estimates involving the dimension are however most persuasive.

2.2. Survey of related results. The first indication that fractal dimensions enter into
counting laws for quantum resonances of chaotic open systems appears in a result of

Sjostrand [pQ]:

N

M " i
(2.7) #H{Res(H) N {2+ |2 =B <9, Im2>—v}}3015<5) v

Ch<~<1/C, max(hz h/y)<6<2/C,

where m is any number greater than the dimension of the trapped set in the shell H~!(E —
1/Cy, E+1/C5). In a homogeneous situation, such as for instance obstacle scattering, the
dimension of Kg, 2ug + 1, is independent of E, so that m > 2(ug + 1).

The improvement in [BJ] quoted in (B.G) lies in providing a bound for the number of
resonances in a smaller region D(E,Ch) ={z € C : |z — E| < Ch }. Heuristic arguments
suggesting that the estimate (P.7) should be optimal were given in [B]] and [BZ].

Another class of Hamiltonians with chaotic classical flows and fractal trapped sets is
given by Laplacians on convex co-compact quotients, H/T". Here I" is a discrete subgroup
of isometries of the hyperbolic plane H, such that

e All elements v € I' are hyperbolic, which means that their action on H can be
represented as

(2.8) aoyoat(z,y)=eD(z,y), (z,y) eH~R. xR, «oc Aut(H).
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o If 7:H — H/I', and A(I") C OH is the limit set of I', that is the set of limit points
of {y(2) : v € '}, z € H, then 7(convex hull A(T")) is compact.

The trapped set is determined by A(T"): trapped trajectories are given by geodesics con-
necting two points of A(I") at infinity, and

dimKg =2r+1, or=dimA(T).
The limit set is always of pure dimension, which coincides with its Hausdorff dimension.
A nice feature of this model is the exact correspondence between the resonances of
H = h*(—Agr — 1/4),
and the zeros of the Selberg zeta function, Zr(s)*:
(2.9) z€Res(H) <= Zr(s)=0, z=h*s(1—s)—1/4), Res <,

where the multiplicities of zeros and resonances agree. The Selberg zeta function is defined
by the analytic continuation of

CTITI (- e O0) | Res > o

{7} k20

where {7} denotes a conjugacy class of a primitive element v € I' (an element which is
not a power of another element), and we take a product over distinct primitive conjugacy
classes (each of which corresponds to a primitive closed orbit). The length ¢(vy) of the
corresponding closed orbit appears in (R.§). The exact analogue of (B.q) is given by

(2.10) #{s : Zp(s)=0, Res>—Cy, r<Ims<r+0C}<Cyr’r

which is a consequence of an estimate established by Guillopé-Lin-Zworski [B(] in a more
general setting of convex co-compact Schottky groups in any dimension,

(2.11) |Zr(s)| < Ck el Res > —K, for any K.
This improved earlier estimates of [BJ], the proof of which was largely based on [B(].

In the (non-quantum) context of rational maps on the complex plane, similar results were
obtained concerning the zeros of associated zeta functions [[1], f4]. Take f a uniformly
expanding rational map on C (for instance z — 2% + ¢, ¢ < —2), and call f" its n-fold
composition. The zeta function associated with this map is given by

(/") (2) 77
(2.12) Z(s) = exp n- Y () -1
nZl fn(zz)zl—w)(zﬂ

2We refer to [iJ] for this and a general treatment. The term 1 in the definition of the Hamiltonian H

comes from requiring that the bottom of the spectrum of H is 0, so that Green’s function (H — \?)~1 is
meromorphic in A € C
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Then the number or resonances in a strip is also given by a law of the type (B.10), where
or is replaced by the dimension of the Julia set:

J=J{z : f1(2) =2}

Note that this set is also made of “trapped orbits”.

2.3. Survey of numerical results. The first model investigated numerically was perhaps
the hardest to give definitive results. Lin [B0, B studied the semiclassical Schrodinger
Hamiltonian (B.J]) with a potential made of 3 Gaussian “bumps”. The semiclassical res-
onances were computed using the method of complex scaling and were counted in boxes
of type [E — §, E + 0] — i[0,h] with ¢ fixed. The purpose was to verify optimality of
Sjostrand’s estimate (P.7)) with these parameters. The results were encouraging but not
conclusive. Since for small values of h the method of [B] required the use of large matrices
to discretize the Hamiltonians, the range of h’s was rather limited.

A different point of view was taken by Lu-Sridhar-Zworski [BZ] where resonances for
the three discs scatterer in the plane were computed using the semiclassical zeta function
of Eckhardt-Cvitanovié¢, Gaspard, and others (see for instance [[3, [, E§] and references
therein). The zeta function is computed using the cycle expansion method loosely based
on the Ruelle theory of dynamical zeta functions. Although it is not rigorously known if
the resonances computed by this method approximate resonances of the Dirichlet Lapla-
cian in the exterior of the discs, or even if the semiclassical zeta function has an analytic
continuation, proceeding this way is widely accepted in the physics literature. Resonances
2z = h? k? were counted in regions

(2.13) {keC :1<Rek<r, Imk>—-y}, r— oo,

which under semiclassical rescaling correspond to counting in [1/2,2] — ¢[0,vh/2], h — 0.
Let us denote the number of resonances (zeros of the semiclassical zeta function) in (2.13)
by N(r,7). The fractal Weyl law corresponds to the claim that for - large enough,

(2.14) N(r,y) ~C(y)r*, r— o0,

where 2y + 1 is the dimension of the trapped set in the three dimensional energy shell (for
such homogeneous problems, all energy shells are equivalent). In [BZ the prediction (2.14)
was tested by linear fitting of log N(r,v) as a function of logr:

log N(r,v) = a(v)logr + O(1).

We found that the coefficient a(v) was independent of « for v large enough, and that it
agreed with . The counting was done for three different equilateral disc configurations,
parametrized by p = R/a where a is the radius of each disc, and R the distance between
them. We also noticed that if v, is the classical rate of decay for the p configuration, then

a,(77,/2)
Fp
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is essentially independent of p for 1 < x < 1.5. This corresponds to a numerical observation
that for each p the distribution of resonance widths (imaginary parts) peaks near v = v, /2.

Encouraged by the results of [BJ], the cycle method was used in [20] to count the zeros of
the Selberg zeta function for a certain Schottky quotient, but the results were not definitive.
For the dynamical zeta function (B.12) with f(z) = 22 + ¢, ¢ < —2, the resonances were
computed by Strain-Zworski [b4], using a different method based on the theory of the
transfer operator on Hilbert spaces of holomorphic functions introduced in [RJ]. The zeros
were counted in a region of the same type as in (R.13),

{s : Res>—-K, 0<Ims <r},

where real parts and imaginary parts exchange their meaning due to different conventions?®.

By reaching very high values of r we saw a very good agreement of the log-log fit with the
fractal Weyl, with p given by the dimension of the Julia set.

In the model considered in this paper, we can verify the optimality of the fractal Weyl
law on much smaller scales (see Table [[] and the numerics presented in [0, Bg, Bg). That
could not be seen in the other approaches.

2.4. Related models in physics. The behaviour of quantum open systems has been re-
cently investigated in situations where the classical dynamics has chaotic features. The
physical motivation can originate from nuclear or atomic physics (study the lifetime sta-
tistics of metastable states, possibly leading to ionization), mesoscopic physics (study the
conductance, conductance fluctuations, shot noise in quantum dots or quantum wires),
and from waveguides (optical wave propagation in an optical fiber with some dissipation,
microwave propagation in an open microwave cavity).

2.4.1. Kicked rotator with absorbing boundaries. In [, [i] a kicked rotator with absorbtion
was used to model the process of ionization. The classical kicked rotator is Chirikov’s
standard map on the cylinder, which is a paradigmatic model for transitions from reg-
ular to chaotic motion [f]. Quantizing the map on L?(T!) results in a unitary opera-
tor U, a first instance of quantum map. To model the ionization process which takes
place at some threshold momentum p;.,, the authors truncate the map U to the subspace
Hion = span{ |p;) : |pj| < pion }: a particle reaching that threshold is ionized, or equiva-
lently “escapes to infinity”. Here the discrete values p; = 27hj are the eigenvalues of the
momentum operator on L?(T!); the space Hio, is thus of dimension N = pion/7h. This
projection leads to a open quantum map, namely the subunitary propagator Ui, = IjpnU,
where I, is the orthogonal projector on H;o,. For the parameters used by [[], the classical
dynamics is diffusive, meaning that a particle starting from p = 0 will need many kicks to
reach the ionization threshold.

3Although frustrating, the different conventions of semiclassical, obstacle, and hyperbolic scattering
show how the same phenomenon appears in historically different fields.
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The matrix Ui,, was numerically diagonalized for various values of h with pi,, fixed,
and the distribution of the N level widths v; = —2In|X\;|, A\; € Spec(Uion) was found
approximately independent of h, such that the number of resonances

n(N,v) = #{7 <7}

scales like C'() N in this case. In subsequent works [1, B0, [7], this distribution was shown
to correspond to an ensemble of random subunitary random matrices, more precisely the
ensemble formed by the [aN] x [aN] upper-left corner (0 < a < 1 fixed) of a large N x N
matrix drawn in the Circular Unitary Ensemble (that is, the set U(N) equipped with Haar
measure).

2.4.2. Quasi-bound states in an open quantum map. Recently, Schomerus and Tworzydlo
[E9] have performed a similar study for the quantized kicked rotator on the torus (obtained
from the map of the former section by periodizing the momentum variable). They also
“opened” the map by assuming that particles reaching a certain position window ¢ € L
“escape to infinity”. The quantum projector associated with these “escape window” is
denoted by I, so that the remaining subunitary quantum map reads U,, = (I — II;)U.
The main difference with the case studied in the previous section lies in the strongly chaotic
motion (as opposed to diffusive), due to a different choice of parameters. The map has a
positive Lyapunov exponent A, and a typical trajectory will escape after a few kicks: the
average “dwell time”, called 7p, is of order unity.

The eigenmodes associated with eigenvalues bounded away from zero are called “quasi-
bound states” , as opposed to the “instantaneous decay modes” associated with very small
eigenvalues. The authors provide numerical and heuristic evidence that, in the semiclassical
limit, the number of quasi-bound states grows like Ngg = N'=Y*)  This shows that
most eigenvalues of U,, are very close to zero, while only a small fraction Neg/N remains
bounded away from zero. The authors also plot the distribution of the ~ Nt quasi-bound
eigenvalues: again, it resembles the spectrum of a random subunitary matrix obtained by
keeping the upper-right corner block of size Neg of a [Tp Neg|-dimensional random unitary
matrix.

The quantized baker’s relation we will study in §ff.6-F will be of similar nature. For the
map ({.33), the fractal dimension v given in (B.7) can be shown to be close to the formula
1—1/(Ap), in the limit when the dwell time 7p is large compared to unity (limit of small
opening).

2.4.3. Conductance through an open chaotic cavity. The “scattering approach to semiclas-
sical quantization” M|, [H, E3, [, consists in quantizing the return map on a Poincaré
surface of section of the Hamiltonian system under study. Within this approach, the scat-
tering matriz of the open system can be expressed as a “multiple-scattering expansion” in
terms of the quantized return map.
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Using that framework, Beenakker et al. [p7] study the quantum kicked rotator defined
in the previous section, in order to understand the fluctuations of conductance through
a quantum dot. The evolution inside the closed dot is represented by the same unitary
matrix U as in last subsection, and its opening L is split into two intervals, L, and L,
which represent the two “leads” bringing in and taking out the charge carriers from the
dot. The orthogonal projector corresponding to these openings reads II;, = Iy, @ 1I;,. The
conductance can then be analyzed from the scattering matriz of the dot:

(2.15) SW) =My {e™ —UQ1 -1} 'UIL, .

Here ¥ € [0, 27) is called the quasi-energy. In terms of this parameter, the “physical half-
plane” corresponds to Im® > 0: the matrix S(¢J) has no singularity in this region. On the
opposite, the resonances analyzed in the previous section, which are the poles of S (9), are
situated in the region Im ¥ < 0.

def s

While S(19) is unitary, its subblock ¢ = II,S(9)I1,, describes the transmission from the
lead L; to the lead Ly. The dimensionless conductance (which depends on ¥) is given by
the Landauer-Biittiker formula g = tr(¢t*). The eigenvalues of ¢t* (called “transmission
eigenvalues”) can be either close to 1 (corresponding to a total transmission), or close
to 0 (corresponding to a total reflection), or inbetween. The last case corresponds to
genuinely quantum transmission eigenmodes, which are partly transmitted, partly reflected,
due to interference phenomena inside the dot. The “quantum shot noise” is due to these
intermediate transmission eigenvalues. A simple measure of that noise is given by the Fano
factor [B] F = tr(tt*(1 — tt*))/tr tt*. Using similar arguments as in the former section, the
authors show that the number of intermediate transmission eigenvalues also scales like Nqg,
and thereby estimate the Fano factor, by assuming that these eigenvalues are distributed
according to the prediction of random matrix theory.

In §ff we will analytically compute both the conductance and the Fano factor in the case
of the open quantum relation Bj,.

3. CLASSICAL DYNAMICS

3.1. Symplectic geometry on tori. We consider the simplest class of compact symplectic
manifolds, the tori,

T2 4 R /72" ~ (Ix )", w= Zd% ANdpe, (q,p) € T*".

(=1

Here and in what follows, we identify the interval T = [0,1) with the circle T' = R/Z.
A Lagrangian (submanifold) A C T?" is a n dimensional embedded submanifold of T?"

such that w|y = 0. We recall the following well known fact (see for instance [24, Theorem
21.3.2)):
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Proposition 3.1. Suppose that A C T?" is a Lagrangian submanifold, and that (qo, po) € A.
Then, after a possible permutation of indices, there exists k, 0 < k < n, and a splitting of
coordinates:

¢=(d,q"), p=0"1"), d=(q, @), P'= 1, 0n),
such that the map
A3 (gp) +— (¢"p) eI xT*
is bigective from a neighbourhood V' of (qo,po) to a neighbourhood W of (qi,py). Conse-

quently there ezists a function, S = S(¢",p') defined on W, such that ANV is generated
by the function S, that is,

ANV = { (dp/S(q/”p/)7 q//;p/’ —dquS(q",p/)> : <q//’p/> cw } .

In this paper we will also consider singular Lagrangian manifolds obtained by taking
finite unions of Lagrangians with piecewise smooth boundaries.

3.2. Symplectic relations.

3.2.1. Symplectic maps. A symplectic (or “canonical”) diffeomorphism on the torus T?" is
a diffcomorphism & : T?* — T?" which leaves invariant the symplectic form on T?":
k*w = w. An equivalent characterization of such a map is through its graph I', which is the
2n-dimensional embedded submanifold of T?"* x T?", defined as

Le={(sp) : p=(ap) €T, p'=nr(p)} .
Using the identification I" = R"/Z", we setup the reflection map I" 3 p — —p € ", and
define the twisted graph [R4, §25.2]
(3.1) Le=A{(d.ap,-p) : (d.Pq,p) €T} CT™.
Then the diffeomorphism « is symplectic iff T, is a Lagrangian submanifold of T*" (equipped
with the symplectic form E?Zl dq; A dp’; + dq; N dp;). For this reason, we will sometimes
denote I'!. by A.

The definition of the twisted graph is clearly dependent on the choice of the splitting of
variables (¢, p), which will be related to a choice of polarization in the quantization process.

More generally, one can consider invertible maps on T?" which are smooth and symplectic
except on a negligible set of singularities (say, discontinuities on a hypersurface). The
twisted graph of such a map is then a singular Lagrangian submanifold of T4".

Example. The usual “baker’s map” is the following piecewise-linear transformation x on
T?:
aef | (29,p/2 if0<qg<1/2
(32) k(g p) = (24.0/2) . /
(2¢—1,p/2+1/2) ifl1/2<qg<1.
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The twisted graph of k:

AE{(d a0 —p) ¢ (@) €T (d00) = k(a,p) }

is a singular Lagrangian submanifold of T*. It can be decomposed into A, = AgU A;, with
the components

. pt+J : :
Aj:{@q—J,q;T,—p) : J/2§q<1/2+1/2,p611}

={Q2¢—J,¢:0, 20" +j) : j/2<qp <j/2+1/2}.

Each A; is locally Lagrangian in T* and, as a manifold with corners, it is diffeomorphic to
a 2-dimensional square.

3.2.2. Multivalued symplectic maps. A canonical (or symplectic) relation is an arbitrary
subset I' C T?" x T?", such that

I"={(d.a¢:;p',—p) : (¢, P;q.p) €T}
is a Lagrangian submanifold of T*".

We are interested in symplectic relations coming from multivalued symplectic maps. A
multivalued map is the union of finitely many components x;, where x; is a canonical
diffeomorphism x; between an open subset S; with piecewise smooth boundary of T?" and
its image S} = £;(S;) € T**. A priori, the sets S; (vespectively S}) can overlap, and their
union can be a proper subset of T?".

Each map r; is associated to its graph

Ly ={(xi(p);p) : pES;},

and the symplectic relation can now be defined through its graph
r=Jry,
J
or equivalently its twisted graph I (defined from T" as in (B.d])). I"” is a singular Lagrangian
in T4,

The inverse relation can be defined by
IS (o) = (i ey =U{ (" (0)in) s eSS},
and the composition of two relations by ]
foF(iéf{(p";p) eT™ : 3p T, (p;p) €l and (p";p) € f} .

Following [24, Theorem 21.2.4], we note that ol will be a (locally) smooth symplectic
relation if I' x I' C T*" x T*" intersects

{(p/l’p/’p/’p) . /)I/,/)/,/) c T2n} C T4n % T4n
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cleanly, that is the intersections of tangent spaces are the tangent spaces of intersections.

We can then iterate a relation I', defining a multivalued dynamical system {I'" : n € Z}
on T?". In §B.4 we will give a stochastic interpretation to this system.

3.3. Open baker’s relation. The dynamics we will consider takes place on the 2-torus
phase space,

T°={p=1(q,p) : ¢, p€L}.

On this phase space, we define two vertical strips S; (j = 1,2) from the data of four real
numbers D, Dy > 1 and ¢1, {5 > O:

0 0+1
(3.3) Sj={(¢p) qel, pel}, with I;= (= i

D;” D;

) i=12

The strips are assumed to be disjoint, which is the case if we impose the conditions:

GL+1 /4 ly+1
1+ < g B +
D, D, D,
The corresponding baker’s relation is made of two components B;, j = 1,2 associated with
linear symplectic maps defined on the two strips:

(3.4) B; = {(p’;p) D (dhp) = (qu—&»z%@) , p=1(q,p) € Sj} :

J

<1.

The baker’s relation is defined as the graph B = B; U By. One clearly notices that each
component map is a hyperbolic diffeomorphism, with positive stretching exponent log D,
(resp. log Ds). At all points where the map is defined, the unstable (stable) direction is
the horizontal (vertical) one.

Since the two strips are disjoint, each point p € T? has at most one image. In the
notations of Proposition B.1 (taking ¢” = ¢, ¢ = ¢’), each Lagrangian component B can
be generated by the function

(3.5) Sj(q.p') = D; (q — f)—]) (p' — f)—j) defined on the square {(¢,p') € I; x I; } .
j j

Let
np,mr » T2 x T? — T2

be the projections on the left and right factors respectively. From the definition (B.4), the
set Tr(B) = 8; US, is made of points on p € T? which have an image through the relation
B. Hence, a point p & mr(B) is said to escape from the torus at time 1. Similarly, a point
p & m(B) = mr(B™!) is said to escape from T? at time —1. This “escape” is the reason
why we call this relation an “open” relation: the system is not “closed” because it sends
particles “to infinity”, both in the future and in the past.
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We define
(3.6) Ty = () 7r (B™)
n=1

the set of points which do never escape from T? in the past, respectively in the future. One
checks that these subsets have the form

r-=CxI, I'y=1IxC,

where C' C Tis a “cookie-cutter set” in the sense of [[f]: if we consider the two contracting
maps on [

filg="—=2, qel, j=1.2,
this closed set is defined as

C = U{qEI[ : fiyo---0f;.(¢) =q for some sequence j,, € {1,2}}.
neN

The Hausdorff dimension of C' (which is equal to its Minkowski and box-counting dimen-
sions) is given by the unique 0 < v < 1 solving

(3.7) D+ Dy" =1.

The trapped set (or set of nonwandering points) is defined as the set of points which never
escape from T:
K=I'yNnT'_=CxC, dmK =2v.
The baker’s relation is a hyperbolic invertible map on the set K, which is a “fractal repeller”.
This relation is a model of Smale’s horseshoe mechanism.
The simplest case consists in considering a symmetric baker’s relation, with Dy = Dy =

D,EzglzD_EQ_]_:

4 (41 . p+/
_ - - = Dg—v¢.—
. o <4<—p = (@1 (q 2 D)
' 1 (41 Do p—{0—1
5<1—q<7 = (q,p)_(D(q—1)+£+1, o) +1).

Now C C T is a symmetric 1/D—Cantor set. Notice that if we take D = 2, ¢; = 0,
¢y = 1, we obtain the usual (closed) baker’s map described in the example of Section B.]],
for which the trapped set (= T?) has dimension 2. The “3-baker” relation described in
([3)) corresponds to D =3, £ = 0.

For such a symmetric baker’s relation, the analog of the fractal exponent of (R.0) is:
~ log2
~logD’

ME(—)V
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3.4. Weighted symplectic relations. To give a multivalued map I" a physical meaning,
we assign Markovian weights P;(p) to the different “jumps”, p — r;(p). The associated
dynamical system is then stochastic, each point p having finitely many images with well-
prescribed transition probabilities P;(p). The sum of all the probabilities from p must

satisfy 0 < P(p) &f >_; Pi(p) <1, s0 that (1 — P(p)) is the probability that p “escapes to
infinity”.

The weights associated with the inverse relation I'"! are the same: each point p’ jumps
back to /ij’/l(lp’ ) with probability P/(p’) = P;(k;'(¢')). Hence, the weights must also satisfy
0< Zj P](p ) <L

Such a weighted relation (in geometric optics one would speak of a “ray-splitting” map)

induces a discrete-time evolution of “mass distributions”, which is in general dissipative:
the full mass decrease at each step, the system expelling part of the mass “to infinity”.

In more mathematical terms, we assume that the symplectic relation I' C T?* x T?"
comes with a nonnegative measure (or weight) 1 on I', which for any x, € C>®(T?", [0, 1]),
a = L, R, satisfies

n

(3-9)  maulmTLXL TRXR 1) = gYFFE % gXEXR € CX(T™), 0 < gXXr <1,

where 7, 7 : I' — T?" are projections on left and right factors respectively, and w is
the symplectic form on T?". The condition (B.9) implies that 7,|r is a local bijection,
which forces I' to be a piecewise smooth union of graphs of symplectic transformations, as
defined in §B.2.3. When I is singular, that is a union of smooth symplectic relations with
boundaries, we demand that

gyexr e C2(T*") if - supp(npxr Trxr) NOT =0,
where JI' is the union of the boundaries of the smooth components.

The reason for introducing the measure p is to have a quantity independent of the choice
of coordinates on I'. On T?", an obvious intrinsic measure is given by the symplectic form,
hence gX*X? are well defined. Building an atlas of the manifold I' we can use these functions
to describe p in local coordinates.

We denote a weighted relation by (I', ) As explained above, one can invert such a
relation, as well as compose them.

If (p';p) € I'\ OT', the probability of a transition from p to p’ = k;,(p) is obtained by
letting x g (resp. xr) be supported in a sufficiently small neighbourhood of p (resp. of p/),
with xg(p) = 1, xr(p’) = 1. This probability is then given by

(3.10) Pj(p) = g5 " (p) = 95" " (0') = P}, (p) .

Examples. The simplest example is given by a graph of a symplectic transformation & :
T?" — T?" in which case the density u is obtained by taking p = 7 (w™/n!) = 7h(w™/n!),
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where the equality follows from x*w = w. A slightly more complicated example is given by
taking a union of two non-intersecting graphs I'; of x;, j = 1,2, and putting
p = (mg|r,)" (g1 w"/n!) + (7R[r,)" (920" /nl)
where g; € C>(T?";[0,1]) satisfy g; + g2 < 1 and gy 0 k7" + g2 0 k5 < 1. In this case,
9i(p) = P;(p).
In the case of an open baker B defined in §B.3, for instance the symmetric 3-baker ([L.3),
a natural ¢ comes from pulling back the Liouville measure w to each component B; given
in (B.4). One obtains
(3.11) Tre b= lnun(q) dgdp,  mr.op=150n(p) dg' dp'.
These equations fully determine the measure pu on B.
A more interesting example, which will be relevant in §f, is given by the following
multivalued generalization of the symmetric 3-baker:
2 2 2
B= U (B + (0,€/3;0,0)) = U UEW’ where
(3.12) =0 k=1j=0

_ 4
Bk]:{(quz%v(Lp) : qukape]I}a 112(071/3)7 122(2/3’1)

Each point p € § US; = (I; U L) x T has 3 images, and each point p € T? has two
preimages.

The following measure on B will arise in the quantum model studied in §f. We define it
explicitely on each component By;, using the right projection on Sy:

sin?(7p)
LMls o = 17, (q) dgdp,
(3.13) e 1By = G+ 73 Y P
' sin?(7p)
g, = 1;,(q) dgdp, j=0,1,2.
Trs il 3, e p—— e (q) dgdp, j

The functions on the right hand sides are the probabilities Pj(p). The sum of these com-
ponents reads

2 . 9
- 1 sin” 7p
=179 15,01,(q) dgdp = 11,01,(q) dgdp.
TR (gz%smzﬁ(p/?)Jrj/?))) nur(q) dgdp = 1n,ur,(q) dgdp

j=
Here we used the fact® that 2;7:—01 sin?(Dz)/sin*(z + jm/D) = D?, with D = 3 and
x = mwp/3. This right pushforward is identical to that of (B.I1): in both cases, any point
p € (81 USs) has an empty escape probability, 1 — P(p) = 0.

4The value of the sum at z = 0 is equal to D?, and the sum is invariant under translation z — x+kn/D.
Fejér’s formula for the Cesaro mean of the Fourier series shows that the sum is a trigonometric polynomial
of degree D — 1 in z, hence it is constant.
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On the opposite, the left pushforward of /i is given by
sin? 3mp’ 1 1
9

T [l = ) dq' dp’ .

_'_
sinfrp  sin?7w(p —2/3)
Almost any point p’ € T? has a nonzero escape probability through B~!. This left push-
forward is obviously different from that of .

4. QUANTIZED MAPS AND RELATIONS

Before giving the definition of the quantized baker’s relation, we need to define the
quantum Hilbert space corresponding to T2, as well as the algebra of quantum observables.

4.1. Quantized tori. The quantization of tori T?" = R**/Z?" has a long tradition in
mathematical physics 1], [[3, B]. It can be considered as a special case of the Berezin-
Toeplitz quantization of compact symplectic Kéahler manifolds — see [R7] and references
given there. Here we will give a self-contained presentation of the simplest case from the
point of view of pseudodifferential operators.
We first recall from [I4] the quantization of functions f € C°(T*R™),
o) s«mpny def 0 *TDN n o
CX(T'RY ™ {f € CXTRY) < Vo, BN, sup 9507 f(q.p)| < o}

(g,p)€T*R™

To any f € S(T*R™) we associate its h-Weyl quantization, that is the operator f*“(q,hD)
acting as follows on ¢ € S(R"):

an Dyl oo [ [ () e v ardp,

This operator clearly has the mapping properties

It can be shown [[4], Lemma 7.8] that f — f* (g, hD) can be extended to any f € Co°(T*R"),
and that the resulting operator has the same mapping properties. Furthermore, f*“(q,hD)
is a bounded operator on L*(R™).

We now introduce quantum spaces associated with the torus T?". For that aim, we fix
our notations for the semiclassical Fourier transform on &’(R"):

def 1 i y _

and as usual in quantum mechanics, F,1(p) is the “momentum representation” of the state
1. The torus quantum space is made of distributions ¢ € §'(R™) which are both periodic
in position and momentum:

(4.2) Ulg+0 =1,  Fubp+0)=Fu(p).
Let us denote by H} this space of distributions. We have the following elementary
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Lemma 4.1. H} # {0} if and only if h = (2rN)~! for some positive integer N, in which
case dim Hy = N™ and 'H} is generated by the following basis:

(4.3) HZ:span{\/%glé(q—é—j/N) : jE(Z/NZ)"}.

The distributions elements of this basis will be denoted by

(4.4) Q;), Q;= % € [" is the position on which that state is microlocalized.

One can check that for such a value of h, the Fourier transform F;, maps H} to itself. In
the above basis, it is represented by the discrete Fourier transform

oy
e—2im(4.3") /N

It is also easy check the following

j,j' € (Z/NZ)".

Lemma 4.2. Suppose that f € C°(R™ x R") satisfies f(q + {,p+m) = f(q,p) for any
,m € Z". Then the operator f*(q, hD) maps Hj to itself.

Identifying a function f € C*°(T?") with a periodic function on R?", we will write Op,,(f)
for the restriction of f*(q,hD) on H},

C¥(T*") 5 f = Opy,(f) € L(Hy).
We remark that Op, (1) = Id. The vector space H}! can be equipped with a natural Hilbert

structure.

Lemma 4.3. There exists a unique (up to a multiplicative constant) Hilbert structure on
HY for which all Op,(f) : HP — Hy with f € C®(T?*";R) are self-adjoint.

One can choose the constant such that the basis in (.3) is orthonormal. This implies
that the Fourier transform on Hy (represented by the unitary matriz (.5)) is unitary.

Proof. Let (e, @) be the inner product for which the basis in (f.3) is orthonormal. We
write the operator f*(q, hD) on H} explicitely in that basis using the Fourier expansion of
its symbol:

Flap) = D f(t,m)emiltartim),

LmeZn
For that let Ly,,(q,p) = (¢,q) + (m, p), so that

fe(q,hD)y = > f(t,;m) exp(2miLy,,(q, hD)).
LmeZn

Applying this operator to the distributions (£.4), we get

exp (2miL,, (0, hD)) [Qs) = exp (220 6) — (. 1)) 1Q; )
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and consequently,

U@ hD) Q) = > FujlQum).

mezn /(NZ)™

= f(ﬁ,j—m—rN)(—l)O"’Z> exp 7T—Z.(j+m,f) )
2 N

Lreln

Since

~

Z Fl-t.j = m+ (=) exp (= 52 (G +m, 1)

2; fitg=m = rN) 10 exp (4 m0),

we see that for real f, f = f, Fj,, = F,;. This means that f“(q,hD) is self-adjoint for
the inner product (e, e),. We also see that the map f — (Fjm)jme@/nzy» is onto, from
C>(T*";R) to the space of Hermitian matrices.

Any other metric on Hj}' could be written as (u,v) = (Bu,v)o = (u, Bv)o. If (f*u,v) =
(u, f*v) for all f’s, then Bf* = f“B for all f’s, and hence for all Hermitian matrices.
That shows that B = cId, as claimed. O

This choice of normalization (e, ), can be obtained in a natural way, if we use the
following periodization operator to construct H} from S(R™) [H]:

Lemma 4.4. For any h = (2rN)™!, the periodization operator Przn : S(R™) — H} defined
below is surjective:

(46) W eSRY),  [Pe](Q) Nn/z > (@ j € (Z/NZ)".

vezZm™

In the rest of this article we will always assume that h = (27N)~! for some N € N, so
the semiclassical limit corresponds to N — oo. The scalar product on H} will be (e, e).
From now on we will omit the subscript 0, and also often use Dirac’s notation (e|e) for
this product. For instance, the j-th component of a state ¢ € H} in the basis ([[.4]) will
be denoted by ¥(Q;) = (Q;]v). The Hilbert norm associated with (e, ) will simply be
written || e ||.

4.2. Lagrangian states. We want to characterize the semiclassical localization in phase
space of sequences of states of the form 1) = {¢, € H}'},_o. In general we will assume that
each element of this sequence is normalized, ||¢,|| = 1, but all definitions can be extended
to sequences such that the norms satisfy |[¢4]] = O(h%) as h — 0, for some fixed K € R
(the sequence 1 is then said to be tempered).
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The localization of this sequence is first characterized through its microsupport, or wave
front set, which is the following subset of T?":

(47)  WEF,() =C{pe T : I €C(T™"), f(p) #0. [|Op,(f)vnll =O")},

where C stands for the set theoretical complement. It is not hard to show [E], Proposi-
tion IV-8'] that this definition is equivalent to the following: p ¢ WF,(¢) if and only if
there exists a neighbourhood W, of p such that, for any f € C>°(T?") supported in W,
| Opy(f)Yn|| = O(h*°). This yields the following

Lemma 4.5. For any function f € C®(T?") with f = 0 in an open neighbourhood of
WEF, (1), we have || Op,(f)Un|| = O(h™®). As a consequence, the microsupport of a sequence

¥ = {Un}, [[vn]] < ¥, cannot be empty.

Proof. The (compact) support of f can be covered by finitely many W,,, and using a
partition of unity associated with these sets we can decompose it as f = ). f;, with
supp(fi) C W,,. We get the result by linearity, and using the second definition of WE ().

O

We also make the following observation:

Lemma 4.6. Let » = {¢y, € H} }no be a tempered sequence. Considering vy as a N"-

component vector in the basis ([L.3), we define ¢y, as the vector with complex conjugate
components. Then

WEL(¥) = {(¢,=p) : (¢,p) € WFA(¢)} .
Proof. The definition (f]]) of Weyl’s quantization gives, for any function f € C®(T?"),

Opy(f) ¥ = f"(q,hD) ) = f*(q, —hD)1).
The lemma follows from the definition ([.7) of the wave front set. 0

Now let A C T?" be a union of Lagrangian submanifolds of T?" with piecewise smooth
boundaries.

Definition 4.7. A sequence of states 1 = {5, € H},} is a Lagrangian state associated to
A, which we denote by ¥ € I(A), if for any M € N and any sequence of functions,

fiecx(m), 1<j<M, fix=0,
we have

(4.8) 1Opy(far) 0 -0 Oy (f1) ¥nll = O(W™) || -

From the definition (.7) of the microsupport, we obtain that, if the sequence v is
tempered, then

(4.9) e l(A) = WFy(y) CA.
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Indeed, suppose that p € A. Then there exists f € C*®(T?") such that f|y =0and f =1in
a neighbourhood of p. We can also find a € C*®(T?") such that f =1 on a neighbourhood
of the support of a, and a(p) # 0. The symbol calculus (see [I4, Chapter 7]) shows that
for any M, Op,,(a) Op,(f)™ = Op,(a) + Op(h>®). On the other hand || Op,(f)My| =
O(hM||¢n|), and as M is arbitrary and + tempered, || Opy,(a) | = O(h™®). In view of
(77, this gives (E9).

We stress that the opposite implication in (f.9) is not true in general. To see that
consider n = 1 and the Lagrangian A = {(0,p) : p € I} C T?. Let vy, € H, be the “torus
coherent state at the origin”:

2

Un(Qy) = (N>1/4 > exp{-7N(Q; -7}, j=0,....N—1.

h—0

Then one can check that ||¢| — 1, that WF,(¢)) = {(0,0) } C A. On the other hand,

| Opy, (sin(27q) )| ~ 7V/2h
which shows that ¢y, ¢ I(A).

In the physics literature, Lagrangian states are usually called WKB states, and are intro-
duced as Ansatze for eigenstates of integrable systems, using Bohr-Sommerfeld quantization
formulae [P§]. For instance, in the case n = 1, if A is generated by the function S € C*°(I):

(4.10) As ={(¢,=5(a), g1},
then for any function a(q) € C*(I), the state 1, € H} defined as
a(Q; : ,
(4.11) Un(Q;) = (@) exp(—2irNS(Q;)), j=0,...,N—1,

VN

is in I(Ag). In the next proposition, we generalize this construction to any dimension.

Proposition 4.8. Let A C T?" be an embedded Lagrangian manifold. Then for any py € A
there exist Lagrangian states 1) € I(A), such that pg € WFy ().

Proof. We take py = (qo,po) € A, and assume that there exists a neighbourhood V' of py,
and a function S € C*(n(V)) (where 7(q,p) = q), such that ANV = {(¢; —d,S(q)), q €
7(V)}. This is a particular case of Proposition B.. The general case of a generating
function S(q¢”,p’) can be transformed to that of S = S(q) using the symplectic rotation
(¢,p") — (=p',4¢). On the quantum mechanical side, this rotation is performed through
a partial Fourier transform in the variable ¢’. Our construction below can be transposed
to this general case through this Fourier transform (which acts covariantly on the Weyl
quantization).
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We also assume that the neighbourhood V' is contained in the interior of I?", and we

identify 7(V) with a subset of I". We first construct a Lagrangian state in L?(R"):
(4.12) w(q) = alg) e+,

with a symbol a € C>*(R™) compactly supported inside (1), and such that a(gy) # 0.
This state admits the norm ||uy||z2 = ||al|z2. For any f € C°°(T?"), we apply the operator
(g, hD) to that state. Although we could do it directly using (f.1), we prefer to reduce
the problem to the case of S = 0 by conjugation with the unitary multiplication operator

(4.13) v(q) — [e75"Du)(q) = eF 5@y (q)

where we can assume that S € Co°(R™). We then apply the operator

G"(q,hD) < 15" (g, hD) e 15",

to the function a(q). The symbol calculus shows that G(gq,p) admits an h-expansion,
with principal symbol g(q,p) = f(¢,p + d,S(q)): if f vanishes on A, then ¢ vanishes on
{(g,0) : g € m(V)}. We get

£ (g, hD) u)(q) = e7#5"@ G¥(q,hD) a(q) = e~ #*"@ (g, hD) a(g) + O(h),

The explicit integral

[9"(q, hD) al(q) = (Q;h)n //g(¥,p> a(r) en =) dr dp

can be evaluated through the stationary phase method. The derivative of the phase vanishes
at r = ¢, p =0, so the integral admits the following expansion [B3, §7.7] for ¢ € w(V):

(4.14) [9° (¢, hD) al(q) = Lo(g a)(q) + hLi(ga)(q) + O(h?).

Here each function L;(ga) is obtained by applying a certain differential operator (in (7, p))
on the function g((q + r)/2,p) a(r), taking the output at the point (r = p, p = 0). The
first term is simply Lo(ga)(q) = g(q,0)a(q). For g outside m(V'), the nonstationary phase
estimates show that

(4.15 D)@ =0 (i) )

h + dist(q, 7

If f(po) # 0, then Ly(ga) is nonzero in a neighbourhood W of ¢y, and we obtain
(4.16)  |lf“(q, hD) un| 2y = 9" (g, hD) al[ 2@ny + O(h) = || Lo(g @)l 2wy + O(h) .
The left hand side is thus bounded from below by a positive constant.

On the opposite, if f vanishes on A, then at each point ¢ € m(V') we get Lo(ga)(q) =0,
which implies that || f* (¢, hD)up||r2@n) = O(h). The same procedure can be iterated to
show that, for any family of functions f; € C°°(T?") vanishing on A, the function

(4.17) u™(q) M f 0o fup)(q),
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is uniformly bounded and smooth on R”, and very small outside w(V'), as in (.15). As a
result,

(4.18) 1/ (g, hD) o -+ -0 fi(q, hD)up|| 2@ny = h™ [Ju™]| = O(rM) .

We can now carry over the estimates ([.LIGJ.1I§) onto the state ¢, = Prenu, € HJ,
where Prz. is the periodizing operator ([L.6]). Since a(q) was supported inside 7(V) C I,
this state admits the following representation, which generalizes ([L.I0):

up(Q;) a(@;)
(4.19) zph(Qj) = N"/; — Nn/]2
The norm of this state is therefore the sum

lnl? =N S (@) = / dgla(q)? + O(h™),

JE(Z/NZ)

exp(—2tTNS(Q;)), j€(Z/NZ)".

where we used the smoothness of a(g). Similarly, the projection on H} of the function ul(lM)

defined in ([.17) satisfies

(M) ()
(4.20) Pronul™(Q)) = WTS/?J) +0O(h™), je€(Z/NZ)".

)

, we obtain the “projected version” of ({.1§):
| O (far) 0+ 0 Opy (fu)nll = B[ Prn ™| = W[y | 2y + O(h) = O(™)
On the other hand, if f(py) # 0, one easily deduces from ([.10) that
1 Op ()bl = 17 (g, hD) unl| 2 @ny + O(h%) = € + O(h),  C'>0.

These estimates show that the family i) € I(A), and that py € WF, (). O
Remark 4.1. The definition of I(A) mimicks the Hormander-Melrose definition of La-
grangian distributions [P4], Definition 25.1.1] (see [[] for an adaptation to the standard
semiclassical setting). The requirement that A is Lagrangian reflects the uncertainty prin-
ciple, in the following sense. A Lagrangian submanifold is the lowest dimensional subman-

ifold for which the conclusion of Proposition holds, that is, for any p € A, there exists
a state 1 satisfying ¢ € I(A) and p € WF,(¢).

Indeed, let A be an embedded submanifold of T?". Let us assume that 1) € I(A), so (f£])
must hold for any family of functions f;|, = 0. From the identity

From the smoothness of uﬁlM

7

h[Oph(fi)a Opy,(f5)] = Op,({fi, f5}) + O(h).

we see that || Op,({fi, fi}) ¢nll = O(h). As in the proof of (f.9), we can show that if
{fi, fi}(p) # 0 for some p € A, then p ¢ WF},(¢). Hence, if we want the conclusion of
Proposition [1.§ to hold for A, then this submanifold must satisfy

Vfi, [; € C¥(T*™),  fila, fila=0 = {fi, f;}]a=0.
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This property means that A is co-isotropic, and must be of dimension > n. Lagrangian
manifolds are co-isotropic manifolds of minimal dimension.

4.2.1. Singular Lagrangian states. We now give an example where A is a union of La-
grangians with piecewise smooth boundaries (in §B.9 we called such A a singular La-
grangian). Let Ag be given by (fI0Q) and ¢, by (EI1)). Let us truncate vy to some
proper subinterval [@, Q'] C I, that is, replace the symbol a(q) by the discontinuous func-

tion a(q) = a(q)ljg,o(g). That gives a state 1), € Hj. One could expect Up to be a
Lagrangian state in I(Ag) (as is ¢4,), or rather in I(Ag), where

As € AsN([Q, Q] xT).

This is not the case: one needs to include in the Lagrangian the singularity set

Nsing = {(Q,p) : pe Ty U{(Q,p) : pel},

which is the “periodized” conormal bundle of the boundary dAg. We will indeed prove
that ’(;h el (/~\5 U Asing), which can be considered as a semiclassical, discrete analogue of
singular Lagrangian distributions of Guillemin-Uhlmann [[9] and Melrose-Uhlmann [B4].
We have the following

Lemma 4.9. Let us truncate the state (E19) to a hypercube H C 1", H = [[,_,[cw, Be]:

a(Q;) 15(Q;)

(4.21) Dn(Q;) = Nz exp(=2imNS(Q;)),  j € (Z/NZ)".

Then 1/~1h 15 associated with the singular Lagrangian JN\S U Aging, where

]\S = {<Q7 _qu<q>>7 qe H}a

and

(422 s1ng U <{<Q7p> Qe =0y, pe € I[, dm € [Ofmaﬁm]v Pm = dqu , M 7£ e}

(=1

U {(Q7p) Qe = ﬁf) De € H, Gm € [amaﬁm]a Pm = dqu , M #E})

Remark. It would be tempting to generalize the lemma by replacing the hypercube H by
an arbitrary set S with smooth boundaries. However, if n =2, S =0, a = 1, and 0§ does
not contain a segment with rational slopes then

WF,(n) = (S x {0}) U (0S x I?).

The second component being 3-dimensional, this set is certainly not contained in a finite
union of Lagrangians.
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Proof. As in the proof of Proposition [l.§, we can, by conjugation with the operator (£.13),
reduce the proof to the case S = 0. We first consider states defined on R", localized on the
hypercube H C R™:

(4.23) un(q) = 1r(q)alg), a€C(R").
We use the following

Lemma 4.10. Let Ag = H x {0} and Agng be as in Lemma [[.9. The ideal J of periodic
functions vanishing on the singular Lagrangian Ao U Agng is (infinitely) generated by

def . . .
gj(p,q) = sin (ﬂ(qj — Oéj)) sin (ﬂ(qj — ﬁj)) sin(mp;)
def . . . . ..

9ij(q,p) = sin(mp;)sin(mp;) i #j, 1<4,5<n,

¢](Q7p) = ¢<Qj7p17 D1, P41, 7pn) ) where (b(QJu .) = O; Q; S q; S ﬁ];
¥(q), where € C(I") vanishes on H.

Proof. We only give the proof for the following model (n = 2), which contains all the basic
ingredients of the general case. Let us study the ideal of functions vanishing on

(4.24) ({Q1IP2IO}U{Q2:2?1=0}U{Z71 :pzzo})ﬂ{(h >0, >0}.

The functions vanishing on the first factor in the intersection are generated by q1p1 , ¢ap2,
and pype. Writing an arbitrary function F(q,p) as

F(q1,q2,p1,02) = Fo(p1,p2) + a1 Fi(q1, @2 p2) + @2 F5(q1, g2, p1)+
+ aip1Fui(q1, g2, p1, p2) + @epaFoo(qr, g2, p1,2)
we need to find conditions for ¢; F(q1, g2, p2) and ¢ F»(q1, q2,p1) to vanish on (:24). We
treat the first function by expanding it as
Fi(q1, 92, p2) = Fro(q1, ¢2) + paFi2(qu, p2) + qep2Fraa(qr, g2, p2) -

This forces Fio(qi1, ¢2) to vanish identically in {q1, g2 > 0} and Fi(q1, p2) to vanish identi-
cally in {¢; > 0}.
The function Fy(qy, g2, p1) is treated identically. Hence the functions vanishing on ({.24)

are generated by q1p1, qapa, p1p2, and all the smooth fuctions 1(q1, q2), ¢1(q1,p2), O2(q2, p1)
vanishing on {q,¢2 > 0}. The transposition to the torus setting gives the lemma for that

case. The general case can be proven similarly. O

This lemma means that any F' € J can be decomposed as
F=Y fyi95+) (fis95+ fid+4),
J#i J
where the functions f, are smooth and either periodic or antiperiodic in each variable, so
that f.ge are periodic in all variables.
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The action of each term (f g)“ (g, hD) on the state (.23) can be written
(fg)w up = ((fa’)w © gw + hL(f7 aag))]lHa

where L(f,a,g) is a pseudodifferential operator of norm O(1). Therefore, we are reduced
to study the action of the generators ¢* (¢, hD), g = gij, 9;, ¢;,%, on the characteristic
function 1y(q).

We first note that ¢ 1y = ¢¥'1g = 0, so there is nothing to prove in this case.

For each j € {1,...,n}, the generator g; contains a factor sin(mp;). Up to an error
O(h), we first quantize this factor and apply it to 1y:

. 1 e
sin(mhD;)i(q) = o (L (g + wh,q') = La(g; = 7h, @) < by(a)

The function b;(q) is supported in the strips S; = {|¢; — ;| < 7h} U {|¢; — 5;| < 7h},
where it takes values 1. We now apply the remaining factors of g;: this amounts to
multiplying b,(¢) by the product sin (W(qj — ozj)) sin (W(qj — ﬁj)), and gives a function
O(h). Taking the error into account, we obtain ||g;’ 1 ||r2®n) = O(h).

In the case of g;;, i # j, we apply sin(mhD;) to b;(q): the resulting function takes values
+1 on its support S; N Sj, so that ||gi% Ug|L2@n) = O(h).

We have now proved that || F" ul|z2@n)y = O(h) for any F' € J. The procedure can be
iterated to any finite product of functions F; € J, yielding the estimate ({.I§).

The proof is completed by the periodization argument as in the proof of Proposition [.§.
The only slight difference lies in the fact that the analogues of the functions uﬁLM)(q) of
(1) may now have discontinuities near 9D, so that || Przn uELM)H - HuéM)H r2rny = O(h)
instead of O(h™). O

4.3. Quantum relations. Suppose that A C T?" x T?" is a Lagrangian submanifold. The
basic example is given by the twisted graph I", of a symplectic diffeomorphism s on T?"

(see Section B.2.1)):

Ue={(d,a0,-p) : (d.p)=rap), (g,p) €T} .
As we noticed in that section, the choice of change of sign depends on the choice of the
splitting of variables (g, p), which is itself related with the choice of a polarization in the

quantization a — Op,(a) B4, §25.2]. This somewhat cumbersome convention is explained
as follows.

Any state v € H} is naturally identified to a linear form f, € (H})* through f,(w) =
(v,w). In our notations®, this scalar product is antilinear in the first component. To make
the identification linear, we choose instead

(4.25) veHy = fu(e) = (v,0),

5This is the physicists’ convention.
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where states v are written as vectors in the basis ([.3).

Let L(H}) ~ Hp®(H})* be the space of linear operators on H}. The linear identification
(E25) of Hy with (H7)* gives the identification,

(4.26) L(H}) ~H, through (u®v)(w)=u(v,w), u,v,w€H.
We observe that the norm on H2" is the same as the Hilbert-Schmidt norm on £(H}):
(4.27) 1T N3 = (br2 (T7T))2

It is related to the operator norm on L(H}) as follows:
(4.28) IT Nl za) < T lrzn < N*2IT |l 2oy -

In particular, unitary operators have Hilbert-Schmidt norm N™/? = (2xh)~™/2.

The identification (f:2§) dictates the way an operator of the type A; ® Ay (with A; €
L(H})) acts on u @ v € Hi" ~ L(H7}). Indeed, if we take any w € H}, we have

(A1 ® As)(u @ v)|(w) = [A1u ® Asv](w)
= Ayu (Aqv, w)
= Ayu (v, Ayw)
= [(Aju @ v) o A}](w) .

Here A is the transposed of the operator A,, written as a matrix in the basis (.J). In
the case A; = Op,(a), Ay = Op,(b) for some real functions a,b € C*(T?*"), one checks
that A, = Op,,(b), with the same twisted function as in the proof of Lemma [£6: b(q,p) =
b(q, —p). By linearity, for any C}, € H2" ~ L(H}), we have

(4.29) Opp(a ® b) C, = Opp,(a) o Cy, 0 Op,(b) .
The sign change in the tilting T’ ~» I" parallels the transformation a(p’) b(p) ~ a(p') b(p).

We are now in position to quantize a symplectic map, more generally a symplectic relation
I" as defined in Section B.9.

Definition 4.11. A semiclassical sequence U = { U, € H3" }, _,, satisfying
(4.30) Uk ll32n = O(h®), for some fixed K € R,

is a quantum relation associated with the symplectic relation I' if U is a Lagrangian state
in I(T"), in the sense of Definition [L.7.

Explicitly, for any M € N and any sequence of functions
g9; €CO(T* xT*), gjlm =0, 1<j<M,
we must have

(4.31) 1Oy (gar) © - © Opy(g1) Unllzn = O(h™) || Unllezn -
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The assumption that Uy, is tempered in the sense of ([.30) (which also implies tempered-
ness in the operator norm) is necessary to assure that composing U}, with residual (O(h™))
terms produces residual terms. That is a standard assumption in C* semiclassical calculi
— see [, BT}, and will be used in the proof of Propf.13. The quantum weighted relations
defined in § .4 will naturally be tempered, having norms ||Up |32n = O(h~"/?).

If a function g € C*°(T*") vanishes on I", then the function § defined as §(¢',p’;q,p) =
9(q',p’;q, —p) vanishes on I'. The condition g;|r» = 0 can thus be written g;|r = 0.

We also note that (:31]) entails a version of Egorov’s theorem. If fr, fr € C®(T?")
satisfy

(0,p) el = fu(p) = fr(p),

then we have
(4.32) | Opi (fL)Un — Un Opy,(fr)|[320 = O(h) || Up|lpzn -

Indeed, the function f dof Jr ®1 —1® fr vanishes on I', so that f vanishes on I". We
then simply apply the definition (fL.31]) with g; = f and use (£.29). When T is a graph of
a symplectic transformation, fr is the pullback of f;, and we get a statement similar with
the standard Egorov’s theorem.

Remark 4.2. Following Section .3, in the case when I" is a Lagrangian with boundaries
projecting on a hypercube, it is useful to include in the definition sequences U = { U, } in
the (larger) space I(I" U Agpg); the quantum baker’s relation we define in next section will
belong to such an enlarged space.

Through the identification (£.2d), Uy is an operator on ‘H}'. We now show that this
operator “classically transports” the microsupport of a sequence w = {wy, € H}! }.

Proposition 4.12. Take U = { U, € H3" ~ L(H}) } a quantum relation U € I(T"). Then
for any sequence w = {wy € HY }, ||wa| =< 1, the microsupport of the image sequence

U(w) = { Up(wy) } satisfies:

WE,(U(w)) CT(WF,(w)) ={p € T* : 3pe WF,(w), (¢,p)€l}.

Proof. Assume that pf, ¢ T'(W F,(w)), which means that T'(p) ¢ WFy,(w). Then there
exists a function f € C*°(T?") with f = 1 near p, but with supp(f) sufficiently small so
that T~ (supp(f)) € CWF,(w). Consequently, there exists a function g € C*°(T?") with
g = 1 near WFy,(w) but ¢ = 0 on I'"!(supp(f)). The function f ® g € C>(T*") then
automatically vanishes on I".

Our aim is to show that pj ¢ WF,(U(w)). For this, we introduce one further function
a € C*(T?") such that a(py) > 0 and f = 1 on supp(a). As in the proof of (f£9) we see
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that for any M € N, Op,,(a) Op,(f)* = Op,(a) + O(h>). Hence
| Opy (@) Unwal| = || Opy(a) Opy ()™ Upwy|| + O(h>)

< || Opy(a) Opy, (/)™ Uy Opy(g)™ wal
+ || Opx (@) Op, (f)™ Us (1 = Opy,(9)™) wp|| + O(h™)

To bound the second term on the right hand side, we notice that the function (1 — ¢g)
vanishes near WFy,(w), so from Lemma [ we get ||(1 — Op,(g)M) wy|| = O(h*>); from the
temperedness of Uy, the second term is thus residual.

The first term on the right hand side is estimated using the identity

Op, (/)™ Uy, Opy(9)" = Op,(f ® )M Uy,

Because f®g vanishes on I, the Hilbert-Schmidt norm of that operator is O(hM+5)  where
K comes from the temperedness of Uy, (£.30). Using (£.28), we thus get || Op,(a)Uy wy|| =
O(hM+E) for an arbitrary M € N, which shows that p), € WF,(U(w)). O

4.4. Quantized weighted relations. In Section B.4 we equipped a symplectic relation
[’ with a measure, or weight p. In order to associate to the weighted relation (I',u) a
sequence of operators Uy, € H?", we need to elaborate on Definition [[.11], thereby defining
a subfamily I(IV, u) C I(I").

In the standard microlocal context [P4, Section 25.1], a Lagrangian state ¢ € I(A) has
a well defined amplitude, or symbol, which is a section of the Maslov half density bundle
over the Lagrangian submanifold — see [B4, Theorem 25.1.9]. The local aspects of this
procedure have recently been adapted to the semiclassical case [l], and a similar approach
can be used in the case of T*".

Although one could characterize the operators quantizing (I, i) in terms of their symbols
(grossly speaking, the absolute square of the symbol should equal the weight 1), we won'’t
do it here, in order to avoid technical issues involved in the description of the symbol map.
Instead, in the definition below we use bilinear expressions in Uy, which allows us to avoid
introducing symbols.

Definition 4.13. Let (I', 1) be a weighted piecewise smooth relation as defined in §8.4
and let U € I(I" U Agyg), in the sense of Definition f.T] and Remark [.2. For any x, €
C>(T?";[0,1]), @ = L, R, we define
def
Uxixrn = Opn(xz) Un Opp(Xr) -

We say that U quantizes the weighted relation (', p) if for all xr, xg with sufficiently small
supports satisfying supp(xz ® xr) N Af,, = 0,

UXLXRU;LXR = Oph(Q%LXR> +O(h)

Uy UXLXR = Oph(.q})f?LXR> + O(h> )

XLXR

(4.33)
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where gXtX® are the functions given in (B.9), and the remainder is O(h) in the operator
norm on L(H}}). We then write
U={U,} € I(T"U Aging, 11) -
The conditions on the smallness of supports of x, guarantee that the operators appearing

on the left in (f.33) are of the form Op,(f), f € C°°(T?*"). That follows from the fact that
I is locally a graph — see §B.4

If T is the graph of a symplectic diffeomorphism x and p = 7} (w"/n!) = 75 (w™/n!), then
Uy, is unitary to leading order:

UyUpn=1+Cy, UUy=1+4+Dyn,  ||Chllecag)=O0), [[Dullcag) = O(h).
For h small, (I +Cy)~2, (I + D,)"2 exist, therefore a possibility to make the quantization
strictly unitary is to replace Uy, by Up(I 4+ Cp)~2 or (I + Dy)"2Uy,.

The condition (f.33) can be interpreted as follows. Suppose that ¢ € HY, ||¢] = 1, is
microlocalized at a single “regular” point py:

WEL(¥) = {po} C T\ Tr(Agng)
and T'(po) = U_,p, p; = Kj(po). Then,

J
Uptp = ij +O(h™),

lv;11* = Pj(po) + 0( ), WEw(y) € {p}}
From Lemma [L.3, if Pj(py) # 0 then WF,,(¢;) = { 0 } A similar statement holds for U;.

Indeed, if for each j = 0,---, J we take x; € C>®(T?"; [0, 1]) supported in a small neigh-
bourhood of py, resp. pf, and equal to 1 near that point, () shows that g5 (po) =
P;(po) for j=1,...,J. On the other hand, Prop081t10n ) gives

Unp = Uy Opy(xo)¥ + O(h™) Z Uyxo ¥ + O(h%),

7=1

WFh XJXOw {p] }

(4.34)

If we take ¢; & Uy .4 then
195117 = U3 xo Uxoxa ¥, ) = (Opu (g5 ), 1) + O(h) = P;(po) + O(h).

Ezxample. We now consider a special case of quantum relations Uy, of the form

(4.35) (Q;|UnlQk) = N™"2a(Q;, Qr) exp (2miNS(Q;, Q) .

where a, S € C°°(T?" xT?") and the generating function S(¢, q) satisfies the nondegeneracy
condition det (9% ,S) # 0 near the support of a(¢’,¢). Using Definition [T we see that Uy,
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is associated to the graph I'g of the symplectic transformation (¢, —0,5) — (¢',9,S). To
be more precise,

(4.36) Uy € I(T, ps) , for ps < |a(q, q)|? dq dq,

/

where we used the coordinates (¢, q) on I's. Projecting this measure on the left and right

tori, we get:
meps=( Y la(d. )P |det(32, )| dadp,
q':p=—0¢5(¢',9)

mreps= (D lald,q)? |det(22,5)| ") g’ dp.

q:p'=0,5(q",q)

(4.37)

The above sums are always finite. This example will be used to analyze the quantum
baker’s relations studied in the next sections.

4.5. Quantized baker’s relation. We explicitly construct quantum relations By, € L(H} )
associated with the “open baker’s maps” described in Section B.3. For simplicity, we will
assume that the coefficients D; and ¢; are integers. Besides, we will only consider the
subsequence of Planck’s constants of the form h = (2rN)~! such that N/D; = M; € N
and N/Dy = M, € N (that is, N is a multiple of lem(Dy, Ds)).

Restricting ourselves to this subsequence, we define the quantization of the baker’s re-
lation (B.4) as the following operators (written as N x N matrices in the bases (£.3)):

0 0 0 0 0
e [0 Fuy 0 0 0

(4.38) BuE Fioly Ty 0 £, o= Bt B
0 0 0 0 0

The numbers of columns in successive blocks are respectively given by
ElMl ) M17 EQMZ - (fl + ]-)M17 M27 (D2 - 62 - ]-)M27

and F)y is the discrete Fourier transform given in (7). These matrices obviously generalize
the unitary matrices associated with the closed baker’s map [].

We now check that the matrices (f.3§) satisfy the Definition if we select the appro-
priate Lagrangian surface on T*, namely by adjoining a singularity set A, to the twisted
graph B’ (see Remark [1.9), and equip B with the weight p described in (B.11]). By linearity,
we can separately consider the two blocks B; . Let us study the left block By . Since the
classical relation Bj is generated by the function Si(q,p’) of (B-5), it is natural to express
the operator Bjp in the mixed representation (p',q), that is by a matrix from the basis
{1Q;) } to the basis { |P;) }. Since the change of basis matrix, (|P;)(Q;|);jk=0,..n—1, equals
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Fn, the operator A, ;, defined as the matrix

(<Qk‘A1,h\Qj>)j,kzo,...,Nq d:ef (<Pk|Bl,h|Qj>)j,k:0 ..... N-1=Fno Bl,h

is given by the Fourier block F);, at the same position as in ([.3§), and zeros everywhere
else.

The following lemma reduces finding the (weighted) Lagrangian relation associated to
By 5, to finding the (weighted) Lagrangian associated to A 5. We denote by F' the following
transformation of T?": F(q,p) = (p, —q). It means, we rotate by —m/2 around the origin
in each plane (g;, p;). We denote by Fy the transformation of T4" acting through F on the
left coordinates (¢, p’) and leaving the right coordinates unchanged.

Lemma 4.14. Suppose that U, € L(H}) ~ H" and that V, ' Iy o Us. Then, for any
(possibly singular) Lagrangian C' € T*",
UpoelI(lC) <V, eI(D),
where
D'=F.(C'), equivalently D =F.(C)={(',—d¢,p) : (¢,p;q.p) €C}.

Furthermore,
U,el(lC' u) < V,eI(D,v), with v==Fpu.

Proof. The transformation C — D results from a general composition formula which can be
proved by mimicking the semiclassical proof in [fl]. Here it follows from the the covariance
properties of Weyl quantization with respect to the Fourier transform: for any a € C°°(T?"),

(4.39) Fy ' Opy(a) o Fr, = Opy(ao F).
As a result, for any f € C*°(T""),
Opy,(f)(Fr o Un) = Fr o Op,(f 0 FL)(Un) -

This identity proves the first assertion.

Using (E39), we notice that for any x., xg € C®(T*;[0,1]), the cutoff propagator
Vi xr Satisfies

* * oF
VXL XR VXL Xr = YxroFxr UXLOFXR = Oph(g;% XR) + O(h> )

Vo xr Varxn = Fn Upor xan U T = Opp(gF" o F7H + O(h).

XLXR VXL XR xLoF xr
Using the pushforward of functions Fy. f = fo F; ! and the fact that 7z o F, = g, we get

oF * - * * x
g;(%L XR _ 7TR*<7TL<FL*1XL) TrXR lu) = 7TR*<7TLXL TrXR FL*M)
gy o F = mp Fra(mp (FL!xe) maxe 1) = moa(m X0 TrxR Fran)

This proves that V}, is associated with the weight v = F, u on D'. U
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Let us now describe the weighted Lagrangian associated with the operator A ;. The ker-
nel of that operator vanishes outside the square H = I x I, where I = [¢1/ Dy, ¢, + 1/ D1],
and on H it takes the values

(4.40)  (QklA14|Q)) = (Pr|B1n| Q) = \/% 15 (Qk, Qy) exp (= 2N S1(Q, Q) -

The operator A;; has the same form as in ({.37), with the (obviously nondegenerate)
generating function S = —S; and symbol a(¢’,q) = /D1 1y(¢,q). If we forget (for a
moment) the discontinuities of the symbol, we find that A, ) is associated with the graph

I's, = { (qI7 —(D1g = 01); ¢, (D1q — 61)) cq,q €l } ;
equipped with the weight
s, = D1 1gp(q',q) dg'dq.
From Lemma (.14, the operator By, = Fx o Ay, is associated with the graph

FL_l(Fsl) = { ((le] —0),q"s q,(D1q' — 61)) 1 q,¢ €L } = B

and the weight

def _
= Folus, = Dy g (p', q) dp' dq,

which can be expressed as

Tre iy = 1p,(q) dg dp, - wp.py =1, (p') dg' dp’.
It represents the half part of the weight (B-17)).

Let us now take the discontinuities of a(¢’,q) into account. Since they occur at the
boundary of the square H, they have the same consequences as in Lemma [1.9. Namely, we
must add to the Lagrangian Iy a “singular” Lagrangian, which is the union of 4 pieces,
each piece sitting above a side of H. This Lagrangian should then be rotated through F;*
as well.

For instance, the side {¢ € I1, ¢ = ¢1/D1} leads (after rotation) to the singular La-

grangian
l
Asing,l = { (qlzoa q= Flvplap) : pIEIlaPGH} )
1

which contains the corresponding side of 0Bj. Similar Lagrangians Agng,, ¢ = 2,3,4,
contain the other sides of 0Bj.

The same analysis applies to By, and hence we have proved the

Proposition 4.15. The sequence of matrices { By, } given in ([L.38) quantizes the clas-
sical baker’s relation B = By U By of (B.4), in the sense of Definitions .11, [[.13, and

Remark [[.3:
8
Bh el (B/ U U Asing,ja M) )

J=1

where the weight p is given by (B.I1)).
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This quantization of the baker’s relation is very close to the “quantum horseshoe” defined
by Saraceno-Vallejos in [I5]. The operator By, is contracting, and its eigenstates can be seen
as “metastable states”, “decaying states” or “resonances”. This contraction mirrors the
decay of a classical probability density evolved through the open map B (due to the “escape”
of particles to infinity). This classical decay can be analyzed in terms of a “conditionally
invariant measure” on T? [§, which decays according to the classical decay rate yq =
—log(Dy" + D).

4.6. Numerical check of the Weyl law for the baker’s relation. We have numerically
computed the spectra of the quantum baker relations for various symmetric and nonsym-
metric baker’s relations. Result for the symmetric “3-baker” (D = 3,¢ = 0) were presented
in [BY (see also Table [[), some for the “5-baker” (D =5,¢ = 1) were given in [A{], while a
nonsymmetric map (D; = 32, Dy = 3/2) was studied in [BY]. In the symmetric cases, the
trapped set is a pure Cantor set of dimension 2d = 211;’5?), so that for any 1 > r > 0, the
number of resonances in the annulus { |\| > r } is expected to scale as

#{\ € Spec(By) : |\| > 1} ~ C(r) NeD

in the limit N — oo. Our numerics for both maps shows that this scaling is roughly
satisfied along any sequence N — oo; much better fits are obtained for N taken along
geometric sequences of the type N = N, D* with N, fixed and & — oo (as in Table [I]),
which lead us to the following weaker conjecture for the symmetric maps:

#{\ € Spec(By) : |\ =1}~ C(N,,r) Nwb,  (2rh)™' =N =N,D*, k— o.

Here, the “profile function” C(N,,r) may (slightly) depend on the “root” of the geometric
sequence. The special role played by geometric sequences is probably due to the strong
relationship between the symmetric D-baker and the D-nary decomposition.

On the opposite, for the nonsymmetric map the fractal Weyl law seems accurate for an
“arbitrary” sequence N — oo [BY], which was also the case for the nonlinear map studied

by E9].
5. A TOY MODEL

Let us explicitly compute the matrix elements of the two vertical blocks By, By in
(E3), for the symmetric 3-baker. Both are matrices N x N/3, which we index by 0 < k <
N-1,0<I<N/3-1:

(Bip)ki = {\/g(l_eziﬂk31$”)_1<1_w§)/N itk 3

1/V3 if k=31,

2im/3

(5.1)

(Bop)er = wa¥ (Bip)ki,  where ws = e
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The largest matrix elements are near the “tilted diagonals” k ~ 3I[, and decay as
1/|k — 31| away from them (see the Figure 6 in [[f(]). Being unable to rigorously analyze
the spectrum of By, we replace this matrix by the following simplified model:

B, =By = [Em, 0, éQ,h] ;
(5.2) ~ 1/v3 ifl=|k/3] ~ ~
Bin)e = Bop)ir = wi® (B
(Bin)ki 0 i1 (k/3] (Bap)ri = w3 (Bun)ki s
where |z| denotes the integer part of x. For N = 9, this gives
0 1 0 0

2
wiz 0

o

(5.3) Byn_g = 2mi/3

, W3 =¢€

Sl

w
[N el lNe Nl
OO R R, )OO
DO DD OO OO

OO DD DD O OO
DD DD DO DO OO

el e en M es i an Bl an B an)

cocooocococg
w

&

w

o

0

(-]
]

The model has been obtained “by hand”, by replacing “lower order” terms in the ma-
trix Bj by 0, keeping only nonzero elements on the “tilted diagonals”, and replacing
(1 _ 62m‘(i1)/3)/(N(1 _ ezm(il) )) by 1.

The new matrix Bh retains some qualitative features of Bj but there is no immediate
connection between their spectra: the “lower order” terms are not small enough for that,
and Bj, cannot be considered as a “small perturbation” of Bj,.

The simplicity of the matrices Eh will allow us to prove (in the case N = 3* k € N)
the fractal Weyl law which we could numerically observe for B, (see Section B.3). It is
interesting to notice that the simplified operator éh is in fact not associated with the same
classical relation as By:

Proposition 5.1. In the notations of Section [[.3, the quantum relation {éh} 1s associated
with the weighted relation (B, i) given by (B.13) and (B.13):

By, € [(E’ U Ksing, i), where

2
smg U sing,j » Asing,j = { (ql = 07q = j/37 p/7 p)7 p/7 p S I[} .

Proof. In place of Bh we will consider Ah =Fno Bh, and apply Lemma ET4. From the
structure of Bh, the operator Ah can obviously be split into A1 ht A2 h- We will analyze
the first component in detail, the analysis for the second one bemg similar. The matrix
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(Qk|glh|Qj) is nonzero in the vertical strip I; x I, with I; = [0,1/3):

14,(Q)) (~  2inaue .
e TR exp(—6iT NQr Q) -
A ) o
Like A, j, (see §.7), this operator is of the form (f.37), with generating function S(¢',q) =
—51(¢', q) = —34¢'q and discontinuous symbol
e~ %74 sin(3mq’)

a(q’,q) = 11,(q) 7

(Qrl A4 Q) =

sin(mq’)
Forgetting about discontinuities, ZLh is therefore associated with the graph

Ts, ={(¢,p = =3¢:¢,p=-3¢), : ¢ €l ge L},
and the weight
sin?(3m¢q’)
3sin®(rq’)
After applying the transformation of Lemma §.14, this leads to the graph

ps, = la(d', ) dq’ dq = 1r,(q) dq dq.

2
F'(Ts) ={(d' =3¢, ¢;0, p=3p), : g€, p €1} =] By,
j=0
and the weight
sin?(37p’)

Frlps, = 15,(q) dp dq .

3sin?(mp/)
Through the change of variable (¢,p’) — (q,p), we see that this is the weight (B.13) on the
component Bj.

The discontinuities of a(q’,q) only occur along the two segments {(¢ € I, ¢ = 0)},
{(¢" €1, ¢ =1/3)}: they generate the singular Lagrangian

Dsing,j:{(qlzoaq:%QPIG]I,pE]I)}, j=0,1,

which transforms under F, Uinto the components Aging.0, Nsing,1-

Similarly, the second part of the matrix, Eg,h, is associated to the twisted graph ég with
weight ﬂ| By and the two singular components Aging 2, Aging,0- O

As explained in Section B.4, the graph B can be obtained by adjoining to each point
(p'; p) € B the points (p' + (0,1/3);p) and (p' + (0,2/3); p). This “aliasing” is due to the
diffraction created by the sharp cutoff in the matrix Eh, as opposed to the “smooth” decay
of coefficients in By,. A similar aliasing was observed in [p@] for the graph associated with
the unitary matrices Ay defined in (5.9): instead of quantizing the standard 2-baker (B.3),
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they are associated with a multivalued map obtained from it by aliasing. This observation
was obtained using the propagation of coherent states.

Both B and B share the same forward trapped set I =T_ = C x I (see §B.3), but the
backwards trapped set of B is easily shown to be F+ = T2, which drastically differs from

['y. This asymmetry between I'_ and F+ reflects the fact that unlike B, the relation Bis
not time reversal symmetric.

The fact that éh is not associated with the relation B should not bother us too much
though. In the next section, we will give a more “formal” construction of the matrix By,
in the case where N is a power of 3 (this construction will also hold for any symmetric
D-baker, for N a power of D). We will show that this matrix naturally appears through a
“nonstandard” (Walsh) quantization of the open 3-baker relation B.

5.1. Walsh quantization of the baker’s relation. The Walsh model of harmonic anal-
ysis has been originally devoted to fast signal processing [P9]. It has been used recently in
mathematics to obtain simpler (and provable) versions of statements of the usual harmonic
analysis — see [Bf] for an application in scattering theory and for pointers to the recent
literature. The major advantage of Walsh harmonic analysis is the possibility to completely
localize a wavepacket both in position and momentum: for our problem, this has the effect
of avoiding diffraction problems due to the discontinuities of the map, which spoil the usual
semiclassics [Ed]. Closer to our context, Meenakshisundaram and Lakshminarayan recently
used the Hadamard Fourier transform (which is related with the Walsh transform we give
below) to analyze the multifractal structure of some eigenstates of the (unitary) quantum
2-baker B, BJ.

5.1.1. The quantum torus as a system of quantum Dits. We first fix the coefficient D € N
(D > 2) of the symmetric baker’s relation (B.§), and will consider in this section only the
inverse Planck’s constants of the form N = D* for some & € N. In this case, integers
j € Zpr = {0,...,D* — 1} are in one-to-one correspondence with the words € = €165 - - - €
made of symbols (or “Dits”) ¢, € Zp:

k
(5.4) Zpe>j=)» D",

=1
The natural order for j € Zpr corresponds to the lexicographic order for the symbolic words
{€ € (Zp)*}. This way, each position eigenstate |Q;) of the basis (fJ) can be associated
with the unique symbolic sequence €€ - - - €, which gives its Dnary expansion

(55) Qj:%:0'6162"'6k.
Let us denote the canonical basis of CP by {eg,e1,...,ep_1}. Then, each |Q;) can be

written as

(56) ‘Q]> :e€1®662®“'®eek-
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Q

Following [A§], we denote each |Q;) by |€) = |ei€a---€) to emphasize the above tensor
product decomposition. This way, the quantum space H} is naturally identified with the
tensor product of k spaces CP:

HL = (CP), @ (CP)y @ -~ @ (CP);.

In the quantum computating framework, each space (CP), is interpreted as a “quantum
Dit”, or “ quDit”, and the basis {|€) } is called the computational basis [BH]. Viewed in
our toral phase space, the quDit (CP), is associated with the scale D¢ in the position
variable, so (CP); is called the “most significant quDit”.

5.1.2. Walsh Fourier transform. The discrete Fourier transform of (L) (withn =1, N =
DF¥) is the Fourier transform (in the sense of abstract harmonic analysis) on the group Zp.

More explicitly, each row of Fpr corresponds to the character 7' — exp ( — 2imjy'/ D’“) of

Zpk. Using (B.4), the matrix elements can be factorized:

_ gy - _e(j)’
(5.7) (Fpr)jjr = D7*? exp < - QWﬁ> — DH/2 | | exp < — 2im Z<Dz >> )
=1

Notice that each €,,(jj") can be easily expressed in terms of the symbols of j and j':
em(if) =Y eli)erli’).
(+0=k+m

The Walsh Fourier transform is the Fourier transform on the group (Zp)*. It can be defined
by keeping only the first factor on the right hand side of (5.7): one obtains the matrix

. k ' ) ‘
(5.8) (Wi = D2 exp ( _ QiWEI%J )) _ HD71/2 w;z(])%+14(ﬂ ) ’ wp = e2T/D |
g_

Using the identification H} ~ (CP”)®*  this definition can be recast as follows.
Lemma 5.2. The Walsh Fourier transform Wy acts simply on tensor product states:
Wk(vl®~-~®vk):]:ka®~-~®fpv1, UgECD, 621,,/{7

Here Fp = W, is the discrete Fourier transform on CP. As a result, W, is a unitary
tranformation on Hj}, .

The proof consists in a straightforward algebraic check.

As opposed to the discrete Fourier transform, the Walsh Fourier transform does not
entangle the different quDits: a tensor product state is sent to another tensor product
state.
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Example. To illustrate this simple lemma we take D = 2, and consider the following
2k x 2% matrix, k > 1:

(=1)"/V2, m=[n/2

5.9) Ay =[Agar, A A ~L,0Smg2ki-1 =
(5.9) ok = [Aozr, Arar],  (Ajor)o<n<or—1,0emeor-1-1 {0, m # [n/2].

For instance when k = 2 we get

1
Apr = —
2 /2

O O ==
——_ O O
|
OO ==
—_— O O

This sequence of matrices has been obtained as the “extreme” possibility among a family of
different quantizations of the (closed) 2-baker’s map [Eg]%, and its semiclassical properties
were further studied in [p@]. In a different context, this (unitary) matrix belongs to the
family of transfer matrices associated with the de Bruijn graph with 2* vertices [F3].

The transformation Aqx acts as follows on tensor product states:
’U1®"‘®Uk'—>’U2®"‘®Uk®fgvl.

This implies that this matrix can be easily expressed in terms of the Walsh Fourier transform
(for D = 2):

B Wit 0
(5.10) A2k_Wk< 0 WH)’

where the 2 x 2 block structure corresponds to the most significant (leftmost) qubit. This
expression exactly parallels the one defining the Balazs-Voros (unitary) quantum baker [].
Compared to this “usual” quantum baker, A,x is thus obtained by replacing the discrete
Fourier matrices Fyr, For—1 by their Walsh analogues Wy, Wj_1.

The matrix Agr is unitary; as we will see in the next section, our toy model B, for the
quantum open 3-baker (see Eq. (b.9)) is its subunitary analogue.

5.2. Resonances for the Walsh quantization of the open baker relation. In this
section we set D = 3, and concentrate on the symmetric 3-baker ([.3). By analogy with
the example in last section, we modify the quantization ([.:38,5.1), in the case N = 3%, by
replacing the discrete Fourier matrices by their Walsh analogues. The resulting operator
exactly coincides with the toy model (5.2) introduced in the beginning of this section:

6We thank M. Saraceno for pointing out this interpretation to us.
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Lemma 5.3. In the case N = 3%, the matriz By, defined in (b.2) can be rewritten in terms
of the Walsh Fourier transforms as follows:

N Wia 00
Bp=W;| 0 0 o0
0 0 Wiy

We omit the simple algebraic proof. If we define the “truncated” inverse Fourier matrix

1 1 0 1
— |1 0 w3,
\/g 10 Ws

the toy model Eh acts as follows on tensor product states:

(5.12) Eh(v1®"'®vk):U2®U3®"'®j‘:§v1-

(5.11) Fe

This form is particularly nice to compute the spectrum of By,. We start by computing the
spectrum of its power (B}, ), which is enough to obtain the radial distribution of resonances
(that is, the distribution of resonance widths).

Proposition 5.4. Let Ay, |A_| < |A\y|, be the eigenvalues of the matrix

1 /11
0 = - .
’ \/§<1 w3)

The non-zero eigenvalues of (By)* (for N = (2rh)™' = 3%) are given by A* TEAP 0 <
p < k, each occurring with multiplicity ( ) From this we get the radial distribution of the

eigenvalues of Bh (counted with multiplicities):

vre1), o {)\ESpec(Bh) S 27’} L NIGTESN
(5.13) 1, r<|detQy|
C(r) = 1
0, T>|d6th|2.

Hence the nontrivial resonances accumulate near the circle of radius ro(B) = | det Q2.

This proposition gives Theorem [, where B is the baker’s relation described in Propo-

sition .1, B, the matrices (5.9), and Planck’s constants are taken along the sequence
{h, = (2 x 3%)71 k € N}.

Proof. From the expression (p.13), we see that
(B (@ @u) =Fun @ @ Fiu.

That means that (B,)* = (F5)®*, so one eigenbasis is obtained by taking the tensor
products of eigenstates of fg, and the eigenvalues of (Bh) are the corresponding products
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of eigenvalues of ﬁg The nonzero eigenvalues A, A\_ of ﬁg are the eigenvalues of (23, so the
first part of the proposition follows. To prove the second part, notice that each eigenvalue
)\k PAP of B"C corresponds to an eigenvalue (possibly in the generahzed sense) of modulus

|)\fr p/k \p/ *| of By. Therefore, we are able to count eigenvalues of B, (with multiplicities)
in a given annulus.

Let H(t) denote the Heaviside function, H(t) = 0 for ¢t < 0, and H(t) = 1 otherwise.

Then, for any 0 < r < 1,
: k
> - (1)
p=0 P
k
> H(
p=0

#{)\ESpec(éh) : WZT}:

_ log(A-Ai[2/7)
log(|A+1/1A-]) -

—p/k+1/2+ p) (l;) ,

Using Stirling’s formula, one easily gets in the limit & — oco:

LS Hph+ 17240 ()~ 2 [ e,

p=0

This expression shows that the distribution of resonances is semiclassically dominated by
the degrees |p — k/2| = O(k'/?), and proves the second part of the proposition. O

The explicit eigenvalues are A\, = H\Z/‘[ + /1= 23\[ , with approximate values

Ay~ 0.8390 +i0.0942, [Ai| ~ 0.8443, A~ —0.5504 +id058, |A_| ~ 0.6838.
The geometric mean of their moduli is ro(By,) = |[A_A |2 = /] det Q3] = 37/4.

We need to analyze the spectrum of By, more precisely to show that distribution of
resonances is asymptotically uniform with respect to the angular variable.

Proposition 5.5. Let h = (273%)~L. As a set, the nontrivial spectrum of Eh s given by
FUDFU [P 1 <p <k -1}
wk=1

For each p # 0, k, the k eigenvalues asymptotically have the same degeneracy k( ), which
shows that their distribution is uniform in the angular variable. Therefore, for any contin-
uous function f € C(D(0,1)) we have (counting multiplicities in the LHS):

1 oo de
S == ok g

0#)\€Spec(§h)
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Proof. To classify the nontrivial spectrum of éh, we will use the eigenvectors vy of fg
associated with the eigenvalues A;. Call

{n=mn--m:me € {£}} = (Zo)"
the set of binary sequences of length k. The number of symbols 7, = — in the sequence
n is called the degree of n. The cyclic shift T acts on these sequences as 7(n;«--ng) =
Ny - -meny . The shift allows us to partition (Zy)* into periodic orbits, each orbit O =
{77, 7(n),..., o7 (n) } being of (primitive) period £p = £,. Since 7% = id, the primitive
period must divide k. We call deg(O) the common degree of the elements of O and observe
that

(5.14) k| lodeg(O).

To each sequence 1) we associate the state |n) o Uy, @V, @ - - @y, , Which is obviously an
eigenstate of (By,)*, with eigenvalue )\i_deg(n))\cieg(n). These 2F states form an independent

family, which span the nontrivial eigenspaces of éh. This operator acts very simply on
these states:

V€ (Zo)F,  Bulm) = Ay I7(m)) .

Hence, for any orbit O, Eh leaves invariant the fn-dimensional subspace,
def
Vo =span{|n),ne O} .

To compute the spectrum of §h|vo we first observe that it is contained in the set of k-th
roots of AMIE@\9EO) which in view of (FI4) is equal to

So def {wj )\rdeg((?)/k)\deg(o)/k7 j=0,....00—1 } .

o —
We claim that Spec(§h|vo) = So (clearly with no degeneracies). In fact, let Qo : Vo — Vo
be defined by Qo|7¢(n)) = w[(f|7‘g(17)), for a choice of § € O. This operator is invertible
on V. By a verification on basis elements,

Bhlv, 0 Qo = wey Qo 0 Bilve ,
and hence if X € Spec(Baly,) then ngA € Spec(By|y,,) for any j.

Since O # O = Vp N Vo = {0}, enumerating the orbits decomposition of (Z,)*
yields the full nontrivial spectrum of Bj. In spite of the large degeneracies, this nontrivial
spectrum does not contain any Jordan block.

The degree p = 0 corresponds to the unique orbit O = {m =+ +---+ }, so the eigen-
value A\, is simple. Similarly, the degree p = k leads to the simple eigenvalue A_.

For any degree 1 < p < k — 1, call g = ged(k,p). The sequences of degree p will take
all possible periods ¢,, = k/{, where ¢ € N, £|g. We show below that, in the semiclassical
limit, the huge majority of the sequences of any degree p # 0, k have primitive period k.
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Lemma 5.6. There exists C' > 0, K > 0 s.t., for any k > K and any degree 1 < p < k—1,
#{n € (Zs)" : deg(n) =p.ln <k} _  logh
#{ne (L)l : degm)=p} =k
Proof. We still use g = ged(k, p).
If g =1, then all orbits of degree p are of primitive period k.

If g > 1, there exists £ > 1, {|g. For any P prime divisor of ¢, any sequence of primitive
period ¢, = k/{ is also of (nonnecessarily primitive) period k/P. Any sequence of degree p
and (nonnecessarily primitive) period k/P can be seen as the P repetitions of a sequence of
k/P bits, among which p/P take the value (—). Therefore, the number of such sequences
is exactly (k/ r ) As a consequence, we have

p/P
#{nc (Zo)k : deg(n) =p, by <k} (77)
Ene @) dgt)=p] S, > |

(5.15)
P prime, Plg (f?)

k

k—p)’ we

We will now estimate each term in the above sum. From the symmetry (];) = (

can assume p < k/2. Expanding the coefficient (];) into

<k> _k(k=1)---(k—p+1)
P plp—1)---1
we notice that both the numerator and the denominator contain exactly p/P factors which

are multiples of P. Their ratio gives (kf P) while the ratio of the remaining factors is

B k- kPt D)(E—P 1) (k—p+1)

k/Py 1) (p— —P—-1)...
() =1 (-P+l(p-P-1)-1
k—p+1 /<;
> — > —+1.
= 1 2 +
Here we used the fact that each factor (k —m)/(p—m) > 1,0 < m < p—2, and only kept
explicit the last factor. The last inequality comes from p < k/2.

We have obtained a uniform upper bound for each term in the sum of (b.I5). By
standard arguments, there exists K, C > 0s.t. the number of prime factors of any k > K
is < Clog k, so the number of terms in the sum is < Clog k. As aresult, (B.15) is bounded
from above by C'log k/(k -+ 2), which proves the lemma. O

This lemma shows that the orbits of period f» < k have a negligible contribution to the
asymptotic density of resonances. We can therefore act as if, for any 1 < p < k—1, each or-

bit of degree p had period k, leading to the k eigenvalues { wﬁ )\f:p/k)\zi/k , 7=0,...,k—1 }
In the semiclassical limit, these k eigenvalues are uniformly distributed on the circle of
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radius |)\i_p /R NP/ k|, and each of them has multiplicity %(l;) This shows that the asymp-

totic resonance distribution is circular-symmetric, with the radial distribution described in
Proposition p.4. O

Remark 5.1. Several features of the (nontrivial) spectrum of B, are very different from
what one expects for a random subunitary matrix of size 2% x 2*: the (logarithms of the)
resonances form a regular lattice, most eigenvalues are highly degenerate, and the radial

density is a delta function at r9(B). Actually, the only generic feature seems to be the
global fractal scaling of the Weyl law, and the uniform angular distribution.

Remark 5.2. The radial density of resonances is governed by ro(B) = /| det €3], which
seems to depend on the subtelties of the quantization. As an example of this fact, in §f
we will consider the open baker’s map with D = 4, which we call B, obtained by keeping
only the second and third strips. It has Lyapounov exponent log4, and the Cantor set C'
(see §8.3) has dimension v = log2/log4 = 1/2. The open map B’ obtained by removing
the first and third strips has the same characteristics. However, if we Walsh-quantize these
two maps, the spectra of Bj, and By are very different. These spectra are obtained from
the eigenvalues of different 2 x 2 blocks of the inverse Fourier matrix F;. The first map

leads to the block
1 7 —1
Q4 = 5 (_1 1) )

with two nonzero eigenvalues A1 of different moduli, so the spectrum of By, will satisfy the
fractal Weyl law, and be concentrated around the circle of radius

ro(B) = /| det Q| = 273/4.

In an opposite way, the second map leads to the singular block

1 /1 1
/—_
1Y),

The nontrivial spectrum of é,’l then reduce to a simple eigenvalue A, = 1. In that case,
the Weyl law is singular, corresponding to the profile function C'(r) = 0. This qualitative
difference between both spectra cannot be explained from the classical maps, but is due to
the phases in the matrix elements of the quantum maps.

6. CONDUCTANCE IN THE WALSH MODEL

6.1. Quantum transport. In this section, we consider open baker’s relations for which
the “opening” consists in two disjoint intervals, which are supposed to represent two “leads”
connecting a quantum dot to the outside world. We will prove Theorem [ in this setting:

(L) in §6.3 and (L.3) in §6.3.
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The baker’s relations defined in §B.3 can all be seen as truncations of invertible maps on
T2. More precisely there exists an invertible baker’s map, x : T? — T2, such that the graph
B = By U Bs of the open baker’s map is

B=T,Nn{(¢,p) :qe hUlL=1 pel}.

For admissible values of NV, one can quantize the closed map x into a unitary transformation
U, = U, on Hj by straightforwardly generalizing the method of [B]. Multiplying this
unitary operator by the quantum projector 1I; = EQ],G 1 1Q;)(Q;], we obtain the quantum

open baker’s map ([.3§)
Z3h:: LﬁthI[.

To obtain an agreement with the notations of §P.4.3, we can interpret the set [ = I; U I,
as the “wall” of the quantum dot, while the complementary interval L = I\ I represents
the “openings” of the dot, perfectly connected with the “leads”. In the previous sections,
we studied the resonances, that is, the eigenvalues of B, = U, ,I1; (or of B, when choosing
the Walsh quantization). Now, we want to study the “transport” through the dot, using
the formalism presented in §2.4.J. We assume that the opening L splits into two disjoint
“leads” L = Li U Lg, and we study the transmission matrix from lead L; to lead L (for
simplicity, both leads will have the same width). This matrix is obtained by decomposing
the scattering matrix (R.13)

SW) =T, (¢ U, TIp)" €U, 11,

n>0

into 4 blocks, according to the decomposition II; = II;, @ II;,. The transmission matrix
from L, to L, is defined as the block

(6.1) W) =Y ™ g, Uy (I Up)" I, ) et

n>1 n>1

Because 11, and II;, have the same rank M = N|L,|, t(¥)) is a square matrix of size M.
According to Landauer’s theory of coherent transport, each eigenvalue 7T;(¥) of the matrix
t*(9)t(¥) corresponds to a “transmission channel”. The dimensionless conductance of the
system is then given by the sum over these transmission eigenvalues:

(6.2) g(¥) = tr (£ (WD) .

A transmission channel is “classical” if the eigenvalue T; is very close to unity (perfect
transmission) or close to zero (perfect reflection). The intermediate values correspond to
the “nonclassical channels”, the importance of which is reflected in the noise power
. . P(v)
(6.3) P(9) = tr (t t(9)(1d —t t(ﬁ‘))) , or the Fano factor F(v) = 20
g
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In general it may be necessary to perform the “ensemble averaging” (averaging over 9) to
obtain significant results [f7]. However, for the model we will study below, both conduc-
tance and noise power will depend very little on ¢, so this averaging will not be necessary.
To alleviate notations we will supress the dependence in 1 in the transmission matrix ¢.

Our model. In the remainder of this section, we will compute the quantities characterizing
the transport through the “dot” when Uy, is a Walsh-quantized baker’s map similar to the
operator (b.9), but with D = 4 instead of D = 2. The sequence of values of h consequently
is given by

2mhy =47%, k=1,2,---.

We will choose the two leads Ly = [0,1/4] and Ly = [3/4,1]: this way, the projectors 11y,
and II; = Id — 11, — I, can be represented as tensor product operators:

Iy, =mo®1dy ® - - ® Idy,
M, =m®ld®- - ©Ild,
[y =m,1dy® - ® Idy,

where T; = |e;) (e;] is a rank-1 orthogonal projector acting on C*, and we note m; = m; B 7o.

The “inside” propagator for this model, namely B, = Uylly, is the first one among the
two quantum maps mentioned in Remark p.Z: its nontrivial spectrum satisfies the fractal
1

Weyl law with exponent v = 3, and is concentrated near the radius TO(E ) =273/4,

The number of scattering channels in each lead is the rank of I1;, (equal to that of 1 ,).
It is given by i of the total dimension, and we denote it by

1
(6.4) M(h) = Z(Qwh)’l =41 he{h}.
The number of channels is “macroscopic”, and each channel is “fully coupled” to the leads.
We are therefore in a very nonperturbative régime, where resonances have no memory at
all of the eigenvalues of the closed (unitary) system.

6.2. Conductance. We will crucially use the fact that all operators under consideration
act nicely on the tensor product structure Hj = (C*)®*, that is, they do not entangle the
quDits. It is then suitable to compute the trace of ¢*t in a basis adapted to this tensor
product, and we naturally choose the computational (or position) basis. The conductance
is then given by

4k—1_1

() = Y (@) = D Q)

Qj;€L Jj=0
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Let us consider an arbitrary j = €j€s- -+ €, with ¢; = 0, so that 0 < j < 4! — 1. Using

(B-1]) we write
(6.5) Q) = e Ty, Uy (T Un)" ., Q) = Y €™ 1,]@Q;)
n>1 n>1
so that
QNI = > ™7 (Qsltr, £l Q) -

m,n>0

From now on, we replace the notation |Q;), j € [0,4*! — 1], by the symbolic notation |€),
where the sequence € = 0 ¢; - - - €, corresponds to j.

6.2.1. Classical transmission channels. To understand the action of ,, on |€) we notice that
II; U, acts on tensor products as

I Up(1 @+ @) = Tv2 @ - @ v @ Fjos .
If n < k, we obtain
(6.6) thl€) = T3€c, | D€y D€ @ Freg®@ Fymree, ® -+ @ Fymre,
frow which we draw the

Lemma 6.1. Consider a sequence € = 0 €ges - - - €, and assume that there exists an index
2 <0 <k such that ¢, € {0,3}. Let {y be the smallest such index. Then

0 if €ty = 0,
Ite) ]} = o
1 Zf €ty = 3.

This shows that |€) is a classical transmission channel.

Proof. For any 1 < n < {y — 2, €,41 € {1,2} by assumption. Hence the first quDit on
the right hand side of (B.f) vanishes and t,|€) = 0. Furthermore, the state (II;U};)%!|€)
admits as first quDit 77 e¢,, = 0, so that tnl€) = 0 for any n > ¢;. The only remaining
term in (6.9) is t4,-1]€):
e if €, = 0, the first quDit of that term is me., = 0, so ty,-1|€) = t[e) =
o if € =3, ty,_1]€) = €, ® Ceppin @ 10 ® Fieg @ Fiee, ® - Fiee, , . Since Fj is
unitary, [|ts,1|€)]| = [[t[€)]| = 1.

t

The number of classical channels discussed in Lemma [6.]] is easy to compute: it is
obtained by removing from the set [0,4* " — 1] = { &5 €, € (Z4)"' } the sequences such
that ¢, € {1,2} for all 2 < ¢ < k (these W111 be called “nonclassical sequences”). The
number of the latter is 281, so the number of classical channels is 4*~! — 25=1 Among
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them, half are fully reflected, t|e) = 0, and half are fully transmitted, ||t|€)|| = 1. Hence
the conductance through these classical channels is

4k71 _ 2k71

tI'd(t*t) = B

Remark 6.1. Such classical channels are mentioned in the analysis of [f7] for the trans-
mission through an open kicked rotator. They sit in the phase space regions above the
lead L; which are either sent back to L;, or sent to Ly through the classical dynamics, in
a time smaller than the Ehrenfest time Tgy, = log N/(log4) = k. For our baker’s map B,
these regions are vertical strips of widths 47¢, ¢ = 2, ..., k which exit to L; or Lo at time
(. The particularity of the Walsh quantization is the exact full transmission (or reflection)
through these channels.

6.2.2. Nonclassical transmission channels. The nonclassical channels are necessarily combi-
nations of the position states |€) with €, € {1,2} for all 2 < ¢ < k (“nonclassical” sequences
or states). The associated positions 4Q); = 0 - €2€3 - - - €, lie close to the Cantor set C, such

that I'_ = C' x I is the set of points never escaping through B or B (see Eq. (B.9)).

For such a state |e), the term ([.§) vanishes for all n < k, due to the first quDit
Tree,,, = 0. That state therefore accomplishes & “unitary bounces” inside the cavity,
before it starts to decay out of it. We first consider the terms ti,,|€) for 0 < m < k:

trl€) = (e3/2) @ Free, @ Free, -+ Fiee, , whilefor 0 <m <k

6.7
(6.7) thim|€) = T3F e, @ Free, .o Free @ Files)2) @ FimiFiee, - FamiFiee,, -

An explicit computation shows that

ImFiel? = el =5, j=03,
so that
1
(6.8) ||t/1€+m|e)||2 0<m<k-1.

T A xom’

For larger times n = pk +m, p > 1, m € [0,k — 1], the state t,|€) is obtained from (£.7)
by inserting the operator (7;F;)P~! in front of each quDit e.,. Since 7;F; has a spectral
radius |\, | < 1, the norms of these states will decay exponentially fast as n — oo. This
argument gives the following

Lemma 6.2. For any 0 < © < 1, there exists C' > 0 such that, for any k > 1 and any
nonclassical state |€), we have

Y ltemle)] < C 27942,

m>|Ok]
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Neglecting errors of order O(279%/2), we just need to compute || fog trsm|€)

(B-§) we already know the the diagonal terms:
|©k] .

(6.9) > ltksmle)[2 = 5 +0@27%).
m=0

|?. From

In the next lemma we will show that the contribution to the conductance of the nondiagonal
terms is negligible in the semiclassical limit.

Lemma 6.3. Let 0 < © < 1/5. There exists C = C(0©) > 0 such that for any k > 1,
# { nonclassical €, Im,m’ € [0,0k], (e[t trins|€) # 0}

# { nonclassical €}

< C27H2,

In other words, in the semiclassical limit, a “generic” nonclassical state |€) will satisfy

Vm,m' € [0,0k], m#m' = (€|t} tirm|€) =0.

Proof. Take an arbitrary nonclassical state |€), and any m,m’ € [0,0k], m > m’. From
(1), the first (k — m) quDits of the states tx,.,|€) and ¢y, |€)) are respectively

7T?"/,:.Zefrwrl ® eremm Q- ®7:Z€ek )

ﬂgf;‘egm,H ® ]—Z‘eem/+2 R ® fiegﬂm/im
Due to the unitarity of F} and the fact that the e; form an orthonormal basis of C*, the two
states tgym|€), tprms|€) Will be orthogonal if the sequences €, 19 - €x and €49+ €xrm—m
are not equal. Since we took m < Ok, these two sequences are subsequences of length
(k—m —1) > (1 — ©)k of the sequence e, shifted from one another by (m —m’) steps.

If the two subsequences are equal, then all subsequences
€k—(p+1)A+1 " " €k—pA, P = 07 U 7R7

Adéf(m—m'), RY [7]{;_2_1],

have to be equal to them as well. Hence € contains a subsequence of length (R+ 1)A which
is periodic with period A.
Let us count the number of such sequences €. Once we have fixed the A bits ;a1 - - - €,

the remaining free bits are €3 --€x_(rr1)a. The number #(m,m’) of such sequences is
therefore 22 x 2F~(F+1DA=1 FErom the definition of R, we get

#<m’ TTLI) < 22mfm/ < 22®k )

Taking into account all possible pairs (m, m’), we obtain the following bound for the number
of nongeneric nonclassical channels:

# { nonclassical €, Im,m’, 0 <m' <m < Ok, (€[t} tiin|€) #0} < (Ok)?22F.

Since # { nonclassical € } = 281 and 20 < 2/5, we have proven the lemma. O
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From Lemma[5.9 and Eq. (6), a generic nonclassical sequence € will satisfy ||t|€)||* = 3+
O(279%/2) For a nongeneric nonclassical sequence €, we use the simple bound ||t|€)||?> < 1.
As a result, we get the following estimate for the “nonclassical conductance”:

2k—1
(6.10) Taona () = > ltle)>+ > ltle)]* = — (1 O(279%2)).
nonclassical nonclassical
generic nongeneric

Adding this to the “classical conductance”, we get the full conductance
k—1

(6.11) g(9) = tr(tt(9)) = 47 + O(20-9/2k)

The implied constant is independent of ¥ € [0,27) and 0 < © < 1/5. The number of
scattering channels in our model is given by M(h) = 4*=1 see (F-4), so we have proven

(L)) in Theorem P.

6.3. Noise power. The conductance corresponds to the first moment of the distribution
of transmission eigenvalues. It can not distinguish between a purely classical transport
(T; € {0,1}) and a quantum one (some 7; take intermediate values). To do so, we need to
compute the second moment of these eigenvalues, that is, the trace

(1)) = Y 1)),
Qjela

or equivalently the noise power (f.3). As in the previous section, we split the sum on the
right hand side between the classical and nonclassical states |Q);) = €).

Lemma [.]] shows that half the classical states are in the kernel of t*t, half in the
eigenspace of t*t associated with the eigenvalue 1 (full transmission). As a consequence,
the trace over the classical states takes the value

4k—1 _ 2k—1
tra((tt)?) =

Obviously, the classical states are noiseless.

The contribution of the nonclassical states is more delicate. According to Lemma .2,
for any nonclassical state |€) we have (for any 0 < © < 1)

| O]
tle) =Y ™ tyimle) + 0279,

m=0
We now apply to each state ty,,|€), m < Ok, the adjoint operator
(6.12) tr=> e
n>0
According to (B.1), the state t..,|€) has the form

tk+m‘6> =e3Q fZW[U}Q Q- fjfﬂ'[wk,
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for some explicit set of quDits w, € C*, 2 < ¢ < k. From the expressions
th =1, Uy (L, U;)" " 1,
U (01 @ @) =1 Fyvp QU @ -+ @ Vg1
we can easily write the action of the operators ¢! on tj.,|€):
if n <k, then ¢ txm|€) = momWp_pi1 ®...=0.
The first non-trivial case of n = k is given by
titktm|€) = ToFuez @ mywy @ - - - Trwy
while for any 1 < m/ < k — 1, we have

def
| m(€)) = thsmuliim|€) =

7T0f47T]’wk_m/+1 & 7T[./T47T[’wk_m/+2 & - 7T[f47T]’wk & 7T[JT463 & TrWo & T1Wh—m! -
The above state is obtained by first evolving |€) k+m times through the “inside propagator”

UplIl;, then projecting on the “output lead” Lo, then evolving backwards (through II;U;)
k 4+ m’ times, and finally projecting on the “input lead” L;.

As for the case of the operator ¢, we see that by increasing m’ we increase the number
of quDits on which we apply the operator 7;F,. Therefore, for any index m, the norm
of [ty m(€)) will decrease exponentially fast with m’. As in Lemma p.9, we truncate the
expansion (F.19) to the range m’ < Ok, thereby omitting a remainder O(279%/2).

We now replace the quDits w, by their explicit values, which depend on the index m.
We introduce the following notations for operators on C*:

Paﬁ déf Waf47'l'ﬁf: s with a, ﬁ € {07 [7 3} :

The explicit decomposition of |y, ,(€)) depends on the sign of A o — m/, and on
whether m, m’ = 0 or not (we will often omit to indicate the dependence in €):

e for m' = m,

[10,0) = Pogeo @ €, @ -+ €,

6.13
( ) |Vm.m) = Poreo @ Prree, @ -+ - Prree,, @ P13t @ €epin @€ -

o form=m'+A, A >0,
(6.14)
[V0,0) = Pogenrs @ €eppy @ o v e, @miF e @ mrFiec, @ miF ec,
|¢m’,m’+A> = POIeEAﬂ ® P1165A+2 - 'PII€5A+m'®
® Prseey,., ® e, @mF e @ mrF ee, @ - mrF e,

/41 ® 65A+m’+2
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e form=m'+A, A<O,
|1/}\A|70> = 7T0-7'—4€€k7\m+1 ® 7T1~7:4e€k7\m+2 ® -+ mrFsee, @ Praeo @ €, ® - - N
(6.15) |[Ymyia|m) = ToFae, a1 @ TrFale,_ a0 @ -+ TrF 1€, @ Prreo®
® Plleeg @ Plleem ® PI?)eem_H ® €ernta - eﬁk—\A\ .
We notice that each of these states contains subfactors e, , ® --- ® e, if m > m/, and
Compr @ ®ee,  ifm< m'. Compared to its position in the tensor product expansion

of |€), this subfactor is shifted by m’ —m = —A steps. From this remark, and using similar
methods as for Lemma 6.3, we can easily prove the following

Lemma 6.4. Let 0 < © < 1/6 and for any pair of indices (m,m’), denote A = m —m/.
There exists C' = C(©) > 0 such that

# { nonclass. € : Imy, my, ma,my € [0,0k], Ay # Ao, (Ut iy [V ms) # 0}
# { nonclass. €}

< (027,

In other words, for a generic nonclassical sequence €, any two states

|1/}m’1,m1<6)> ) ‘wmg,m2(€>>7 my, m; < @ku

will be orthogonal to each other if A; # Ay, that is, if the shifts between their respective
forward and backward evolution times are different.

From now on we assume that € is a generic nonclassical sequence in the sense of the
above lemma. If we group the states |1, m(€)) into

def
Ua(€) = Y Wmram(e)),
0<m,m’'<Ok
m=m'+A
then genericity implies that (Ua(€)|¥as(€)) = 0 if A # A’. The square-norm of t*t|e) is
then given by

(6.16) el =Y 1ale)|®+ 02 %2).

|A|<Ok

As we will see, no further simplification occurs in this expression, meaning that two different
states |1, ) with the same A will generally interfere with each other. Our remaining task
consists in computing each square norm on the right hand side of (f-1d). We will use the
explicit tensor decompositions (B.I3-.19), and notice that the overlap between two states
| m) 1s the product of the overlaps of their tensor factors. We split the lengthy, yet
straightforward computation according to the value of A.

6.3.1. Norm of ¥,. We have
(6.17) Woll> = D> Imml®+2 DY Re(Wmmltnn) -

m<Ok 0<m<n<Ok



DISTRIBUTION OF RESONANCES FOR OPEN QUANTUM MAPS 55

The successive diagonal terms take the values

1 .
[0,0ll” = [[Poseol|® = 6 while for m > 1,

)m—l

m
[Wmmll® = 1Poreoll* (] [ IPrrec, ) 1Prsecyin |I* =

{=2

(

| w
ol

B |

The sum over the diagonal terms is therefore

> N tmml® = ——+49«3ﬂ9@ﬂ-

m<Ok

The nondiagonal terms read, for any 0 < n < Ok,
& 1,1l
<1/10,0Wn,n> = <7703€0, 7)0160 61_12 ) Plleeg €en+1,7713€en+1> = g (5) Za

and for 0 < m < n < Ok, one similarly gets

1 3vma1lEi 1inmal
The sign is + if €,,,1 = 1, and — if €,,,1 = 2. Adding up the real parts of these off-diagonal
terms, we obtain

3
2 R mm|¥nn) = 55 o2 Ok
> Re(@mmltna) = o + 027,
0<m<n<Ok
We notice that this contribution is of the same order as the diagonal one. Summing the
diagonal and nondiagonal parts yields the norm

21
(6.18) | oll? = 55+ O@%).

6.3.2. Norm of Wa with A > 0. From Eq. (6.14) we notice that all states |[¢y mia), 0 <
m < ©k — A share the same A last quDits, which results in a common factor

H |71 Fiee,||* = oa in the norm ||Wa .

To avoid taking this factor into account at all steps, we rather consider the states |1, ., a)

obtained by removing these last A quDits from [y, mia).
1
E.
For all m > 0, the first quDit of [¢);, .. A) is Porec,,,. From the explicit expression of
Por, this quDit vanishes if ea11 = 2, so that

We first compute the square-norm [[¢g A [|* =

1 1

1 if ep g = 2 Ua(e)|l” =
(6.19) I €A+ ) IKING 16 24

foralll1 <A <Ok.



56 S. NONNENMACHER AND M. ZWORSKI

In the opposite case eay1 = 1, the states ¢, ., o) are nontrivial:

1 3. ;1
forany 0 <m < Ok — A, Hi/i,/n,erAW = ] (g)m ' g’
[Ok]-A .
(6.20) so that Z Hi/f;n,erAHz = R0 + O((?’/S)GKA)) :
m=0

We then compute the off-diagonal terms:

—-1—-7 1 1
(VoAU min) = 16 o1 1 for 0 <m < Ok — |A],
1 3., 1+i 1 1

rmi AV mia) = 3 (g)m 6 gn-m ] for 1 <m <n <Ok — |A|

(the sign + in the last line depends on €a,,+1). Summing up the real parts yields:

, 1 )
2 Z R‘e<,l/};n,m+A‘wn,n+A> = —— + (’)(2 @k+A) )

20
0<m<n<Ok—A

Adding this to the diagonal terms (.20), restoring the factor 272, and using (f-19) results
in the following norm (which explicitly depends on €):

621)  [Ta() = (2

1 —
- 2_A(% 5€A+1=1 + — 56A+1:2) + O<2 Gk) fOI' any 1 S A S @]{; .

16

6.3.3. Norm of W with A < 0. As in the previous case, we notice from (f.I5) that all
components of W share the same |A| first quDits, which contribute a factor

|A]
1 1
(6.22) ImoFaceq a2 ( T I Freer speall?) = 7 57
=2
We call 9/ +|alm the states with these |A| quDits removed. They have the norms
1 1.3 1
/ 2 / 2 m—1
[(a0ll” = 3’ and for m > 1, [[¢5, 1 japmll” = 3 (g) 3
Hence, the diagonal contribution reads
Ok —|A| 3
D hapml’ = 2ot O((3/8)%"12).
m=0

The nondiagonal terms take the values
—14: 1 1

(a0l Vnsiain = for 0 <n <Ok —[A],

1 1+ 1 1

16 2714
/ / _ —(Z\m - -
<wm+‘A|,m‘wn+|A‘,n> - 8 <8) 16 anmfl 4

for 1 <m <n<Ok—|A.
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These contributions sum up to

) 1 -
2 Z Re(Un, a1 ml Uhtalm) = —a= + 027180

20
0<m<n<Ok—|A|

Putting together this with the diagonal contributions and restoring the factor (p.22), yields

1 1
2 L L —Ok _ _
(6.23) |WAll® = 50 212 +0(27°Y), Ok <A<-1.
6.3.4. Summing up. We can now sum over all shifts A, |A] < ©Fk for a given generic
nonclassical sequence €. The sum over the shifts A < 0 is simple, and independent on the

sequence €:
25
> Iwael” = 55 + O(k2™).
—Ok<A<0
The sum over the shifts A > 0 is slightly more delicate, since the norm of |V (€)) depends
on € — see Eq. (b.21]). However, we notice that the set of generic nonclassical sequences
can be partitioned into “mirror pairs” (€, €) such that
Vle2,k], €§=1<¢=2.
Summing the norms over a “mirror pair” is easy:
11
for L <A<Ok WA + [Wafe)]? = o5 1+ 0@
This contribution is identical (up to the remainder) with || U_a(€)||* + || ¥_a(€)]|?, which
shows a sort of symmetry between positive and negative shifts. Summing over all |A| < Ok,
we get, for any mirror pair (e, €) of generic nonclassical sequences:

58
[&tle) 2+ e tfe) |2 = o5 +O(2-02)

Using Lemma [.4], we obtain the trace over the nonclassical states:

58
tnonel (7)) = 2772 (@ +0(2° %) + 027" 2>> .
Substracting this expression from the “nonclassical conductance” (p.10), and calling C =

min(C, 30), we finally obtain the noise power:

11 5
(6.24) P = tr(t*t — (t*t)?) = trpona (t't — (t°1)%) = 2871 (% - 0(2‘0’“)) .
This proves ([.3) in Theorem P. As remarked in §[.T, the factor 11/80 is close to the
random-matrix prediction for this quantity, namely 1/8 [, 7. This is in contrast with
our remark b.1 that the semiclassical resonance spectrum of the propagator inside the dot,
By, = Uglly, is quite different from that of a random subunitary matrix. Somehow, the

matrix ¢, obtained by summing iterates of Eh, has acquired some “genericity”, as far as
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the distribution of its singular values is concerned. It would be interesting (but quite
cumbersome) to compute the higher moments of that distribution.
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