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PREQUANTUM CHAOS: RESONANCES OF THE PREQUANTUM CAT MAP

FREDERIC FAURE
(Communicated by Jens Marklof)

ABSTRACT. Prequantum dynamics was introduced in the 70s by Kostant, Sou-
riau and Kirillov as an intermediate between classical and quantum dynam-
ics. In common with the classical dynamics, prequantum dynamics transports
functions on phase space, but adds some phases which are important in quan-
tum interference effects. In the case of hyperbolic dynamical systems, it is
believed that the study of the prequantum dynamics will give a better under-
standing of the quantum interference effects for large time, and of their sta-
tistical properties. We consider a linear hyperbolic map M in SL(2,Z) which
generates a chaotic dynamical system on the torus. The dynamics is lifted to
a prequantum fiber bundle. This gives a unitary prequantum (partially hyper-
bolic) map. We calculate its resonances and show that they are related to the
quantum eigenvalues. A remarkable consequence is that quantum dynamics
emerges from long-term behavior of prequantum dynamics. We present trace
formulas, and discuss perspectives of this approach in the nonlinear case.

CONTENTS
1. Introduction 256
2. Statement of the results 258
2.1. Prequantum resonances and quantum eigenvalues 258
2.2. Dynamical appearance of the quantum space 260
2.3. Trace formulas 261
3. Prequantum dynamics on R? 262
3.1. Hamiltonian dynamics 262
3.2. The prequantum line bundle 263
3.3. The prequantum operator 265
3.4. Canonical basis of operators in L? (R?) 268
3.5. Case of alinear Hamiltonian function 269
3.6. The quantum Hilbert space 270
3.7. The case of a quadratic Hamiltonian function 273
4. Linear cat map on the torus T2 275
4.1. Prequantum Hilbert space of the torus 275

Received June 28, 2006, revised December 5, 2006.

2000 Mathematics Subject Classification: Primary: 81Q50, 81S10; Secondary: 37D20, 37C30.

Key words and phrases: Prequantum dynamics, Quantum chaos, Linear hyperbolic map,
Transfer operator, Resonances, Decay of correlations, Line bundle.

Supported by “Agence Nationale de la Recherche” under the grant ANR-05-JCJC-0107-01.

255 ©2007 AIMSCIENCES



256 FREDERIC FAURE

4.2. Prequantum resonances 278
4.3. Relation between prequantum time-correlation functions and quantum

evolution of wave functions 281
4.4. Proof of the trace formula 281
5. Conclusion 282

1. INTRODUCTION

Quantum chaos is the study of wave dynamics (quantum dynamics) and its
spectral properties, in the limit of small wavelength, when in this limit, the cor-
responding classical dynamical system is chaotic [19]. This limit is also denoted
by i — 0, and called the semiclassical limit. The usual mathematical models
to study quantum chaos are models of hyperbolic dynamics, because there, the
classical chaotic features are important and quite well understood (mixing, ex-
ponential decay of correlations, central limit theorem for observables, etc.) [7,
21]. On the quantum side, semiclassical formulas like the Gutzwiller trace for-
mula (resp. the Van-Vleck formula) give descriptions of the quantum spectrum
(resp. the description of the wave evolution) in the semiclassical limit, in terms of
sum of complex amplitudes along different classical trajectories. One important
problem in quantum chaos is that these semiclassical formulas are mathemat-
ically proved only for moderate time (versus 7 — 0), whereas some numerical
experiments suggest that they could be valid for much larger time, like ¢ = 1/h%,
a > 0 [31, 10]}, and a lot of work in the physics literature of quantum chaos is
based on this last hypothesis ([11] for example). The main difficulty to prove this
hypothesis is related to the fact that the number of classical trajectories which
enter in the semiclassical formulas increases exponentially fast with time, like
eM, where 1 is the Lyapunov exponent, and this makes it difficult to control the
error terms.

For large time the structure described by the classical orbits in phase space
is much finer than the Planck cells.? The validity of the semiclassical formulas
could be due to some average effects in the sum of the huge number of complex
amplitudes, at the scale of the Planck cells. One goal is to justify and understand
this averaging process.

It is known that classical hyperbolic dynamical systems have trace formulas
which are exact, even in nonlinear cases, [4, page 97], [15]. These trace formulas
give the trace of the so-called regularized transfer operator, in terms of periodic
orbits. The eigenvalues of the regularized transfer operator are called Ruelle-
Pollicott resonances and are useful to describe convergence towards equilibrium
and the decay of time-correlation functions in hyperbolic dynamical systems. A

1n [13], we show the validity of semiclassical formulas for time large as ¢ = Clog(1/h), for any
C > 0, for a quantized hyperbolic nonlinear map on the torus.

2Planck cells are the “best resolution” of phase space made by quantum mechanics at the scale
h. The limitation is due to the uncertainty principle.
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remarkable result in this theory, and which could be useful to exploit in quan-
tum chaos, is the exactness of these trace formulas. As these formulas involve a
sum over classical orbits, they can be interpreted as an averaging process over
these orbits. We hope to be able to extend this formalism of classical dynami-
cal systems to the semiclassical setting, in order to better control the averaging
process between complex amplitudes for large time, and possibly to suggest an
appropriate statistical approach for quantum chaos.

To follow this program we have to find a classical transfer operator whose
trace formula is the semiclassical trace formula, and then be able to compare (in
the operator norm) this transfer operator with the quantum evolution operator,
in order to prove the validity of the semiclassical trace formulas for the quantum
dynamics. This paper is a first step towards this objective. We propose here such
an operator, and perform its study for a particular hyperbolic dynamical system,
namely a linear hyperbolic map on the torus. However the objective is not yet
reached because linear hyperbolic maps are very particular and the semiclassi-
cal trace formulas are already exact. The aforementioned problem is therefore
not fully present in this paper, but it is the main motivation for this work, and
we think that this analysis can be extended to the nonlinear case and will then
reveal its interest.

The transfer operator we propose is the prequantum evolution operator. The
prequantum dynamics is a natural dynamics at the border between classical and
quantum dynamics. Similarly to the classical dynamics, prequantum dynamics
transports functions on phase space (more precisely sections of a bundle), but
introduces some complex phases which are determined by the actions of the
classical trajectories. These phases are known to govern interference phenom-
ena which are characteristic of wave dynamics and quantum dynamics. How-
ever, the difference from quantum dynamics is that there is no uncertainty prin-
ciple in prequantum dynamics, and this simplifies its study in an essential way.
The uncertainty principle (which is mathematically introduced by the choice
of a complex polarization, or a complex structure on phase space, see Section
3.6), introduces a cutoff in phase space at the scale of the Planck constant #.
One consequence of the absence of this cutoff in the prequantum setting is that
the prequantum formulas are exact. Another consequence is that the prequan-
tum Hilbert space is much larger than the quantum one, and the hyperbolic-
ity hypothesis on the dynamics implies that the prequantum wave functions es-
cape towards finer and finer scales. This escape of the prequantum wave func-
tion from macroscopic scales towards microscopic scales for large time is de-
scribed by a discrete set of “prequantum resonances”. Another way to say this
is that the prequantum resonances describe the time decay of correlations be-
tween smooth prequantum functions. The biggest prequantum resonance(s)
(i.e., those with greatest modulus) dominate for long time and describe the part
of the prequantum wave functions which remain at the macroscopic scale (i.e.,
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at a scale larger than the Planck cells /). We therefore expect a general rela-
tion between these outer prequantum resonances and the quantum eigenvalues
which describe the quantum wave evolution.

The role of the prequantum dynamics and the corresponding trace formulas
for quantum dynamics has already been suggested by many authors [27, 10, 30],
in particular V. Guillemin in [18, page 504].

In this paper, starting from a linear hyperbolic map on the torus, we show
how to define the hyperbolic prequantum map on the torus and establish a rela-
tion between the discrete resonance spectrum of the prequantum map and the
discrete spectrum of the quantum map, see Theorem 1 on page 259. In the con-
clusion, we discuss some perspectives.

2. STATEMENT OF THE RESULTS

In this section we state the main result of this paper, and discuss some con-
sequences. In the next sections, we will give precise definitions and recall the
basics of the prequantum dynamics.

2.1. Prequantum resonances and quantum eigenvalues. Let M: T?> — T2 be a
hyperbolic linear map on T? = R?/Z?, i.e., M € SL(2,Z), TrM > 2. This map is
Anosov (uniformly hyperbolic), with strong chaotic properties, such as ergodic-
ity and mixing, see [21, p. 154].

The prequantum line bundle L is a Hermitian complex line bundle over T2,
with constant curvature © = i2x Nw, where w = dqg A dp is the symplectic two-
form on T2 and N € N* is the Chern index of the line bundle. N is related to
hiby N =1/ (2nh). The prequantum Hilbert space is the space Ay := L? (L) of
I? sections of L. Note that .2y is infinite-dimensional. The prequantum dy-
namics is a lift of the map M to the bundle L that preserves the connection. This
prequantum dynamics induces a transport of sections, and defines a unitary op-
erator acting on #y called prequantum map M. (In the following sections, this
operator will be denoted by My).

The quantum Hilbert space € is the space of antiholomorphic sections of L
(after the introduction of a complex structure on T?). Contrary to the prequan-
tum case, Ay is finite-dimensional, and dim.7#¢y = N from the Riemann-Roch
Theorem. The quantum map M is obtained by Weyl quantization of M. Itis a
unitary operator acting on Ay [20, 22, 9]. The quantum spectrum is the set of
the eigenvalues of M denoted by exp (i¢x), k=1,...,N.

Classical resonances. We first review the concept of time correlation functions
and Ruelle-Pollicott resonances for the classical map M. These concepts give a
fruitful approach to the study of chaotic properties of classical dynamics, such as
mixing or central limit theorem for observables, etc., see [4]. Let ¢, ¢ € I? (Tz) n
C>® (TTZ), and define the transfer operator Mj,ss. acting on such functions by
(Mcjassg) (x) := @ (M~'x), x € T2. For t € N, the classical time correlation func-
tion is defined by:

C¢r(ﬂ ()= <¢|M£lass(p>’
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where the scalar product takes place in L? (T?). Using the Fourier decomposition
of ¢, @, itis easy to show that Cy , (#) decreases with ¢ faster than any exponential
(see [4, p. 226]). That is, for any x > 0:

() Cpp (1) = (Il +0 (&™),

where |1) stands for the constant function 1, and (1l¢) = [7. ¢ (x) dx. Eq.(1) re-
veals the mixing property of the classical map M. In order to study quantitatively
the decay of Cy (1), we introduce its Fourier transform:
Copp (W) :=)_ e Cpy(1).
teN

The classical resonances of Ruelle-Pollicott are e’ such that w is a pole of the
meromorphic extension of C’gby(p (w), w € C. They control the decay of Cy (). In
our case, there is a simple pole e’ = 1, corresponding to the mixing property,
see Figure 1 (a). The superexponential decay implies that there are no other res-
onances. For a nonlinear hyperbolic map we expect to observe other resonances
el with \ei‘”| <1,seee.g., [15].

Prequantum resonances. We proceed similarly for prequantum dynamics. Given
two smooth sections @, ¢ € L?(L) N L*° (L), we define their prequantum time-
correlation function by

Cj,5 (1) :=(PIM"|P), tEN
We wish to study the decay of Cg 5 (1). The prequantum resonances of Ruelle-
Pollicott are defined as e’ such that w is a pole of the meromorphic extension of

the Fourier transform of Ctﬂ(i) (7). These resonances govern the decay of C&tﬁ ().
The main result of this paper is the following theorem, illustrated by Figure 1.

THEOREM 1. Let M be the prequantum map. There exists an operator B, such
that

R=BMB™!
is defined on a dense domain of L? (L), and such that R extends uniquely to a trace
class operator in L? (L). The eigenvalues of R are the prequantum resonances and
are given by

@) Tk =exp (iQr—An), k=1...N, neN

withexp (i) being the eigenvalues of the quantum map M (quantum eigenval-
ues), and A, = A(n+ %), with A being the Lyapunov exponent (i.e., exp (1) are
the eigenvalues of M).

Figure 1 shows

(@) Ruelle-Pollicott resonances of the classical map M. The isolated value 1
traduces mixing property of the map. The absence of resonances traduces
superexponential decay of time correlation functions (See [4, page 225], or
[15] for a simple description of the classical resonances as eigenvalues of a
trace class operator).
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(@) classical resonances  (b) prequanturﬁ resonances (c) quantum spectrum

FIGURE 1. Spectra for the linear cat map with N =1/ (2xh) = 14.

(b) Resonances ry,  of the prequantum map M, calculated in this paper. ry, ;. =
exp (ipr—A(n+1/2)), k=1...N, n € N. There are N resonances on each
circle of radius e M2e A" neN.

(c) Eigenvalues of the quantum map M: exp (i), k=1...N.

REMARK. e Itis easy to see that the prequantum resonances are the eigen-
values of R. Indeed, if ®, (Z) € Ay = L? (L) are sections which belong to the
domains of B, B! respectively, then the time-correlation function C(Z% p (1) :=

(@I M@y, t €N, can be expressed using the trace class operator R as
C4,5 (D := (PIM'1P) = ((GIB~") R' (BIp)).

Using a spectral decomposition of R, we deduce that the discrete spectrum
of R gives the explicit exponential decay of CJ% p (#), and more precisely that

the eigenvalues of R are the prequantum resonances as defined above.

 The way we obtain the resonances of M by conjugation with a nonunitary
operator B is well-known in quantum mechanics and is called the “com-
plex scaling method” [8]. It is usually used in order to obtain the “quantum
resonances of open quantum systems”. Remind that M is a unitary oper-
ator. It will appear in the paper, that it has a continuous spectrum on the
unit circle.

Sketch of the proof. The proof of Theorem 1 will be obtained in Section 4.2 page
280. The main steps in the proof is to show that the prequantum Hilbert space is
unitarily equivalent to a tensor product #y = #y ® L? (R) involving the quan-
tum Hilbert space #y and an L2 (R) space (this is Eq. (51) page 276), and then
that the prequantum operator writes M = M®exp (—iN/h), where M is the quan-
tum map acting on %y and N = Opyey (Agp) acting on L* (R) is the Weyl quan-
tization of a hyperbolic fixed point dynamics. It is well-known that exp (— iN/ k)
has a continuous spectrum but a discrete set of resonances exp (—A (n+1/2)),
neN. So Eq.(2) follows.

2.2. Dynamical appearance of the quantum space. For large time #, the N ex-
ternal prequantum resonances on the circle of radius exp (—A/2) will dominate,
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and with a suitable rescaling, Cj ; () behaves for large time like quantum cor-
relation functions, i.e., matrix elements of the quantum propagator. More pre-
cisely:

PROPOSITION 2. if $,p € Ay are prequantum wave functions, let us define ¢ =
[1B~1}, ¢ = [1Bp, where I1 = #x — A is the orthogonal projector called the
Toeplitz projector (this requires ¢, § to have suitable regularity so that they belong
to the corresponding domains). Then for large time t

(PIM"|P) = (pIM | pye 72 (1 iy (e—/u))

This means that quantum dynamics emerges as the long-term behavior of pre-
quantum dynamics.

The proofis given in Section 4.3 on page 281.

Let us comment on Theorem 1 and Proposition 2. It is remarkable that the ex-
terior circle of prequantum resonances is identified with the quantum eigenval-
ues. So the (generalized) eigenspace associated with these resonances is equiv-
alent to the quantum space. This unitary isomorphism appears explicitly in
the proof of the theorem. In some sense, and this is what Proposition 2 shows,
the quantum space appears dynamically under the prequantum dynamics, and
corresponds to “long lived” states. In this way the quantum dynamics appears
here without any quantization procedure, but by the prequantum dynamics it-
self (which is itself a natural extension of the classical dynamics as a lift to a line
bundle).

2.3. Trace formulas. As usual with transfer operators, trace formulas express
the trace of a regularized transfer operator in terms of periodic orbits. The pre-
quantum unitary operator M is not trace class, so the trace formula expresses
the trace of R” which is trace class. What is particular to prequantum dynamics
(compared to classical dynamics), is the appearance of complex phases, related
to the classical actions of the periodic orbits.

PROPOSITION 3. For t € N*, the trace formula for the prequantum dynamics ex-
presses the trace of R' in terms of periodic points of M on T? of period t:

- 1 ;
3) r(R)= Y e/l
x=M'x[Z?] |d€t(1 - Mt)l
where Ay = ¢ % (qdp - pdq) + Hdt is the classical action of the periodic orbit
starting from x = (g, p), and |det(1 - M")|™" = (e}"/2 — e=1/2) 2 s related to its
instability. More explicitly, for a periodic point characterized by x = (q, p) € R?
andM'x=x+n, neZ? wehave Ay ; = 3n A X.

The proof of Proposition 3 is given in Section 4.4, and follows the usual pro-
cedure to obtain a trace formula for transfer operators ([4, page 103] or [15]).
The idea is to use the fact that the prequantum dynamics is a lift of the classical
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transport with additional phases, and therefore use the Schwartz kernel of M.
Formally we write:
(4) )
T (M :f dx(xIMtlx):[ dxd (M'x—x)e' i = ——e
(1) T2 T2 ( ) x:%tx|det(l—Mf)|
This short calculation is made rigorous in the proof of Proposition 3 page 281,
using a suitable regularization.

LA
1 i Ane

Relation with the quantum trace formula.

COROLLARY 4. From Eq.(2), we deduce a relation between traces of operators. For
te”z,

(5) Tr(M"') = \/|det(1 - M*)| Tr(R"),
and from Eq.(3),

6) Tr(M)= Y S ——
x=M'x | [|det(1- M|

Proof. WehaveTr (M') =¥  e/%5, Tr(R") = XN | ¥, m0e?Anand ¥, nge Ml =

Y 20 e An+3)t — (eu/z _ e—,mz)—l’ and finally |det(1 _ Mt)l _ (eﬂmz _ e—M/Z).
O

REMARK. o Formula Eq.(6) can be proved directly, see e.g., [22].

o It is important to realize that the trace formula for the quantum operator
Eq.(6) is exact in our case, because we consider a linear hyperbolic map
M. For a nonlinear map we expect that the trace formula for the prequan-
tum map would still be exact, whereas there is no longer an exact trace
formula for the quantum operator. What is known are semiclassical trace
formulas that give Tr (M ) in the limit N — oo, but for relatively short time:
t =0 (logN), see [13]. We give more comments on these trace formulas in
the conclusion of this paper.

3. PREQUANTUM DYNAMICS ON [R?

In this section we recall the basics of prequantization on the euclidean phase
space R%. We will need this material in the next section. This is well-known, see
[35], or [5] for an introduction to geometric quantization on more general phase
spaces, i.e., Kdhler manifolds.

3.1. Hamiltonian dynamics. We first start with a classical Hamiltonian flow. We
consider the phase space R? and write x = (g, p) € R*. The symplectic two-form
isw = dgAdp. Areal-valued Hamiltonian function H € C* (R?) defines a Hamil-
tonian vector field Xy by w (Xg,+) = d H and given explicitly by

. o= 0H\ 0 0H\ 0
@ H‘(ap)aq (aq)ap'
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The Poisson bracket of f,g € C*®(R?) is {f, g} = 0 (X, Xg) = X¢ () = —Xr(8).
The vector field X} generates a Hamiltonian flow ¢, : R?> — R?, t € R. Explicitly,
(g, p@®) =¢:(q©),p @), if % = %,% = —%i;. The flow transports func-
tions: the action of ¢, on f € C*(R?) is defined by f; := (f o ¢p_;) € C*°(R?). The
corresponding evolution equation is % ={H, fi} = —Xu (f;). In order to explain
the introduction of the prequantum operator below, we rewrite this last equation
as

afe _ i .
8) T h( ihXpy) f;

where > 0. A complex-valued function f € C* (R?) can be seen as a section of
the trivial bundle R? x C over R?. Prequantum dynamics, which we will define
now, is a generalization of the transport of f; but for sections of a nonflat bundle
over R2.

3.2. The prequantum line bundle. We introduce # > 0, called the “Planck con-
stant” and consider a Hermitian complex line bundle L over R?, with a Hermitian
connection® D. Each fiber L, over x € R? is isomorphic to C. A C* section s of L
isa C*®° map R? 3 x — s (x) € L. We write s € A° (L). The covariant derivative D is
an operator D: A% (L) — A! (L) that acts on C* sections of L and gives a L-valued
1-form, see Figure 2. We require

1. Leibniz’s rule: if s € A° (L) is a section of L, and f € C* (R?) a function, then
D(f.s)=dfes+f.D(s).

2. If hy (-,-) denotes the Hermitian metric in the fiber Ly, the connection D
should be compatible with h: d (h (sy, $2)) = h(Dsy, S2)+h (s1, Ds2). In other
words, if the section s follows the connection in direction X, i.e.,, Dxs =0,
then h (s, s) is constant in this direction, i.e., X (h(s, s)) = 0.

3. The curvature two-form of the connection is

o i
=-w
h

where w = dg A dp is the symplectic two-form. This means that the ho-
lonomy of a closed loop surrounding a surface . < R? is exp (i [, w/h) =
exp (i2m (71 h)), where </ /h is interpreted as the number of quanta h =
2nh contained in the area o = [, w, see Figure 3.

A section of reference. As the base space R? is contractible, we can choose a uni-
tary global section r of L, i.e., such that |r (x)| = \/ hy (r (x),7 (x)) = 1, for every
x € R%. The section r is called the reference section and gives a trivialization of
the bundle L. We write its covariant derivative Dr = 6r, where 0 is a 1-form on
R?. The requirements on D above* impose that 6 = }%n with a real one-form n

3Fora general introduction to Hermitian line bundles, see [17, p. 71-77] or [34, p. 67, 77]

4The fact that @ is purely imaginary reflects the fact that the connection is compatible with
the Hermitian metric. Indeed, h (r,r) = 1, which gives 0 = h (Dr,r) + h(r,Dr) & 0 =Re (h(r,0r)) =
Re(Oh(r,r)) =Re(0). One requires that ® = df = iw/h & dn = w.
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Fiber L, .
. section s
L I
717 "Parallel transport
Base space R? ‘ :
X X: tangent vector

FIGURE 2. The covariant derivative of a section s with respect to
a tangent vector X, is Dxs € L, and characterizes the infinitesi-
mal departure of the section s from the parallel transport in the
direction of X.

y : Lift of y
follows parallel transport

holonomy
exp(i2n(<f | h))

Phase space R?

FIGURE 3. A closed path v is lifted in the line bundle following
the parallel transport. The holonomy of the lifted path ¥ is equal
to the phase exp (i27w</ / h) where & is the area of the closed path
also called the classical action of y. o/ /h is called the number of
quanta enclosed in y. These phases are responsible for interfer-
ence effects in quantum dynamics (wave dynamics).

such that dn = w. In order to simplify some expressions below, the section r is
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chosen such that®
1
©) n:=(qdp-pdq),
With respect to the reference section r, any section s € A® (L) is represented
by a complex-valued function y on R? defined by:

s =y@rx), wkxeC xeR?
and |s(x)] = /Ay (s(x), s (X)) = [ ()] Ve (r (%), 7 (X)) = | (x)].

The space of interest for us, called the prequantum Hilbert space, denoted by
L2 (L), is the space of sections of L with finite L? norm:

(10) LZ(L>:={s, ||s||2=f dx|s(x)|2<oo}
RZ

~L2([RR2 { fdx|w(x)| <oo} with s =y,

where the last unitary isomorphism is obtained by the identification s = y given
by Eq.(10). We will use this unitary isomorphism all along the paper and work
most of time with the space L? (R?).

REMARK. If ||s| = 1, the function Hus(x) = |s(x)|> = |y (x)|” is a probability
measure on phase space R? (i.e., JreHusg (x) dx = sl =1), and is called Husimi
distribution of the section s in the physics literature [6, 16].

3.3. The prequantum operator. The prequantum operator of Kostant-Souriau—
Kirillov acts on the Hilbert space L? (L), Eq. (10), and is defined by

(11) Py:=-ihDyx, +H,

where D is the covariant derivative, Xz is the Hamiltonian vector field in Eq.(7),
and H denotes multiplication of a section by the function H. If H is a real func-

tion and Xp is complete, then Py is a self-adjoint operator (see [35, page 162]).
Writing s = yr as in Eq.(10), we use Leibniz’s rule to write

(12) Dy, ()= Dx, (wr) = dv (Xu) T+ Dix, (1) = | Xua (v) + s0 i)y | 1
and obtain that
Py (s) = (—ihXpy +n X))y + Hy)r = (Puy)r
so Py is isomorphic to the differential operator
(13) Py =-ihXg+(n(Xpy) + H),
which acts on L2 (IRZ) The last two terms in Eq.(11) are the multiplication oper-

ator by the function n(Xy)+ H = —5 (q(%’g) + p(ap )) + H. The role of the dif-

ferential operator Py (respect. Py) is to generate the “prequantum dynamics”,

5The geometric meaning of 7, also called the symmetric gauge, is that the reference sec-
tion r follows the parallel transport along radial lines issued from the origin x = 0. Indeed
n=3%(qdp-pdq)= x/\dx,SOIer TxR% = R? is such that x A X = 0, then Dxr = % F1(X)r=0
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i.e., the evolution of v (1) € L? (R?) (respect. s(f) € L? (L)) by the “prequantum
Schrédinger equation”

dw (1) o ds (1) __i
(14) ar ﬁPHV/(t)» TR hPHS(t)
whose solution is v (t) = Uﬂ// (0) (respect. s(f) = U,5(0)), with the unitary oper-

ator in L? (R?):

(15) Ut:=exp(—%PHt), I~J[:=exp(—%PHt)

It can be shown that the term H in Eq.(11) is necessary so that U; preserves the
connection (see [35, page 163]).

The Geometric and Dynamical phases. In this paragraph we interpret the terms
which enter in the expression of P, Eq.(13). The reader can skip it and go di-
rectly to Section 3.4. According to Eq.(8), the first term (—i2Xp) is just respon-
sible for the transport of the function ¢ along the Hamiltonian flow. The sec-
ond term 7 (X)) comes from the covariant derivative in Eq.(12), and without the
third term H, it would mean that the transported section s(¢) follows parallel
transport over each trajectory x (¢). The third term H gives a departure from the
parallel transport. The last two terms together change the value of the function

¥ (1) at point x = (g, p) by the amount:
iY(1( dp dg
(7)o G+ )

We recognize the infinitesimal action of the trajectory, see [2]. As it is purely
imaginary, it changes the phase of the function v (£). The first term related to the
parallel transport over the trajectory is called the “geometric phase” in physics
literature, whereas the second term which depends explicitly on H is called the
“dynamical phase”[29].

In order to be more precise, let x (£) = ¢ (x(0)), t € R, be a trajectory on base
space R?, and p (0) € Ly a point in the fiber over the point x (0). Let us denote
p| (1) the lifted path over x (¢) which starts from p (0) and follows parallel trans-
port. Then the prequantum dynamics is the unique lifted path over x (#) given

2] =[-Jsasnw

by p(f) = e Jo Hx)ds p| (1), i.e., with a departure from the parallel transport
given by the dynamical phase. From that point of view, prequantum dynamics is
a flow in the fiber bundle L, which will be denoted by p (£) = ¢ p (0). The unitary
operator U, defined in Eq.(15), can be expressed by (U;s) (x (1)) = ¢ (s (x (0))).

If p (0) = rx(0), then p (?) is explicitly given with respect to the reference section
Ix(t) € Lx(p by:

(16) pty=e ihr
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where y: x(0) — x(¢) is the classical trajectory on the phase space R? and dF is
the one-form on the extended phase space (x, ) € R? x R:

an dF:(TI(XH)+H)dl‘=%(qdp—pdq)-kHdt

which is the sum of the geometrical phase plus the dynamical phase. See Figure
4. In other words, the solution v (#) of Eq.(14), is given in terms of the classical
flow by:

(18) () (x(0) = e 7 Py (x(0)).

p(1) : prequantum trajectory

Xp(i¢pqyp,): dynamical phase

p) (9): parallel transport

exp(i¢geom.): geometrical phase

= r(x(0) ~_

r(x(1)): reference section
\ Fiber Lx( 1)

x(1): classical trajectory

Phase space R?

FIGURE 4. The prequantum dynamics is a lift of the classical
dynamics x(f) in phase space, where the lifted path p(¢) fol-
lows the parallel transport p (¢) with an additional phase ¢, =

,I—i fOtH (x(s))ds called the dynamical phase. With respect to
the reference section r (x(t)), the parallel transport is given by
Py (x (D) = eseonr (x (1), where geom = —35 [ (qdp - pdq) is
called the geometrical phase.

Correspondence principle. An important interest in the prequantum operators
comes from the following proposition (see [35, page 157]).

PROPOSITION 5. If f,g € C®(R?) then
(19) [Pf, Pgl = ihPyf.g).

In other words, f € (C*®(R?),{,,-}) — Py € (L(#)),[-,-]) is a Lie algebra ho-
momorphism. In particular, it gives the following basic commutation relation of
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quantum mechanics between position and momentum, called the “correspon-
dence principle”®: [Py, P,] = ihPy, , = ihP) = ihld.

Proof. 1f f, g € C* (M) then [Xy, Xg| = —X{y g. If B is a one-form, and X, Y two
vector fields then X (B(Y))-Y (B(X)) = dB(X,Y) + B([X,Y]) (see e.g., [36, p.
207]). With these two relations we deduce:

(—i)? [Xp, Xg) = ih [Xp,1 (Xg) + g] — il [1(Xy) + f, X]

= B’ X(yg— ihX; (n(Xg)) +in{f, g} +ihXg (n (X)) - ik g, f}
= I*X(pq +2ih{f, g}~ ih(dn(Xs, Xg) +n ([ X, Xg]))

= W X(f,g) +2i0{f, 8} - iho (Xp, Xg) - ilm ([ Xy, Xg])

= ih(—l‘hX{fyg}+2{f,g}—{f,g}+1](X{f’g}))=ihP{f,g}

[Pf'Pg]

O

3.4. Canonical basis of operators in L? (R?). In this section we show that the
Hilbert space L? (R?) (of prequantum sections, Eq.(10)) is an irreducible space
for a convenient Weyl-Heisenberg algebra of operators constructed with the co-
variant derivative. This will give a decomposition of the space L? (R?) useful for
later use.

We have chosen coordinates (g, p) € R* on phase space. Consider the covari-
ant derivative operators respectively in the directions 8/0p and 8/0q. We denote
them by:

A

Qy:=—ihDs, Py:=—ihDa
ap oq
With the unitary isomorphism Eq.(10), we identify these operators with oper-
. 2 2 . . . A . 0 0 _
ators in L*(R?). Using Eq.(12), and Eq.(9), this gives Qz = (—lhﬁ +n($)) =
(—i h% + %q) Similarly for P,. We obtain:

(20) 0, = (—ihi
op

o1 p =(—ihi)—1
27 2= aq) 2"

Using the well-known commutation relation [q, (—ih%)] = ihld (similarly
with p), we deduce that (Qz, P, Ia) form a Weyl-Heisenberg algebra:
[Q2, P,] =1d.
In order to complete this algebra, define

(21) Qr:=P, P:=P,

6Note that szl =1Idis obtained thanks to the third term in (13). f — (—Xf) is also a Lie algebra

homomorphism (a more simple one), but szl =0# Id.
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to be the prequantum operator for functions g and p respectively. As before,
the corresponding self-adjoint operators in L? (R?) are explicitly obtained from
Eq.(13):

(22) = ('ha)+1 ﬁ—( 'ha)+1
Q=-{ op 27 1=""aq) T2
We directly check (or use Eq.(19)) that [Qs, P;] = ifild. But also
[Qs, B;] = ih1dd;;, [Qi,Q;j] =0, [P;,P;]=0.

So (Ql, P1,0,, P, Ia) form a basis of the Weyl-Heisenberg algebra with “two de-
grees of freedom” in L? (R?). In fact, we have obtained a new basis, from the
original basis (g, (—ih%), p (—ih%),fd) by a metaplectic transformation [16].
We summarize:

PROPOSITION 6. The space L* (R?) is an irreducible representation space for the
Weyl-Heisenberg algebra of operators (Ql,pL Qz,ﬁz,fd). As a consequence we
have a unitary isomorphism:

(23) L*(R%) = 1 (Ryy) ® L (Re)

where L? (Rqy) (resp. L? (Rez))) denotes the Hilbert space of L functions of one
variable f(Q1),Q1 € R (resp. f(Q2),Q2 € R), in which Q, acts as (Qlf) Q1) =
Q1f(Qy) and (P, f)(Q1) = —ih;—écl (Q1) (resp. for f(Qy)) . In other words, the de-

composition Eq.(23), means that y (g, p) € L* (R?) is transformed into a function
¥ (Q1,Q2) € L2 (Ryy) ® L2 (R ), see Eq.(37) below for an explicit formula.

We will see that the decomposition of the prequantum Hilbert space Eq.(23)
plays a major role for our understanding of the prequantum dynamics.

3.5. Case of a linear Hamiltonian function. Consider the special case where H
is a linear function on R?, with v = (v, v)) € R%:

(24) H(q,p)=vqp—vpq

then Xy = vq4 % +vp % . The Hamiltonian flow after time 1 is a translation on R?
by the vector v, and we denote it by T:

(25) T, (x):=x+0.

From definition Eq.(21) and linearity of Eq.(11), we deduce that

The unitary operator generated by Py after time 1 will be written:
- i i . A
27 T, :=exp (—ﬁPH) =exp (—ﬁ(qul -v,Q1)].

It is the prequantum lift of the classical translation Eq.(25).
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REMARK. The prequantum operator Py, depends only on the operators Qy, P
and not on Q2, P». Therefore with respect to the decomposition Eq.(23), opera-
tors Py and T, act trivially7 in the space I? (R(g)), i.e., can be written as

(28) T, =TV o1d?
The operator P restricted to the space L? (R()) is identical to the Weyl-quantized
operator Opweyl (H(Qq,P1)) = vgP1— vpQ1, see [16].

PROPOSITION 7. The prequantum translation operators satisfy the algebraic re-
lation of the Weyl-Heisenberg group: for any v, v' € R?,

(29) Tv Tv’ = e ISIh Tv+ v
withS=3vAv =5 (v1v)— va0}).
Proof. There are two ways to see that. The first one (more algebraic) is to use
the explicit expression Eq.(26) of Py in terms of the operators 01, P; and use
[Ql, ﬁl] =ihld (Weyl-Heisenberg algebra) as well as the Baker—-Campbell-Haus-
dorff relation edeB = A+B e%[A’B] for any operators which satisfy [A, B] = c.121,
CeC.

The second (more geometrical) one is to consider the initial point p =r, € L,
in the fiber over x € R?. We want to compute the phase F obtained after a lift over
the closed triangular path x — (x + v/) — ((x + ¢/) + v) — x in the plane R?:

L T, Ty (p)=enp.
For a unique translation of v, starting at x, Eq.(24) and Eq.(17) give the phase
1
(30) Ftrans_ = E VAX.
So for the closed triangular path:
1 / 1 ! 1 / / 1 /
F=§(v /\x)+§(v/\(x+v))+5(—(v+v)/\(x+v+v))=51}/\0.
O

3.6. The quantum Hilbert space. The usual Hilbert space of quantum mechan-
ics which corresponds to the phase space (g, p) € R?, is the space of functions
¥ (q) € L*®) [26]. The prequantum Hilbert space L? (R?), Eq.(10), is obviously
too large. The usual procedure to construct the quantum Hilbert space from the
prequantum one in geometric quantization is to add a complex structure on the
phase space R?, called a complex polarization, which induces a holomorphic
structure on the line bundle L, and then to consider the subspace of antiholo-
morphic sections of L, (see [35, 5]). We will show below that this indeed gives the
“standard” Hilbert space of quantum wave functions v (q).

“We will see in Section 3.6, that this is related to the fact that translations on R? preserve the
complex structure of C = R?.
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We consider the canonical complex structure J on phase space (g, p) € R? de-
fined by ](%) = % . Then x = (g, p) € R? is identified with z € C by®:

1
(31) z=——I(g+ip).
m(q p)

The quantum Hilbert space is defined to be the space of antiholomorphic sec-
tions:

(32) € :={sections € L* (L) /| Dx+s =0, forall X* € T"° (©)},

where the space of tangent vectors of type (1,0) (holomorphic tangent vectors)

i 2 +-0 _;0 _ /20
at point x € R” is spanned by X =3 " lap =\ naz

Characterization of the quantum Hilbert space #. Let us define the usual “an-
nihilation” and “creation” operators ay, ag by:

) 1 . P t. 1 A D

The three operators (az,ag,fd), with the relation[ag,a;] = IAd, form a Cartan

basis for the Weyl-Heisenberg algebra of operators acting in the space L? (R)),
which enters in the decomposition Eq.(23). Note also that the introduction of
this basis of operators is natural after the choice of the complex structure Eq.(31).

Similarly the operators (al,air) can be constructed with respect to the space

L*(R()), but we will not need them. We recall that there is an orthonormal
basis? of L? (R(z)) related to the “Harmonic Oscillator”, with vectors denoted by
|n2) € L? (R(z)), n2 € N and defined by

|02) € Ker(a2) (one-dimensional space)

33) @lm)y=yvmine-1), alm)=vm+lnp+1), meN

(agaz) |n2) = nalnz)

PROPOSITION 8. With the unitary isomorphism Eq.(10), a section s € A (Eq.
(32)) is identified with a function ¢ € L* (R?) such that ayy = 0, but also with
the Bargmann space of antiholomorphic functions with weight e %%'2 [6, 16]:

(34) A={yel?*(R?), veKer(a)}
= {1// e L*(R?) /w(q,p)=e*%p(2), ¢(3) antiholomorphic} : Bargmann space

8The factor 1/v/21 is just a matter of choice.
9This orthonormal basis has a nice physical meaning: for a free particle in configuration space

. 2
R?, with a constant magnetic field B = (27/)~! w, the Hamiltonian is H = % (—ih@/aq - %p) +

2 . R
% (7ih6/6p+ %q) = %Pg + %Qg = a;ag + %, whose eigenspaces are L2 (R)) ® (CIny)) and eigen-

values ny + % called Landau levels.
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With Eq.(33) and the unitary isomorphism Eq.(23), we get unitary isomorphisms'°:

(36) =12 (Ra)) ® (Cl0) = 12 (Ry)

where (C|02)) denotes the one-dimensional space Span(|02)), and the second
isomorphism is related to the choice of a vector'! |0,) € Ker(ay).

Proof. If s=wr,and X" = % - i% = \/%%, then

—ihDX+s:—ihDais—i(—ih)Dais: (P2-iQ2)w)r = —i\/ﬁ(agw)r
q v

soDx+s =0 axy =0 < € Ker (az). We also write Dx+s = —i\/2h(%—"2/ + %Ew) r,

and Dx+s=0< %lz’ = —3zy < v = e **/2¢p (), with an antiholomorphic func-

tion ¢ (). O

zzl2

Correspondence with the usual Quantum Hilbert space L? (R). We can make the
connection between the space # and the usual space of quantum wave func-
tions more explicit. In “standard quantum mechanics” also called “position rep-
resentation”’, the quantum Hilbert space associated with the phase space (¢, p) €
R? = T*R consists of wave functions ¢ (g) € L? (R). In this section, we show that
this space L? (R) coincides with the space L? (R(1)) used in Eq.(36). For that pur-
pose we have to show that the map ¢ € L? (Rq)) — v € # < L? (R?) coincides
with the Bargmann Transform [6] of ¢.

PROPOSITION 9. If € L* (Rq)), the isomorphism # = L* (R()) in Eq.(36) is given
byge I? (R(l)) —YeSc I? (Rz), with

v (6], p) = ﬁemp/(sz dQr1¢(Qy) e_inlD/he—(Ql—Q)z/(Zh)_
Y R

We recognize the Bargmann transform [6] of ¢.

Proof. From Eq.(22),Eq.(20), we have an explicit relation between the represen-
tation of a function v in (g, p) variables or (Q;, Q2) variables:

(37) v(q,p)= f dQ1dQ2(qpIQ1Q2)¥ (Q1,Q2)

10We can introduce an orthogonal projector in the prequantum space onto the quantum
space, called the Toeplitz projector:
f: 12(L) — 7.
With the identifications given by the unitary isomorphisms Eq.(23) and Eq.(36), [T is the projector
in the space L? (R(y)) ® L2 (R(2)) onto the linear subspace L? (R(1y) ® (C[02)), and can be written

This projector is used in geometric quantization to defined Toeplitz quantization rules, see [5].

1n geometrical terms, the complex structure J is associated to the one-dimensional space
C|0,). More generally, the space of all possible homogeneous complex structures on R? (which is
the hyperbolic half plane H) is identified with the so called squeezed coherent states, which are
the orbit of the space (C|02)) under the action of the metaplectic group Mp (2,R) (generated by
quadratic functions of Q, P»).
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with

(apIQ1Q2) =8 (Q1 + Qo — q) €'z @I
(which comes from (polé ) = e™rP'", (qolg) = 6 (qo—g) and g = Q1 + Q2, &) =
% (Q2 —Qy)). Now if ¢ € A, then from Eq.(36), ¥ (Q1, Q2) = ¢ (Q1) o (Q2), where
@0 (Q2) =(Q2102) = (th)~M*exp (—Q3/ (2h)). This gives

v(a,p)

i 2= Q
fdQ1dQ25(Q1+Q2— )eZ(Q Q)p/h‘P(Q)( h)”4 p( 2;)

_ L igpien -iQip/h (G—Ql)
= Wequ fdQle AP Q1) exp T on

O

3.7. The case of a quadratic Hamiltonian function. We consider now the spe-
cial case where the Hamiltonian H (g, p) is a quadratic function:

1 1
(38) H(q,p)=zaq"+;pp°+yap,  apyeRr.

Let us denote by M € SL(2,R) the flow on R? generated by the quadratic Hamil-
tonian H after time 1 (M is a linear symplectic map).

PROPOSITION 10. With respect to the decomposition Eq.(23), the prequantum op-
erator is

(39) PHZP}_})@Id(z)-FId(D@PS)
with
. A s 1s 4o op)
(40) Py —aQ1+ ,3P1+Y Q1P1+5P1Q1 = Opyy, (D,

which acts on L* (Rqy), and
PR =2 a @3~ 5 5wy (5 Qbr 4 5 o] = 0p2, (M)
H =~ 5% 2ty 22222—PWeyl @)

which acts on L*(R)). Here, OpW » 1 = 1,2, means usual Weyl (symmetric)

quantization of quadratic symbols, wzth, respectively, (Qy,Py) or (Q2,P2). The
function

1 1
(41) He) (,p):=—5aq" = 3Bp* +yqp
can be written as Hpy = —Ho I~ where I (q,p) = (q,—p) is the “time reversal”
operation.

Proof. The Hamiltonian vector field is Xy = (yq+ fp) % —(ag+yp) %. We
compute then

(42) nXg+H=0
so Py = —ihXy = (yq+ Bp) (—ih%) - (ag+vp) (—ih%). Note that this means
that the prequantum transport by Pg is equivalent to the Hamiltonian transport
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Eq.(8). Using Eq.(20) and Eq.(22), we deduce the expression of Py in terms of the
operators (Q;, P;). O

REMARK. o The separation of terms in Eq.(39), has the following direct con-
sequence on the prequantum dynamics. Let

Mayei=exp[~LPDt), By, = exp(-LP2 4
0),t = €Xp _ﬁ H , 2),t = €Xp _ﬁ H

be the unitary operators acting on L? (R;)) and L? (R ) respectively, and

generated by Pg) and Pf,) respectively. Then the total unitary operator in

L? (Rz) (the prequantum propagator) decomposes as a tensor product:
- i - _
(43) M; :=exp (_ﬁPHt) =Mq),: ® M),:.

We will see that this tensor product is the main phenomenon which ex-
plains that the spectrum of prequantum resonances is a product of two
spectra in Eq.(2).

¢ Note that the prequantum evolution does not preserve the quantum Hilbert
space £ = I? (IR(D) ® (C|02)), except if |0,) is an eigenvector of Pf,), ie., if
H= %a (% + p?) is the Harmonic oscillator. The geometrical meaning is
that the linear symplectic map M € SL(2,R) does not preserve the complex
structure J except if M € U (1) is a rotation.

o Spectrum of the prequantum Harmonic oscillator: Witha=f=1andy =0
in Eq.(38), we obtain H = %(qz + p?) . From Eq.(39), we observe that Py
is the sum of two “quantum Harmonic oscillators in 1:(-1) resonances”, i.e.,
Py = % (Qf + 13%) —% (Og + 133) We deduce that its spectrum o (Py) is the set
of eigenvalues Ay, ,, = hi(m +3) —h(n2+1) = h(ny — np), with ny, np € N
So o (Py) = hZ, with infinite multiplicity'2.

LEMMA 11. For any v € R? one trivially has M T, = Ty;,M. This conjugation
relation persists at the prequantum level:

(44) MT,=TusM,
where T, is defined by Eq.(26), and M = exp (-t Py) .

Proof. For any point x € R? and v € R?, the linear relation M (x +v) = M (x) +
M (v) gives M T, = Ta;y M. Consider the initial point p = ry € Ly in the fiber over
x € R?>. We want to compute the phase F obtained on the lifted path over the
piecewise closed path x = T, ' M~ Ty, M (x), defined by

(45) TN T, M (p) = e 7 .

For a path generated by the quadratic Hamiltonian H, Eq.(17), Eq.(42) gives that
the phase is F = 0. So only the translations contribute to the phase. From Eq.(30)

12\ore generally it could be interesting to compute the spectrum of a prequantum operator if
the classical Hamiltonian flow is integrable.
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and Eq.(45), we obtain:
1 1
(46) F:E(MUAMx)—EvA(x+v):0

using also the fact that M preserves area. O

4. LINEAR CAT MAP ON THE TORUS T2

After the necessary presentation of prequantization on phase space R?, we
can now pass to the quotient T? = R?/Z?. In this section we recall the definition
of the hyperbolic cat map on the torus T? = R?/Z? and present its prequantiza-
tion in the same way its quantization is usually obtained (see e.g., [20, 1, 14]).

We start from a hyperbolic map

(47) M:( A B )eSL(Z,Z)

CcC D

on R?, i.e., with integer coefficients such that AD—BC =1 and Tr(M) = A+ D >
2 1
11
M(x+n)=M(x)+M(n) =M (x) (mod 1) so M induces a map on the torus T2 =
R?/7? also denoted by M, which is fully chaotic.

2. A simple example is the “cat map” M = ( )[3]. For any x € R?, n € 72,

4.1. Prequantum Hilbert space of the torus. In this paragraph, we explicitly
construct the prequantum Hilbert space £y associated to the torus phase space
T2, and the prequantum map M € End (J?N) acting on it (respectively the quan-
tum map M € End (#n) acting on the quantum Hilbert space #A).

Prequantum and Quantum Hilbert space for the torus T? phase space. The inte-
ger lattice 7% cR%is generated by the two vectors (1,0) and (0,1). We consider
the corresponding prequantum translation operators Tj := T(1,0) and T> := T(o,1),
defined by Eq.(27), which satisfy 71 T» = e /" T, T} as a result of Eq.(29). So for
special values of / given by:

N=—¢eN"*,

one has the property [Tl, T. »] =0. We assume this relation from now on.
We have seen in Eq.(28) that each operator has a trivial action in the space
I? (R(g)) entering the decomposition Eq.(23). So we will first consider their action
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in the space L? (R(;)). Let us define the space of “periodic distributions”3:

(48) JE),N = {1// e ([R(l)) such that Tﬂ// =v, Tz‘([/ = 1//} .
Characterization of the space /1), N -

LEMMA 12. dimA# 1) Ny = N . An explicit orthonormal basis of #1 N is given by
distributions (¢n),,_o. -, Made of a Dirac comb:

1 n
(49) <pn(Q1)=—Nk;Z<$(Q1—(N+k)), n=0,..,N-1
Proof. First observe that the operator T = T(1,9) = exp(—,%ﬁl) = exp (—%) on
I*(R(y) translates functions by one unit: (T1v) (Q1) = ¥ (Q; — 1), and similarly
the operator T, = T(o1) = exp(—% (—Q1)) translates the h—Fourier Transform by
one unit: (7o) (P1) = ¥ (P - 1), with ¢ (Py) := ﬁwa(Ql) e P/l gq the
space 1),y consists of distributions v (Q;) which are periodic with period one,
and such that the Fourier transform is also periodic with period one. As a re-

sult ¥ (Qq) = \/_IN Y nezWn0(Q1—nh) with h = % = 2mh, and with components
15, € C which satisfy the periodicity relation v,+ny = ¥, . So there are only N
independent components, and ¥ = Z],yz_ol YnPn. O

Similarly to Eq.(48), let us define the prequantum Hilbert space of the torus by:

(50) Ay = {sections seT® (L) suchthat Tys=s, Tos=s, f , Is(x)l2 < oo}
[0,1]

With the unitary isomorphism Eq.(23), and with Eq.(48), we can write!? 15:

(51) Fen = Hn e L (Rp).

13We could have given a more general presentation with a decomposition of 12 (R(1)) into com-
mon eigenspaces of the operators 17, 75:

® azo
L*(R = f H, —,
Ra) ooz CONO G
Hawe = {wa e (Ra)such that Tryg) = ey, Toyq) = ey |

with 6 = (61,602) € [0,27]2. In this paper, we only consider the space #1) y = #(1),N,9=0 Which
is sufficient for our purpose, and avoids more complicated notations. See [14, Section 3.2], where
this more general presentation is done.

14Note that this isomorphism gives an explicit orthonormal basis of the prequantum Hilbert
space .7y of L2 sections of the Hermitian line bundle L over T2, which is not obvious a priori.
Namely ¢, m = ¢n ® ¥, where ¢y, n=1— N, Eq.(49), is an o.n. basis of #71), y and ¥, m € N is
an orthonormal basis of L2 (R(2)) (for example the eigenstates of the Harmonic oscillator given in
Eq.(33)). This basis has in fact a well-known physical meaning: each space /1),y ® (C ) is the
eigenspace for the Hamiltonian of a free particle moving on the torus T2 with a constant magnetic
field B = Nw. The corresponding eigenvalues are called the Landau levels.

15The tensor product decomposition Eq.(51) which is an important step in order to obtain
Theorem 1 can be considered as a simple (and surely well-known) result of pure representation
theory of the Heisenberg group. More precisely, let Hg be the Heisenberg group and Hz be the
integral Heisenberg group. Then Eq.(51) concerns the decomposition of L? (Hp \ Hz) under the
action of Hg (whose Lie algebra is represented in this paper by the operators Q,, P», Id).
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The definition Eq.(50) is a space of sections of L — R? that are periodic with
respect to some action of Z2. The space .#y can be identified with the space of
L? sections of a nontrivial line bundle L — T2 over the torus, with Chern index
N. With respect to the trivialization r the space .2y consists of quasiperiodic
functions:

(52) Ay = {u/ Sty (x+n) =y (x) e TR gmIE Iz vy e @2\ € 72
andf |1//(x)|2dx<oo}.
[0,1]?

Proof. Tn = Tn 0)+(0,1,) = ei2n¥n1n2Tn 0 T()n = €i2ngn1n2 T T by Eq.(29).
(11,0)+(0,n2) (11,0) £(0,12) 1 "2 Yy Eq

Then with Eq.(50), Eq.(30) and Eq.(18) s = wr € #fy © {Tys = e!#"2 ™" for any

nezz}@w(x)e—iZn%n/\x:ei2n%n1n2w(x+n). 0

In the same manner, let us define the quantum Hilbert space of the torus by:
(53) FEN :={s € #fy such that s is antiholomorphic} .
From Eq.(36) we have:
JON = H),N ® (C|02)) = #4),N-

Note that there is a “perfect decoupling” between the antiholomorphic condi-
tion which concerns the L? (Rp)) part of the decomposition Eq.(23), and the
torus-periodicity which concerns the L? (R, ) part.

The prequantum cat map and the quantum cat map. In order to obtain the pre-
quantum map or quantum map corresponding to M: T? — T2 given in Eq.(47),
we have first to describe M as a Hamiltonian flow'®. The hyperbolic linear map
M: R? — R?, M € SL(2,Z), can be realized as a time-1 map of a flow on R? phase
space generated by a hyperbolic quadratic Hamiltonian function:

1 1
(54) H(q,p)= anz + Eﬁpz +yqp.

From Hamiltonian equations dq(t)/dt = 0,H = yq + Bp, dp(t)/dt = -04H =
—aq —vp, we deduce that the constants a, 8,y € R are obtained by solving M =

( 2 g )=exp( Ya —IBY ).The Lyapunov exponentis givenby A = \/y? —aff =

log (TJ“— V2T2_4), with T = Tr (M) = A+ D, and gives the two eigenvalues e** of M.

In Section 3.7, Eq.(43), we have considered such quadratic Hamiltonian func-
tions and obtained that the prequantum map M = exp (- P 1) which is a unitary
operator acting on L* (R?) = L* (Rqy)) ® L? (R2) ), decomposes as M = M1y ® M.

16The reason is essentially that a map itself has not all the information necessary to define the
prequantum or quantum map in a unique way. In particular the “classical action” of the trajec-
tories are not defined a priori. If the map is obtained from a Poincaré section or a stroboscopic
section of a Hamiltonian flow, then there is less arbitrariness to (pre)quantizing it.
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LEMMA 13. If N is even, the prequantum map M in L? (R?) defines in a natural
way unitary endomorphisms associated with the torus phase space:

M(l),N: )N — )N - the quantum catmap
My =Mqayn®Mp): #x — A : the prequantum catmap

Proof. Recall that the passage from the prequantum space L? (R?) = L? (R;)) ®
L*(R() to the torus prequantum space concerns only the L? (R;)) part. Let us
define a projector from the space L? (R()) onto the space /) y by:
(55) 97’(1) = Z Tlnl Tznz = Z Tn,
(n1,n2)€Z? (n1,mp)eZ?
(we have used T, = T 1”1 TZ"Z, from Eq.(29), and the hypothesis that N is even).
The domain of 22 consists of fast decreasing sections. We extend 271y on the
whole prequantum space L? (R?) = L? (R)) ® L? (R(z)) by & = 1) ® Id2). Using
Eq.(55) and Eq.(44), we have
NP =Y Mly= Y Tanbl= Y T,0 =N
nez? nez? nez?
using that M is one-to-one on Z2. In particular My %) = %) M. This gives a
commutative diagram:

which means that M(;, induces a map denoted M) n: #1)n — #0)N (the
quantum map), and similarly that M induces a map denoted by My : &y — Ay
(the prequantum map). The fact that M} y is the “usual” quantum map is be-
cause its generator is obtained by Weyl quantization in Eq.(40). O

4.2. Prequantum resonances.

Spectrum of the quantum map. The spectrum of the quantum cat map, i.e., the
unitary operator My (1) in the N-dimensional space .#7),n, is well-studied in
the literature [22, 23, 24, 25]. Let

(56) Myolw,e = e lyae), k=1—N

be the eigenvectors and eigenvalues 0{ M N,()- (See Figure 1 on page 260). The
prequantum map is the unitary map My = Mp,q) ® M) acting on the infinite-
dimensional space #1) y ® L* (Re)). The unitary operator M) = exp (—%Pg))
is generated by Pg) = OPweyl (H), with the hyperbolic quadratic Hamiltonian

H(y given by Eq.(41). P(;) has a continuous spectrum with multiplicity two,
therefore M) has a continuous spectrum on the unit circle. The spectrum of
My is then obtained by a product from the spectra of My (1) and M. The aim
of this section is to show that My, and therefore My, have nevertheless a well-
defined discrete spectrum of resonances.
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Normal form of the operator M(z). We consider the operator M) = exp (—%Pg))
with P(hz,) = Opwey (H) = —3aQ%-1pP2+ 2 (Q2P, + P,Q,) acting on the space
L?(R(2)). The classical symbol Hp,) (g, p) = —3aq* — 1 fp? + yqp is a hyperbolic

quadratic function on R?. Therefore, there exists a linear symplectic transforma-
tion D € SL(2,R) which transforms H\y) into the hyperbolic normal form:

N=HgoD, N(q,p)=Aqp

with the Lyapunov exponent A = \/y? — af (this last quantity is the unique sym-
plectic invariant of the function Hyy)).

At the operator level, there is a similar result: there is exists a metaplectic
operator (unitary operator in L? (R())), given by D=exp (—i OPyeyi () / h) (with
d (q, p) a quadratic form which generates D) such that:

& Ap@ A-1 AAp s b
(57) N=DPg;'D =OpWey1(N)=§(Q2P2+P2Q2)-

As a result, Mz = exp (—%Pg)) =D lexp (—%N) D is conjugate to the normal

form, so we can consider the operator exp (—% ) or N itself, which is simpler to
handle.

Quantum resonances of the quantum hyperbolic fixed point. “Quantum reso-
nances” of N = OPweyi (Agp) are well-known. Note that with a canonical trans-
form, N (g, p) = Agp is transformed to the inverted potential barrier: H (x,¢) =
%52 - %/lzxz. We recall here how to define and obtain these resonances by the
complex scaling method [8]. Consider first the classical flow on (R?,dg A dp)
generated by the hyperbolic Hamiltonian function N(g,p) = Agp. The point
(0,0) is a hyperbolic fixed point, with an unstable direction {p = 0}, and a stable
direction {g = 0}. Let us introduce the quadratic “escape function”:

a
fala.p) =5 (P*-a"),  a>0
and define

fa = OpWeyl (fll) ’ Aa ‘=exp (fa) .

For |a| < /2, the domains D, := dom (A,) and C, := dom(A!) are dense in
L?(R()). One can explicitly check that they contain Gaussian wave functions.
The choice of the escape function f, is related to the property that it decreases

along the flow of N: let Xy = A (q% - p%) be the Hamiltonian vector field as-
sociated to N, then Xy (fa) = —aA(g*+ p®) <0if q,p #0.

LEMMA 14. For |a| < n/2, let Ky := %AaNA;I. Then Ky is defined on a dense
domain in L* (Re)), and

. 1 1 i
Ky = 3 Asin 2a) Oy (5 (a*+ PZ)) + +4.c08 2) Opyey (4p).
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; _ T
In particular for a = 7,
. 1
58 Kppa=A—(§*+p*
(58) w4 = Ao (47 +P7)
is the quantum Harmonic oscillator with discrete spectrum A, = A(n+3), n€N.

We keep now the simple choice @ = /4, and write K :=Kya, A= Aypa.

Proof. The proofrequires some standard calculation with the complexified meta-
plectic group, whose Lie algebra sp (2, R)C = s1(2,0) is generated by the three
operators OPyey (4P), OPweyi (3 (P* — G°)), OPwey (3 (P? + 4°)), see [16, Chapter
4], or [33, p. 896]. O
COROLLARY 15. Let B:= AD. By a (nonunitary) conjugation, M) = exp (—%PS))
is transformed on a dense domain into a trace class operator:

(59) R:=BMB ™' =exp (-K)

with eigenvalues

1
exp(—=1,), /1,1::/1(11+5 , nenN

REMARK. » We would obtain the same result with any choice of 0 < @ < 7/2.
« Because R is defined on a dense domain, and is a bounded operator, it
extends in a unique way to L? (R ). The eigenvalues exp (—1,) are called
the “quantum resonances” of the unitary operator M. The meaning of
the operator R and its eigenvalues, appears in the study of the decay of
time-correlation functions. If ¢ € D¢ = dom (B), and ¢ € Cc = dom (B™1)
are suitable functions, then Cy g, (1) := <¢>|I\7I(t2) lp), t €N, can be expressed
using R as
Co.p (1) = (¢pIB™") R' (Blg))
Then, the spectrum of R gives the explicit exponential decay of the time-
correlation function Cy 4 (£). The decay comes from the simple fact that
there is an unstable fixed point at the origin, and therefore the wave func-
tion ¢; = 1\7[{2)<p spreads along the unstable direction. This is general in
physics and mathematics [37].

Resonances of the prequantum operator. The conjugation operator B = AD has
been defined on L2 (R(z)) and can be extended to the prequantum space HN =
F)N® L* (Re) by B := Ia(l) ® B. We use it to conjugate the prequantum map
My = 1\7[(1),1\/ ® 1\7[(2) and deduce from Eq.(56) and Eq.(59):

THEOREM 16. The conjugated operator
(60) R:=BMyNB™' =My ®R

is a trace class operator in the prequantum space 7y = 7€) N ® L? (R(2)), with
eigenvalues:

1
nk :=exp (i —An), An::A(n+§),n€N, @r€l0,2n], ke [1,N].
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The eigenvalues r, ;. are called the resonances of the prequantum map. This
gives Theorem 1 on page 259, the main result of this paper.

4.3. Relation between prequantum time-correlation functions and quantum
evolution of wave functions. Let ¢,¢ € #y be prequantum wave functions,
that belong respectively to the domains of B and B~!. Let us define ¢ = [1B¢,
@ =T1B¢ , where IT = I} ® [02)(02|: #x — H1),n is the orthogonal Toeplitz pro-
jector. Then we have ((/J|Mf\,|(/)) = <‘P|M{1),N®Mt lp), but M!, = B"'R'B and

2 2

R' =%, enln)(nalexp (=A(ne + %) t).

We deduce that (| Myl@) = (PIM,) \®(B1102)(021B) lpye 2 (1+ 0 (e711)),
hence

(DI Ip) = (@INE,) I @re 2 (1+0 (e

This gives Proposition 2 on page 261. Let us remark that |0,) does not belong
to the domains of B or B!, but B|0,) can be interpreted as a distribution, so
(02| B|g) makes sense even if ¢ does not belong to the domain of B.

4.4. Proof of the trace formula. We prove here Proposition 3 on page 261. We
just follow the calculation of Eq.(4), but with a suitable regularization, and show
that it gives Tr(R"). We follow a calculation similar to one in [15]. This proof
does not use crucially the hypothesis that M is a linear map, so it would work for
nonlinear prequantum hyperbolic map as well.

Let us introduce a cutoff operator in the space L? (R ) defined in Eq. (23):

1, . A
Pv:=exp(—vE(P§+Q§), v>0.

This operator is diagonal in the basis |n,) of the Harmonic oscillator, and trun-
cates high values of n,. We choose here a metaplectic operator for future con-
venience. The operator P, is trace class, and converges strongly to the identity
for v — 0. Consequently, (Q}|Py|Q2) — & (Q), — Q2) for v — 0 and uniformly with
respect to Q; € K < R(y) in a compact set. We extend this operator in TN =
1), N ® L? (Re)) by Idy ® P, and denote it again by P,. Using Eq.(37) it is pos-
sible to show that (x| Py|x) —0 (x — x') uniformly with respect to x € K < R? in
a compact set. o

LEMMA 17. (M} P,) is a trace class operator in 7€y for any t >0, v >0, and
_ 1 ;
Tr(MLP) — Y Al
V=0 pareny | det(1- MY)|

where the sum is over points x € [0,1[? such that M'x = x + n, with n € 72, i.e.,
periodic points on T?. Ay, = %n A x is the “classical action” of the periodic point
X.

Proof. First M ]‘VPV is trace class because it is a product of a unitary and trace
class operator. Using Eq.(18) for the prequantum evolution and Dirac notations,
we write

(Mtw) (x) = (xIMtlt//) — w(M_tx) e—l.FM—tht/h — W(M_tx)
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because since M is linear, we have shown in Eq.(42) that the phase is Fy ; = 0.
Then with |y,,) := Py|x), the operator &2 defined in Eq.(55), and using Thlx) =
e~ 121N x 4 ),

Tr (MpPy) = f

]Ol[z<x|g%prv|x>dx: f (xX|PM |y y)dx

10,12

21 ~
= Z ﬁol[zelmnAx<x+n|Mt|Wx,v>dx
nez?Y1Y,

2 -[101[2 '3y gy (M (x4 ) dx
nez2v1Y,

We have seen that ¥y, (x') = (x| Py|x) — 6 (x — x) uniformly with respect to x
V—

in a compact set, so

Tr (MjPy) —

.1
Zf §(x—M ' (x+n)e'm" dx
V=0 221011

1 i1
— = LizpnAX

x=M'x[1] |det(1 - Mt)'
We have used a change of variable x — y = x— M~ 'x — M~ 'n, where a periodic
point x €]0,1[? is specified by M'x = x + n, n € Z2. O

LEMMA 18. Tr(M'P,) — Tr(R").
g

Proof. We have M'P, = B"'R'BP,, so Tr(M'P,) = Tr (R’ BP,B!). This involves
a product of metaplectic operators, and using a representation of SL(2,C), we
explicitly check that R’ BP, B~! converges to R? as v — 0. (Notice that for nonlin-
ear maps, this last argument would have failed, and the proof would have been
longer). O

With Lemma 17 and Lemma 18 taken together, we conclude the proof of Propo-
sition 3.

5. CONCLUSION

In this paper we defined the prequantum map associated to a linear hyper-
bolic map on the torus T2, and showed that it has well-defined resonances. These
resonances form a discrete spectrum and can be explicitly expressed in terms of
the eigenvalues of the unitary quantum map. In Section 2, we discussed the in-
terpretation of this spectrum of resonances in terms of decay of time correlation
functions, and compared them with the matrix elements of the quantum map
after time ¢. We have also compared the trace formula for the quantum prop-
agator and for the prequantum one (the sum over its resonances) after a large
time.

We would like first to make a general remark about prequantum dynamics.
Prequantization has been well-known for many years, and it is known to be a
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beautiful theory from a geometrical point of view. Many works have studied the
geometrical aspects and shown how to define prequantization in general cases,
for example Hodge manifolds. From a mathematical perspective in dynamical
systems, prequantization is directly defined from the Hamiltonian flow, so that
itis natural to investigate its properties, for example, its spectrum. Nevertheless,
it seems that few works have yet investigated its dynamical properties and its
spectrum. This paper goes in this direction, and we would like to emphasize
that the prequantum spectrum is not only interesting by itself, but may rather be
a useful approach for semiclassical analysis, especially for quantum hyperbolic
dynamics, i.e., “quantum chaos”.

It is natural to ask if such results have been investigated for the geodesic flow
on negatively curved manifolds. In fact, in the case of cotangent phase spaces,
the prequantum bundle is trivial, and the prequantum operator can be expressed
as a classical transfer operator with a suitable weighted function. Such an oper-
ator is well-studied and it is known that the spectrum of classical resonances for
the geodesic flow on constant negative curvature is related to the spectrum of
the Laplacian which plays the role of the quantum operator (the relation can be
obtained using the Selberg zeta function [32], or by a group theory approach in
(28]).

Some interesting questions arise naturally in the framework of prequantum
chaos, similar to questions which exist in quantum chaos, namely concerning
the “semiclassical limit” N = 1/ (2wh) — oo, where the curvature of the prequan-
tum bundle goes to infinity. If properly defined, one could investigate the prob-
lem of “prequantum ergodicity” or “unique prequantum ergodicity”. For exam-
ple, in [14], the existence of scarred quantum eigenfunctions has been obtained,
i.e., non-equidistributed eigenfunctions over the torus in the limit N — co. Be-
cause of the explicit relation between quantum eigenfunctions and prequantum
resonances we have obtained, this could lead to “prequantum scarred distribu-
tions” (but this needs some correct definition). Let us remark that the Ehren-
fest time £z := i+ log N is known to play an important role as a characteristic time
scale in quantum chaos [12]. Its usual interpretation is the time after which a de-
tail of the size of ;, i.e., the minimum size in phase space allowed by the quantum
uncertainty principle, called the Planck cell, is exponentially amplified towards
finite size: he' ~ 1. In prequantum dynamics, there is no uncertainty principle
any more because the dynamics evolves smooth sections over phase space. But
the prequantum bundle has a curvature © = %w, and there is still the notion of
Planck cell on the torus as the elementary surface over which the curvature in-
tegral is one. Therefore the Ehrenfest time may still play an important role for
prequantum dynamics, at least in the semiclassical limit N — co.

Perspectives in the nonlinear case. For a linear map M, we have shown that there
is an exact correspondence between the spectrum of prequantum resonances

JOURNAL OF MODERN DYNAMICS VOLUME 1, No. 2 (2007), 255-285



284 FREDERIC FAURE

and the quantum spectrum. In a future work we plan to study nonlinear pre-
quantum hyperbolic map on the torus, and expect to obtain similar results'”
(with possibly introducing some weight function ¢ = A1/2 in the transfer opera-
tor, where A is the local expanding rate). We expect then that there still exists an

exact prequantum trace formula for Tr (f%(fo) in terms of periodic orbits, similar

to Eq.(3). We hope to be able to compare the prequantum operator R, with the
quantum operator M, and possibly their spectra as we did in Eq.(2), at least in
the limit N — oo, and then deduce validity of the semiclassical Gutzwiller trace
formula and other semiclassical formula for long times. Some interesting ques-
tions would appear then, such as: does the random matrix theory apply to the
outlying prequantum spectra?
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