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Abstract. Spectral decompositions for the evolution operator on an energy shell in phase space are
constructed for the free motion on compact 2D surfaces of constant negative curvature. Applications
to quantum chaos and in particular to the recently proposed ballistic o-model are briefly discussed.

1. Introduction

The dynamics of a Hamiltonian system can be described either in terms of the trajectories
xo — x(t) = U,xp in the phase space, or by specifying the laws of evolution of a function
¢(x) on the phase space: ¢ — 0,<p. The evolution operator U,, which advances a function
along the trajectories, is defined by

Uip(x) = p(U;x) = (x(1)).

Quantum mechanics has a natural relation to the trajectory based approach through
Feynman’s path integral. In the semiclassical limit the path integral can be approximated
by the saddle point contributions (which turn out to be the classical orbits) and leads to the
Gutzwiller trace formula [1] for the Green function of the quantum mechanical Hamiltonian.
This is a useful tool for studying such problems as the quantum energy level correlations but it
requires knowledge of the long periodic orbits in order to obtain the correlations at small energy
differences [2,3]. The situation is particularly bad in chaotic systems, where the periodic orbits
proliferate exponentially with length. In practice some uncontrolled approximations about
correlations of actions for different periodic orbits are made to get the analytical results.

In contrast, the flow based approach seems suitable for studying the behaviour of chaotic
systems at long times when due to the decay of correlations the dynamics becomes trivial.
To use this approach in quantum chaos two problems however need to be overcome. First,
it is unclear how to relate the quantum mechanics to the evolution operator since there is no
analogue of the Feynman path integral. Second, one needs to be able to calculate various
properties of the evolution operator which are naturally formulated in terms of the spectral
decomposition of U, in decaying eigenmodes.

The first problem has recently been addressed in [4,5] where it has been conjectured that
the (suitably averaged) correlation functions of the quantum energy levels and/or quantum
eigenfunctions can be generated from an effective action of nonlinear o-model type involving
the Liouville operator L = %f]t (the so-called ‘ballistic’ o-model). The inspiration for
this approach comes from the well developed theory of weakly disordered metals, where
the disorder averaged properties of an ensemble of macroscopically identical systems are
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calculated using a similar o-model with a diffusion operator instead of the Liouvillian one.
(See [6,7] for a detailed discussion of the diffusive case.)

Our paper is devoted to the second problem. In particular we compute a generalized
spectral decomposition of the evolution operator

U =Y e 1)l o))
A

for a class of ‘model’ chaotic systems, namely the free motion on two-dimensional compact
surfaces with constant negative curvature.

For mixing systems the only square integrable eigenfunctions of U, are the constant
functions (see appendix A). The eigenfunctions |1) entering the spectral decomposition belong
toalarger space C*°(M)* of distributions and can be obtained from the residues of the analytical
continuation of matrix elements of the resolvent of L (see section 2). The procedure was
suggested by Ruelle [8] and was successfully used to study the dynamics of some chaotic
maps (see [9—12]). The eigenvalues A entering the spectral decomposition are sometimes called
‘Ruelle resonances’. For our model dynamical system the resonances can be found using the
Selberg trace formula to relate the classical and quantum zeta-functions [13]. This approach
however does not provide the eigenmodes, which we compute using the representation theory
of SO(2,1).

The rest of the paper is organized as follows. We start by outlining the Ruelle procedure for
flows, concentrating on criteria for convergence of the resulting decomposition (section 2). We
then introduce geodesic flows on constant negative-curvature surfaces (section 3), summarize
the important facts from the representation theory of SO(2, 1) and proceed to obtaining the
spectral decomposition (section 4, equation (36)). This decomposition is used to refine
approximations of the decay of correlations for geodesic flows (section 5.1) and relate the
evolution of particle density on the configuration space to the Laplacian operator (section 5.2).
To conclude we discuss the regularization of the Liouvillian operator entering the ballistic
o-model (section 6.2). Some technical details are relegated to the appendices.

2. Decompositions of evolution operators for general mixing systems

2.1. Spectral decompositions

Consider a Hamiltonian system on a phase space 7*N with coordinates x = (g, p) where N is
a smooth compact manifold parametrized by ¢ and p is the momentum. When the Hamiltonian
H does not depend on time energy is conserved and the trajectories lie on surfaces M of constant
energy. We study the restriction of the flow U, to a constant-energy shell M for some value of
the energy. If dH is non-zero on M the Liouvillian measure d p dg induces a measure dit on
M according to dudH = dpdq [13]. By Liouville’s theorem this measure is preserved by
the flow U;.
The evolution operator U, advances a function ¢(x) : M — C along the flow

Uip(x) = ¢(Upx) = e"p(x)
where for a Hamiltonian system the Liouville operator Lis given by

~ d N
Lo= 4| Uev= {H, ¢} @)
!li=0
with {, } being the Poisson bracket.
The operator U, is unitary with respect to the scalar product

E®lp) = / Msoomdu (x) 3)
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since u is preserved by U,. A natural space for U, is the Hilbert space L,(M) of square
integrable functions on M, while L preserves a smaller space of compactly supported infinitely
differentiable functions C*°(M).

We would like to find a spectral decomposition (1) for the operator U, in terms of its
eigenvalues e*’ and projectors (A| onto its eigenfunctions |). This would enable us to establish
the evolution of a function ¢ (x):

Uilg) =Y M n) (Rlg).
A

Since the operator 0, is unitary on L, (M) it can only have eigenvalues which lie on the unit
circle. On the other hand, in a mixing chaotic system (definitions and properties of mixing
systems are given in appendix A) all deviations from a constant value decay, implying the
existence of modes corresponding to eigenvalues with modulus less than one. The resolution
of this apparent paradox lies in observing that the L, (M) eigenfunctions of U, donot necessarily
formabasisin L, (M) orevenin C*(M). Infact, for amixing system the only square integrable
eigenfunctions of U, are the constant functions which have the eigenvalue 1 (appendix A). In
order to find a spectral decomposition for U, we need to extend the Hilbert space Ly(M) to a
rigged Hilbert space as described below. A similar approach was successfully employed for
various maps (see e.g. [9, 10]).

2.2. Rigged Hilbert spaces

A Hilbert space H may be extended to the set of linear functionals on a suitable dense subspace
S. The resulting space S* is called the rigging of H over S. We denote by f[¢] the value of
the linear functional f € S* on the vector ¢ € S.

A vector g € H may be naturally embedded in S* as g[¢] = (¢|g), so we get a sequence
of spaces S C H C S*. We make the above embedding explicit [9] and denote the functional
f € S*by | f),its value on a vector ¢ € Sbeing flp] = (@] f). We also introduce the notation
(fle) for the antilinear functional f[¢].

We search for eigenfunctionals of the evolution operator U, in the rigging C*°(M)* of
L,(M) over C*°(M). The evolution operator is extended to C*°(M)* by

(@0, f) = (U_lf) where |f) € C®*(M)* and ¢ € C®(M).

Since U, does not preserve any scalar product in C*°(M)* its eigenvalues need not lie on the
unit circle.
We shall construct decompositions for the correlation function

10 lp) = / dp &) Uip(x)
M
in a subset of eigenfunctionals {| f; )} from C*°(M)*:

ETN) =Y M EILNSle)  Tlfy) =e"1f). )
A

In general (4) only has asymptotic meaning (see section 2.3 for details), and will only converge
when ¢ > 0 and & and ¢ belong to a subspace T of C*°(M). For the free motion on compact
surfaces of constant negative curvature we find such a subspace which is dense in the set of
infinitely differentiable functions. Note that the eigenfunction | f_3) with the eigenvalue e ~*/
appears in (4) due to the unitarity condition (Ut)+ = U_,, which leads to another expansion
for the correlation function:

10/1@) = (@lU_|&) = Y _ e ™ (EIf ) (file) 5)
A
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converging when t < O and &, ¢ € T.
Decompositions (4, 5) appear naturally in connection with the correlation function
(E|(L — 2)~'|¢) of the resolvent of L.

2.3. Resolvent method for calculating the evolution operator decompositions

Choosing an integral representation for the resolvent of the Liouville operator converging when
Rez >0

R_(z) = —foo e 0 dT = (L — 7)~! (6)
0

and assuming decomposition (4) we obtain for the correlation function of the resolvent

Fe y(2) = (§|R-(2)g) = Z W )
T .
where &, ¢ € T.

Conversely decomposition (4) can be constructed by analytically continuing F to the left-
hand half of the z-plane and analysing its singularities and residues. The positions of the poles
dictate the rate of decay of the correlation function of the evolution operator [8]. The values
of A in decomposition (4) are called Ruelle resonances.

Each term in decomposition (4) is well defined for &, ¢ € C*°(M) when

the position of the poles of F¢ ,(z)

does not depend on the choice of £ or ¢. ®)
A famous conjecture due to Ruelle [8] states that the poles of the resolvent for a mixing system
do indeed satisfy this condition.

The sum in (4) converges if in addition the residues Res(A, F¢ ,) grow slowly enough
when |A| — o0:

lim e"Res(h, Fg ) = 0. ©)
R—o0
R<|A|<o0

The set T will comprise of functions in C*° (M) which satisfy condition (9).

To prove the convergence we consider the integral of Fy ,,(z) = ¢¥(§|R_(2)|¢) for &
and ¢ in T around the contour |z| = R for a given large R. In the limit R — oo this integral
converges due to (9) to

lim Fr y,(z)dz = 27i ZRes(,\, Fr ) = 2mi Ze“Res(,\, Fr,) (10)
A A

R—o00 lz]=R

where the sum is over all the poles XA other than co.
Since all the poles are in the left-hand half of the z-plane the contour can be deformed to
go along the line Re z = a for a fixed @ > 0 leading to

f Fi(z)dz = / o / e (€|Ur|¢) AT dz
Rez=a Rez=a T=0

= / / @D dy (£|Urlg) dT
T=0 Jy=—0c0
[ee}

= / 8(t — T)(|Ur|p) dT
T=0

= (£|U,|p) for 1> 0. (11)
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From equation (10) we get the decomposition into residues

(€10;]p) =271y e'Res (&, F) (12)
A

which converges absolutely for 7 > 0.

The individual terms in (12) exist for arbitrary &, ¢ € C°°(M) but the series converges
only for§, ¢ € T. Theresidue Res(A, F) is a linear functional of § and an antilinear functional
of ¢. We define the operator K; : C*°(M) — C®(M)* by

2riRes(h, F) = (€1K,lp) &9 € C(M)
so that

ElUlp) =) e (EIKilp) & g@eT
A

and K 5 |@) is an eigenfunctional of [},
UiKilp) = e K lg).
Let {| ff )} be a lzasis for the eigenspace corresponding to the eigenvalue e*, i.e. the image of
C%®° (M) under K.
Kile) =) lal@l ) with Ul ff) =e|fh).
k

Substituting this expression into (12) we obtain

E1Ulp) =Y (EIK: o)
A
=Y Y G o) EpeT >0 (13)
A k

where by virtue of the unitarity of the evolution operator the coefficients (cy|¢) are given by
eigenfunctionals | f fX> of U, with eigenvalues e ™.

(exlgp) = (ol f5).

Equation (13) reduces to (4) in the non-degenerate case when the image of K 5 1s one
dimensional.
For arbitrary £ and ¢ in C*°(M) the convergence of decomposition (4) is asymptotic:

'<5|Uf|<o>— O Ml ELR)] < C@e™ a0 (14)

ReA>—a

This inequality holds since the integral

/0 (<s|uf|<p>— 3 e“(f_,\|<ﬂ)(§|fx))eﬂdl

ReA>—a

is analytic in the region Re z > —a of the z-plane.
A similar procedure starting with the representation R, (z) for the resolvent converging at
Rez <0

0

R.(z) = / U, dt = (L —2)7! (15)
—0o

gives the decomposition (5), which converges absolutely for t < 0 when the conditions (8),

(9) are met.
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2.4. Evolution operator at long times

We can use the decompositions (4) and (5) to study the approach to equilibrium at long times
for mixing dynamical systems.

We show below that for £ and ¢ in T the function C (a) in (14) is independent of a. The
behaviour at long future times may be approximated by retaining only the terms in (4) where
A has a small negative real part.

ETlg) = Y M lo)Elf)+ Y. S (flo)Elf)

ReA>—a Rei<—a

~ Y Ll ELA)

ReA>—a

= (pl1)(11§) + Z e (f_zlp) (E1 ) (16)
0>Rer>—a

where we have separated out the the contribution from the constant L, (M) eigenfunction with
A = 0. For a mixing system the latter is the only non-decaying eigenfunction. By the absolute
convergence of the sum (4) for r > 0 the discarded terms are bounded by

Y S faledEl s <e ™ Y [ le)Elf)l < e

Rei<—a Rei<—a

for some constant C and hence decay faster than e=*’.
For long past times we work analogously from (5) rather than (4) to obtain

E|Uilp) ~ (@l 1IE)+ > e ™ (filp)Elfy)  for 1 — —oo.

0<Re (=) <b

Here the terms which decay faster than e”” as t — —oo have been discarded.

3. Surfaces of constant negative curvature

We will use the resolvent method described in the previous section to obtain a spectral
decomposition for the evolution operator of a ‘model’ chaotic system. The simplest systems
which are strongly chaotic (and in particular mixing) are the free motion on compact 2D
surfaces of constant negative curvature.

The hyperbolic plane N plays the role of a universal cover for these surfaces. It can be
embedded in Minkowski space where the metric is

ds? = —dx? + dx? + dx32
as the surface satisfying the equation
—xP+xi+x3=—1.

We shall consider the free motion on compactifications of N formed by quotienting it
under the action of some discrete group as described below. We start by analysing the free
motion of a particle on the hyperbolic plane itself. This dynamical system has the phase space

T*N and is described by the Hamiltonian H = %, which is just the kinetic energy of the
particle. The trajectories for this dynamical system are given by the geodesics of the surface
N. For a particle with unit mass m = 1, the constant-energy surface M with energy £ = %
consists of the points with momenta of unit modulus (and hence also unit speed). Thus the
energy shell M is the unit-cotangent bundle of the hyperbolic plane. Changing the energy
amounts to a rescaling which leaves the trajectories unchanged and only alters the rate at

which they are traversed.
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The group of isometries of the hyperbolic plane G = SO(2, 1) acts simply transitively
on the points of the energy shell. Let us take as a base point in M the point O = (g, p) where
the position ¢ is given by (0, 0, 1) and the momentum p is (1, 0, 0). A point x on the energy
shell may be identified with the unique element of G which takes O to x = gO. In this way
the constant-energy shell can be identified with the elements of G. The above construction
gives a diffeomorphism from the topological group G to the energy shell M.

We choose a basis for the Lie algebra g of G consisting of the matrices

010 0 0 1 0 0 O
P:(l 0 O) Q:(O 0 O) K:(O 0 1). (17)
0 00 1 00 0 -1 0

An element g € G may be written as a product [14]
g(p, T, 9) = eKoelTekV, (18)

The parameters 7, ¢ and i are known as the Euler angles. Note that t and ¢ give the position
in polar coordinates:

(x1, X2, x3) = (cosh t, sinh 7 cos ¢, sinh 7 sin ¢)

while the angle ¢ gives a consistent way of parametrizing the direction of the momentum.

After a time ¢ a free particle at the point O on the constant energy surface advances along
the geodesic to which it belongs to the point i, O where h; = e”’. The point g O moves to
gh; O; hence on identifying M with G the evolution corresponds to right multiplication by the
element /,. This one-parameter group of transformations

g U(g) = gh

is the geodesic flow on G. The measure © on M which is invariant under the geodesic flow
U, is the Haar measure dg of the group G. This measure is invariant under right and left
multiplication by elements of the group. The U, invariant scalar product for functions on G is
therefore given by

Al = / @7 ds
ge

1
42

oo 2 2
/0 /0 ; f1(@, T, ¥) fo(¢, T, ¥) sinh T dT d¢ dy.

Finally we notice that right multiplication by elements in the rotation subgroup H = {eXV}
only affects the direction of momentum and does not change the position of the particle.
Therefore we can identify the hyperbolic plane N with the set of right cosets G/H.

We now turn to the free motion on general surfaces of constant negative curvature which
are constructed by taking a tessellation of the hyperbolic plane G/H and identifying the
tessellating shapes (the fundamental domains). Let I" be the group of transformations mapping
the tessellating shapes to each other. Forevery y € I' the points y g H and g H of the hyperbolic
plane are identified. The points of the quotient surface formed under this identification are
labelled by double cosets in I'\G/H. When the directions of momentum at each of the points
are included the constant-energy surface M = I'\G is formed. Since the free motion is given
by the right shift by #;, it is not affected by quotienting on the left by the subgroup I, so on the
constant-energy surface I'\ G the geodesic flow is given by

Ui(T'g) =Tgh,. (19)
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4. Decomposition of the evolution operator for the geodesic flows

In this section we use the representation theory of G = SO (2, 1) to find a decomposition of
the form (7) for the resolvent for the geodesic flow on I'\G.
The right regular representation Tx (h) of G on L,(I"\G) is defined by

Tr(M¢((Tg) = ¢(I'gh) where ¢ € Ly(I'\G).

It can be decomposed as a direct sum of irreducible unitary representations 7, which
leads to a splitting of L,(I"\G) into a direct sum of the spaces H(7”) on which 77 acts:

Ly(I'\G) = @ H(T?). (20)
ye

As the geodesic flow U, defined in (19) amounts to right multiplication by the group
element A, the evolution operator U, coincides with T (h,) and leaves H(T”) invariant, leading
to the decomposition

U, = Z TV (h,). (21)

yeY

Substituting (21) into (6) we obtain the resolvent for the geodesic flow:

oo

R_(z) =— f e U, dt = Z R’ (2) (22)
0 yeY

where R” (z) = — [~ e T (h,) dt.

The rest of this section is organized as follows. In section 4.1 we discuss the unitary
irreducible representations 7. In section 4.2 we study the decomposition (20) and relate it to
the spectra of the Laplacian on the quotient surface I'\G/H. In section 4.3 we calculate the
integrals R” (z) for each of these irreducible representations and in section 4.4 we combine all
the results to find R_(z).

4.1. Irreducible representations of SO(2,1)

Let T be an arbitrary unitary representation of G = SO (2, 1) on the Hilbert space H(T) with
scalar product (| ). The Casimir operator is defined on H(T') by

QT) = L3(T) + LG(T) — Ly (T)

where Ly (T) is the Lie derivative of 7 in the direction X € g and P, Q, K € g are as
defined in (17). This operator commutes with each of the 7(g) [15] and therefore must be a
scalar multiple of the identity on each of the irreducible representations 7. It is convenient
to denote by 7 the unitary irreducible representation on which this scalar is —i — p?,ie. for
all v € H(T*) we have

QT = (—3 = p)v. (23)
The following values of p are allowed [15]:

e Im p = 0 and Re p > 0 (the principal series)

e Rep=0andImp € (0, %) (the complementary series)

e Re p = 0and Im p € N each corresponding to a pair of inequivalent representations (the
discrete series).

In addition we have the one-dimensional identity representation / for which 2 (/)v = 0 for
v € H(I).
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Under the action of the compact Abelian subgroup H = {eX"} the representation T splits
into one-dimensional irreducible representations. Let [n) € H(T*) be a vector in one such
one-dimensional representation with

77X n) = " |n). (24)

It is a fact [16] that in a representation 7 there is at most one vector |n) for each value n and
they can be normalized to form an orthonormal basis for the space H(7”). We also use the
notation |p, n), when the irreducible representation to which |r) belongs needs to be specified.
For the representations of the principal and complementary series the value of n ranges over
all the integers. For the discrete series, one of the pair has a basis consisting of |rn) where
n > Im p and the other where n < Im p [16].

A vector |@) in H(T”) may be expanded in the basis {|n)} as

lp) =Y _(nlp)ln). (25)

n

In the basis {|n)} the matrix elements for the representation 7 are given by [14]

(m|T?(g)|n) = e"?e"V B! (cosht)

mn

where | = % +ip and B!, (cosh 7) are the Jacobi functions.

4.2. Decomposition of Lo(I'\G)

We now consider the decomposition of L,(I"\G) into irreducible representations 7 for a
particular quotient surface '\G/H.

Suppose that the decomposition (20) of L,(I'\G) has N, copies of the irreducible
representation 77, labelled by s € {1, ..., N,}:

N, .
L,T\G) =& (GBIH(TP’S)) : (26)
p \s=
Each H(7#*) has abasis {|p, n; s)} as described in section (4.1). From (23) and (24) we deduce
that the space spanned by the vectors {|p, n; s) where s =1, ..., N,} is the intersection of the
eigenspaces of Q2 (7r) and Lk (Tg) with the eigenvalues —% — p? and in respectively.

QTR)|p.nis) = (=5 — p)lp.nss)

. 27
Li(Tr)|p, n; s) =in|p, n; s).

The functions |p, 0; s) are invariant under multiplication on the right by elements of H
and therefore can be viewed as functions in L, (I"\G/H). On this space the Casimir operator €2
reduces to the Laplacian A, hence the values of p occuring in (26) correspond to the eigenvalues
e(p) = —% — p? of the Laplacian A on the quotient surface '\G/H. N, is the multiplicity of
the eigenvalue €(p) and |p, 0; s) are its eigenfunctions. It is known that the spectrum A of
Aona compact surface I'\G/ H is discrete and is bounded above by zero. It also contains the
eigenvalue 0, which corresponds to the the constant eigenfunction. Hence (26) takes the form

LM\G) = @ <%V§ H(TW)) (28)
,%,pZEAF s=1

A differential equation for the eigenfunctions |p, n; s) is obtained by unwrapping a
function in L,(I'\G) to give a periodic function on the whole group x : G — C which
obeys

x(rg) = x(g) forall y eT.
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Using Euler’s coordinates (18) on G in (27) we deduce that the unwrapping of the function
lo, n; s) has the form x!"(t, 6)e"¥, where x£"(t,8) obeys the second-order differential

equation

1 0 a 1 9? d 1
< —— —sinht— + ——— [ —— —2incosht— —n? ) | x*" = | — — p* ) x"".
sinh 7 9t dt  sinh’t \ 8%¢ d¢ 4
(29)

4.3. Spectral decompositions for the irreducible representations

We now find the correlation functions of the resolvents R’ (z) for each of the irreducible
representations 7 and obtain a spectral decomposition for the operator 77 (h;).
Expanding

(EIRE(2)lg) = —/0 e (EIT" (hy)g) dt

in the basis {|n)}, we get

(EIRZ(D)N9) = f e ™ Z(éIMHmIT”(hr)IanIw) dr. (30)
0 m,n
The matrix element (m|T” (h,)|n) can be written as a sum over the exponentials e* where
rell,l—1,1-2,..;L,1—-1,1-2,..}=A, (31)
and
(m|T*(hy)|n) = B}, (cosht) = Y ch,e. (32)
AEA,

Substituting (32) into the resolvent (30) we obtain

ER QI = Y [ Y (elmic, o) o

AEN, m,n
-y Y (Elm)cpn (nle)
AeAN, m,n A=z
K
zzzﬂ:?y 33)
AEA,

The operators K; determining the residue at the pole A € A, are given by

K= m)ch,(nl.

m,n

The matrix elements ¢, may be split into a product (appendix B) ¢, = a’ b*, which enables
us to write (33) in the form

b_* A
IR’ (2)]g) = Z Yo (nlbile)) ", (Elay, lm)

reh, rA—z
_ Z (f_zle) &l ) (34)
reh, A—z

where A runs through the set A, (31) and

1) =Y ahlm)y  |f5) =) bym)
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are eigenvectors of 77 (h,):

T?(ho)l fy) = "1 fy)-

The coefficients a’, and b”, where A = I, are found explicitly in appendix B along with a
procedure for generating the eigenfunctionals for the other values of A € A,.

The eigenfunctionals | f;) and | f_5) are linear functionals on the space S C H(T”) of
test vectors @) = Y, ¢,|p, n) € H(T”), where the coefficients ¢, — 0 as |n| — oo faster
than any power of n, i.e. lim},_ ¢,n* = 0 for all k € N. By comparing (34) with (7) we
arrive at the spectral decomposition for 77 (h,)

TP(h) =Y I fi)(fl (35)

AEA,

This decomposition converges absolutely for ¢+ > 0 for test vectors in the dense subspace
T# C S of vectors of the form |¢) = Zfsz culp,n) € H(T”) for some K (appendix C).

4.4. Spectral decompositions of the evolution operators for the geodesic flows

On combining (35) with (28) we obtain the central result of this paper, a spectral decomposition
for U,:

Nﬁ
U=Teth)= Y D D W (36)

—%—pZEAr rEA, s=1

where Ar is the spectrum of the Laplacian on I'\G/H containing eigenvalues —}1 — p? with
multiplicities N, and where A, is given by equation (31) and also shown in figure 1. The
functionals

%) =) atlp.n;s)
FESED AT

are the eigenfunctionals of Uy:
Oul ) =Ly

The functions |p, n; s), s = 1, ..., N, form an orthogonal basis in the space of solutions of
the linear differential equation (29). The coefficients are obtainable by expanding B’,  (cosh t)
in powers of e’ (see equation 32) and are given explicitly for A =, in (B.7).

The eigenfunctionals | f7**) belong to the space C*°(I"\G)* and act on test functions in
69,%, prenr Y = C*(I'\G). The decomposition (36) converges for functions in a dense
subspace

N, K
T= {|¢> = > Y ) cupslp.nis) for some K} C C*('\G) (37)

,%,pZEAr s=1 n=—K

of test functions whose unwrappings have only a finite number of Fourier components in the
angle Y (appendix C).

The eigenvalues entering (36) could also be obtained by comparing classical orbit
expansions for the traces of the resolvents of L and A [17].
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3.4 1,
—3tw T2 Im A

A

,//"
1 2
Ao —€0 itp Re A

—OT—=C ——C >

\
Figure 1. The poles 1 = —% — ip — k (crosses) of the resolvent give the eigenvalues e** of the

evolution operator appearing in decomposition (36). These poles are related to the eigenvalues
—€ = % + p2 of —A (open circles). The rate of decay e*0’ at long times is determined by the pole
Lo with the least negative real part.

5. Properties of the evolution operators for the geodesic flows

5.1. Decay of correlations

At long times only the leading terms with k = 0 in each of the A, in the spectral

decomposition for 0, (36) remain significant (see section 2.4). Therefore as t — oo, for
§,9 € TCC*T\G)
§ ~ (—iip)r ) ppss 08
0o} ~ Z Ze SO NONELFT L)
—3—pP*€Ar ¢

Separating out the eigenvalue with A = 0 for a compact quotient surface where the dynamics
is mixing we find that

/) ~ (—Lip)yt ) pois pis

Ulg) ~ (el + 3 D e o)l ). (38)

0#—L—p2eAr §
The approach to equilibrium is governed by the eigenvalue(s) e(=2H0)1 in this expansion

with the largest modulus (see figure 1). There are two possibile cases distinguished by the
smallest non-zero eigenvalue —ejy of —A.

() If —eg < }1 then the slowest-decaying term gives the decay rate e*’, where Ao =

-1+ \/E. For the non-constant part of the correlation function (£|U;|¢) between
&, ¢ € C*°(I"\G) we have

€10, lp) — (EI1)(1]g) = 0. (39)
2) If —eg > }1 then all the values of p in (38) are real and we get ¢ = —%
(1T lp) — (E11)(1lp) = O(e™?), (40)

By applying the result (14) to the geodesic flows we find that for arbitrary &, ¢ € C*°(M)
€T l) — (EI1)(1]g)| < Ce™".
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This is a classical result, proving the exponential decay of correlations for geodesic flows on
constant-negative-curvature surfaces (see e.g. [15] for a detailed discussion). Also from (14)
we get the other terms in the long-time asymptote:

&0/ 1) — E1{Le) — Y ZZZe“’*‘” VLS, NI o)

—*—p 2eAr s=1

< C(N)eto= N+t (41)

5.2. Relation to the Laplacian

In addition to refining the long-time asymptotic form of the correlation function (41) the full
expansion (36) provides a more detailed description of the evolution of distribution functions.
Consider a smooth function W on I'\G which is independent of the momentum coordinate
(hence belongs to the space T). As it evolves under U, this function will acquire some angular
dependence but we will only be interested in the density on the configuration space, i.e. the
projection ¥, = PU,W where P is the projector '\NG — I'\G/H:

2

Py=— dyr.
X Znoxvf

Expanding W as a linear combination of the eigenfunctions |p, 0; s) of the Laplacian for
the quotient surface

W)= > Y (p.0,5]¥)|p,0;5)

,%,pzeAr K
and using

Uilp. 0:5) = T"(hy)|p. 0; s)
= lp.n;s)(p,n; sIT(h)|p, 0; 5)

J
= Z Bn02+w(cosh t)|p,n;s)
n
combined with the following expressions for the matrix elements of the projection operator:

f’|p,n;s)=0 n#0 Islp,n;s)=|,o,0;s)

we obtain for ¥,

W) = PO = > By ”’(coshz)z 0,0, 51¥)|p,0;s). (42)

—1-peAr

Using the symbolic notation
—A —11p,0:5) = plp, 0; )
we rewrite (42) as
A A Ly AL
PUV) = BOO2+ A *(cosh )| W) (43)

which relates the Laplacian A on the surfaces of constant negative curvature to the classical
dynamics in the configuration space.
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6. Conclusions

6.1. Summary of results

Decompositions for the evolution operators U, of a general mixing dynamical system
on a manifold M were constructed following Ruelle’s prescription [8] using the analytic
continuation of the resolvent (6):

Fry(2) = — fo e T(£|Ur|g) dT

AIt was proved that when conditions (8), (9) are met we have the following decompostions
of U;:

€10 1) = ZCMZ k o) ELfh convergent for ¢ > 0

&0 |p) = Zeﬂ\' ZU)\ l@) (€] f convergent for ¢ <0

where | f,;‘ ) are eigenfunctionals of U,

Uil £y =e" | f})
belonging to the space C°°(M)*. They can be obtained from the residues of F¢ ,(z) which are
positioned at A and have the form

2miRes(h, Fry) = Y (I (5 10)
k

On applying this method to the evolution operator U, for the free motion on a compact
surface of constant negative curvature I'\G/H we obtained the decomposition (36) which is
convergent for £ and ¢ in a dense subspace T C C*°(I"\G) of functions whose unwrappings
onto functions of G have only a finite number of Fourier harmonics in the Euler angle i (see
equations (18), (37)). From this decomposition we obtained a refinement for the rate of decay
of correlations (41) for these systems.

We also found that the projection of the evolution operator PU, from NG toI'\G/H is
related to the Laplacian A on the surface I'\G/H by

A 1 AT
PU, = BOO2+1 A *(cosht).

6.2. Consequences for the ballistic o -model

Finally we discuss some consequences of the spectral decomposition (4) for the ballistic o-
model [4,5]. Without diving into the (still controversial) issue of the o-model derivation and
its region of validity we quote below the result for the effective action (see [4, 5, 18] for a
detailed discussion):

= /dy, tr AW YL +i(w +i0)A}W (44)

where W (x) belongs to some (super-) group and A is a particular matrix in this group obeying
A? = 1. The detailed structure of the target space is somewhat involved and for the purpose
of our discussion it suffices to consider a toy model with W € SU(2) and A = diag(1, —1).
Then the target space is a two-dimensional sphere S = SU(2)/U (1) parametrized by the
matrices Q = W~'!AW. The action (44) does not depend on the parametrization of 52 in
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terms of W. Indeed, introducing the two-form Q,V on the energy shell M obtained by pulling
back the invariant volume V on S? by the function Q(x) : M — S? we get for the action

S:/ (0.V) A pdg +i(w+i0) tr(A Q) dp
M

where p dq is the antiderivative of the simplectic structure dp A dg. If Q,V is exact (and it is
certainly closed) the first term does not depend on the choice of the antiderivative but only on
the simplectic structure dp A dg.

It is universally believed that some sort of regularization should supplement the effective
action (44). It was conjectured [5] that in the limit of a vanishing regulator the eigenvalues of
the regularized Liouvillian operator approach the Ruelle resonances (which were refered to as
‘eigenvalues of the Perron Frobenius operator’ in [5]).

We would like to point out that this conjecture must be further clarified due to the existence
of the two inequivalent sets of Ruelle resonances. One set of resonances is in the left-hand half
of the complex plane, while the other is in the right. These two sets originate from the different
branches of the resolvent given by the two integral representations (equations (6) and (15)
respectively). As a result there exist two non-equivalent regularizations of the operator L.
Denoting by L., the regularization of L with eigenvalues close to the Ruelle resonances in the
left-hand half plane and observing that the operator — L, has eigenvalues close to the Ruelle
resonances in the right-hand half plane we suggest that the two regularizations of L are Lieg

and — L.
We suggest the following structure for the regularized operator in the target space:
aL . Lieg +iw 0
L+1(w+10)A—>( 0 —L&—iw) (45)

which ensures the convergence of the action (44). Expanding the action (44) near Q = A

asW =1+ < _Ow 1(1))) we verify that the choice (45) ensures that the quadratic part of the

action 82 is non-positively defined:

2¢ - 0 Lreg w
88§ = /d,u(w,w)(_L:reg 0 o |

Note, that a similar structure for the regularized action appeared in the model with diffusive
scattering [19].
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Appendix A. Mixing dynamical systems

A dynamical system (M, U,, ) is mixing if for any two sets A, B C M
lim w(U:AN B) = p(A)u(B). (A.D)

For a mixing system the only square integrable eigenfunctions of U, are the constant
functions which have the eigenvalue 1. The proof [20] of this result is reproduced below.

We write (A.1) in terms of the characteristic functions x4 and y g of the sets A and B (The
characteristic function x¢ of a set C takes on the value xc(x) = 1 if x € C and 0 otherwise).

Tim (0 xalxa) = (xal1)(1x8). (A2)
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Since the space of linear combinations of characteristic functions is dense in the space of square
integrable functions (A.2) must also be true for f, g € Lo,(M)

Tim (0, f1g) = (F1D(1]g). (A3)
Let f be an eigenfunction of U, with eigenvalue e* and g = 1, then (A.3) becomes

" (fI1) = (f11)

therefore the eigenvalue must be 1.

Appendix B. Coefficients for the eigenfunctionals

We now study the matrix elements ¢, = (m| K, |n) of the operator K, appearing in the residues
of the resolvent (33)

K N
IRl = 3 ST = 3 5 B T,
Consider the following operators on H(7”):
L=Lp(T")
B_ = Li(T") + Lo(T")
B, = Lg(T?) — Lo(T?).

Note that T°(h,) = e and we have the commutation relations

[L» B+] = B,
[L,B_-]=—-B_ (B.1)
[B_, B,] =2L.

From the commutation relations we have that B,L = (L + 1)B,, therefore B,e’’ =
eV B, ie. B,T”(h;) = e'T”(h,)B,. By considering (£|B,. R’ |¢) and using this result we
obtain

B+I€A = IeA+IB+~ (B.Z)

Hence B, sends the image of K 5 into the image of K a+1. In particular BJ%  =0= BJ&; =0
since there are no eigenvalues / + 1 and [ + 1 in the set A ,.

Consider an eigenfunctional | f) in the image of K, so that it satisfies T (h,)| f) = e*'| f)
and therefore

LIf) =Alf).
Suppose also that it is annihilated by B.:
B.f)=0
so that using (B.1) we get
(n|B:l f) =0
(n|B.B_|f) = =2{(n|L| f) = =2A(n|f)

foralln € Z.
Representing | f) by the linear combination

1f) =) anln)  where @, =(n|f)
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and using the explicit expression for the matrix elements of B, and B_ [14]

=2i(n|By = —({+n)(n—1| =2n{n|+ I —n)(n+1|

—2i(n|B_ = ({+n)(n — 1| —2n{n| — (1 —n)(n+1| (B.3)
we get the system of linear equations

—(+n)oy—; —2n0, + (I —n)ay =0

—(U+n—=DU+nay_s =20 +n)ay_1 + 201+ 1) + e,

=20 —n)opy — U —n—1D(I—n)a,_» = —4ra,.

These equations have only the trivial solution o, = O unless A = [ = —% +ip or
r=1= —% — ip in which case they have the unique non-trivial solutions
1
!

“ =G Y (B

respectively. Hence the images of K; and K; 7 are one dimensional.

Since B, sends the i image « of K 5 into the image of K 3l and its restnctlon on the image of
K » has zero kernel for A # [, [ we deduce that the i images of K, « and K; 7_g forall k € N are

also one dimensional. The operators K, where 1 € A, may therefore be written as
Ky =105l =) Im)a,blin| = Z )i
m,n

and their matrix elements ¢ split into a product ¢} = a’ b* where

1f) =D aklm)  1f5) =) bin) (B.5)
m n

as stated in the main text. ~ ~

Combining (B.4) with (B.5) we see that a = a and a = Oll This can be confirmed
from equation (32) and the expansion of B’ 0(Cosh t) at large ¢ [21]:
2(11)? 1 2'(11)

B! ht) = el + ") (1+0 : B.6
mo(cosh 7) < N (l+m)!(l—m)! J—( ) ( ™) (B.6)

Using (B.6) and the symmetry relation [14]
(+nm)!d —n)!
+m)ll —m)!

we can find the coefficients ), and bi:

B! (cosht) = B! (cosht)

! 2 2 I 27 2
bnzﬁ(l!) bn:ﬁ(u) L+m)!d —n)!.

To summarize, the functionals | f3), | f_5) involved in the decomposition of K, fora=1,1
have the following form:

1
lf1) = ;mm

1) =) (=1)"In)

21
f=) ﬁ(mzm

n

B.7)

27
fa)y =Y DA mI = i),

n
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Given the eigenfunctionals | f;) and | f_;) the eigenfunctionals | f3) for the other values of
A € A, may be obtained by successive applications of the operator B_:

| fik) = BE1£2) (B.8)

due to the relation B_K, = K;_, B_, which is proved analogously to (B.2).
Similarly, the projectors can be obtained by applying the operator B, to | f_;) and | f_;):
|f ) = Bl f 7). (B.9)
From (B.3) and the relations (B.8), (B.9) we find that
= (nlfi-&) = (n|BE[fi) = O(")
= (nlfi) = (nBL|f;) = O(®)
= (nlf i) = (| B{|f ) = O@")
= (nl fotx) = (n| B f=1) = O(").

(B.10)

o~ o~ o~ —~

{’
l
a,
l
{Z
l
n

Appendix C. Convergence of the spectral decompositions

We now present the necessary condition for the convergence of the spectral decomposition (35):

EIT"(h)lp) = Y € (f 510} EIfi). C.1)

AEA,

In particular we show it is convergent when & and ¢ belong to the dense subspace T” of
S? C H(T?) where

K
TF = {|¢> = Y culp.n) for some K}. (C.2)

n=—K

First we show that each term e (f 5|¢)(£]f.) in (C.1) is defined for & and ¢ in the
subspace S*:

SP = { chm n) where lim c¢,n? =0forallg € N} (C.3)

|n|—o00

Note that S” is invariant under 7% (k). Let £ and ¢ be given by
) =D calp,n) 18 =D dulp,n). (C4)

Using (f_zIm) (nl f,) = ;b we get

m-n

¥ (@) ELA < D e ahblcndy). (C.5)

The eigenvalue A is of the form I — k or [ — k so by (B.10) @, = O(m*) and b* = O(n*).
Hence

MU leMELFN < Cle Y lemm®| Y ldunt|

which converges due to (C.3). Therefore each term is defined for &, ¢ € SP and the
eigenfunctionals | f;;) belong to the space S**.

Now we show that the sum (C.1) converges for &, ¢ € T”. Since the sums (C.4) for &, ¢
have only a finite number of terms it suffices to prove convergence for |¢) = |n) and |§) = |m).
In this case (C.1) reduces to (32), which converges absolutely for ¢ > 0.
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Now we turn to the convergence of the spectral decomposition of the evolution operator
U, (36)

Ny
ETle) = > DD MEN L ). (C.6)

*%*pZEAr s=1 LeA,

By the above considerations the terms in this series e (£] f;°)(f” ;|(p) are defined for
£ €D 1_poey, S =CO(\G).

We will show that expansion (C.6) is convergent when &, ¢ belong to the subspace
T c C*(T\G):

Ny
T = {|<p) = Z Z i Cn.p:s|p, n; s) for some K} (C.7)

,%,pzeAr s=1 n=—K

It is sufficient to determine the convergence for

N/J
o)=Y Y coslo.nis)

—41—02€Ar s=1

Nﬂ
E) = > > dpslp.m:s)

—%—pZGAr s=1

for which decomposition (C.6) is

Nﬂ
Ely =Y. DD eMepaidy by, (C8)

—1_prenr s=1 ke,

Let o(t, 0, ¥) = ¢,(t, #)e"V be the unwrapping of |¢). The function ¢, on I'\G/H has
the norm

1

lenll® = o / l@n (T, 0)|? sinh 7 d7 d§ F is a fundamental domain.
F

We may expand ¢, in the eigenfunctions x; (the unwrappings of |p,n;s)) of the
operator (29):

Ny
(T 0) = D cpxl (C9)
—l—preAr s=1
hence
NP
leal> = > > el
—i—ﬂzEAr s=1
Similarly
Np
I&07 =D > ldasl®
—1_prepp s=1
Using the fact that

Np

> o5l < Eallllnl
1

—1-p2eAr 5=
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and that (32) converges absolutely we see from (C.8) that

N,

Nﬂ
[FADEESS lcoslpsl Y laybihe® | < C D" Y lepdysl < Cli&lllgall
1

—%—pzeAr s= AEA, —%—pzeAr s=1

is bounded.

Hence taking &, ¢ € T ensures the convergence of the spectral decomposition (C.6). Since
the unwrapping of |p, n; s) has the form x,;** the unwrappings of functions in T will have only
a finite number of Fourier components in .
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