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Abstract

The spectral fluctuations of a quantum Hamiltonian system with time-reversal
symmetry are studied in the semiclassical limit by using periodic-orbit theory.
It is found that, if long periodic orbits are hyperbolic and uniformly distributed
in phase space, the spectral form factor K (t) agrees with the GOE prediction
of random-matrix theory up to second order included in the time t measured
in units of the Heisenberg time (leading off-diagonal approximation). Our
approach is based on the mechanism of periodic-orbit correlations discovered
recently by Sieber and Richter (2001 Phys. Scr. T 90 128). By reformulating
the theory of these authors in phase space, their result on the free motion on
a Riemann surface with constant negative curvature is extended to general
Hamiltonian hyperbolic systems with two degrees of freedom.

PACS numbers: 05.45.Mt, 03.65.Sq

1. Introduction

One of the fundamental characteristics of quantum systems with classical chaotic dynamics
is the universality of their spectral fluctuations. This universality and the agreement with the
predictions of random-matrix theory (RMT) was first conjectured by Bohigas, Giannoni and
Schmit (BGS) [2]. It was later supported by numerical investigations on a great variety of
systems [3]. However, the necessary and sufficient conditions on the underlying classical
dynamics leading to such a universality in quantum spectral statistics are not known, and the
origin of the success of RMT in clean chaotic systems is still subject to debate.

In the semiclassical limit, where the BGS conjecture is expected to be valid, the Gutzwiller
trace formula [4] expresses the density of states p(E) = ) 8(E — E,) of the quantum
system as a sum of a smooth part p(E) and an oscillating part. The latter is given by a sum
Dosc(E) = (wh)~! Zy A, cos(S, /h — mu, /2) over all classical periodic orbits y of energy
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E (S, and p, are the action and the Maslov index of y, and A, is an associated amplitude).
The energy correlation function

o= kel (24 ) (),

and its Fourier transform K (7), the so-called form factor, are given by sums over pairs (y, y’)
of periodic orbits. Here 7 is the time measured in units of the Heisenberg time Ty = 2nhp(E)
(Tu = OM®'™7) for systems with f degrees of freedom). The brackets denote an (e.g.
Gaussian) energy average over an energy width W much larger than the mean level spacing
AE = p(E)~", but classically small, W « E, so that (p)r ~ p(E). By neglecting the ‘off-
diagonal’ terms, i.e., the contributions of pairs of distinct orbits modulo symmetries, Berry [5]
showed that the spectral fluctuations of classically chaotic systems agree in the limit 7 — 0
with the RMT predictions to first order in t (r < 1). Two different approaches have been
proposed to support the BGS conjecture to all orders in 7 in the semiclassical limit. The first
one is based on a mapping between the parameter level dynamics and the dynamics of a gas
of fictitious particles [3, 6]. The second one uses field-theoretic and supersymmetric methods
and applies to systems with exponential decays of classical correlation functions [7].

The link between spectral correlations and correlations among periodic orbits was first put
forward in [8]. It was argued in this reference that the BGS conjecture implies some universality
at the level of classical action correlations. Recently, Sieber and Richter [1] identified a general
mechanism leading to correlations among periodic orbits in chaotic systems with two degrees
of freedom having a time-reversal invariant dynamics. This has opened the route towards an
understanding of the universality of spectral fluctuations based on periodic-orbit theory only.
The crucial fact is that an orbit y having a self-intersection in configuration space with nearly
antiparallel velocities is correlated with another orbit 7, having an avoided intersection instead
of a self-intersection, which has almost the same action and amplitude. In two special systems,
the free motion on a Riemann surface with constant negative curvature (Hadamard—Gutzwiller
model) [1] and quantum graphs [9], the pairs (y, ) have been found to give a contribution
K>(t) = =272 to the semiclassical form factor. This result is in agreement with the Gaussian
orthogonal ensemble (GOE) prediction of RMT,

Kgog(t) =2t — tIn(1 +27) 0<t<1
=21 — 212+ O(7d).
The first term K () = 27 is obtained by using Berry’s diagonal approximation.

The purpose of this work is to extend Sieber and Richter’s result to general hyperbolic and
ergodic two-dimensional Hamiltonian systems. Unlike in [1], our approach does not rely on
the concepts of self-intersections and avoided intersections with nearly antiparallel velocities,
but rather focus on what corresponds to such events in phase space, namely the existence of
two stretches of the orbit (for both y and y) which are almost the time reverse of one another.
It will be argued that working in phase space has a number of advantages and may allow
for easier generalizations to periodically driven systems and to systems with f > 2 degrees
of freedom. A similar approach is presented in [10]; an alternative approach, based on a
projection onto the configuration space as in [1], is presented in [11].

In section 2, we state the main hypothesis on the classical dynamics used throughout this
paper. After having briefly recalled the main ingredients of the theory of Sieber and Richter
in section 3, a characterization of the orbit pairs (y, #) in the Poincaré surface of section
is given in section 4. The unstable and stable coordinates associated with a pair (y, ) are
introduced in the following section. The leading off-diagonal correction K»(t) = —272 to
the semiclassical form factor is derived in section 6. Our conclusions are drawn in the last
section. Some technical details are presented in two appendixes.

2
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Figure 1. Billiard Q: g, and p, = sin f, are the arc length along 92 and the momentum tangential
to 92 in dimensionless units.

2. Hyperbolic Hamiltonian systems

We consider a particle moving in a Euclidean plane (f = two degrees of freedom), with
Hamiltonian H(q, p) = H(q, —p) invariant under time-reversal symmetry. We assume
the existence of a compact two-dimensional Poincaré surface of section X in the (four-
dimensional) phase space I', contained in an energy shell H(q, p) = E and invariant under
time reversal (TR) [4, 12]. Every classical orbit of energy E intersects X transversally. The
classical dynamics can then be described by an area-preserving map ¢ on X, together with a
first-return time map x € X +— ¢, € [0, oo] (see [12]). In what follows, letters in normal and
bold fonts are assigned to the canonical coordinates x = (g, p) in £ and to points = (q, p)
in I, respectively. It is convenient to use dimensionless ¢ and p by measuring them in units
of some reference length L and momentum P. The n-fold iterates of x by the map are denoted
by x, = ¢"x, n € Z. They are the coordinates of the intersection points x, of a phase-space
trajectory with X, according to a given direction of traversal. The Euclidean distance between
two points of coordinates x and y in X is denoted by |y — x|. If the system is a billiard
(H(q, p) = p*/2M if q is inside a compact domain Q C R? and +00 otherwise), ¥ is the set
of points (q, p) € I' such that g is on the boundary 0<2 of the billiard, p is the momentum
after the reflection on 92, and |p| = v2M E. Then q is the arc length along 92 in units of
the perimeter L, p is the momentum tangential to d€2 in units of ~/2M E and ¢, is the length
of the segment of straight line linking two consecutive reflection points, multiplied by the
inverse velocity /M /2E (see figure 1). Due to the Hamiltonian nature of the dynamics, the
linearized n-fold iterated map M = D, (¢") is symplectic. This means that it conserves
the symplectic product

Ax A AxX = ApAg’ — AgAp' )

for any two infinitesimal displacements Ax = (Ag, Ap) and Ax" = (Aq’, Ap’) in the tangent
space 7, X.

The time reversal (TR) acts in the phase space I by changing the sign of the momentum,
Tr : (g, p) — (g, —p). Itsaction on x is given by an area-preserving self-inverse map 7. When
acting on an infinitesimal displacement Ax in 7, ¥, the same symbol T refers to the linearized
version of T (we avoid the cumbersome notation D, T, the meaning of T being clear from the
context). In most cases, the exact map 7T is already linear and given by 7T : (¢, p) — (¢, —p).
The TR symmetry of the Hamiltonian implies ¢7 = T¢ !, i.e., (Tx), = Tx_,.

Some spatially symmetric systems in an external magnetic field have non-conventional
TR symmetries, obtained by composing 71 with a canonical transformation associated with
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the spatial symmetry [3]. The Sieber—Richter pairs (y, ) of correlated orbits also exist
in such systems, although they look different in configuration space [13]. By performing
the canonical transformation to redefine new coordinates (g, p) at the beginning, the TR
becomes the conventional one. Therefore, the analysis below also applies to systems with
non-conventional TR symmetries.

The normalized ¢-invariant measure is the Liouville measure du(q, p) = dgdp/|Z],
where | X | is the (dimensionless) area of . Our main assumptions on the dynamical system

(¢, X, ) are

(1) w is ergodic;
(i1) all Lyapunov exponents are different from zero on a set of points x of measure one
(complete hyperbolicity);
(iii) long periodic orbits are ‘uniformly distributed in X°.

Note that (i) and (ii) imply that the Lyapunov exponents £, are constant p-almost everywhere
and equal to +(A), with (1) > 0 (the periodic points are notable exceptions of measure zero
where this is wrong!). Examples of billiards satisfying (i) and (ii) are semi-dispersing billiards
(if trajectories reflecting solely on the neutral part of 92 form a set of measure zero), the
stadium and other Bunimovich billiards, the cardioid billiard and the periodic Lorentz gas
(see e.g. [14] and references therein). Assumption (iii), associated with ergodicity (i), means
that an (appropriately weighted) average over periodic orbits with periods inside a given time
window [T, T + §T] can be replaced in the large-7 limit by a phase-space average [15, 16].
Note that this statement, which is the precise content of (iii), does not concern individual
periodic orbits but rather averages over many periodic orbits with large periods. We think that
the statement can hold true even if some periodic orbits with arbitrary large periods are stable,
if there are exponentially fewer such orbits than unstable orbits.

As is typically the case in billiards, the Poincaré map ¢ or its derivatives may be singular
on a closed set S C ¥ of measure zero. For instance, if the boundary 92 is concave outward,
¢ is discontinuous at a point xs = (gs, ps) such that the trajectory between gy and the next
reflection point is tangent to d<2 at this point (see figure 1). Let us denote by d(x, S) the
Euclidean distance from x to S. We assume that

(iv) S is ‘not too big’: u(Bss) < C16° forany § > 0, with Bs s = {x € X; |[x — xs| <
8,xs € S} and o1 > 0;

(v) the divergence of the derivatives of ¢ on S is at most algebraic, |0"¢/dx* - -- x| <
Crd(x, 8)™ =D with oy > 0.

Here C; > 0 and C, > 1 are constants of order 1 and the indices o, f = 1, 2 refer to the ¢-
and p-coordinates in ¥ x!'= q, x2 = p). (iv) and (v) are standard mathematical assumptions
on billiard maps [17].

3. The theory of Sieber and Richter

The starting point of Sieber and Richter is the semi-classical expression of the form factor,
T 11 i x
Kemi T=—|]|=—— A A /eg(Sy—Sy/)—l‘i(;/,V—;LV,) ) 4
semicl ( TH) Ty ST < Z Yy ( )
T<(Ty+T,) /2<T+5T £

The sum runs over all pairs of periodic orbits (y, y’) such that the half-sum of their periods
(T, + T,;)/2 is in the time window [T, T + §T'] of width 67 < Ty. For isolated periodic

. “12 . .
orbits, A, = T, r."! |det(M)(,F ) —1)| 2 where r, is the repetition (number of traversals) of
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xz z z

Figure 2. Pairs of correlated periodic orbits y (solid line) and 7 (dashed line) in configuration
space for systems with conventional TR symmetry. The intersections of g-space with X are
schematically represented by parallel vertical lines.

y and M}(,F ) is the stability matrix of y for displacements perpendicular to the motion [4].
In order to work with a self-averaging form factor [18], a time averaging over the window
[T, T +38T] (with, e.g., ST = h/W) has been performed in (4). Equivalently, K(7) can be
defined as the truncated Fourier transform
00 .
K(x) = p(E) / de R(e) SETZR) —er

oo €8T /2n

of the energy correlation function (1). Formula (4) gives the correct form factor for small
enough times t only. It relates the quantum energy correlations to the classical action
correlations [8]. Indeed, only orbits with correlated actions, differing by an amount of order
T, can interfere constructively in (4).

For fixed T = T /Ty > 0, the sum (4) deals with orbits with very long periods as 7 — 0
(recall that Ty = O(h~")). Such orbits have many self-intersections in g-space, some of
them characterized by small angles ¢ at the crossing point. As shown in [1], the two loops
at both sides of the crossing point can be slightly deformed in such a way that they form a
neighbouring closed orbit in g-space, having an avoided crossing instead of a crossing (see
figure 2). The two partner orbits y and 7 are almost the time reverse of each other on one
loop (right loop) and almost coincide on the other (left loop). Such a construction, which was
supported in [1] by using the linearized dynamics, is in general possible in systems with TR
symmetry and for small enough ¢ only. Due to the hyperbolicity of y, the two orbits come
exponentially close to each other in g-space as one moves away from the crossing point q..
This means that the phase-space displacement perpendicular to the motion associated with y
and ¥ is almost (but not exactly) on the unstable manifold of y at x; . = (q.., p.,;), whereas
the displacement associated with y and the TR of ¥ is almost on the stable manifold of y at
x; . [13]. If a symbolic dynamics is available, the symbol sequence of 7 can be constructed
from the symbol sequence of y in a simple way [19]; in the Markovian case, the TR symmetry
implies that the partner sequence must not be pruned. Since the two orbits y and y have
almost the same period and almost the same Lyapunov exponents, the amplitudes A, and Ay
are almost equal. Furthermore, it can be shown by using a winding number argument that
iy = iy [10, 11]. In the Hadamard—Gutzwiller model, the difference §S of the actions of 7
and y is given by 8§ ~ E&?/A") in the small & limit, where A" is the positive Lyapunov
exponent of the Hamiltonian flow [1]. The main hypothesis of [1] is that, if the system has
no other symmetries than TR, only the pairs (y, ) contribute to the leading off-diagonal
correction K, (7) to the semiclassical form factor (4) in the limit7z — 0,

(&)
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11 i
Kz(r):T—HS—T< Z A2 Z erz”>. (6)

T<T,<T+5T 7 partner of y E

The main task is to evaluate the right-hand side. This was performed up to now for the
Hadamard—Gutzwiller model [1] and for quantum graphs [9]. The main difficulties arising in
extending the theory of Sieber and Richter to other systems satisfying the hypothesis in the
previous section are

e the orbit y may have a family of correlated self-intersections, corresponding to one and
the same partner orbit y; this happens for instance in focusing billiards [11, 20]; care
must be taken to avoid overcounting the pairs (y, 7);

e the specific property of the Hadamard—Gutzwiller model is that all orbits y have the same
positive Lyapunov exponent A7; this clearly does not hold in generic systems; then the
action difference § S expressed in terms of ¢ depends in general on y;

e the singularities xs € S of the map ¢ affect the number of self-intersections with small
crossing angles ¢ and may even ‘destroy’ the partner orbit  if y approaches S too closely.

We shall see in the following sections that working in the Poincaré surface of section
enables one to resolve all these difficulties.

4. The phase-space approach

4.1. Orbits with two almost time-reverse parts

As noted in [13], if an orbit y has a self-intersection at g, with a small crossing angle ¢ in
configuration space, there are two phase-space points &.; = (q., P ;) and . y = (q., P, r)
on y which are nearly TR of one another, x.; =~ Trz. . Indeed, |p.; + p. ;| = |P.;ll¢]
is very small for |¢|] < 1 (see figure 2). There is in fact a part of y centred on x.; almost
coinciding with the TR of another part of y, centred on . ;. The smaller the distance between
Trx. s and x.;, the longer these parts of orbit. There is therefore a family of points x,, of
intersection of y with the surface of section X, with coordinates x,, = ¢”x such that

TxXpem & X m=0,+1,£2,... (7)

(see figure 3(a)). The integer n is the time (for the map) separating the two centres x = x
and x, of the two almost TR parts' of y.

It turns out that the breaking of the linear approximation (LA) plays an essential role in
the existence of a family {x,,} with property (7). Indeed, we will show that, if the orbit y is
unstable and 7 is large, the displacements

Axy = TXxpepm — X;m ®)

cannot be determined from Ax = Ax( by using the LA for m > n/2. In order to make
quantitative statements, and with the aim of transforming (7) into a precise definition, we
introduce a small real number ¢, depending on x and on an integer ¢, the latter denoting the
current time. Loosely speaking, ¢(") is the phase-space scale at which deviations from the LA
after ¢ iterations of a point y near x start becoming important. More precisely, this number
is defined as the maximal distance |y,, — x,,| between the m-fold iterates of y and x, for an
arbitrary y &~ x and an arbitrary time m between 0 and 7, such that the final displacement y, —x;
can be determined from the initial displacement y — x by using the LA, y, —x, ~ M® (y — x)

! There is an analogy between the family of points {x,,} and the family of vertices visited twice by an orbit in
quantum graphs [9].
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Figure 3. (a) The two families {x,,} and {%,,} in the surface of section X (only a few points are
represented). (b) Magnification of (@) near x = xg. The N-periodic points x, X, Tx, and TX,
pertain to y (filled circles), 7 (filled squares), the TR of y (empty circles) and the TR of 7 (empty
squares).

(recall that M (" is the linearized ¢-fold iterated map)”. As the errors of the LA may accumulate
at each iteration, the larger the time ¢, the smaller must be ¢(”). We shall see below that ¢
decreases to zero like ¢! for large ¢ if the map ¢ is smooth. If ¢ is not smooth, a typical
trajectory in X approaches a singularity point xg of ¢ arbitrarily closely between times 0 and
tast — oo. As aresult, c{") decreases to zero faster than ¢! at large 7 (¢ even vanishes if x
hits xg after m < t iterations, but such x form a set of measure zero).

We can now define the time m of breakdown of the LA for the displacements (7) as the
largest integer such that

[Ax,| < cfc”“]) m=0,...,mop. 9

In other words, my is equal to the largest integer m such that Ax,, ~ M Ax. Similarly,
going backward in time, we denote by mg the largest integer m such that Ax_,, >~ M{™™ Ax.
In what follows, we say that the orbit y has two almost TR parts separated by n whenever
(9) holds true for a family {x,,} of points of intersection of y with X, where Ax,, is defined
by (8). The point x is chosen among {x,,} in such a way that | Axg| is minimum for m = 0.
This condition fixes n. In order to simplify the notation, we shall drop the index O for the
coordinate xo of the centre point x(, writing x = xo and, similarly, Ax = Axy. Since
we are interested in the limit [Axg| < ¢, we always assume that mq and m{ are large
(but much smaller than the period of y). If y is unstable, then |Ax,| =~ |M;’")Ax| and
|[AX_p| = |M )E’”‘)Ax| grow exponentially fast with m for large m with the same rate A,
Ay = Ay > 0 being the positive Lyapunov exponent of y for the Poincaré map. Moreover,
the components of Ax in the stable and unstable directions are roughly the same, since, by
assumption, |Ax,,| is minimum for m = 0. This implies that mg ~ my.

Let us first assume that n is large. The exponential growth of |Ax,,| in the regime of
validity m < mg of the LA has the following consequence. Let us look at the distance in
configuration space in figure 2 between the point q,,, moving on the lower branch of the right
loop as one increases m (starting at m = 0), and its ‘symmetric point’ g,_,,, moving backward
in time on the upper branch of the same loop. After the time m = n/2, the two points on
the lower and upper branches of the loop are exchanged. Thus, the distance between these

2 A more quantitative definition of c)(f) and the precise meaning of ‘y, — x; ~ M ,((t) (y — x)’ are given in section 6.2.
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two points cannot increase for m > n/2. In contrast, it must decrease exponentially as m
approaches n, and come back to its initial value |g, — q,| for m = n. It follows that the
LA must break down before m = n/2, i.e., one has mo < n/2. A similar reasoning holds
in phase space. We first note that the (n — m)-fold iterates of Tx, and x are equal to Tx,,
and x,_j,,, respectively. Thanks to (8), Ax,_,, = —T Ax,, for any integer m. The equality
|[Ax,—m| = |T Ax,,| would be violated if 2my > n > 1, in view of the exponential growth of
|Ax,,| predicted by the LA. As a result, for large n, the condition

must be fulfilled.

Another situation arises when »n is of order 1, n < mg. Then the above-mentioned
arguments do not apply since, if m is of order 1, the unstable and stable components
of Ax, are of the same order and |Ax,| does not necessarily increase with m. Since
| — Al < T Xy — x| <K 1 for all times m between —mg and m( > n, the right loop
in figure 2 consists of two almost parallel lines, connected by a small piece of line with length
of order (/), (/) being the mean length of a trajectory between two consecutive intersections
with ¥. This means that the orbit y has an almost self-retracing part in g-space, centred
at qo.

To conclude, we have shown that ny = 2m has the meaning of a minimal time separating
two distinct almost TR parts of y (i.e., excluding almost self-retracing parts). A similar result
is obtained in [10, 11] for continuous times. The continuous-time version of n is the minimal
time 7} to close a loop in g-space introduced in [1]. In the present context, this time arises
with the new interpretation of the breakdown of the LA.

Let N be the period of y for the Poincaré map. If the family {x,, } fulfils condition (9), then
the family of almost TR points {x,,,} also fulfils this condition, with » replaced by N — n.
This expresses the fact that, for a periodic orbit, the existence of a right loop in g-space implies
the existence of a left loop (figure 2). Setting y = x,, one has Tyy_y—m — ym = =T Ax_,
and thus |Tyy_n—m — Ym| < ||T||c,(:m§) form=0,..., mg. This indeed shows that if {x,,}
satisfies (9), then this is also the case for {w,.,} with n replaced by N — n, my by mg ~ mg
and m? by ml" ~ my.

The distinction made in the previous section between a self-intersecting orbit and an orbit
with an avoided crossing in g-space is irrelevant in the surface of section X: both orbits have
two parts which are almost TR of one another. In other words, they both have families of
points {x,,} and {x,,,} satisfying (9). Note that these two families can correspond in g-space
with a family of self-intersections, as in the case of focusing billiards if self-intersections occur
at conjugate points [11, 20], or with one self-intersection (or one avoided crossing) only, as in
the case of the Hadamard—Gutzwiller model [1].

4.2. The partner orbit

We can now construct the partner orbit ¥ described in section 3 in the surface of section X.
Let y be an unstable orbit of period N with two almost TR parts separated by n < N. The
orbit 7 is defined by an N-periodic point ¥ = X lying close to x = xy. This point is such that

{|Tx,”—x,|<<l fort =0,...,n (11

1% — x| <1 fort=mn,...,N.
It can be checked in figure 2 that these properties indeed define the desired partner orbit. Note

the symmetry of (11) with respect to the exchange of x and X¥. By determining §x = X — x as
a power series in Ax, it is shown in appendix A that x has at most one partner point X. These



Spectral form factor of hyperbolic systems: leading off-diagonal approximation 7277

arguments indicate moreover that ¥ exists if |Ax| is ‘sufficiently small’ and the two almost
TR parts of y are sufficiently far apart from a singularity point of ¢. To first order in Ax, it is
found in appendix A that

Sx=%—x=T(1-MPMN ") (M® +T)Ax (12)

in agreement with [1]. The matrices M and M;Z_") appearing in (12) are the stability
matrices of the right loop and of the TR of the left loop in figure 2.

The partner point associated with x,,, —mg < m < my, coincides with the m-fold iterate
Xm = ¢"X of X. This can be seen by noting that ¥, satisfies (11) with x replaced by x,, and
n replaced by n — 2m, as follows by combining (11) with (9). Hence, by uniqueness, X,, is
the partner point of x,,. It is not difficult to check this statement explicitly to lowest order
in Ax on (12) (see appendix A). We conclude that the partner points of all the points x,,,
—mg < m < my, belong to the same orbit 7. In other words, if |Ax| < 1, there is a unique
partner orbit 7 associated with the whole family {x,,}. If this family is almost self-retracing,
i.e., if n < my, this orbit coincides with y itself, as already noted elsewhere [20]. Actually,
then ¥ = x satisfies (11), hence = y by uniqueness of the partner point (within the LA, this
can be seen by replacing TAx = —Ax, = —M™ Ax in (12); the identity Ax, = M Ax
follows from n < my). By using a similar argument, one shows that the orbit " constructed
from the family {x,.,,} is the TR of 7, as is immediately clear in figure 2.

4.3. A simple example: the baker’s map

The main advantage of the above-mentioned construction of the pairs (y, ) is that it works
whatever the dimension of ¥ (i.e., for systems with f > 2 degrees of freedom as well).
Moreover, it applies to hyperbolic maps. It is instructive to exemplify this construction in
the case of the baker’s map. Then ¥ is the unit square. It is convenient to equip ¥ with
the distance |x — x’| = max{lg — ¢'|, |p — p’|}. A point x = (g, p) € X is in one-to-one
correspondence with a bi-infinite sequence w = - - - w_rw_1 . Wow w3 - - -, obtained from the
binary decompositions of ¢ and p (q =0 w127 and p = Yo a)_12’1), with binary
symbols w; € {0,1},] € Z. The map ¢ acts on w by shifting the point *.” one symbol
to the right. The TR symmetry is the reflection with respect to the diagonal of the square,
T : (q,p) — (p,q). This corresponds to reversing the order of the symbols of w i.e.,
T:0oH ol = - -owwy . w_1w_y - --. Periodic points are associated with sequences w
containing a finite word @y - - - @wy_1, which repeats itself periodically; one usually writes the
finite word only, keeping in mind that circular permutations of this word correspond to the
same orbit. It is easy to see that the condition (9) with c)(c’"f)) = 27 is satisfied if w,,_;_1 = wy
forany / = —s, ..., mo+s — 1. Similarly, the condition |Ax_,| < 27°,m =0, ...,mg, is
satisfied if w,_j_; = w; forany [ = —mg —8,...,5 — 1. This means that w has the form

X< w=Z2Z'LZ, . ZrRZ} (13)

where Z;, Zg, L and R are finite words containing (mg + s), (mg + ), (N — ng — 2s) and
(n —2mo — 2s) symbols, respectively. The symbol sequence of the partner point ¥ is obtained
by reversing time on R and leaving all other symbols unchanged,

¥« &=ZLZ,.ZrR" Z}. (14)

The inequality n > 2mg + 2s must be fulfilled in order that R is nonempty. In the opposite
case, @ has an almost self-retracing part Z; ZgZ5Z! and @ = w. Similar pairs (o, @) of
symbol sequences occur in the Hadamard—Gutzwiller model [19] and in certain billiards [20].
The families {x,,} and {X,,} look like those in figure 3(a) after a rotation by an angle 7 /4.
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5. Use of the unstable and stable coordinates

To evaluate the leading off-diagonal correction K, (7) to the form factor, we shall first consider
the second sum in (6) over all partner orbits 7 of y, for a fixed unstable periodic orbit y,
which will be assumed to be infinitely long and to cover densely and uniformly the surface
of section. We will then argue in section 6 that one can replace the obtained result inside the
sum over y in the limit 7 — oo. The sum over the partner orbits  of y is to be expressed
as an integral over some continuous parameters characterizing 7, chosen such that the action
difference §S = Sy — S, is a function of these parameters only. In configuration space, one
may integrate over the crossing angle ¢ [1]. It is argued in this section that a convenient
choice of parameters in the surface of section is given by the unstable and stable coordinates
of the small displacement Ax. The local coordinate system defined by the unstable and stable
directions is singled out by the stretching and squeezing properties of the dynamics. These
properties play a crucial role in the theory of Sieber and Richter, because they determine the
time m of breakdown of the LA and the exponential smallness of the distances (11).

5.1. The coordinate family L , ¢

Under the hyperbolicity assumption (ii), there are at almost all y € X two vectors e, (y) and
es(y) tangent to the unstable and stable manifolds at y, which span the whole tangent space
7,%. These vectors can be found by means of the cocycle decomposition [12],

MMe,(y) = A ey (ym) MMes(y) = A" es(ym) (15)

where A{") and A{") are the stretching and squeezing factors. Because M{™ is symplectic,
Ag”’;) =1 / AL’"g and the symplectic product e, (y) A e;(y) is independent of y (see [12]). The
vectors ¢, s(y) can be ‘normalized’ in such a way that this constant is equal to 1,

eu(y) Neg(y) = 1. (16)
The product of the norms of e, (y,,) and e;(y,,) diverges as m — =oo if the angle between
the unstable and stable directions at y,, decreases to zero. Since the exponential growth of
M ﬁm)eu (y) at large m is (by definition) captured by the stretching factor, the divergence of
|€,.s (ym)| is smaller than exponential, In |e, ;(y,,)| = o(m) [12]. The notation f(m) = o(m),
where f is an arbitrary function over integers stands for f(m)/m — 0 as m — Foco. The
stretching factor A" = A{") satisfies

In |A§,’")| = mhy +o0(m) (17)

where A, is the positive Lyapunov exponent at y. If y belongs to a periodic orbit y with period
N, then e, (y) are the eigenvectors of the stability matrix M (™ of y and |A§,N )| = exp(N2,).

By invoking the TR symmetry, M ;’?T =TM )(,”"). Replacing this expression into (15), one

finds e, s(T'y) o Tes ,(y), with some ¢-invariant proportionality factors. By ergodicity, these
factors are almost everywhere constant (y-independent). One can thus ‘normalize’ e, ;(T'y)
in such a way that

e(Ty) =Te,(y)  e(Ty)=Te,(y)  Af) =A" (18)

for almost all y € X. Note that this agrees with (16), since Te;(y) A Te,(y) = e, (y) Aeg(y).
Two almost TR parts of an unstable orbit y can be parametrized by the family

Lyine = {(Um, Em); —mg <m < m()} c R? (19)
of the unstable and stable coordinates (1,,, &,) of the displacements Ax,,,

Axm = Txn—m —Xm = Nm €y (xm) + Em €s (xm)~ (20)
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| g

En=a2

g=ne™ | |||

Figure 4. Domain D, , , in the (1, §)-plane (region marked by horizontal lines). The black points
are the points (1, £y) in L, ; ¢; v of them are contained in D), 4 .

Thanks to (15),

. ¢
=AU GG e =g 1)

where —mg <m < mgand n = g, § = &. The points (1,,, §,) € Ly ¢ are located on a
hyperbola in the (1, £€)-plane (see figure 4).

In the case of the baker’s map (section 4.3), ¢,(y) and e;(y) are independent of y and
coincide with the unit vectors in the g- and p-directions. The stretching factors AS,’") =27
are also y-independent. The coordinates 7,, and &, are the usual g- and p-coordinates of
AXm =TXy—m — X,

j— —_ m
{nm Prn-m = qm = 2" (pu — q) 22)

En = qn-m — Pn =27""(q, — P).

5.2. Estimation of my

In the limit , & — 0, the time m( of breakdown of the LA depends logarithmically on the
unstable coordinate 7,

lnjy)

my = +o(A, " In|n]). (23)
Indeed, thanks to hyperbolicity, |Ax,,| grows exponentially fast with m with the rate A, > 0,
until it reaches, for m = my, a value of the order of the phase-space scale ¢! at which
deviations from the LA start becoming important. Since |Axm0| A |Nm,|, one must have
In(In]/ci™) ~ —mg,. More precisely, we may approximate |Ax,,| by 7, |le, (x,)| for
m = mgy and m = mg + 1, making an exponentially small error for large m( (recall that
Inlleq(x)| & |£les(x)]). By definition, |Ax,,,| is smaller than ¢ and |Ax,,,+1| is greater
than c)((’"‘)“). Then (23) follows from (17), (21) and In |e, (x,,)| = o(m). Note that the terms
A, inc| and A;l |In c{"*V| have been neglected in (23). As stated in section 4.1, for a
smooth map ¢, c)((’”U) decreases to zero like m ! as my — o0, i.e., as n — 0. Therefore,
‘ln cfcm(‘)’ is of order Inmy = O(In | In |n||) and can be incorporated into the error term in (23).
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If ¢ has singularities on X, cfc”‘“) decreases to zero faster than m, Las n — 0. In such a case,
it will be argued in section 6.2 that formula (23) is not valid for all orbits y. However, the
right-hand side of (23) always gives an upper bound on m. Strictly speaking, the asymptotic
behaviour of (17) and (23) provides good approximations only if m is close to a multiple of
(or is much larger than) the period N of y. The physically relevant values of m are, however,
suchthat 1 < my < N. Forsuchm (23) should give nevertheless a reasonable approximation
of the average value of m (in fact it gives a good approximation of the inverse of the average
of the inverse of m(). This average can be taken over all points « on y N X satisfying (9) such
that the unstable and stable coordinates of Ax = Tx, — x are in small intervals [n, n + dn]
and [&, & + d&], for an arbitrary integer n < N /2 and some fixed n,&,dn < |n| < 1, and
df <5l <L
One shows similarly that
ml = _lr;\|§| +o(A; ' In|gl). (24)
¥

For the baker’s map, in view of (22), 2™|p, — ¢q| < 27° < 2’”““|pn — ¢|, where we
have chosen c)(CmO) = 275 If my > s, this yields my >~ —In|p, — ¢|/In2 and, similarly,
mg ~ —In|g, — p|/In2, in agreement with (23) and (24).

5.3. The probability of ‘near-head-on return’

To count the number of partner orbits of an orbit y with a very large period N, one needs to
know the probability of having two points on y which are nearly TR of one another. The aim
of this subsection is to determine the (unnormalized) probability density P, (n, &) associated
with the unstable and stable coordinates of Ax, = Tx;, — x;, for all pairs (x;, T;4+,) of
almost TR points on y N X which do not pertain to an almost self-retracing family (i.e., such
that n > 2mg). This density is defined through the number P, (n, §) dndé of points x; on
y N X such that the unstable and stable coordinates of Ax; are in the infinitesimal intervals
[n,n +dn] and [&, & + d&], for an arbitrary integer n between 2m(x;, n) and N/2. Let us
recall that the partner orbits  and 7’ built from the two families {«,,} and {x,,,}, separated
from their almost TR families by the times n and N — n, respectively, are TR of one another
(section 4). The two pairs (y, ) and (y, ') have thus identical contributions to the form
factor (6) (the corresponding action differences § S are clearly the same). This is why it suffices
to consider only the orbits ¥ constructed from the family with the smaller time, n < N /2.
Let us define the infinitesimal parallelograms dX, , ¢ in X by

dzx,n,é = {y € X n < ()’ _x)u < 1’]+d7],f < (y_x)s <§+d$} (25)
where (y — x), s are the unstable and stable coordinates of y — x. Then

N—1 N2
P,(n.£)dnds =" Y x(Txw €dy, ) (26)

1=0 n=2mo(x,,1)

where yx (P) equals 1 if the property P is true and O otherwise. We shall assume here that the
periodic orbit y covers densely and uniformly the surface of section . If N > 4my > 1,
the sum over n can then be replaced by a phase-space integral, giving

N-1

N
PS(n, &) dnds =) <5 = 2mo(x;, n)) / dux(Ty € dZy, 6). 27

t=0
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This integral is nothing but the area |T dEx,,ﬂ,gi = |dEX“,7,5| of the parallelogram (25) per
unit area. By (16), it is equal to dn d€ /| 2|. By virtue of (23),

, N 41n |n|
P, &) ~ ] (N+ x) ) . (28)
It is worth noting that the ergodic hypothesis implies the identity between (26) and (27) for
a set of points xo of measure one, and does not tell anything a priori about the points xy on
periodic orbits, of measure zero in X. We shall argue below that, although (26) and (27) may
differ for individual periodic orbits y which do not cover X uniformly, one can use the ergodic
result (28) to calculate the form factor in the semiclassical limit.

5.4. The domain D, ,

The density P,(n,&) just defined overcounts the number of partner orbits 7 relevant
for the form factor. Actually, a unique partner orbit 7 is associated with each family
{a:m; —mg <m < mo} (section 4.2), whereas all points x,, belonging to the same family
are counted separately in P, (n, £). To avoid overcounting, we define a domain D,, , , in the
(1, &)-plane R?, having the good property to contain, for any (1, £) inside this domain, a fixed
number v of elements (1,,, &,) in the family £, , ;. This integer v is independent of 7 and &
(and thus of m( and mg ) and is such that | < v < N. Provided that this condition is fulfilled,
the precise value of v does not matter for the final result. Introducing also a small number
a > 0 controlling the maximal values of || and |&|, we define

Bl
Wl

If (n, &) belongs to D, , ., then |n| and || are bounded by a e The domain D, , , is
represented in figure 4. For any (, ) € D, ,,, it contains d, 2 v elements of the family
Ly . Actually, in view of (17) and (21),

Dyay = {(n, £) e R e < e, InEl < az} . (29)

Vi, /2

In (:i—’"D =1In (:i—D —2mA, +o(m) 1 < |m| < min {mg, m{ }. (30)
By choosing a small enough, one has, thanks to (23), m + o(mo) = v forany (n,§) € D, 4,
(for instance, if ¢! = bm,* with b, @ > 0, one may choose a = b e~*"*/2). The number
of (N, &n) in the family £, , ¢ which fulfil the first condition in (29) is then equal to v + o(v).
If (n,8) € D, 4., the second condition [n,,&,| < a is fulfilled, by (21), for all m between
—mg and my, since it holds true for m = 0. Hence D, ,,, N Ly ;¢ has d, = v+o0(v) elements.
Note that, as already stressed in section 5.2, the use of the asymptotic behaviour (30) for
1 < mo < N is in fact only justified if one is concerned with the average value of d; !, taken
e.g. over all x on y satisfying (9) with unstable and stable coordinates of Ax in some intervals
[n,n+dn] and [€, & + d&] for an arbitrary n < N /2.

Let us define a new weighted probability density P » (1, &), in which the overcounting of
partner orbits is compensated by a weight d;; I attributed to each event Tx,,, € dX,, ,¢ in
(26). By repeating the argument of the last subsection, one gets

N—
_ 1 (N 1 N 41n [n]
PeE(p, — — | — =2 , — ~ N + . 31
FaH=3 - (2 ot '”) | 2|2|v< by ) Y

t=0

This density differs from (28) by a factor 1/v.
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5.5. Action difference

The main point in determining the action difference 65 = S; — S, of the two orbits # and y
is to observe the following geometrical property of the partner points in the small | Ax| limit:
x, X%, Tx, and TX, form a parallelogram, with sides parallel to ¢, ;(x) (see figure 3(b)). It
may be tempting to argue that since, by (11), ¥ must be exponentially close to the unstable
manifold at x and the stable manifold at T'x,, this property follows straightforwardly from
the continuity of the unstable and stable directions. However, some care must be taken here.
Indeed, the unstable and stable directions vary notably inside the small region between the
four N-periodic points x, X, Tx, and TX,,. This is due to the well-known intricate pattern built
by the unstable and stable manifolds in the vicinity of heteroclinic points. We proceed as
follows. Since Tx, — x = ne,(x) + &e;(x), it suffices to show that, to lowest order in Ax,

X —x =ne,(x) Tx, —x = &es(x). (32)

The idea is to combine a stability analysis with the fact that ¢, (x) is nearly proportional to
¢, (X). For indeed, the orbits y and y look almost the same between times t = —(N — n) and
t = 0. Therefore, their unstable directions must be almost parallel at x and ¥. Similarly, the
TR of y is very close to 7 between r = 0 and ¢ = n, so that the stable directions at 7T'x,, and X
must be almost parallel, e; (T x,) x e;(X).

To show (32), let us consider the unstable and stable coordinates (v, ¢) of x — X,

x — X =Ye(X) + feg(X). (33)

In view of (11), one may approximate M ™ by M;"X) and MY by MY if |Ax| < 1. By
(12), one has, to lowest order in Ax,

~(1=MIT(x — %) = (M" +T)Ax. (34)

Here M;]}C’) = M;’;) M(TI;_") is the stability matrix of the TR of 7, with eigenvectors e, (T X)
and eigenvalues A?—fl such that |[Ay| = exp(NA;). By using (18), (20) and (33) and by
neglecting terms smaller by a factor exp(—NAy) or exp(—nA, ) than the other terms, (34) can
be rewritten as

CAj e (TX) — Yey(TF) = A ne, (x,) + nes(Tx). (35)

Hence, forn > 1 and (N —n) > 1,¢ ~ 0 and Yey(TX) >~ —ney(Tx). Replacing this
result into (33) and using (18), we arrive at the first equality in (32). We now argue that the
partner point of T'x is X,. This is already clear in figure 2. This can be shown by invoking
the uniqueness of the partner point and by noting that the replacement of (x, X) by (Tx, X,)
and of n by N — n in (11) leads to the exchange of the upper and lower lines, up to a TR. This
replacement gives, by (8), A(Tx) = T Ax = &e,(Tx) +ne;(Tx). Then the second identity in
(32) is a consequence of the first one (with the above-mentioned replacement), to which one
applies the TR map 7.

The action difference §S is determined to lowest order in Ax in appendix B. It coincides
with the symplectic area of the parallelogram (x, X, T'x,, TX,),

88 = (% —x) A (THy — x) = né (36)

where we have chosen LP as the unit of action. It is clear that § S is independent of the choice
of the pair of partner points (x,,, X,), with —mg < m < my, as all these pairs (x,,, X,)
correspond to the same orbit pair (y, 7). Since n,, &, is the only m-independent combination
of n,, and &, of second order, the result (36) (with an unknown prefactor) was thus to be

expected.
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6. Leading off-diagonal correction to the form factor

6.1. The case of smooth maps

The form factor (6) is, introducing a dimensionless Planck constant Zieg = /(L P),

2 1 ~ i
KZ(”ZT—HE< >4 /D dndg P, (n, €) exp (%» L)
y.a,v E

T<T, <T+5T

The variables 1 and £ are integrated over the domain D,, , , defined in (29). As seen above, to
avoid overcounting the partner orbits, one must use the weighted density I3y (n, &), related to
the density P, (1, §) defined in section 5.3 by a factor 1 /v. Only partner orbits constructed from
parts of y separated by n < N /2 from their almost TR parts are taken into account in these near
head-on-return densities where N is the period of y for the map ¢. The other partner orbits,
corresponding to n > N /2, give the same contribution to the form factor (see section 5.3).
This contribution is taken into account by the factor 2 in (37).

The values of 1 and & contributing significantly to the integral (37) are of order /7.
Thanks to (23), ng = 2my is thus of the order of the Ehrenfest time A;' | In7eg|. For large
periods, one has N >~ T/(t,) = ©|X|/(2mhes), where

» Qrh)* B(E)
(ty) = /du(y)ty = (X|LP) /dy5(H(y) —E)=—(F75— (8
|2|LP
is the mean first-return time. Therefore N >> ny >> 1 for the physically relevant values of 7 in
the semiclassical limit. This has also the important consequence that, for small but finite 7.,
the values of the time 7 = 7Ty for which the theory of Sieber and Richter works are limited
below by the Ehrenfest time 27y 2 2(t,)ng, since N must be greater than 2n,.

We would now like to replace ISy(n, &) by the ergodic result (31) inside the sum (37).
To do this, one needs that long periodic orbits are uniformly distributed in phase space, in the
sense explained in section 2 (see also [21]). We shall assume here that this is the case, and that
(31) can indeed be used under the sum over periodic orbits (37) in the limit 7 — oo. A good
indication supporting this assumption is given by Bowen’s equidistribution theorem [15]: for
any continuous function f on I',

T, F
S e W / dt f@y)~ Y. T, / dus @) f(y) (39)
0

T<T, <T+6T T<T, <T+6T r

as T — oo. The integral on the left-hand side is taken along y, and A{" is the positive
Lyapunov exponent of y for the Hamiltonian flow. The normalized microcanonical measure
due(y) = NS(H (y) — E) dy on the right-hand side is the product of the invariant measure
u and the Lebesgue measure along the orbit [12],

1 ty
/ dup@) f(y) = / du () F(y) F(y) = —f dr f(y@). (40)
r ) (ty) Jo

Orbits y with multiple traversals 7, > 2 have a negligible contribution in (39) because
they are exponentially less numerous than the orbits with r, = 1. One can thus replace
T exp (—A{7T, ) by the square amplitude A in (39),

N-1
Y. A Fao~ Y N4 / du(F(y) T — oo (41)

T<T, <T+T n=0 T<T, <T+5T

To our knowledge, the sum rule (39) has been proved rigorously for a restricted class of
systems only, which includes uniformly hyperbolic systems [15] and the free motion on a
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Riemann surface with non-negative curvature [16]. Moreover, (41) cannot be applied directly
to our problem, because x and my in (26) are discontinuous functions. We shall not pursue
here in trying to motivate the above-mentioned assumption. Instead, we shall go ahead in
determining K, (7). It would be interesting from a mathematical point of view to find general
conditions on the dynamics implying our assumption.

Replacing 15y (n, &) by (31) into the integral

Iyaw = f dnde P, (n, £) exp (;”5) 42)
D. eff

y.a,v

one obtains

2Nh ae™ g 41n 2 gy
I),auz—eff / el N + il sin 7
o [Zv | Jo n Ay Tiett
aerl? 2
d 41
+[ _"(N+ n”)sm(“_)
aeVv/2 1] )\y heff
aevr/? 2 a—VA
d 41 v
—/ —"(N+ n”)gin(” ° ) . 43)
0 n Ay Tregt

The first and third integrals can be computed with the help of the changes of variables
n =ne’™/? and n = ne "»/2, respectively. This yields

T “dn’ . (n”? 4lna\ . [ a?
Iy,a,v =—1—-4 — - sin| — +)"1/ N + sin | — . (44)
7Ty 0o N Tef Ay Taesr

The first term inside the brackets is equal to — + O (fg a~?). The second one is a rapidly
oscillating sine and gives rise to higher order contributions in % after by the energy average.
Ignoring this oscillating term and the terms of order 7 /az, one gets I, ,, = —T/Ty. It
should be stressed that this result is true only for very long periodic orbits which cover
uniformly the whole surface of section X. It has been argued above that, although such a
result is not true for all orbits y, it can be used inside the sum over y in (37). This gives

2T 1 5 5
Ko@) =T 5p > A1+ O(era™)). (45)
T<T, <T+5T

We can now invoke the Hannay—Ozorio de Almeida sum rule [21],

1
5T > A ~T T > oo (46)

T<T, <T+5T
to arrive at the announced result

Ky (1) = —21° (47)
valid in the limit2 — 0,7 = T/Q2nhp(E)) fixed.

6.2. The case of maps with singularities

We have ignored so far the fact that ¢ or its derivatives may be singular on a closed setS C X of
measure zero, as is typically the case in billiards [17]. As stressed above, the term A, ! iln clmo) |
neglected in (23) can be as large as my if y approaches S too closely between times 0 and
mo. In such a case, it may a priori also happen that no partner orbit is associated with the
family {x,,} (see appendix A). The aim of this section is to show that, under assumptions
(iv) and (v) in section 2, the result (47) is still valid. Indeed, we shall see that (23) and the
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action difference (36) are correct for all x outside a small subset of X. This subset turns out
to be unimportant for K,(7) in view of its negligible measure. We will not discuss here the
diffractive corrections to the semiclassical expression (4), which should a priori also be taken
into account.

Let us first estimate the phase-space scale ¢\ associated with the breakdown of the LA
introduced in section 4.1. By invoking the cocycle property M) = M A(,l_)l oM )EII)M g) of the
linearized map, it is easy to show that y, — x, is equal to

1[—1 2 82¢
Oy _ 2 (t—1-m) (COYENS ) S VICO FANE, L
M-+ 3030 M () Do - oF e -

(48)

where M ;0) is the identity matrix. The displacement y, — x; can be determined from the initial
displacement y — x by using the LA if the first term of the Taylor expansion (48) is much
greater than the subsequent (higher-order) terms. This is the case if |y, — x| < cff) for

0 <m < t,with
R
8xa] - 8xar X,

A small fixed number b < 1 controlling the error of the LA has been introduced. By
assumption (v) of section 2,

—1/(r=1)
(49)

cl’/ = min min  min
t m=0,....t—1 r=2 ay,...,a,=1,2

b
> 2cyt min d(x,, S)™. (50)
t m=0,...,t—1
Leté > 0 and
mo—1
By = ) 67" (Bss) Bss = {x € T; |x — xs| < & for some x5 € S}. (51)
m=0

(mo)

By (iv), it is possible to choose § such that the probability to find x in B; ",

mo—1

w(B;') < Y n(Bss) < Crmgs” (52)
m=0

is very small. For instance, taking 8§ = (b/mg)"/* gives M(Béf’;")) < C1b « 1. Let us assume
that x is not in Bg’g‘)), i.e., that the part of orbit between times 0 and mo — 1 does not approach
a singularity closer than by a distance §. Then, by (50),

C/(rm(]) 2 Cz_l bamaa (53)

with 0 = 1 +03/0y. Therefore, [Inc("| is at most of order Inmg = O(In[In|n|)) as n — 0
and can be incorporated in the error term in (23). This reasoning shows that (23) can be used
except if the centre point x of the family {x,,} is in ng‘]).

If x is in ng”), then m( may have a different behaviour for || < 1 than that given
by (23). Anomalous behaviour due to singularities of the minimal time 7} to close a loop
has been indeed observed in numerical simulations for the desymmetrized diamond billiard
and the cardioid billiard in [11, 20]. These numerical results show that non-periodic orbits
satisfy (23), with A,, replaced by the mean positive Lyapunov exponent (1), except those orbits
approaching a singularity too closely.

By using an expansion similar to (48), one can show that the relative errors made by
approximating M ™ by M;';) and M(TI;E") by M%*") are small in the small |Ax| limit if x is



7286 D Spehner

not in B;T’go). The arguments of section 5.5 leading to the parallelogram (x, X, Tx,, TX,) and
to the action difference (36) thus apply if x is not in B;f';‘)).
Let us now parallel the calculation of Py(n, &) in sections 5.3 and 5.4. Replacing the

time average over ¢ in (31) by a phase-space average,

i 1 (N 1
P, &) = N/du(x)d— <— — 2my(x, n)) —

2 1=
(54)
L Y 47rg(1 — u(BYY)) — 4f dp(x)mo(x, 1) + o(7ig)
2| v 88 B ’
with 79 = —A; " In|n| and § = (b/m)'/". The integral in the second line gives a negligible

contribution, as mg(x, n) < g + o(ifig) for any x (section 5) and 1¢(B}"¢’) < Cyb. Thus
P3E(n, &) is still given by (31), with an error of order b. As b can be chosen arbitrarily small
(in the limit 7 — 0), it follows that K,(t) = —2t2 for Poincaré maps with singularities
satisfying hypotheses (iv) and (v) in section 2.

7. Conclusion

We have proposed a new method to calculate the contribution of the Sieber—Richter pairs
of periodic orbits to the semiclassical form factor in chaotic systems with TR symmetry.
Our basic assumption is the hyperbolicity of the classical dynamics. The method has been
illustrated for Hamiltonian systems with two degrees of freedom. By assuming furthermore
that long periodic orbits are uniformly distributed in phase space, the same leading off-diagonal
correction K»(t) = —2t2 as found in [1] for the Hadamard—Gutzwiller model has been
obtained. This result is system independent and coincides with the GOE prediction to second
order in the rescaled time 7. One advantage of our method is its applicability to hyperbolic
area-preserving maps, provided their invariant ergodic measure is the Lebesgue measure. This
should allow one to treat the case of periodically driven systems. Moreover, the method is
suitable to treat hyperbolic systems with more than two degrees of freedom f, for which the
relevant periodic orbits do not in general have self-intersections in configuration space. A
Sieber—Richter pair of orbits (y, 7) is then parametrized by f — 1 unstable and f — 1 stable
coordinates (", ..., n~Dyand (€D, ..., £/ D). The time m( of breakdown of the linear
approximation is given by the minimum of —In|n®| /A% overalli = 1,..., f — 1, where A
is the ith positive Lyapunov exponent of . For Hamiltonian systems, the action difference
8S = Sy — S, is given by the sum Y, n¥&®. It is y-independent, whereas 85 depends on
the stability exponents of y in the approach of Sieber and Richter [1]. The evaluation of the
integral (37) is more involved for f > 2 than for f = 2 and will be the subject of future work.
A second advantage of the phase-space approach is that it is canonically invariant and thus
immediately applicable to systems with non-conventional time-reversal symmetries. A third
advantage is, in our opinion, that orbits with crossings and avoided crossings in configuration
space are treated here on equal footing.

A further understanding of the universality of spectral fluctuations in classically chaotic
systems may be gained by studying the contributions of the correlations between orbits with
several pairs of almost time-reverse parts (‘multi-loop orbits’) and their associated ‘higher-
order’ partners. These contributions are expected to be of higher order in 7. A first step in
this direction has been done recently for quantum graphs [22]. The phase-space approach
presented in this work might be useful to tackle this problem. One would like to know if the
RMT result (2) can be reproduced in the semiclassical limit to all orders in T by looking at



Spectral form factor of hyperbolic systems: leading off-diagonal approximation 7287

correlations between these partner orbits only, or if other types of correlations must be taken
into account. An alternative way to study this problem is to investigate the impact of the
partner orbits on the weighted action correlation function defined and studied in [8, 23].

The periodic-orbit correlations discussed in this work have also remarkable consequences
for transport in mesoscopic devices in the ballistic regime: they lead to weak-localization
corrections to the conductance in agreement with RMT [24]. More generally, they should be
of importance in any n-point correlation function of a clean chaotic system with time-reversal
symmetry.
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Appendix A. Existence and uniqueness of a partner orbit

We present in this appendix a general method, based on a Taylor expansion, to prove the
existence and the uniqueness of the partner orbit.

Let y be an orbit of period N with two almost TR parts separated by n < N. Let x be
the centre point of the family {xm; —-ml <m < mo}. The partner orbit y is defined by an
N-periodic point X in the vicinity of x, called the partner point of x. This point fulfils the
property (11), i.e., it is such that (i) |TX,—, — x;| < 1 between times ¢t = 0 and t = n, and
(1) (Tx); — (Tx);] < 1 betweent = 0and ¢t = N — n. The small displacement §x = ¥ — x
is obtained as a power series in Ax = Tx, — x,

o0
a _ [~ _ (n,r)7¢ B Br
Sx* = (x —x)* =) [A" 15,5 Ax" - AxP (A1)
r=1
We use here the summation convention for the Greek indices i, ..., 8, = 1, 2, referring
to the ¢- and p-coordinates in ¥ (x! = ¢, x> = p). Let us stress that it is necessary to go

beyond the linear approximation (term » = 1 in the series (A1)) to establish the existence of
the partner orbit. Indeed, one must show that X is exactly N-periodic, i.e., that Xy = X to all
orders in Ax.

Let us assume that the map ¢ is smooth along y and its TR. We get the coefficients A"
in (A1) by expanding the final displacements as Taylor series in the initial ones for (i) the part
of y between r = 0 and ¢ = n, and (ii) the part of the TR of y betweent = 0andt = N — n.
The identity Xy = X is then used to match the two results. More precisely, the computation is
performed in four steps: (1) expand (TX)y—, — (Tx)y—, in powers of TX — Tx; (2) replace
8x by (A1) into this result; (3) expand TX — x, in powers of 7%, — x and replace the series
obtained in the previous step into this expansion and (4) identify each power of Ax. These
manipulations lead for the linear order » = 1 to

DWTA"D = M" +T (A2)
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with D =1 — M)E")Mz(n];’_"). Let us denote the partial derivatives (3"¢'/dx? - - dxP)* by

(t,r) ] - ; (n,r)]° — (n,r)]%
[M{D]y, s witht,r > 1. Forany 2 x 2 matrix C, we set [CAU | = CR[AP" ], o

The higher-order tensors A", r > 2, are obtained recursively through the formula

r

[DPTA g =D (B e 2o [TAVVR L, - [TAVT L,

s=2 ritetrg=rr =1
(A3)
with
5
1
(n,5)71° — (n,))1P (N—n,s1)761 o

[Bx ]al...a: - Z Z Il s [Mx ]51...5, [MTx ]"‘"""‘51

[=1 s14-+s1=s,5: =1

(N—n,s;)7%
< M7 "] (A4)

We have assumed for simplicity that the TR map 7 on X is linear.

It is worth noting that all tensors A" are obtained by inverting the same matrix D™. If
det D™ # 0, then (A2) reduces to (12) and all A" are uniquely defined. Since 1 — D tends
to the stability matrix M) = M MN~" of the unstable orbit y as |Ax| — 0, det D # 0
for sufficiently small |Ax|. This argument, however, does not suffice to show that D™ is
invertible for the physically relevant values of |Ax|, which are of order /27her = /T|Z|/N
(section 6.1). Another open mathematical problem concerns the convergence of the series
(Al). It can be expected that (Al) diverges when the orbit y approaches too closely a
singularity xg € S between times —m( and mg. Provided that D" is invertible and the series
(A1) converges, the N-periodic point X exists and is unique.

The above-mentioned construction is not restricted to the centre point x in the family
{xm; —mg <m < mo}. Taking another point x,, in this family, one can as well construct its
partner point (};), by replacfi\rlg x by x,,, n by (n —2m) and Ax by Ax,, in (Al). Let us show
that, to linear order in Ax, (x,,) is the m-fold iterate X,, of X. To lowest order in Ax, one finds

(o) = 2 = AL M Ax = MYV AL Ax = 50— 3 (AS5)

The second equality is obtained by approximating 1 — D™ and M )E’l”) by M (TI)\Z) and by M;V;),

respectively (see section 5.5), by using the cocycle property of the linearized maps, and by
invoking the TR symmetry, which implies M;'Z)T = T(M;i”}:)_l. It follows that (x,) = %,
belongs to the same partner orbit 7 as X.

To conclude, we have given strong arguments in support of the existence of a unique
partner orbit 7 associated with the family {xm; —m{ <m < mo} if |Ax| < 1 and the points
in this family do not approach too closely a singularity of ¢.

Appendix B. Action difference

The action difference §S = Sy — §,, between the two partner orbits 7 and y can be computed
by considering separately the contributions § Sz and §S; of the right loop (part of y between
qo and q,,) and of the left loop (part between q,, and gy ) in figure 2. §Sg and §S; can be
evaluated by means of the formula

S@;. 4. E) — S(q;. q7. E) = (p; + 58p;) - 8q; — (pi + 50p;) - 8q; + O(8z=()’) (B

which gives the difference of action of two nearby trajectories q(¢) and g(t) = q(t) + 5q(¢)
of energy E, initial positions g; # g; and final positions g, # q ;. This formula is also valid
for billiards. It is easily obtained by expanding the action difference up to second order in 8q;
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and éq 4, and by using 9S/dq,; = p, and S/dq; = —p;. In billiards, the momenta on the
two trajectories have jumps o = pg’% — p£;1) and 6 = ﬁﬁ:& — f)se_ﬂ) at each reflection on the
boundary 9€2 (the sign —/+ refers to the values just prior/after the reflection). At first glance,
anew term §Seq = —(6 + 0) - §q,./2 should then be added to (B1) for each reflection point
g..q on the unperturbed trajectory (such an additional term arises when writing the action
difference as a sum of two contributions, corresponding to the two segments between g; and

Gy and between g4 and q ;). However, §S;eq is of order |§a () I°. Actually,

5‘]2 3 = 5‘12 3
8q.eq = 09T + TKN +0(q”) = 8qT — TKN +0(8q7”) (B2)

where &q is the arc length on <2 between the two nearby reflection points g,.q and G,.q, € 1s
the curvature and T', IN are the unit vectors tangent and normal to 92 at q,.q (see figure 1).
The tangent vector T = T + 8gk N + O(8¢?) at §,. appears in the last expression. Invoking
the fact that o and & are perpendicular to the boundary, one gets §Sen = O(8¢°).

Let us denote by x, &, ¢, and &, the points on the surface of section ¥ with respective
(g, p)-coordinates x, X, x, and %,. In the case of a billiard €2, these points are by definition
associated with the values of the momenta just after a reflection on 0€2. The corresponding
points just before a reflection are denoted by the same letters with an added upper subscript
(—). The momentum jumps are denoted by & = p — p'~, with corresponding notation for
P, p, and p,,. The action differences Sk and §S;, are obtained by applying (B1) with

x; = Trx') T =% z;=Trx z, =2

T =x, & =&, x; =z ;=2
respectively. This yields
268k =~Q2p—B, —P) - @~ @~ (=2p +p+p) - (@~ a,) (B3)
268, = 2p 7 +p7 —p' ) (@~ @) — Py + Py — P - (@ — G- (B4)

A calculation without difficulties leads to

268 = 8SR + (SSL = (ii — :13) VAN (Trin — 33) + (T[‘fi?n — TF:E,,) A\ (i — Tr.’Bn)
—(G+0) (@—q@ — 60 (@, — @ —0n (@—q,) +O(AX). (B5)

The I'-symplectic product (y — ) A (2 — x) of two infinitesimal displacements (y — x) and
(z — ) tangent to X at &, with coordinates (y — x) and (z — x), reduces to the X-symplectic
product (y —x) A (z —x) given by (3) (achoice of (¢, p)-coordinates in X with these properties
is always possible, see [4]). Hence letters in bold font can be replaced by letters in normal
font. The first term in the second line in (BS) is of third order in Ax by the above argument.
One finds

88 =3F —x)A(T%y —x) + 3 (TXy — Txy) A (X — Txp)
— 3G = 9)” = (@ — @) Dkap, - Ny + O(AXY) (B6)

where k, and IN,, are the curvature and the normal vector of 92 at the point g, of arc
length g,. Since x, ¥, Tx, and TX, form a parallelogram to lowest order (see section 5.5),
X — Tx, ~ x — TX, and the last term is of higher order in Ax. Therefore, (B6) reduces to the
canonical invariant expression (36). Note that this result holds for any dimension of the phase
space I'.
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