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Abstract. We consider one parameter analytic hamiltonian perturbations of
the geodesic flows on surfaces of constant negative curvature. We find two
different necessary and sufficient conditions for the canonical equivalence of
the perturbed flows and the non-perturbed ones. One condition says that the
“Hamilton-Jacobi equation” (introduced in this work) for the conjugation
problem should admit a solution as a formal power series (not necessarily
convergent) in the perturbation parameter. The alternative condition is based
on the identification of a complete set of invariants for the canonical
conjugation problem. The relation with the similar problems arising in the
KAM theory of the perturbations of quasi periodic hamiltonian motions is
briefly discussed. As a byproduct of our analysis we obtain some results on the
Livscic, Guillemin, Kazhdan equation and on the Fourier series for the
SL(2,R) group. We also prove that the analytic functions on the phase space
for the geodesic flow of unit speed have a mixing property (with respect to the
geodesic flow and to the invariant volume measure) which is exponential with a
universal exponent, independent on the particular function, equal to the
curvature of the surface divided by 2. This result is contrasted with the slow
mixing rates that the same functions show under the horocyclic flow: in this
case we find that the decay rate is the inverse of the time (“up to logarithms”).

1. The Integrability Problem and its Invariants

Integrable hamiltonian systems are important in mechanics because they provide
classes of systems whose dynamical behaviour is well understood and which can be
used as a “reference behaviour” for systems close to integrable ones.
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There are, however, other dynamical systems whose behaviour is also well
understood, although very different from that of integrable systems. One should
naturally think to use such systems, also, as a reference for the behaviour of other
classes of mechanical systems. Therefore we shall extend the notion of integrability
as follows: Let X be an I-dimensional compact analytic manifold and let T*X be
the phase space for the hamiltonian flows on X. As usual we shall denote a point in
T*X by (p,q), q being the coordinates of a point of X and p being a conjugate
momentum in the same system of coordinates. Geometrically p is a cotangent
vector.

An analytic hamiltonian system on T*X will be a pair (W, H) with WCT*X
being the closure of an open set and with H being an analytic function on W ! and
such that, for every (p, g) € W, the solution S,(po,g,) to the equations:

. H_ . H
p=- 5 ?.9,.4= % 0.9, @@eW, (1.1

with initial datum (po, 4,) € W, exists for all te R.
Then the following definition extends the well known notion of integrability:

Definition 1. Let (W, H), (W’, H) be two analytic hamiltonian systems on two
compact analytic surfaces 2 and X". We say that “(W’, H') is (W, H)-integrable,” or
simply “H’is H-integrable” if there is a C* canonical map € mapping W onto W’
and an analytic function defined on H(W), denoted F and such that F'=(dF/dE)
+0, and

H'(€(p,9)=F(H(p,q9), ({@.9eW. (1.2)

If ¥ is also analytic we say that H’ is analytically H-integrable.

The possibility that € is C* but not analytic leaves us more flexibility in the
formulation of the results that we are able to prove.

The above definition says, in other words, that H’' is H-integrable if the flow
generated by H on W is canonically conjugate, up to a time scale change given by
F’(H), to the flow generated by H on W".

In our terminology a map %, (p’, ') =%(p, q), of W onto W, is canonical if it is
at least C® with C*® inverse and, if calling

G®)={@.a.0. . DeW, (. ¢) e W', (¢, 4)=%(p. 9)} , (1.3)
there is a ¥ € C*(G(%)) such that:
p-dg=p-dqg' +d¥. (1.4)

A more precise name for such %’s could be “action preserving global canonical
transformations”: if A is a closed curve in W and A'=%(1), the “actions” of 2 and A’
are the same:

§£~dg=j£’-dg’. (1.5
s ,

1  Asusual f will be said analytic (or C®) on a closed set W if it is the restriction to W of a
function analytic (or C*®) in its vicinity
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More generally, in the literature one calls “locally canonical” a transformation
% such that dp A dg=dp’ A dq'. This last relation implies a relation like (1.4) in small
neighborhoods of phase space, but ¥ need not be “uniform™, i.e. exist globally as a
single valued function on G(%). We will not use this more general notion.

The simplest integrable systems are those which are part of a one parameter
family of integrable systems.

Definition 2. Let H,=H,+ f, be an analytic function on W x [ —8, 8], >0, with
(p, g, €) analytic in W x [ — 0, 8] and divisible by e.
~ "We shall say that the family of hamiltonians H,, e€ [ — 60, 0], is H ,-integrable if:
i) Thereis a family €,, e [ — 0, 6], of canonical maps of W into T*X such that
%.(p,q) is C* in (p, q,¢) € W x [—0, 0], analytic in ¢ and differs from the identity
map by a quantity which is divisible by e.
ii)

H(€(p.9)=F(Ho(p.9), (@.9eWx[-0,6] (1.6)

with F,(E) being analytic in (E,¢) on the set & x[—0,0], & ={E|[E=H,(p,q),
(p,q) e W}=Hy(W), and such that F,(E)—E is divisible by e.

" "Equation (1.6) can be regarded, given H,, as an equation for %,, F,, and we shall
call it the “Hamilton-Jacobi” equation for the integration of H, with respect to H,,.
Similarly we call (1.2) the “Hamilton-Jacobi” equation for the integration of H’
with respect to H.

Families of integrable perturbations with respect to the system

W=VxT,VCR, Hy(4,4)=w," 4, (1.7)

where (4, 4) denotes a point on V x T', T* being the l-dimensional torus, @, € R/,
(“harmonic oscillators”), have been studied recently and enjoy remarkable
properties [9].

The case when W is as in (1.7) and H (4, §) =hy(4) is ¢-independent is the
problem studied by the well known KAM theory. B

Definition 3. If in Definition 2 we replace the requirement on %, to be of class C*
with that of being analytic we obtain the notion of “analytically H  -integrable”
family of perturbations.

In this paper we analyse the case when H , is the hamiltonian for the geodesic
flow on a Riemannian surface of constant negative curvature, equal to —1 (say),
and:

W={(p.9IHo(p. 9 €[1/2,3/21} . (1.8)

Our objective is to find necessary and sufficient conditions for recognizing the H -
integrability of a family of perturbations.

As in the classical case, arising in the KAM theory, it will generally be
impossible to conjugate two hamiltonian flows. The obstacles may lie in the
existence of “invariants,” i.e. of quantities associated with the H,-flow that must
assume values determined by H,, just because the H,-flow and the H,-flow are
canonically conjugate.
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We describe some of them here. Suppose that, for simplicity, the H, and H,
flows, for all ¢e [— 6, 8], have only a denumerable family of closed orbits on each
energy surface H, or H,=E, E€[1/2,3/4], and also that for all ee [ —6, 6] such
orbits stay pairwise distinct, i.e. they can be labeled by (n,E,¢), n=1,2,...,
Ee[1/2,3/4], ee[—0,6], in such a way that they depend continously (hence
analytically) on (E, ¢) at fixed n and are pairwise distinct for all n, at fixed (E, ¢).

This assumption holds if (W, H,) is the hamiltonian for the geodesic flow on a
surface of constant negative curvature: this is a simple consequence of Anosov’s
structural stability theorem and of the isomorphism between geodesic flows of
different energies (but, of course, on the same surface).

Then let:

T(E,n, &)= {period of the orbit (E, n,¢)},
—A_(E,n,e)=A,(E,n,e)={Lyapunov exponents of (E,n, &), —A_=41, >0},
A(E, n, &)= {action of (E,n,¢)} = { § p- dq} ) (1.9)
g~

(E,n,
If H, is Hy-integrable in the sense (1.6), clearly:
T(E,n,e) _ T(F;'(E),n,0) _

T(E,m,e) T(F;'(E),m,0) ™ (1.10)
Ac(E,ne)  A(F7'(E),n0)

A (E,m,¢) N ),+(F£—1(E),m’ 0) = bn (1.1D)
A(E,n,e)  A(F; Y(E),n,0) 1)

A(E,m,s)  A(F, (E),m,0)

where in the right-hand side there is no (E, ¢)-dependence because for ¢ =0 the flow
is geodesic and the intermediate ratios do not depend on E.

Clearly the identities (1.10) through (1.12) are necessary conditions for the
integrability of the family H,. It is easy to see that (1.10), (1.11) are not a complete
set of invariants for the canonical integrability of a family of perturbations of the
geodesic flow: see Appendix E for an example.

However we shall prove:

Proposition 1. i) The numbers (1.12) are a complete set of invariants for the
canonical conjugation (*H ,-integrability”) problem on W x [—8,8] if H, is the
above described geodesic flow and 0 is small enough (given f,).

ii) Furthermore the integrability ini) is in fact analytic in the sense of Definition
3, whenever it exists.

We shall call the left-hand side of (1.12), the “action invariants;” Proposition 1
shows their completeness.

A related result that Proposition 1 extends is the following: Let g° be a smooth
Riemaniann metric of negative curvature on a compact surface. Then the
hamiltonian for the geodesic flow has the form:

1
Hop. =5 12(g"(g)‘1),-,-17ipj- (1.13)

LJ=1,
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Consider the following “geometric perturbations™:

&

pd=5 > sig.€)pp; (1.14)
2 i,j=1,2

with s analytic in (q, &) €Y. x [ —8, 0]; they correspond to changes in the metric
§°—0,=((¢%) " +es) . , ,

Then one can ask when H,=H,+ f,, which is still a geodesic flow, is
H -integrable with W=T%*X and F,(E)=E and ¥, of the form:

(0. 9=(9 'p.6.), (1.15)

where €, is a diffeomorphism of X and J, is its jacobian matrix.

A complete set of invariants for this type of conjugation, “geometric
conjugation” or “trivial conjugation,” is in some cases known to be the set of the
eigenvalues of the Laplace-Beltrami operator [2].

Our methods have on one hand some resemblance with those of [2],
particularly in the use of the key result [3]: however we make strong use of the
group theoretic structures provided by the assumption of constant curvature and
obtain results which probably do not hold for the theory of perturbations of the
geodesic flows on surfaces of non-constant negative curvature (while [2] deals
mainly with such general manifolds). But the main difference is that we do not deal
with the geometrical conjugacy problem and consider, rather, the general action
preserving canonical conjugacy using techniques developed in the context of the
KAM theory. On the other hand Propositions 1 and 2 (see Sect. 2) are, technically,
an extension of a nice criterion of convergence for the Birkhoff series due to
Riissmann [12].

2. The Flows on Constant Negative Curvature Surfaces. Good Coordinates.
Integrability and Perturbation Theory

The surfaces of constant negative curvature are constructed as follows: If z = x + iy,
xeRR, y>0, is regarded as a point in the upper half plane €, the action of the
group PSL(2,IR) on €, is

az+c . ab
= — f = . .
iy 0= @
The most general compact analytic surface of constant negative curvature is:
2=C,/I, (2.2)

where I' is a hyperbolic fuchsian group (i.e. a fuchsian group without parabolic or
elliptic elements [7]). It is endowed with the PSL(2,IR) invariant metric
ds*=(dx*+dy*)/y*. The surface 2 can be identified with a fundamental domain X,
of I' with “opposite sides” identified modulo I

On X, the geodesic flow is described, by definition, by the hamiltonian:

Ho=y*(pz+p))/2. (2.3)



66 P. Collet, H. Epstein, and G. Gallavotti

Any motion with non-zero velocity will reach 0% in a finite time ¢, at the point
(x0, yo) With speed (X, yo): if y is an element of I' reflecting (x,, y,) to another
element of 0%, the motion will continue after ¢, by reappearing at zy=z,y, if
Zq=2Xq +1iyy, With velocity z, =Xy +iy; given by:

cd

This is a somewhat complicated description of the geodesic flow.
There is, however a better representation: it is inspired by ref. [4]. Let:

3y =z34(bzo+d) "2, y:(“ b). .4)

J(z,9)=(bz+4d). 2.5)
It is easy to verify that the transformation " of T*C ,\{H,=0} onto PGL(2,IR):
f%:(px’py:xry)H( P q2> =9, (26)

—DP2 41

defined by
p.+ip,=i(detg)’j(i,g~1)*/2,

1

2.7
x+iy=ig~ ", @7

is such that (see Appendix D):

pxdx+p,dy=p,dq, +p,dq,—d(detg)/2, (2.8)

therefore it is canonical. Furthermore # ((p,+ip,, x+iy)y ')=7g, so that A
defines a map from T*X\{H,=0} onto I'\PGL(2,IR).
The map " transforms the hamiltonian (2.3) into (see Appendix D):

H(g)=(detg)*/8. (2.9)

Therefore if f,(g) is a function of (g, ¢) analytic on W x [ —8, 6], divisible by e,
the hamiltonian equations for H,=H, + f, are in the new coordinates:

§= —(detg)go,/4+ %f(g)ox, (2.10)

(1) ) o (),

af
=—(9), i=1,2.
ag,-,.(g) ij

where

The Liouville measure on T*X\{H,=0}, realized as I'\PGL(2,R), is just
dp,dp,dq,dq,, i.e.itis the Haar measure of PGL(2, R) considered as a measure on
the homogeneous space I'\PGL(2,IR).

We do not discuss in more detail why Egs. (2.9), (2.10) induce a flow on
I'\PGL(2,R): it is obvious that they do so on the whole PGL(2,IR) and the fact
that it can be regarded as a flow on PGL(2, R) stems from the observation that if t
—g(1)is a solution to (2.10), then so is t—yg(z). This observation can be used to say
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that the entries of g e PGL(2,IR) provide a global system of coordinates on the
phase space of the geodesic flow deprived of the points with zero velocity and
provided one identifies the g € PGL(2, R) modulo I

We shall use the above remarks quite extensively. Their main usefulness is in
providing a simple characterization of the C*-canonical maps € defined on a set of
the form W={g|Hy(g) € [1/2,3/4]}. Suppose that ¥ is close to the identity and that
it is defined on an open set W’ containing W, large enough so that if
@, 9)=%, 9. (p.q) € W, then (p’, 9), (p,q) € W’'. Then % can be described by a
generating function @ of class C* on the set {p", PIp’, 9 e W', A(p, q) € W’ such
that (p’,¢)=%(p, 9} = W via the relation:

p=p'+ 6—(1) 9

0P
=q+ or - @.9

V(p,q) e W,(WCWCW), (2.11)

which can be written in a better form in terms of matrices,

(i Pi 4 A_< P qz> ., < P q&)
- b = 14 / ,g_ ’ 2 = 4 N (2.12)
g (_Pz %) g (_Pz ‘h) —D2 4y g —D2 41
Then (2.11) becomes:

A7 ~

oD
=g—o@(g)o. (2.13)

The whole point of the above discussion is the globality of (2.13) on W: it
follows from the easily checked property that if g'=%(g), y e I, then yg’=%(yg),
because yg’ and yg solve (2.13)if §, ¢’ do. What is slightly less clear is that conversely
any canonical transformation € close enough to the identity can be generated by a
relation of the form (2.13). This remarkable fact can be seen by observing that if €

has the property:
p-dq=p’-dq'+d¥ (2.19)
with ¥ a C*-function on the graph of &, then (2.14) can be rewritten as:

prdq+q-dp’=d(¥Y+p-q), (2.15)

and ¥ +(p"-¢)= ¥ +detg’isa C* function on the graph of % because ¥ is such by
assumption and detg’is single valued and C* on " PGL(2, R), and therefore it can
be thought as a function on the graph of €.

Furthermore the function on the graph of ¢ defined by (g, gﬁ—»(dctg) is C®
when @ is so close to the identity that the relation g’=%(g) can be put in the form
§’=%(g), using the implicit function theorem, and %(yg) =y%(g) when g and yg
belong to-the boundary of a fundamental domain in PGL(2, R) with respect to the
action of I'. Therefore the function ¢ = ¥ +(detg’) —(det ) is C* on the graph of &
and, if € is close enough to the identity (in the C*-sense at least), it can be regarded
as a function of § on {gjlge W}. But then (2.15) becomes p-dq+q -dp’
=d(detg + D(4)), which is (2.14). ST
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The situation is very similar to the one that arises in the change of coordinates
in systems described in action angle variables (4, §) € V x T': in that case a change
of coordinates (4,0)=%(4,0) defined on a set of the form V xT', VCR!,
T'= {I-dimensional torus} is canonical (in our action-preserving sense) if and only
if it can be generated by a relation of the form:

4=a+ 20, =0+ 2040, 2.16)

6A’

where @ is periodic in the ’s.

The outcome of the above discussion is the fact that it allows us to replace the
search for the solutions €,, F, of (1.6) by the search for a function &, C® on
W x[—0,0], <0, analytic in &:

B(g, €)= él £oW(g), 2.17)

which generates ¥ near W for sufficiently small e.
Analogously we set

F(E)=E+ § & F®(E), (2.18)
k=1

and rewrite (1.6) as

, 0, . 0D
Ha<£,g+ 55(241)) —F8<Ho<£ + 5 (g,g),g>>- (2.19)

Expanding everything in powers of ¢ and denoting by {-, - } the Poisson bracket,
one easily finds:

{Ho, ®V} (', )= f V", 9 — FO(Ho(p', 9)) »

I i f(l) opm
{Ho, @2} (p', @)= (', ) — FPH(p', )+ ==, _) (P q)
dF‘” oH o) 2 (2.20)
—5 Ho@>9) °(p QP— o @, q)—~ 2
0%H, aqﬁm oW 0H, , 00V  odMV }
{apap,@ q9) 3 (.9 3a, .9 aqiaqj(g,g) o ') o7, )

{Ho, @9} (0, ) = f O, @)+ AO(FE D, oo, fO, 5D, @0, 1), FO)

where A® is a differential polynomial in its variables: very complicated, as the case
k=2 already shows.

Let us study the first Equation (2.20): it means that ¢V is a function whose
derivative along the H,-flow is /' up to a constant F\V(H ;). Therefore integrating
both sides with respect to the Liouville measure:

ur(dpdq) = consto(Ho(p, q) — E)dpdq , (2.21)
const=({ d(H(p',q)—E)dp'dq)~", (2.22)
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one finds the condition:

FOE)=[ N (p. 9 usldpdg) = FVE), (2.23)

determining F" uniquely. Then we shall say that the first order of perturbation
theory is “well defined” if the equation:

{Ho, @V} = {0 — [(Ho) (2.24)

admits a unique C*(W)-solution up to an (arbitrary) function of H,,. In this case
@ will be defined uniquely by imposing:

§ ux(dpdg) @V (p,9)=0. (2.25)

Inductively we can say that the k™ order of perturbation theory is well defined if
the equation:

{HO, (p(k)} =f(k) _]‘(k) +A® _ 0 (2.26)

(with obvious notations) admits a unique solution ®*® on W with
J m{dpdg) 9¥(p, 9)=0.

More generally one might like to say that a hamiltonian admits perturbation
theory to order k if (2.20) can be recursively solved up to order k by suitably
choosing at each step the arbitrary function of H,, which can be added to each &%),
It is, however, not surprising that this notion is not really more general: a
hamiltonian admits perturbation theory to order k in the weaker sense just
proposed if and only if it admits perturbation theory to order k in the former
stronger sense.

The simplest way to understand this is to remark that (1.6) obviously admits
many solutions if it admits one. Let in fact (E, ¢)— R,(E) be defined and C* on
W x [—0, 0], e-analytic and divisible by ¢, and consider the canonical transforma-
tion generated by (detg)+ R.(Hy(4)):

2.27)

il
IS
<

p= (1+R2(Ho(é))} ‘o
g = p- q.

q(1+ R (Ho(9))

But (detg)=p- g, Ho(p, q) Ho(p q'): so that if (1.6) admits a solution %,, F,, then
also €49, F,, with €\° given by (2.27) is a solution. This ambiguity of the
solutions to (1.6) can easﬂy be related to the ambiguity in the choice of #* and
used to prove that the k™ order of perturbation theory exists or does not exist
independently of the arbitrary choices which one has to make in order to build it.
Therefore the following definition is very natural:

Definition 4. Let H, be the hamiltonian for the geodesic flow on a surface of con-
stant negative curvature and let f, be analytic in Wx [—6, 8], W={p, q/Ho(p, q)
=Ee[1/2,3/2]}. ST
We say that f, “admits a finite perturbation theory” around H if it admits k™
order perturbation theory for all k=1,2, ....
Of course “having a finite perturbation theory” is a canonical invariant. This
means that if %, is defined and analytic on W x [ —#, 7, canonically maps W into
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T*Z, and differs from the identity map by an e-divisible quantity, then defining f,
by

Ho(%,(p, 9)+ [0, ) = Ho(p, )+ fp. ©) (2.28)

on Wx[—0,07, ¢ small enough, f, admits a finite perturbation theory
around H,,.
The perturbation theory can be easily extended to cover the case when

H,=h(Ho)+ f,, (2.29)
where h(E)=E + Z e*h™(E) is analytic in Hy(W) x [—6, 6], and one can give a

similar definition of ﬁmteness of the perturbation theory (canonically invariant in
the same sense as above). We do not discuss the (trivial) details. One could reduce
this case to the preceding by putting the e-dependent part of h, into f, or,
alternatively, repeat the arguments leading to (2.20).

It is then remarkable that:

Proposition 2. Let f, be analytic on W x [— 0, 8] and suppose that the perturbation
theory for H,=H,+ f, is finite. Then:
1) the family H, is H,-integrable for ¢ small enough,
ii) the theory of perturbations yields a convergent series for @, and F, for ¢ small
enough and @, generates the integrating map €.,
iii) the family H, is analytically integrable (with respect to H,) for ¢ small
enough.

Itisimportant to remark that the condition of finiteness of perturbation theory
only involves the derivatives of f, at é=0. So does the constancy of the action
invariants: in fact the closed periodic orbits depend analytically on ¢ and therefore
their actions are also analytic in ¢, and are determined by their derivatives at ¢=0.
These derivatives, in turn, can be computed, (without having to solve the perturbed
differential equations), in terms of the unperturbed motions, knowing only the
derivatives at e=0 of f,.

It will turn out that we shall prove first Proposition 2 and then we shall show
that the integrability conditions of the k™ order of perturbation theory are
equivalent to the conditions that the Taylor coefficients of order 1,2, ..., k, about
¢=0, of the action invariants vanish identically in E, for all m, n [see (1.13)].

In Sect.3 we prove only the statements i) of Propositions 1 and 2, and
statement ii) of Proposition 2. Statement iii) of Proposition 2 is proven in
Appendix G.

Otbher results are presented in Sects. 4, 6: in Sect. 6 we discuss the relevance of
our treatment of the Fourier analysis on L,(I'\PSL(2,1R)) for the analysis of the
mixing properties of the geodesic and horocyclic flows on the surfaces of constant
negative curvature.

In this paper we shall often bound the n™ derivative of a function, holomorphic
in some variable w as it varies in some complex domain in C, by n! times the
maximum of the function (in the given domain) divided by the n'® power of the
distance of the point to the boundary of the domain: we call such an estimate a
“dimensional estimate.”
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Usually our domains will be parametrized by parameters called g, £ or 6 and
they will have the property that the distance between the boundaries of the
domains parametrized by ¢’, &, 6, and g, &, 8 is bounded below by one of the three
numbers (¢ —0")/2, (£ —&)/2,(0—0)/2.If o' = e~ °, &' =Ee™°, (' =0e ™" as will often
be the case, the above numbers become 06/2, £6/2, 67/2, where, to shorten
the notations, we set:

t=(1—e> for x>0. (2.30)

3. Proof of Proposition 2

We shall regard f; as a function on PGL(2,R), parametrized by ¢, and such that
f49)= f{yg), for all y e I' (“I'-periodic function”). For convenience of notation we
write fo(g, &)= f,(9). The analyticity of f, will be imposed by requiring that f,
admits a holomorphic extension to a suitable complex neighborhood of
W x[—0,,0,]. We shall look at W={g|lge 'PGL(2,IR), H(g)e[1/2, 3/2]} as

consisting of points:
g=)/D¢ 3.1
with D>0, ¢ € '\PSL(2, R)= T thus we can write, see (2, 11):
W=2xT with 2={D|DeR,,D*/8e[1/2,3/4]}. (3.2)

We shall use the following sets:

P(00)={D|DeC,3ID’ € & such that |D'—D|<g,}, 0o<1,

ﬁ(éo)—{glgePSLQ ©).g9= < ) ld—11, Ibl,!0|<€o}, So<1,

C0y)={eleeC,le|<b,}, 0O,<1,

H(&o)={glg e H(&o/(1-£5)"?), T..g is outside the circle B(y)}
B(o)={zlzeC, |z+i(¢o+ &0 D/2< (&5 —&0)/2},  (see Fig. 1),
T(&o)=TH(&,), T(¢o)=TH(&).

(3.3)

For convenience we shall only consider small values for £,, namely &,<1/10. In
terms of the above sets we can introduce several notions:

1) We say that a function f, on Wx[—60,,0,] is (0, &0, 8¢)-analytic if the
function fo(]/Bqﬁ, ¢) can be extended to a holomorphic function of (D, ¢,¢) in
Do) x T(Ey) x C(By)  or, equivalently, if the function (D, h,e)
~>(Uh) fo) ()/Dé,e)= qu ¢h,¢) can be holomorphically extended to Z(g,)
x H(y) x C(6,). If in the above definition we replace T(&,) by T(&,), we say that
Jo is strongly (9o, &, 0,)-analytic.

2) Similarly we can define the “&-analytic” or the “strongly &-analytic”
functions on T as those f such that the function f(¢) admits a holomorphic
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extension to T(&,) [or to T(&,)] or, equivalently, such that the function of &,
h—(U(h) f)(#)=f($h), can be holomorphically extended to H(&,) or to H(&,)
(respectively).

3) A function f on W, see (3.2), will be called (g, &,)-analytic or strongly
(00, p)-analytic if it is defined on W and if the function (D, ¢)— f (]/Bq}) can be
extended holomorphically to 2(g,) x T(&,) or 2(g,) x T(&,) respectively; equiva-
lently: if the function (D, h)—f (f¢h) admits a holomorphic extension to Z(g,)
x H(&p) or to D(gg) x H(éo) respectively.

4) If f is analytic on T in either of the above senses we shall set

Iflle= sup |f(@I, [fl2,e= sup (f |f(¢h)[2d¢>1/2,
9eT(@) heH(@) \T

17 1e= sup 1f (@), | F)2,¢= sup (f lf(¢h)|2d¢>”2- (3.5)
9T helte \T

It is convenient to regard (3.5) as defined for any function on T: whenever the
function is not &-analytic in the sense necessary to make some of the right-hand
side of (3.5) meaningful we interpret it as being + co. Our proof will rely on general
results about the linearized Hamilton Jacobi Equation (2.24).

Since the H-flow conserves the value of H, and the Poisson bracket is nothing
but the derivative along the H y-flow (i.e. 1/5¢—>1/B¢ e Po=* e R)Eq. (2.24) can
be written as

%@(l/ﬁ¢ e—Da,t/4) i

0=ﬂww» (3.6)

The theory of (3.6) with f (g, &)-analytic (respectively strongly &-analytic) will
be reduced to the theory of the equation:

(#9)(9)= & ape)

=f(9) (3.7)
=0
with f &-analytic on T (respectively strongly &-analytic).

The first theorem on the theory of Eq. (3.7) is the following [2, 3]:
Proposition 3. Consider the equation

PO=f (3.8)

with fe CY(T), T=I'\PSL(2,R). Suppose that for every periodic orbit p of the
Hy-flow on T (corresponding to a closed geodesic on X) and for all ¢ p:

(p)
f F(pe ") dt =0, (3.9)

where t(p) is the period of p. Then:
1) there exists a unique ® € C1(T) satisfying (3.8) and such that f D(p)dep=0.
ii) If feC®(T) then & C*(T).
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We shall need the following strengthened version of Proposition 3:

Proposition 4. Let f be analytic on T and suppose that the equation (3.8) is solvable,
i.e. (3.9) holds. There are three constants C, q, 0 >0, independent of f and such that

for all £€(0,¢&,):
) [[@fge-3=CE7 Y f e (3.10)
i) [@le-o<CES S, ¥6>0, 3.11)

where 6=(1—e%) and the notation (3.5) is used.

iii) Suppose that f depends also on n parameters(x,, ...,x,) € SCC" and that f is
holomorphic on T(¢) x S. Then @ also is holomorphic in T(ée™ %) x S and satisfies
(3.10) for all xe8S. .

iv) Inthe same situation as iniii) suppose that f is holomorphic on T(&) x S, then
@ is also holomorphic on T(¢) x S and satisfies (3.11).

Of course i), iii) follow from the much stronger (3.11).

The statements i), ii) of Proposition 2 depend only on the statements i), iii) of
Proposition 4 while the stronger result iii) of Proposition 2 follows from ii) and iv)
of Proposition 4.

In this section we show how i), iii) of Proposition 4 can be used to prove i), ii) of
Proposition 2. Actually we have written the proof in such a way that replacing
everywhere the words “£-analytic” by “strongly £-analytic”, “(&, g, f)-analytic” by
“strongly (&, o, 6)-analytic” and the sets H(¢), T(£) by H(¢), T(?), one obtains the
proof of iii) of Proposition 2 from ii), iv) of Proposition 4).

The proof of Proposition 4, ii), iv), is much more intricate than that of
Proposition 4, i), so we provide independent proofs of i), iii) and of ii), iv). The
reader will easily see why the scheme of proof for i), iii) falls short of proving ii), iv):
actually it motivates the interesting conjecture that ii), iv) could hold in the form
obtained by deleting all the tildas. Furthermore it brings up some interesting
properties of the Fourier transforms of analytic functions on T.

In Sects. 4 and 5 we develop the proof of Proposition 4, i), iii) and in Appendix
G we develop the proof of ii), iv) which also proves (independently) i), iii) again.

For simplicity of notation let W(g,, &y, 0,)=2(00) X T(&y) x C(0,) and
suppose:

0<épo<oo<l; 0Op<l; ¢&,<1/10. (3.12)

We shall consider hamiltonians of the form H(g, ¢):
Ho(g,&)=ho(Ho(9), )+ fo(9, ) , (3.13)

where f, is divisible by ¢ and

ho(E,e)=E+ 3 &h®(E), E=D8, (3.14)
k=1

is holomorphic as a function of (D, &) € Z(g,) x C(0,). Equation (3.13) is slightly
more general than H,+ f,,, which is the hamiltonian we want to study.
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We now ask under which conditions there is a canonical map %, analytic in ¢
and C® on W x[—#6,,0,], with (¥¢,-identity) divisible by ¢, and such that:

ho(Ho(€(9)), &) + fo(%.(9), €)= F (H(9)) (3.135)

for some F, which is C® on 2 x[—0,,0,] and analytic in ¢ with F,(E)—E
divisible by &.

As already mentioned in Sect. 2 there is a perturbation theory for this problem:
itis obtained from the one discussed at length in Sect. 2 by considering the family of
hamiltonians H, + fy with f, = fy+ (ho(Ho, &) — Hy)-

We shall suppose that the perturbation theory for (3.15) is finite and then we
shall prove that %, and F, do indeed exist for ¢ small and are analytic in &: so
Proposition 2 will be a special case of this slightly more general case.

To proceed we introduce the following three sequences of positive numbers:

k k k
Qk=goexp—521 o;, .fk=§0exp—5.21 0, 9k=906Xp—5.211j,(3.16)
ji= Jj= j=

with (see Proposition 4 for the meaning of §):

O'szk:(l +k2)“1 N

5. — 5 if we wish to prove only i), ii) of Proposition 2, (3.47)

T l(1+k»"!  to prove iii) of Proposition 2. ’

There will be no formal difference in the proof of i), ii) or of iii) in Proposition 2 if
one does not substitute the explicit expressions for J,: however many inequalities
will be true only for the first choice of §, when we only suppose valid i), iii) of
Proposition 4, while they will be true also with the second choice if we suppose ii),
iv) of Proposition 4.

We shall use a recursive algorithm whose steps will be indexed by an integer
n=1,2,.... The purpose of the algorithm is the construction of a sequence of
canonical transformations parametrized by ¢, 4©, €*), ... such that:

i) "~ Y is holomorphic on W(g,, ,, 0,) and, as a map (¢, &) (¢, &) with &’
=g, then

(g(n_l)W(Qm 5117 an)CW(Qn—lsén—lagn—l)a (318)

ii) 4™ Y-identity| ,, s,0,<Cloe ", (3.19)
where || |, o denotes the supremum norm W(g, ¢, 0).

Note that it immediately follows from (3.18), (3.19), (3.16) that the composition:

.= lim 4. gV (3.20)

existsandis C® on W(g,,, &, ,,) and analyticin (D, ¢) and evenin ¢ if £ , >0,1.e.if
0, is given by the second formula of (3.17).

The map ¢~ will be constructed inductively. ¥ is obtained by requiring
that on W(gy,&4,0,):

ho(Ho((9)), &) + fo(4(9), &) = h1(Ho(9), ) + f1(9. &) » (3.21)
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with h; analytic on 2(o,)x C(8,)=W(g,,0,) and differing from h, by a
polynomial of order 1. Then one builds successively €V, €®, ... by requiring that
On W(Q"’ én’ 0"):

hy—1(Ho(€"~V(9)), 8) + fu-1(6" V(g), ©)=h,(Ho(9), ) + f,(9,8) (3.22)

with f, divisible by " and that h,—h,_; be a polynomial in ¢ of order &~ !
divisible by """,
If we define E,, g, 4, such that:

E. >
P(ex) % C (010

OE

——(E £)— l

&> sup
W (ok; & Ox)

a g ( )} (3.23)

A> sup |fil,

W ek &k, Ox)
we shall also require that, for ¢, small enough, and for suitable constants B, b, for
all the considered choices of g, &, 0, the following hold:

Ec<Beolo"s  &<(Beolo )"y A<(Beols )" (3:24)

Itis clear that if (3.16), (3.18), (3.19), (3.24) hold, the limit h_(E, &) = hm h,(E,¢)
exists and is holomorphic on 2(g.) x C(0,,) and:

H(%(9))=hw(Ho(9), ). (3.25)

It “remains” therefore to check that, with the definitions (3.16),(3.17), (3.23) it is
possible to define #©, ¢, ..., hy, h,, ..., f1, f5, ... so that (3.18), (3.19), (3.24) hold
for &, small enough: in fact since f, is divisible by ¢ one can always reduce the value
of ¢, by redefining 6, (which does not appear explicitly in (3.24)).

The remaining parts of the proof will be organized in several steps:

1) Definition of the Generating Function of €™

Assume inductively we have constructed €@, €U, ..., "~V f,, fi. f» hos
hy, ..., h, verifying (3.18), (3.19), (3.24) with the f’s and the h;s verifying the
properties mentioned after (3.22). Then ™ will be defined via a generating
function @. The function @ will be the solution to the equation:

_ 19,8 —ﬁ(Ho(g), €) [g2nt1-1]
o @}_{ H(Ho(9)) } ’

where [ <p] denotes the truncation of a Taylor series in ¢ to order p. Eq. (3.26)
arises from the requirement that:

h(%(g), &) =hy+ 1(Ho(g), &)+ O(*" "),
h,+ 1 —h,={polynomial in ¢ of order 2"** —1 divisible by &¢*"}.

(3.26)

(3.27)
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In fact the above requirement leads, via a simple calculation similar to the one
needed to define the first order of perturbation theory (discussed in Sect. 2), to the
requirement that:

h(Ho(9), ¢) {Ho, @} (9) = f(9, &) + Gu(Ho(9), &) + O(e*" ) (3.28)

with G, a polynomial of order ¢2"" '~ ! divisible by £2". Equation (3.28) is equivalent
to Eq. (3.26).

The solvability of (3.26) has to be proved. It follows from the invariance of the
finiteness of perturbation theory under canonical transformations (discussed in
Sect. 2) that h,+ f, admits a finite perturbation theory. However the perturbation
theory for h, + f, yields a series for the generating function of the integrating map
which starts from the order ¢*”, and it is easily seen by power counting that the sum
of the orders between £2" and ¢2"" "~ ! is a function ® verifying (3.28) so that (3.28)
and hence (3.26) do have a solution.

Applying Proposition 3, since (3.26) has the form (3.6) and can be regarded as
an equation of the form (3.8) parametrized by E (or D), we see that @ can be

bounded by:
o f——f :|[§2n+1_1]
(e e-6n g - <C(&,0,) 1 [~,"—"~ , (329
l| “Qm‘:n 8 ,0p ( ) hn(HO, 8) Qmémone_t“
and using dimensional bounds:
@ < CE 8 9 || S
H [|Qm§ne n, 0,e n< (én n) Ty h;,(HO,él) ot
—ga—1 -1 afn
<RC(én5n) qtn (1~En) A ) (330)
09 llgn,n, 00

where R is an estimate of the length of the maximal distance of two points in
W(0o, &;)- Hence:

” (D“Qméne‘ On,0,e~n < Bl(éngn)_qfn_ 18n lf En < 1/2 s (33 1)
where B, is a suitable constant and we recall the notation X=(1—e™%), for x>0.

2) Definition of €™
Recalling (2.11), (2.12) we define €™ by inverting (2.13) in the form:

g=g'+A(g)=%"g), g¢=g+4(9)=%"(9), (3.32)

the first being obtained by solving the second of (2.11) with respect to g and
substituting in the first while the second of (3.32) is obtained by solving the first of
(2.11) with respect to p” and substituting in the second. We want to have 4, 4’
defined on a domain as large as possible, say W(g,e 3%, &,e~ 3% 6, e~ 3™). This
can be reasonably well achieved by using an analytic implicit function theorem,
(see for instance [10] where a similar theorem is proved when W(o", &, ) is
replaced by a different multiply connected set).
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Itis, in any case, easy to see that inversions in (3.32) can be made under the (very
strong, but dimensionally natural) conditions:

0P

og

0%

dg0g

where | - | denotes the supremum over, say, W(g,e™ 2%, &, e~ 2% 0,e” ™) and Bj,
7 are suitably large positive numbers [note that in (3.33), the second condition
guarantees the local analytic invertibility, while the first provides the globality of
this local inversion of (2.11)]. Therefore, under the conditions (3.33) the functions
A, A’ can be defined on W(g,e 3, £,e 3%, 0,e3™).
The conditions (3.33) can be implemented using (3.31) and dimensional
estimates by the conditions:

BS(éngn)_qfr: 1‘gn(fngnén)_ 2 <l s En < 1/2 ’ (334)
where Bj is a suitably larger number. Here the inequality ¢, > &, has been used to
replace g, ! by &, L.

Since 4 and A" are equal to some derivatives of @ computed at suitable points

[see (2.11) or (2.13)], we infer from (3.31), (3.34) that, by dimensional estimates and
if || - | denotes the sup on W(g,e 3", &,e” 3%, 0,e” 3™,

B, <&, B <1, (3.33)

41, 147 <By(£,0,) e,y (£,6,6,) "' <

inéngn
ZE (3.35)

where B, can be given any arbitrary value provided we readjust the constant By in
(3.34): for later use we fix the constants so that e~ 4% 4 §,/B, <e™ 3%,

So under the conditions (3.34) 4 and A’ are defined on W(g,e 3", &, e 3,
0,e”3™), and by the last inequality of (3.35) and by the choice of B,:

CO,G0 W(g,e ™47, &y e, 0,074 ) > W(g,e 37, Eye 3, 0,07%).
(3.36)

Here as well as above we keep changing the coefficients of g,, £, 6, simultaneously
even when this is not really necessary (e.g. in all the above inequalities 6, e 7™,
p>1, can be replaced simply by 6,e”*); this is done to make the notations
uniform.

Furthermore on W(g, e~ 4", £, e %%, 0, e~ *™) the maps €™, € differ from the
identity map by less than:

B1(&0n) ™"y 1 (ubu6) e (3.37)

Finally a remarkable property of 4, A" is related to the very definition of @ as
solution of (3.26), (3.27), i.e. setting H,=H,(g):

hy(Ho,e) {(Ho, @} ()= f1=*"" g, &)= 1=>"" UHo, ) +1(g.8),  (3.38)
n :8__nH98 (2271 ’ 7 >on+t
.= - | BTt 5 1) L, 0 Rt
hn(HOa 8) (339)
[just multiply both sides of (3.26) by h].
Therefore, again by dimensional estimates,

Hrnngne‘”",éne“sn,ﬂne*fn <B5 e~5"2n+ lf; lénR 5 (340)
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with B a suitably large number, and R arises when, as in (3.30), we bound f, — f, by
0f,/0g (expressing the first as a path integral of the latter).

Equation (3.38) could be expressed as relations involving 4, A’ by expressing
09/0g in terms of them; we do not need to do this explicitly.

3) Definition of h, 1, fr+1
We shall naturally define:

hn+ I(E’ 8)=hn(E’ 3)+[ﬁx(E9 8)][<2n+1] (3 41)
f;l+ l(g/a 6) =fn(g/+ A(g/)’ 8) + hn(HO(g,'*' A(g/))’ 8) _hn+ I(HO(g)9 8) H .

and we proceed to estimate &, 1, E, 415 4341 00 W(0n4 15 s 15 Ops1)-

The estimate, based again on dimensional considerations, is straight-forward
but quite technical and it is developed in detail in Appendix A, where the following
bounds are proved: if (3.34) holds one can take for E, ., &,4 1> Ant1:

E,.1=E,+Bgg,t, "
ens1=By(er +e,exp—7,2"" 1) (£,6,8,) 777, (3.42)
Ans1=Bg((e2+¢,exp—1,2" 1) (1,0,E,) 2%+ A, Lexp—1,2" T 1).
A simple inductive argument shows that there are B, b> 0 such that (3.24) [as
well as (3.34) for all n] hold.

This completes the reduction of the proof of Proposition 2 to that of
Proposition 4.

4. Fourier Analysis on L,=L,(I'\PSL(2,R))

In this section we develop some tools for the proof of Proposition 4. We suppose
the reader is familiar with the chapter on SL(2, R) of [ 5], as well as with the first
chapter of [6], where the theory of the unitary representations of SL(2, R) and the
related Fourier analysis are developed.

Let f be &-analytic (respectively strongly £-analytic) on T=T'\PSL(2,R). It is
easy to prove by using the Cauchy theorem that there is a constant C, such that,
using the notations of Sect. 3 and (2.30),

L0 e <0l I e =< Cat 2 f e @.1)
(respectively | f1l,.: <[/l [fTlze--<Cit 31 f1l.e)

(this is basically the well known procedure of bounding a holomorphic function by
some integral norm).

Let us define the unitary representation U of PSL(2,IR) on L,(T)=L, induced
by the action of PSL(2,R) on the homogeneous space I'\PSL(2, R):

U@ ) (@) =1(¢9)- (4.2)

Here the scalar product considered in L, is (f, f)= f (@) f(g)dg, with dg
denoting the normalized Haar measure on T.
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Let
L,= (—B Yy®@® 4.3)

acA
be a decomposition of L, into U-invariant, pairwise orthogonal subspaces on
which U acts irreducibly: such a decomposition is always possible, [6].

We denote U the restriction of U to Y and we briefly recall some known
facts about the above decomposition and a few of their developments that we shall
need in the proof.

One associates with a hyperbolic fuchsian group I'CG,=PSL(2,R) the
following four classes of entities:

1) The automorphic forms of order n=1, 3, 5, ..., i.e. the functions which are
holomorphic in the upper half plane €, and such that VyeT,

$an) =pj y=(‘j Z) jen=tz+d. @4

They form a n(g—1)-dimensional linear space, g being the genus of the
compact surface associated with the given fuchsian group.

We shall, once and for all, choose a basis in the above linear space and we shall
label its elements as ™7 ), j=1, ..., (n—1)g; we shall also suppose that ¢ *)
are orthonormal with respect to a convenient scalar product:

S= [ ™ Fig™ D™ Dig™ i, g~ HI 72" Vdg . (4.5)
T

2) The antiautomorphicforms of ordern=1, 3,5, ...: they are just the complex
conjugates of the corresponding automorphic forms. We shall put:

¢(n—1—) =g (4.6)

and (n,j, +), (n,j, —) will be often denoted by the symbol a.

3) The eigenfunctions of the Laplace-Beltrami operator relative to the
eigenvalue (1—u?)/4€(0, +00). The normalization that we choose for the
operator 4 on L,(X) is such that, in the ordinary cartesian coordinates on the
upper half plane €, it is

*

The variable u will then only take finitely many values in (0, 1) and countably many
of the form is, s € (0, + o0) (this is a consequence of the general properties of the
spectrum of the Laplace operator on a compact Riemann surface).

The elements of a basis in the space of such eigenvectors will be labeled with an
index a=(u,j), where the first number fixes the eigenvalue and the second
distinguishes the independent eigenvectors associated with the same eigenvalue
(1—u?)/4 whenever the latter is degenerate, otherwise j=1.

We fix once and for all the basis and we also suppose that it has the property:

J 9% 7g ) ¢ Aig ™) dg =5 “8)
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It follows from the general theory of the PSL(2, R)-induced representations that
the multiplicity of the eigenvalue (1 —u?)/4 cannot exceed the value g[u?|, g being
the genus of the surface. We shall also denote (u,j) by a.

4) The function identically 1 on €. will be denoted ¢‘©. We shall denote by 4
the set of values that, according to the above classification, the index a can take,
plus the index 0. Set a=(n, j, —) if a=(n,j, +). Then we can define the functions
onT

EOg)=¢“Yig~'),ac A, a=0 or a=(u,j),
E9(g)=ED(g)=¢“ig" Djl,g"H """, a=(nj, +).
We shall define, for all g in A4:
Y@ = {subspace of L, spanned by U(g)E® as g varies in G,}. (4.10)

4.9

The “duality theorem” [6] on the induced representations says:
L,=@Y?, 4.11)

acd
and Y@is orthogonal to Y if a+a’; furthermore U acts irreducibly on Y. Each
Y@ can be realized in a “standard way” as a space of functions Y@ defined either
on the line IR or on the upper half plane €, as follows:

i) If a=(n,j, +) then Y@ can be realized as a subspace Y@CL, ((D+,

y"“d);#) consisting in the functions of (x, y) which are holomorphic in the
variable z=x+iy. If 4= (n,j, —) = a the space Y'® can be realized as a subspace of
L,(C ., y" 'dxdy) containing the functions which are obtained from those in ¥
by complex conjugation (i.e. the antiholomorphic functions on C,), [6].

ii) Ifa=(u,j),u=is,s € R, then Y@ can be realized as Y@ = L,(IR, dx) while if
a=(s,j), 0<s<1, the Y@ can be realized as Y@ =L,(IR;s), where we denote by
L,(R;s) the completion of C§(IR) with respect to the scalar product:

(£,9)= TGV g)lx—y = **dxdy= [ TP)dPICEpPdp,  (4.12)

where f, § denote the ordinary Fourier transform, [6].

iii) Finally the identification of Y® and Y@ and the realization of the
restriction of U to Y@ as a unitary representation U® of G, acting on Y@ are
implemented as follows. First one defines an irreducible representation U® of G,
on Y@, secondly one prescribes the representative §@ of ¢ in Y@, and finally one
uses the cyclicity of the vector §@ under the action of U® to associate with every
vector of Y@ a (unique) vector in Y.

We set:

(09) 1) () =1 (z9)i(z. 9) """, fe¥ a=(nj, +),
U9 1) ()= (z9)iGg) " ' fe¥®a=mj-), (413
(099) ) ()= (xg) (0, g+, fe T, a=(u,)).
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Since the space y@ never depends on the index j in a we shall sometimes denote it
as Y™ or Y™ or Y®. Then the following identification of ¢ as vectors
#@e Y@ is possible, [6]:
n,Jj, +) —(z+i *nflM ,
¢ '_(g) (_ )__ . @.14)
P AgyoG—i) "M,

and
PUNgyolx+i7* M, (4.15)

where the constants M, are the normalization constants (M,=(nn2~>")!/2,
M,=(2"(=s)™2, My=()/n)"").

The above associations (4.14), (4.15) and Ehe irreducibility of U™ uniquely
associate with fe L, “its Fourier transform (f®),.,”, where

f@ey@ (4.16)

is the function corresponding to the component /@ of f on Y via the basic
relations (4.14), (4.15).

To discuss the remarkable properties of the Fourier transforms of functions on
T which are &-analytic, let us recall the notation:

Iflle=" sup © 1f (gh) (4.17)

geGo,heH
(already used in Sect. 3). We also introduce the following notation:
FPi D)=z +iy "' f"0 (), zeC,,
F(f,,,j,~)(z)=(z—_l-)n+ Lfmi o)),  zeC,, (4.18)
F(f,,,j)(x) =(x2+1)e* 1)/2f(“'f’(x) , xeR,
ab

and, for zeC H(&), h= (
cd

>eH(€), and d=(n,j, +), (n,j, —):

AD(z, &)= inf(n/dmy 2@ O TIOLHDI™!
L Yamg

where the inf is taken over the { € C ., he H(¢), (h=z; or for ze RH(&), d=(u,j),
S=(1—e?%:

, (4.19)

AD(z,8)=infC5(E9) ™!

, (4.20)

(ax+c)* +(bx+d)*\* 972
1+x2

where the inf is over all >0 and the pairs xeR, he H(ée %), xh=z, and the
powers (1 +u)/2 are defined by cutting the complex plane on the negative real axis
(as we shall see the number in brackets never takes a negative value) and, finally,
the constant C5 has a value which will be conveniently fixed later.

Finally define

(E+H(é) if a_:‘(n>ja i)

@£y =
0*(%) {RH@ it a=(u)). 4.21)
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and Q will be called the “£-domain of the representation a”. Its form is simple:

a=(n,j, %) a=Cu,j)

/%
-i/g

Fig. 1. The domains Q@(¢) (unshaded)

i.e. QW(¢&) is either C\B(&) or C\(— B(¢)UB(&)), see Fig. 1, and (3.3).
In Appendix B we shall prove the following structural theorem on the Fourier
transform of &-analytic functions.

Lemma 1. Let fe Y9, ae 4, a+0.

i) The function f is E-analytic if and only if the functions F{ can be
holomorphically extended to the &-domain QX&) of the representation a.

ii) If f is &-analytic:

IFP(I <Az O N1 e (4.22)
iii) If f is E-analytic and there is N >0 such that
FP@)I <A ON,  zeQ“0), (4.23)
then
1S Nze-s<M(E8) "™ N}/Jal,  5>0, (4.24)

where a|=nif a=(n,j, +),|al=|ulif a=(u,j) and M, m, are independent ona, f, or
¢, 6.

The proof of the above lemma also provides the proof of:

Lemma 2. If feL, is E-analytic and depends on some complex parameters we W
C@, and it is holomorphic in (g,w)e T x W, then F® are holomorphic in Q“(&) x W
and (4.22) holds for each w € W. Conversely if f is such that fe Y@ for allw e W and
F® is holomorphic on Q&) x W, then f is E-holomorphic in T x W and verifies
(4.24) for each w for which F'P verifies (4.23).

The &-analytic functions also turn out to have an “exponential decay” of their
Fourier transform, expressed by the following lemma:
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Lemma 3. If feL, is &-analytic:
1/ @l ze-a< My(E8) e~ | £, >0, (4.25)
where M ,, m,, v, do not depend on f, &, d, a.

Finally we shall need, for the proof of Proposition 4, the following estimates for
the functions 4“(z, ¢): Let, for ze RH(¢):

d(z,&)=sup{8|0>0 such that zeRH(¢e ?)}, (4.26)
then:

Lemma 4. There are constants M5, ms, v3>0 such that

n.J, _ e 1 (n+1)/2
Al i)(z,é)_m[llﬁ'zl ¢ (IZ+I(€—1+£)/2|2_(€1_6)/2)2):|
4.27)

and for all ze RH(&):
M3 (d(z, &)™ e < 4%z, &) < My(d(z, &) ™. (4.28)

Lemmas 1-4 are proved in Appendix B, C.

In Sect. 5 we shall show how Proposition 4), i), iil) can be deduced from the
theory of the Fourier transform developed in the above lemmas. The proof of ii), iv)
can be done along the same lines but one needs a refinement of the bounds (4.28),
see Appendix G.

5. Proof of Propositions 4 and 1
Consider Egs. (3.8) or (3.7). Since

Blge )=(Ule™ ")) (9), (6.1

it is clear that (3.7) can be reduced by the reduction of the representation U — one
just considers its projections on the spaces Y@,

If @, 7@ are the components of order a of the Fourier transforms of @, f and if
one uses (4.13) one finds that the Fourier transforms obey the following equations:

4 (e i) e M2 = f@)(z) (5.2)
dt t=0

where z varies in €, or R according to the value of @ and we have shortened the
notations by writing (1 + a) for (1 +n) or (1 +u) when a=(n,j, +) or, respectively,
a=(u,j). More explicitly:

d . (1+a)

zd~zq><a>(z)+ D9I(z)= — fU(z). (5.3)

The solution of (5.3) is, for a=(u,j):

X

R y (1 +uwy2
()=~ | (;) FOG)dyfy+ K=, (54
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and for a=(n,j, +):
. z [\ +m2
P9(z)=— | <;> JOQAL L+ Kz 2, (5.5)
0

and a similar expression holds for a=(n,j, —). K, are arbitrary integration
constants.

Recalling that F{ are holomorphic functions in Q“(¢), it is convenient to try
to write (5.4), (5.5) in terms of F. Since we assume that @ exists it follows that &
must have some square 1ntegrab111ty properties (i.e. @ e Y@) and the analyticity
of f@ together with the bounds in Lemma 1 immediately imply that in order that
@@ be square integrable it is necessary that

t oo ..

00270 dy/y =0, Ky =0,
. (5.6)
;:‘;C(1+n)/2f"(n,j.+)(C)dC/C=O’ K(a,n,+)=0’

and similar conditions must hold for a=(n,j, —).

In fact the &-analyticity of f implies that F are bounded at co and therefore
the /@ have simple decay properties at oo Wthh show that the integrals (5.6)
converge. Since they provide the coefficient of the leading term in the decay of ¢
at oo and this leading term is not square integrable, they must vanish.

Assuming (5.6) and defining the powers of the complex numbers by cutting the
plane € so that argz e (—m, 7], say, (5.4), (5.5) can be written in a form which is
suited to see the analyticity properties of @@. If A, A’ are contours in Q“(¢) linking
0 or oo with z and staying in the same quadrant as z itself (if z> 0 it belongs to the
first quadrant, if z <0 it belongs to the second) then, if a=(u,j):

FR@)=—((1+z3)/)" ™7 i A+ FIRFENQ AL/

=((1+22)/z) T2 ofo A+ )2 FEXO AL, (5.7
and if a=(n,j, +):

FQ@)=—((+2)7/2)" """ i G+ TRFERE QAL

= ((+2)2/2)0 2 T (/+ 0D FORFERR QAL (5.8)

where the integrals are along the paths A or A’; a similar expression holds for
a=(n,j, —).

It is easy to see that Egs. (5.7), (5.8) define functions on (C\[(— B(&)uUB(¢)
u{real and imaginary axes})]) or on (C\[ B(¢)u{real and imaginary axes}]), by
analytically continuing their values on the real axis or on the first quadrant.
However as a consequence of (5.6) and of the boundedness at infinity of the
F-functions, it is easily seen that there are no discontinuities in the values that the
functions take at the two sides of the cuts. So (5.7), (5.8) actually define
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i7&exp-&

ifexp—8

Fig. 2. The contours A4, and 4,

holomorphic functions in Q(&), (i.e. their values on the real axis or on the first
quadrant can be continued in a single valued way).

Therefore @@ are £-analytic for all a. The same argument can be applied to
prove the strong &-analyticity of @@ if f is supposed strong ¢-analytic. However
we need bounds on the size of @“ to conclude something about the analyticity
of @.

Consider first a=(u,j). Let ze Q®(¢e %), and observe that since Fg
holomorphic in Q“(¢), the value of F&(z) will be bounded by the maximum of
F$(z) on the two circles forming the boundary of QW (e ?), i.e. —0dB(Ee™?)
UOB(E e %). Let z,, be a point in, say, the upper circle. We define a contour from
+i00 to i e ~° going down the imaginary axis to i¢ ~! ¢’ and then going around the
circle —B(¢ e %) counterclockwise to ie%: we call it A,.

Define A, as the contour from 0 to ié ~* e going up along the imaginary axis
to i¢ e "% and then following counterclockwise the boundary of —B(¢e %) up to
iE" el

There are two cases: either z,€ A, or zy € A,. In the first case we write [by

(5.71:
F§(zo)=(A.) 5 ((T+20)*/z) M TR(G/A+ 2N TI2FPOL/C . (5.10)

In the second case
F®(z4)=(A,) fo [same function as in (5.10)] d{/¢, (5.11)
0

where the integrals are along the contours marked in parentheses before the
integral signs.

Along the integration paths the argument 0(() of {/(1 +(?) relevant for the u
dependent powers in (5.10), (5.11) is a monotonically decreasing function of { so
that the u-dependent part verifies the inequality,

) (1+uy2 29\ +ay2| (1+23)¢ | +Rewr2
(1 +25)/z0) &+ l (107
+ZO C (1 +Reu)/2
Therefore estimating the integrals,
1+22 (1 +Reu)/2
ool e along A, or A, (5.13
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by M (E8) " ReW2 we find, using (4.28):
[F§(20)l < M3(£6) ™M ,(6)~ +Rew2 || f@) (5.14)
IF(2)| < M5(£6) ™™ € A9z, Ee ) || [, (5.15)

where the second inequality follows from the arbitrariness of § provided
zeRH(ée™?); and the constants are u-independent because Reu=0 only for
finitely many values of u.

The inequality (5.15) implies, by Lemma 1, that

16 o< Mo(E8) e £, 19

where the constants Mg, vg, mg are suitable numerical constants.
Consider now a=(n,j, +). We shall prove a better inequality:

[FP(2)| <M, (logé 1Az, &) | @, (5.17)
which, by Lemma 1, implies:
D@l g-s < Mg(E8) ™™ | f @], 6>0. (5.18)

Then (5.18) and (5.16), together with Lemma 3 and the estimate on the
multiplicities of the automorphic forms of given order and of the degeneracy of the
eigenvalues of the Laplace-Beltrami operator, imply (3.10) with 6 chosen so that
v,0<vge °.

To derive (5.17), we note that since (n+ 1)/2 is an integer, it is equivalent to

|69z)| < M, (logé™ ) | f@:A(z,a,8), (5.19)
where
A(z,0,)= A9z, )[(i+2) "+
={((1=/¢E0z+ (& +9)/2P
—((&7 1 =92 VP (nfdm) 2
and

9z)=— (I) )R OOl = OIO (/"R (5.20)

along contours in Q(¢).
Let c=(E71+8)/2, r=(¢"1—-¢)/2. We distinguish four cases.

Case I1: Imz < —c. We choose, in (5.20), to integrate along the path:
{=t(z+ic)—ic, telR,+1. (5.21)

Fig. 3. Contour in case 1
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—iyo\\z

Fig. 4. Contour in case 2

Fig. 5. Contour in case 3

Setting x = |z +ic| and using the bounds given by (4.22), (4.27), and (x?*t*> —r?)~!
<(x*—r*)"1t"? and |{(t)/z| <t, for all t>1:

O (e e O S MR A VA

S T N (TR
1
<@+ D1l A 0,0, (522

Case 2: —c<Imz, |z+ic|<c. In this case we choose the path leading to the
imaginary axis above —ic along a circle with center —ic and ending at —iy,, then
continue to zero along the imaginary axis. Then (4.22), (4.27) imply:

B S7AG 0, O 1 e+ V1A 0 ) | (9/y0)" 2y

S@+2/(n+1) Az a.0 [ £ (5.23)

Case 3: —c<Imz, c<|z+ic|<c+ 1. We move on a circle centered at —ic and
leading upwards from z to the imaginary axis at iy, and then we go down to 0 along
the imaginary axis.
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RN
\

Fig. 6. Contour in case 4

As before the part contributed by the first piece of the contour to $@(z) will be
bounded by 14(z, a, &) || /] .. The second part contributes

yf’ 2™ V72 4Gy, a, &) | £ cdy]y (5.24)

and using the inequality y®"*Y2A(iy,a, &)<yt V2 A(iyo,a, &), valid if
O<y<yo<l,and [z|>y,and A'(iy,, a, &) = A'(z, a, &), we see that for all p between
0 and (n+1)/2:

£(a a / Yy (w12 A(lyaa é)
1D f 9N Az, a,8) <n+ | (%) Aiyo.0.0) dy/y>

(0]

vol y 14+2cyo+y ]de)
</ DY, Az, a, Y 1o Vo Ay
SN f9eAza f)<ﬁ+(§)[yo T12e910% |

<1/ Az, 0, 8) (n + min@urop] <yl)£il)
0

0<p<n;1 y

SIf @Az, a,8) (n+elog(2+2c)). (5.25)

Case 4: |z+ic|>c+ 1, Imz> —c. In this case we draw a path as in Case 3 except
that from iy, we proceed to +ioo along the imaginary axis. We find, using
A'(iyo, a, &)= A'(z, a, &) and the inequality y"* 12 A'(iy, a, &) < y&* Y2 A'(iy,, a, &)
if 1<yo<y, and using also the remark that in the same region of values of y,

YO Ay, a, ©)/yg TV Aliyo, a, &) <2(1+¢) yo/y (5.26)
we find:
. ) o (y(142cyo+y3)\P dy
()| < | f @A (z, a, <n+ min (L# —
PRSI eACn (xt | min T2y 07
<[l f@):A(z,a, &) (n+elog2(1+c)). (5.28)

So that, collecting (5.28), (5.25), (5.23), (5.22), we obtain (5.18) and complete the
proof of Proposition 4.
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We now prove Proposition 1. The action invariants are the same for hy+ f,
and for h,+ f,, of course. Recalling that f, is divisible by &2, we see that the
coefficients of the Taylor expansions in ¢ of the individual actions are explicitly
computable up to order O(¢*""") by a simple calculation: the condition of
constancy simply means that if (E, k, &) denotes a closed periodic orbit of energy E
for the hamiltonian H,, then

~oz(detg)t
fnlhf(ﬁl] dr = {function of E, &} +0(e>""") (5.29)

for g e (E, k, ¢), 1.e. the right-hand side of (2.19) does not depend on k up to terms of
order 2"* ! in &. Therefore the right-hand side of (5.29) can be computed by letting k
tend to co and by using some general results [11] of ergodic theory which tell us
that the limit must be the average of the function in square brackets of (5.29), up to

terms of order ¢2"", i.e.
[<2nt1]
(20N . (5.30)

Therefore the constancy of the action invariants can be written, by (5.29), (5.30), as

7 [<2n+1]
j[%i%@] 1(dg)=0. (53D

T(E, k,e)~* § [

(E,k,¢)

Therefore the constancy of the action invariants just yields the conditions
necessary for the integrability of the equations defining the n'™ step in the
construction described in Sect. 3 to build the canonical transformation conjugat-
ing H, with a function of H,,, i.e. it permits, in the language of the proof of Sect. 3 to
define h,,, f,., in terms of A, f, and, therefore, Proposition 1 appears as a
corollary of the proof of Proposition 2.

6. Mixing Rates for the Geodesic and the Horocyclic Flows. Concluding Remarks

Consider the geodesic and the horocyclic flows on the unit cotangent bundle of our

surface of constant negative curvature. In the preceding sections we have seen that

the geodesic flow can be described as a flow on the space T'=I'\PSL(2, R) using the
matrices g,(t) =exp —oa,t/2; the flow is:

t:g—gg(®), geT. (6.1)

Similarly the horocyclic flow can be described on T in terms of the matrices

go(t)=expta,, where o, = <(1) g) the flow is

t:g—ggo(t), geT. (6.2)

Let f be a &-analytic function on T with zero average with respect to the
natural invariant measure dg. We want to study the quantity:

M(f.t;))= ; 79 f(g90)dg), j=0,1, (6.3)
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when t— oo0. By general results of ergodic theory it is known to tend to zero. We
prove:

Proposition 5. There exist two functions C(&), b(&) such that for all &-analytic
functions f:

tP@exp—t/2, j=1

(ogy @, j=0 ©%

IM(f, L DI<IfIECE) - {

for all t>2. The above bounds are optimal to leading order in the t-dependence.

Observation. Note that even in the geodesic flow case this decay is not exp-
(exponential in t) as it is in the case in the toral automorphisms of the Anosov type.
In other words the mixing is “pretty weak.”

Proof. Let f= Y. f. Clearly we have to study the functions M (@, t) = M(t) for

acA
each fixed a+0. We use the Fourier transform and the bounds (4.22), (4.28) to
obtain when a=(u,j), u=is:

+

M= j mf(a)(x e_‘)e_’“ +is)/2 gy

SOLED ™ 1fOE2 | (1437712 (1 42 e ) V20 R

SMLE e 2 “f(a)Hg/z- (6.5)

A similar calculation yields the same results in the case of the discrete and of the
supplementary series.

Lemma 3, Sect. 4, is then used to perform the sum over the indices g, taking of
course into account the multiplicity estimates given by the duality theorem, and
one finds the first (6.4).

The horocyclic flow can be studied in the same fashion and we leave the details
to the reader.

The optimality statement relies on the consideration of special examples.
Consider the function E® introduced in (4.9); then using (4.14) we can express the
function M(E, ) in terms of elementary integrals which can be studied explicitly.
The slowest decay is given by the elements with a=(is, ), i.e. by the functions
associated with the principal series, and their M functions decay as exp —t/2 times
an oscillating function of ¢.

For instance:

+ 0
M(E(is’j), t)= j ((1+x2)_(1_is)(]/(1+x2e_Zt))_(l+is)e_(1+is)t)1/2dx. 6.6)

A first concluding remark is that Proposition 4 can be regarded as a regularity
theorem for the solutions of (3.8), which is the equation studied by Livscic,
Guillemin and Kazhdan (whose results become, in our case, Proposition 3).

A second remark is that the question that we have studied about the canonical
conjugability is the same question that, when asked for the perturbations of the
integrable systems in the classical sense, leads to the KAM theory.
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We see that the perturbations of the geodesic flows on surfaces of constant
negative curvature are in some sense better than the ones of integrable systems.
There are cases (“Birkhoff series”) when the latter have a well defined perturbation
series which, however, is known to be divergent. This phenomenon cannot happen
in the cases studied in this paper.

Appendix A: Estimates (3.42)

The estimate for E, , ; obviously follows from the first Eq. (3.41). To estimate ¢, ,
we write (with 4= A(g")):
Jos1(g's &) =hy(Ho(g'+ 4),8) ~ hy(Ho(g"), &) + filg'+ 4, &)= [ (Ho(g), )1 =>"" .
By (3.38), this is equal to:
h(Ho(g'+4), €)= h,(Ho(9), &) — h(Ho(9"), &) {Ho, @} (9)
+Ilg' +4,0) = [ g e) + £ U Ho(g), )
+14(g’, €)= FuHo(g"), o) <"1
={h,(Ho(g'+ 4),&) —h,(Ho(9"), &) — h,(Ho(9"), &) {Ho, P} (9)}
HUG + 4,0 = flg, )12 T+ {f(g'+ 4,0= > Ty + {r(g', )},

where [ - ]* denotes the truncation with respect to the powers of ¢ disregarding the
e-dependence of 4 itself; the last four terms in curly brackets will be respectively
denoted f, ™ £V, £V so that f,,,(¢,e)=F+fU+ V4 V.

The function f has to be discussed in more detail.

We introduce the following temporary notations: g’'=(p’,q"), 9=(p,q),
4=(4,,4,), so that €™ becomes: T T

@.9=@,9)+4.4,). (A.3)
Then, using 4,(p’, ¢)=0®(p’, 9)/0q, 4,(p’,q)= —0P(p’,9)/0p":

{Ho, } Q_’la (l/) =

o Tt ag 7)) T Lap \oq éq
OH, (00 00, ~
~% <a£,+@(g,g +42)>] =(K)+[Ks]. (A4

where the functions whose arguments are not explicitly written are to be thought of
as computed at (p’,q’) and the functions K, K,, introduced at the last step, to
shorten the notation, are identified with the two main brackets in the intermediate
term of (A.4). So

fN(g/’ 8) = {hn(HO(B/+ 4 1 Ql + 42)a 8) - hn(HO(B/: g/)’ 8)
—h(Ho(p',9), ) K1} — {(Ho(@'. 4), ) K} = { [} +{f"}. (A5)

We now proceed successively to estimate f* to fV in W(g,e *°, &, e %%,
0,e” ™).
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By Eg. (3.40),
IVl <A e ™" gL, (A.6)
By a dimensional estimate,
LY < Agty t A, e (A7)
Again by a dimensional estimate, using also (3.35):
1™ < Asenty 10, 160 ) 141 < A3er(6,Ea0aCn) ™, (A8)

where A, a; are suitable constants and the exponents have been made uniform to
simplify the notations.
Another dimensional estimate, plus (3.35), (3.31), shows that:

1/ < AGE,B1(8,0,) "%, "eu(Eu0ntn) 7 4l < Aen(£,6,0,E) . (AB)
Lastly, applying the Taylor formula to second order to exhibit the || 4| ? factor
1/ < ASEW(E,0,60) 2 14117, (A.9)

hence
1/ < As(Eudutaba) ™ “en. (A.9)

To estimate the derivatives we observe that the above estimates imply on
Wle,e 47, e, 0,67 4);

L/ 4+ M fY] < Ao(E00460) ™ en +e0e ™" ). (A.10)
We have on W(g, e >, &,e” %% 0,e” ™).
1 I I v
AL caedon =eme =) (A1)
with a;=ag+1. Also
0 v of 2 ofY 04
— ‘+A,e)=—(9'+4,8)+ —(g'+4,8)—~, (A.13)
o0, (S )= i (9 ) h,kZ; B (9 ) 59,
so that, using (3.35) and the fact that its right-hand side is bounded by 1,
af™ Cegant s
o7 <Age,e ™2 gL (A.14)

Clearly (A.14) and (A.11) prove the second Eq. (3.42) while the third follows
from (A.7).

Appendix B: Proof of Lemmas 1, 2, 4

Consider first the case a=(u,j). By assumption the functions h—(g, U(h)f)
defined for he Re H(¢) and a given ¢ € L,, can be holomorphically extended to
H(¢) and, by Schwartz’ inequality, verify:

@, UMW NI<lll2 1S 1 (B.1)
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We choose ¢ to be an element ¢, € Y such that for all xeIR:
be(X)=e T y(x—xo) if u=is, (B.2)

where y(x)=0 if x<0 and y(x)=1 otherwise, or such that:

+o .
_f PrWIx—yF Tdy=e """ y(x—x,) if u=s, (B.3)
1e.
- | - Ipl*dp
- = i(y = x0)p . B.4
Px(0)=7, Te (1—ip) 2 cosms/2) (s—1)! B4

A simple calculation yields the values of the L, norms in Y of the above functions
)2 if u=is, (4(cosms/)*(s— DY) 12 i u=s. (B.5)

o b
cd

(b% + 0"6% + 1> (her UB) )= FOxoh) ((x g, B)?) 02 (B.6)

If heReH(E), h= < ), a=(1+bc)/d, it is easy to check the identity:

see appendix F. This proves that the right-hand side, i.e. the function
(Uh) f @) (x,) is a holomorphic function of & for x, € R. Equation (B.6) says more:
in fact multiplying both sides by (1 +(xoh)*) /2, we see that

FP(xoh) = (U(8) F9x0)) (1+ (o)) /2 g, ) 42
= (O] ) (x0) (@50 + ¢+ (bxg+ )72 (B.7)

But since a~1, d~1, c~0, b~0, (recall that we assumed &< 1/10), it is easy to
check that the quantity in the last bracket can be bounded, as h varies in H(¢), by:

(1 +x0)*(1 —m'é) <Re((oxg + ¢)* + (bxg + d)?) < (1 +x0)* (1 +m'é),
arg((xo +¢)* + (bxo +d)?) <m’&, (B.8)

for all real x,; for simplicity we may and shall assume &, < 1/2m’. This means that
F®(x,h) is holomorphicin h,i.e.in b, ¢, d, as h varies in H(¢), for all x,in R. If x>0
is large enough the point xh covers a neighborhood of co as h varies in H(¢): hence
F$ can be holomorphically extended from the positive real axis to a vicinity of oo.
Under the same circumstances, xh covers a real neighborhood of oo as h varies in
ReH(¢&); therefore F{¥(—y), where y is large and positive, coincides with the
analytic continuation of F'®’ from the positive real axis through oo.

On the other hand (B.7), (B.8) also show that F{(x) can be holomorphically
extended to a strip around the whole real axis.

From the above considerations it follows that F{ admits a holomorphic
extension to the whole RH(¢), single valued in this multiply connected region.

We now use that the distance of H(¢ e °) to the boundary of H(&) can be
estimated to be no less than B&S, where B is a suitably small number, and
5=(1—e~?). So (B.6) implies, by a dimensional estimate, the following bound:

[FOCeh) (x, 1))~ 92| = |FP(xh) (00 +€)* + (bx +d)?) = 72|
<ol 1/1:BES)™", (B.9)
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if B is a suitably large constant; (B.9) holds for he H(¢ e %) and xeR.
_“b____z—uz 1 +¢ -1
Letzbereal and choose h= (C d) =(1-¢&9) +e 1 ,x=zh™*,sothat
(B.9) gives:

IFP@I<C 278 f e, (B.10)
because ((ax + ¢)* + (bx +d)?) "' =((1+(xh)») j(x, B> 1=((1+23)jz, h 1)~ !
S1+22)/(A+&)z)? ' provided the arbitrary sign in h is appropriately
chosen. The constant C, is independent on (u,j) since the norms in (B.5) are
uniformly bounded.

_ Consider now instead of f the function U(h)f, heH(¢e®). Then U(h)f is
£oC,-analytic, if C, is a suitable small constant, for all § >0 and therefore (B.10)
implies:

[F{§h 1)l < C3(£8) 27" I £ (B.11)
for a suitably large C;. Hence:

((ox + €)% + (bx + d)?) 1 /2

If(xh)(l +(xh)2)(1+u)/2}<c3 ”f“.g(‘fé —Z—Reul

14+x? ’
(B.12)
so if ze RH(¢):
5 e x4+ ¢)2 + (bx +d)2) L w2
FP@I<Cy |l fll¢ 2 " inf 52 Reul((a c)1 : izx P B1s)

where the inf is taken over all the 6 >0 such that zeIRH(¢e~°) and over all the
pairs xe R, he H(¢ e~ ?) such that xh=z.
By (B.8) we see that [with the notations of (4.20)]

A(éa)(Z) > C3€_ 2—Reu e—m’é(lmu)/2(1 _ m/{)(l +Re“)/2(f(z, 5)— 2—Reu . (B14)

To get an upper bound on 4% we observe that if z e ((IRH(¢ e~ °)nC ), then there
exists x, € R such that xyhy=z, with:

(1 g2 ,-26\—1/2 1 iée“‘7>
ho=(1—-¢*e™°) (—iie“’ L) (B.15)
and for this pair x,, h, the number in the modulus sign of (B.13) is identically 1.
Therefore we have also checked (4.28), as a consequence of (B.14), (B.15), (recall
here that u can take only finitely many real values so that, in the bound (4.28), m,
can be chosen u-independent).

We now study the case a=(n, j, +). In this case it follows from the holomorphy
properties of the Fourier transforms (in the upper half plane) that for {eC_,
heReH(&):

SEWIEC R =P, UMh)f), (B.16)
where
- 20" _ 1 1/2
P(2) = _(_;)nin(z—é')"“", 4, = (% W) . (B.17)
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Therefore repeating an argument similar to the one given above to discuss the
analyticity in the case of the representations with a=(u, j), we find from (3.10) that
U@(h) f(z) can be holomorphically extended to H(¢) as a function of hat ze €,
fixed and

FOCh)=T“h) fQ) (i + )i, k)
= (U9(h) f@) (0) (2L + ) +i(bL +d)t ", (B.18)

and this means that F{ can be holomorphically extended to € H({) [as well as
@ itself since, in these cases, (n+1)/2 is an integer].

By arguments similar to the ones used in the cases a = (u, j) we find that (B.17)
and (B.18) imply:

IFO(@)| < (n/Am) " 2|((i+ 2)%(C, h)*Im O™ V2] || £ (B.19)

forall (e €., he H(¢) such that z=(h; this proves the first part of I) and ii) [since
the discussion of the cases a=(n, j, —) can obviously be reduced to that of the cases
a=(n,j, +)].

We now prove the second part of I) in Lemma 1, i.e. that if F{¥ can be
holomorphically extended to Q(¢) then f is E-analytic.

If F is holomorphic in Q“(&), then F{?(z) is uniformly bounded in Q“(£ e~?).
Calling M ; a bound for this function it follows that in the cases a = (u, j) [see (B.8)]:

[0 D0 S Myl((@+0 + (b)) "2 S M1 )7+ R
(B.20)

if h= <oc b) , for a suitable Mj.
cd

Expression (B.20) shows, thanks to its uniformity in he H(¢ée %), that
U@(h) f@e Y@ and for all ¢ € 7@ the function h— (¢, U@(h) f) is holomorphic
in H(E e~ °). Therefore f itself is holomorphic on TH(¢ e ?), ¥6>0.?

Anidentical argument can be given in the cases a=(n,j, +). Soi) of Lemma 1is
completely proved and it remains to prove iii).

We discuss now the proof of iii) in the case a=(u,j), the others being very
similar. Observe that (4.23), (4.28) imply that U“(h) f“(x) is holomorphic in
he H(¢) and, for all he H(ée™9):

|U(a)(h)f(a)()€)‘ < NC3€_2 ~Reu5—2 —Reu(l + xl)—(l +Reu)/2 . (BZI)
so that
[UOR) f @), < NC4(£8) 2 Re* for all heH(fe ), (B.22)

which by (4.1) implies (4.24) (in this case m;] can be replaced by 1).

The cases a=(n, j, +) are discussed in an identical way and the role of (4.28) is
now played by (4.27) which can be checked as follows: Note that the h-image of C .
is the complement of a circle with center ¢ and radius R, and if z=(h, (e C,:

IImO;i(C, )~ 21=((z—c* = R*)/2R), (B.23)
which can be seen by direct calculation or by suitable geometric arguments.

2 Here we use a general property explicitly stated in Lemma 5 below
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Furthermore the matrix

_ 1 i
— (1 F2y—1/2
he=(1-¢%) (—ié 1) (B.24)
is on the boundary of H(¢) and maps €, onto the complement of the circle B(&)
with:
= 1+92=cy, R=(E1-92=R,. (B.25)

Finally a circle G with center ¢ and radius R which contains a circle with center
¢" and radius R’ is such that for all z outside G:

(lz—c)*—R™*/2R = (|z—c[*—R?)/2R, (B.26)

as it is easily seen (e.g. remark that one can always suppose that G is the unit circle
centered at the origin and that G’ is a smaller circle centered at the point (0, ¢’) and
with radius R’ such that ¢’+ R’<1, ¢’>0; then the above relation can be checked
by simple considerations).

The same inequality holds if G and G’ are two circles with disjoint interiors and
zisinside G: this can be shown as in the preceding case or, alternatively, by noting
that the inequality (B.26) is invariant with respect to the operation of inversion
with respect to the circle G.

The above inequalities are exactly saying that the infimum over H(&) is
obtained by considering h=h, and this yields (4.27).

So Lemma 1 and Lemma 4 are completely proved.

The direct part of Lemma 2 follows from the explicit formulae (B.6), (B.16) and
from the uniform boundedness of F{ in every compact subset of Q&) x W. The
converse statement, appearing in Lemma 2, follows from the argument after (B.20),
guaranteeing that h— U(h) f regarded as a L,-valued function defined on Re H(&)
can be extended holomorphically to H(£), combined with the:

Lemma 5. Let fe L, and suppose h—U(h) f, regarded as an L,-valued function
defined for he Re H(¢), can be holomorphically extended to an L,-valued function
on H(&) then f is E-analytic.

If f depends parametrically on we WCC? and the L,-valued function (h,w)
- U(h) f, defined on (Re H(&)) X W, can be holomorphically extended to H(E) x W
then the function (h, w)— f(gh) can also be holomorphically extended to H(E) x W
for all g.

In other words &-analyticity of f and holomorphy on H(&) of the L,-valued
function U(h) f are equivalent properties [note that the £-analyticity obviously
implies that h— U(h) f is holomorphic as a vector valued function]. This is a well
known fact.

Appendix C: Proof of Lemma 3

With the matrix notations of Sects. 3, 4 let &(t) =exp(t,0+t,0,+150,). Let Z be
the Casimir operator on L,(T), for U(-), given by [6]:
1 <62 0* 0

@ W) flgé®) (C.1)

t=0
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Observe that [t0)|<E5/4q implies &(D)..8(t")e H(¢5/2), and that
H(Ze %) - H(£5/2)CH(E), so that the function U(h) f(g€(t?)...£(tV)), is holo-
morphic in the ¢ variables for |¢{| < £5/4q. Therefore by a dimensional estimate
and by the Schwartz inequality:

p, DU () )| <47932%(4q/26)>)* 191 1S N5 (C2)
i.e. for all he H(E e ®):

129U (R) f 112 <64/ (1 f .- (C3)

But by orthogonality and by the fact that 2 has on Y@ the constant value
V(a)=(1—u?)/4, if a=(u,j), or (1—n*)/4 if a=(n,j, £):

V(@) |[UR) S @), =1 2°UHR) [N, < |2UM) f 1|, <(69/E0)* || f]le, (C4)
so that for all he H(¢e ™),

1) £, < (6a/(E8)/ V(@) I fl¢ (C4)

which implies Lemma 3 by optimizing this inequality on ¢ and, finally, using (4.1).

Appendix D: A Canonical Map

We rewrite (2.7), recalling that g= < P1 qz):

—D2 91
. +ip,=3i(p; +ig,)*=p,
pxt+ip, 2(1:' 92)*=p 1)
. DaT1qy
xX+1 = =(q,
Y P14, 1
and since p,dx+ p,dy=Repdq, we find:
Pxdx+p,dy=p,dq; +p,dg,—3d(detg), (D.2)
and
Ho(9)=3y*(p? + p?) = 3(Img)*p* = §(detg)>. (D.3)

Note that the function detg is single valued on I'"\PGL(2,R), hence on the
graph of the map (D.1).

Appendix E:
An Example of Non-Global Canonical Map and the Non-Sufficiency
of the Period and of the Lyapunov Invariants

Let €(p, z)=(p’, z') be defined as follows: put p=p,+ip,, z=x+1iy, p'=pr+ip;,
and let ¢ be an automorphic form of order 1, verifying (4.4), then
Ay = + 8_2 ’
“po)=0,z), IO (®.1)

=Zz.



98 P. Collet, H. Epstein, and G. Gallavotti

Then Re pdz = Rep'dz’ +¢Red(z)dz, since ¢ is holomorphic the last differential
form s closed (i.e. % is locally canonical), and since ¢(z) is covariant, (4.4), while z is
contravariant (dz’ =j(z,7) ~%dz for all y € I') the form ¢(z)dz is defined on the whole
2 and (E.1) is well defined as a map of T*X into itself, i.e. €, is globally defined
though not globally canonical.

The non-globality of the canonical character follows from the fact that ¢(z)dz is
not an integrable form on X (because there are no non-singular automorphic
functions on X) [7]: hence for some closed curve on X we have § ¢(z)dz +0, and we
may suppose that we change ¢ by a suitable phase factor (constant on X) so that the
value of the integral is actually positive. With such a choice (E.1) does not preserve
the actions of closed orbits in T*X.

Consider the hamiltonian:

Hy(%, '(p.)=H.p. ). (E2)

Clearly H, cannot be conjugated with H,, by a global canonical map: however
it is conjugated to it by (p, ) =%.(p’, ¢'). This suffices for the conservation of the
period and of the Lyapunov invariants.

Appendix F: Hint to (B.6)

(B.6) is obtained as a consequence of the following formal identities:

(b Ul )= [ &0 (e i |0 0

wh (F.1)
= [ e O () iy, A HIH T 2dy .
Xoh
Then one uses the following relations, valid if o= (14 bc)/d:
1) (b0/0d +0d/dc)j(y,h~1)=0 for all y,
2) (b3/0d+ad/dc+1)exp—(yh~ 1) =0 for all y, (F2)

3) (b3/0d + ad/dc) (xoh) =j(x,h) "> =j(y,h~})* for y=xh,
4) (bd/0d + ad/0c)ooh=0.

Appendix G: Proof of i), iv) in Proposition 4

We shall deal throughout this section with the strongly £-analytic functions
although some of the results hold also for the £-analytic functions (as we shall
mention).

The basic properties of their Fourier transforms are discussed exactly as in
Sect. 4 with the few obvious changes that we list below.

Modify Lemma 1 by replacing | || by || 7l ¢ and the words “-analytic” by
“strongly £-analytic” and the domains Q(&) by 0@(¢&)

q:-i-ﬁ(é)’ a:(naj’ i_)

09O = {R A6, a=(u)). (G.1)
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and finally replace Az, £) by the expressions Az, &) obtained by (4.19), (4.20)
with infima over the (e €, he H(¢), (h=z or over 6>0, xR, he H(¢ e ) (i.e.
replace everywhere H(¢) by H(¢)). In this way we obtain a lemma we shall call
Lemma 1" which is also true.

Changing Lemmas 2, 3 according to the same prescriptions as above leads to
lemmas which we refer as Lemma 2/, Lemma 3".

The proofs of Lemmas 1/,2’, 3" are obtained from those of Lemmas 1, 2, 3 by just
replacing everywhere the words ¢-analytic by strongly ¢-analytic and the domain
H(¢) by H(Z).

The proof of ii), iv) of Proposition 4 uses the following necessary and sufficient
condition of strong &-analyticity.

Lemma 6. Let fe Y9, ac A, a+0. There exist three constants D, D’, q independent
of f and a such that if f is strongly E-analytic then

i) the functions (U(h) f) (z) defined by (4.13), for hreal and z in the appropriate
domain can be extended holomorphically in h, at fixed z, to H().

i) if a=(u,j) and if 0<d<&, he H(E—0), then

(UMW) D], (G2)
Uh) F()| DS~ (1 +8lx) ™ ™| ] G3)
iii) if a=(n,j, +) then for all 6€(0,&), he H(¢—9):
Uh) f(2)] < [/— —T (G4)
(Imz) 2
U f) < \/ﬁ N 171, (G-5)
(Imz) 2 (1 +6%[z?)

Conversely if feL,, fe Y and (U(h)f)(z) can be extended holomorphically to
he H(E), and if (G.2)—(G.5) hold with ||fl|§ replaced by some N, then f is strongly
E-analytic and

Ifll:-s<D'6 “N]/Rea. (G.6)
Identical results hold if strongly ¢-analytic functions are replaced by ¢-analytic
functions and if || /| ¢ are replaced by | f| . and H(Z) by H(é).

The proof of Lemma 6 is implicit in the proof of Appendix B. In fact i) follows
from (B.6) for a=(u,j) (see comment following (B.6)) and from (B.16) for
a=(n,j, £). Of course the substitutions of || f{|; by || f [ and H(¢) by H(E) or
A9z, &) by A9z, £), etc., have to be made where met in the text preceding such
formulas.

The bound (G.2) follows from (B.6) (with the appropriate insertions of ~, as
above) by a dimensional estimate of the left-hand side and by (4.1) and (B.5).

The bound (G.4) follows from (B.16) and (B.17).

The bound (G.3) follows from (G.2) by noting that U(h) f is, for all h e H(¢ — ),

still strongly g-analytic so that for h'e H g real

U UMW 1) (= UM FmI G h')Z)*““)/anD(gy 17N,
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ie.
[UR) f(x)|<2DS™ 1 || fllinf [j(x', )|~ /2,

where the infimum is over all the x’eR, h'eReH(5/2), x'h'=x. Use now
J(, W) =j(x, '~ 1) and pick b’ = (é + f/ 2
infimum, proportional to (1+4d|x|)~*. Then redefine D to have it equal in (F.2),
(F.3). The bound (G.5) is similarly deduced from (G.4). Proceeding as above one
finds

> to obtain an upper bound to the above

n

U f(2)|< ]/4_7_C‘D||]7H§inf

1
(Imz/)(n+ 1)/2 Ij(Z) h/— 1)|1 +n>

. . ~ (0 . .
where the infimum is over the h'e H <§> ,zeC,, zZW=z and the infimum is

estimated by the choice

, SN\ 1 i)
“%“(9) (wz 1>

noting that Imz’> /2, so that

~ - 5\t 12
wwﬂmgwﬁwﬂ{ﬁ

Then (G.5) follows by raising (G.4) to the power (n—1)/(n+ 1) and (G.7) to the
power 2/(n+1) and multiplying them together.

Again one has to redefine D in order to have it identical in (G.2)H{G.5). The
statement iii) is a simple consequence of the calculation of the Y norms of the
right-hand side of (G.3), (G.5) with || f| ¢creplaced by N, and of the remark that such
norms can be bounded essentially independently of a.

We now proceed to the proof of the following Lemma 7 which will immediately
imply ii), iv) of Proposition 4. In fact from the estimates (G.14), (G.15) below and
using Lemma 6, iii), we obtain estimates on [|[@®],,-s Such estimates can be
combined with Lemmas 3’, 2" and lead to Proposition 4, ii), iv) (in the same way as
(5.16), (5.18) combined with Lemmas 3, 2 yielded Proposition 4, i), iii).

Lemma 7. Let 0 <50 <<,
i) Let fe Y, a=(u,j), be strongly E-analytic and || f le=1. Suppose that the
equation Y= f admits a solution ® € Y, then for all he H( —46)

—(1+n)/2

0

I—IEZ

(G.7)

(Uh)®)(x)|<C6~ 7%, VxeR, (G.8)
and for all he H(E—50),
(U ) (x)|<C6~ 721 +6|x]) "1 Re*,  V¥xeR. (G.9)

ii) Let fe Y, a=(n,j, +), and suppose that L® = f has a solution € Y@,
then for all he H(¢ —45), assuming || f|.=1:

lU(h)fD(z)|§]/%C(Imz)‘("“’/zé‘z, VzeC, , (G.10)
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and for all he H(¢ —56)
\Uh)B(z)| < ‘/% CImz) ™= D257 3(1 4 52|z(2) ! (G.11)

forall zeC,.

Remark. As in the proof of Lemma 6, Egs. (G.9), (G.11) are consequence of (G.8),
(G.10), up to a redefinition of the constants. So it suffices to prove (G.8), (G.10).
In the proof we shall set H(¢)=H ¢ for simplicity of notation, and we shall
examine separately the cases a=(u,j), u=is or a=(u,j), u=s or a=(n,j, +). Each
of these cases will be further subdivided in several subcases. After the analysis of the
first few cases the philosophy of the proof should become clear.
Lemma 7 will be an easy consequence of the following lemmas.

Lemma 8.

i) Let f be a strongly & analytic function such that fe Y™ ueR or ueiR and
satisfies condition (5.6). Then the equation ¥ ® = f has a unique solution @ such that
if 0<46<£<0.1, then for all xeRR, and all he H,_ 5, U(h)D(x) is well defined,
holomorphic in h, and satisfies |U(h)®(x)|<c'6~ "% || 1.

il) Let f be a strongly & analytic function such that fe Y™#*) and satisfies
condition (5.6). Then the equation ¥ ® = f has a unique solution ® such that if
0<46<E&<0.1, then for all zeC,, and all heﬁé_“, U(h)d(z) is well defined,
holomorphic in h, and satisfies

. LT
|U(h)q>(z)|§(~lmc—z)(nmllfnc\/%

Lemma 9. 1) Assume [ is strongly & analytic, and fe Y®™9, Assume also that
U f(x)|<1, VheH,, VxeR.
Then

A 5 1
U f()]= 2 (1 o))t TRew

Vheﬁé_(S and VxeR.

il) Assume f is strongly ¢ analytic, and fe Y™ *), Assume also that

U f(DI= VheH,, VieC,.

Then

86!
(Im )™~ V2[(1 + 5 ImA)* + 6% (Re A)?]’
VheH, ;, VieC,.

U fWl=

Note that the proof of Lemma 9, which we give below for completeness, is
essentially, a repetition of the proof of Lemma 6 above.
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1 ~ . .
Proof. Proof of i). Let g, = x ,and heH,_; It is easy to verify that if
01 ¢

o(1—-¢)

<
CEEe

then g.he H,. Therefore for « real

UM f(x)I=1U(g: HU(gch) f ()]
=[U(guh) [ (xgic DILiCe, g MR
We choose x = —(signx)d(1 — &) (14 %)~ 1, and we obtain

. _ L 1 . —1—Reu .
U (I lx, g I 0= (1 +51—;?i|x|>
We now observe that 11%52 > % and the result follows. Proof of ii). Let

1 1 1 —i6/2
9= Y1674 \io2 1)
it is easy to verify that if heﬁg_,,, then gheﬁg. We have U(h) f(H)=U(g™")
Ulgh) f(2)=j(%, g~ )~ "*DU(gh) f(Ag~"). Therefore
U FDISIm(Ag™ I 2j(hg D%, k=n+1,
since g~ maps € into €, +i§/2. If 4=x+iy, we obtain
UM f(AIS[627'[(1+6y/2)* +6%x>/4]] 2.

. 2
Multiplying the bound of the hypothesis raised to the power 1 — © and the above
bound raised to the power 2/k, we obtain the result. Q.E.D.

It is obvious that Lemma 7 follows from Lemmas 8 and 9. A
It is easy to derive from formulas (5.4), (5.5), and (5.6) that if f€ Y@, U(h)®(z) is
given by

Ulhe)(z0)= — Pzo, ho) 2 | 021 £
e (G.12)
= Pla ) 2 [ 127 FQ

where h, is real,

P(z¢, ho)=(agzo+co) (bozo+do) if ho= (ao b0> ’
¢o do
zo€R, k=u+1 if a=(u,j), and z,eC,, k=n+1 if a=(n,j, +). This formula
together with the analyticity of f allows U(h)® to be analytically continued in 4 in
a small complex neighborhood of the identity. In the case of the principal and
supplementary series, the non-uniformity of the function w—w*/? requires some
precautions. Along the paths to be used, { will always be of the form { =zh, where
ze @ (in the case of the principal and supplementary series ze R), and he H & SO



Perturbations of Geodesic Flows 103

that the integrand becomes P(z, h)*>U(h) f(z){ ~*. The rule is that, at the start of
the path, P(z, h)=P(z,, h,) and the determination of P(z, h)** to be chosen is
P(z, ho)*'*. Along the path it is then determined by analytic continuation. We
adopt the following terminology: let ® =C . in the case of the discrete series,
©® =1R in the case of the principal or supplementary series. We call “path of type P,
(respectively P )” a continuous path in the complex plane, starting from some
Lo=2Zohg, 20€ O, hye H -4 ending at O (respectively co), and such that

a) Each { on the path is of the form zh, ze @, h= <Z Z)eﬁ s varying
continuously along the path, with P(z, h)= P(z,, h,) at the start of the path.

b) az+ c never vanishes along the path except, if the path is of type P, at the
end { =0. (bz + d) never vanishes along the path except, if the path is of type P, at
the end { = oo0.

c¢) There is a continuous arc {{,} joining {, to some {; =z, h,,z, € @, h, realin
bé ¢«—s and a corresponding continuous family of paths starting at {, (and ending
always at 0 or always at o) satisfying the conditions a) and b) and ending with a
real path. (This condition will be non-trivial only in the case of the principal and
supplementary series.)

Along any such paths, there is an analytic continuation of f. If the
corresponding integrals along all paths of the family [of condition c)] are
absolutely convergent, they define an analytic continuation of @ along the arc {{,}
and, consequently, an analytic continuation of U(h) &(z) to the point (hy, z,). We

denote
<a0 bo) (1 o <ao 0
co do 6o l+oouo/\ 0 ag

with gy =aeb,, 6o ="Coag *. In proving the bound for U(h,) ®(z,), it is enough to
prove the bound for a,=in,, 1, € R. Indeed, let h, be given by

10 - .

h,= (t 1>h° , treal, then |U(h,)D(2)|=|U(hy) @(z + 1),

and we have obviously Im(z+¢)=Im(z). In order to prove 8, i) for the principal

series, we shall first prove the following result.

Lemma 10. Let fe Y™ be strongly ¢ analytic and satisfy (5.6). Then, for all

X0 € R, U(hy) @(x,) is holomorphic in hy in H_ 55 and if |po| =|aoho| = /4, satisfies
[U(ho)B(xo)| < ()57 ]

Let us first derive 8i), for the principal series, from Lemma 10. Assume h,
belongs to H;_ 4, |bol <&—46, |col <& —46. If |uo| = 6/4, the assertion of Lemma
81), is explicitly in Lemma 10. If |u,| <d/4, let

b 1 Uo+V a, O
" \oo 14+ o+0a,/\0 agt)

If v|=6/2 then hveﬁé_w. By Lemma 10, U(h,)®(x,) is holomorphic in v in a
neighborhood of the disk |v|<d/2 and by the maximum principle, it satisfies
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|Uh)B(xo)l<c(@) I fll:67 72, since the edge of the disk satisfies
0
|#0+V|§|V|—|#o|>z-

Proof of Lemma 10. Note that it follows from our assumptions that U(h) f(x) is
simultaneously analytic in 4 and x. Given {, = x,h,, any path of the type P, or P,
originating at {, such that the corresponding integrals are absolutely convergent,
defines an analytic continuation of U(h)®(x) to the point (hy, x,). To settle the
possibility of non-uniformity of such continuations, we shall proceed as follows.
The domain of analyticity asserted by Lemma 10 will be divided into several open
sets. In each of these we first prove the analyticity, then find integration paths that
yield the required bounds. The integrals in (G.12) can be rewritten

B (0 or ) s h
Ulh)d(xo)= | [%Z’ﬁ%

0
where (=xh along the chosen path and k=1+is. The quantity
[P(x, h)/P(xq, ho)]¥* will be defined by analytic continuation along the path
starting with the value 1. We denote x+a=re'®, xy,+0,=r,e'?°, p=ge",
Uo=00€", Og+do=0, 0+ =P, 1+ u(x+0)=me", 1+ py(xq+0,) =mye’*°. The
condition hy € H,_ ;5 implies

lag—11<& =30, laollool <€ —34, lagl "'eo <& -39,
00<({—30)(1+&)(<2¢).
An easy consequence of Lemma 9 is that for he H ¢-s and xeR, we have
UMW F01<)/267", (G.14)
2 5671
[U) f()I= %
(we have assumed l|f||é= 1).

I) Case |ag|lro<&—0
a) Analyticity. We use a path given by { =xh, x =txq, u=pty, 6 =to, with0=t < 1.
This gives

k/2 B
:l U(h)f(x)dc—c , (G.13)

(I40lxp~* (G.15)

1 [t(l ko (xo + “0))]”2 de UM ().

U(hg)d(xo)= |
B0 = 3 | T oo+ 00) | T+ oo +00)]
This equation holds for real h, and extends analytically in {h,eH PR
lagl |xo+ 0ol <&—0}. If a=0 or ©, P(x, h)/P(x,, hy) is positive and
. 11/2
|U(ho) D(x0)| = £ L{— [(1—ro0o)t(1—tooro)] ™ '/2dt
L A2
= 6(1-2£?)

b) Bound. Assume o+0, n. A first path is given by 9=g,, r=ry, Xx=r,cosg,
o=irysing, f=0+¢ increases to n if a €(0,7), or decreases to — = if ae(—mn,0)
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while ¢ varies so that the argument of P(x, h) remains constant. This path produces

a contribution bounded by % At the end of it we are in the case o= r, and

we can apply the previous estimate since the final value of |[P(r, cos¢, h)]¥?| is
inferior to its initial value. We finally obtain

0 dis 202
IL. Case |ag|ro>¢&—30
This implies |rocosgy|>0. We treat the case r,cos@, >0, the case rqcosgy, <0
being similar. If 1+ py(x, + 0,) 0 we define a path of type P, parametrized by ¢

e[1, 0] by a=ino, x=)/t*r5—n (hence r=tr,), o= %3, 6 =0 — ¢. Defining ¢,

bo € [ - % , g} this implies that ¢ varies monotonically from ¢, to 0, { = te’®~%9¢

and P(x, h)=tP(x,, hy) €"® %9, We obtain

- o . . —igo .
U(ho) P(xo) = { [te!@— ¢ +isy2 rodie = Uh)f(x). (G.16)

tei@ —%)VW
Using (G.15), we obtain

5dt
]/55 cos¢0[/f(1 + 01y cosgyt) .

For fixed x,, a,, and g, the left-hand side of (G.16) defines a function I(hy, x,) of 1,
holomorphic in the whole disk |a,| |uo| < £ — 36 including the points, if any, where
1+ pg(xo+09)=0, and C* in all variables. When o, and p, vary at fixed x,, a,,
avoiding points where 14 uy(xq+0y)=0, I defines a holomorphic function.
Hence, by standard properties of analytic functions of several complex variables, I
is holomorphic in h, in the required domain, coincides with U(h,) $(x,) at real h,
and is also analytic in x,. If ¢, <0, ¢ — @, increases along the path and we deduce

(ho, x0)| < 57/(26° cos g,/ rq cOsho) -

U(ho) B(xo)| < [ e™*@ %02 (G.17)
1

o . 6. .. . .
We can assume |xq|> 7> Since [xol < 3 implies |ag| |xq +i0,| < & — 3, which falls in

case I.
Subcase 11.1. x4, =0. From (G.17) we derive, (6,=1i1,)
Smry Su(xe+&)  5)/2né
< < .
V2630 Y 200%0% 9

Subcase 11.2. rooo=1. We use a path of type P, parametrized by ¢ € [0, 1] with
X=Xq, 0=00, Mm=1tmy, P=1,. Along the path, u follows a straight segment
contained in |u] <g, so that h remains in H,_;. The integral to be computed is
Ldt .
| — @20 (R) £ (xo)

ot

|U(ho) B(xo))| <
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This is holomorphic in h, in the indicated domain, coincides with U(hg) #(x,) for
real hy and is bounded by 21/55' ! Tt is also analytic in x,. To connect the point
(ho, X,) by a continuous arc{(h,, x,)} satisfying the same conditions (h, € H;_ 3,
r0.2 1, |a,|r,>&—30) to a real point, we vary the angles ¢, and 6, so that [sing,|
decreases to 0 and |0, decreases to 0, while x, varies so that Reo remains constant.

Subcase I1.3. ry00o=1, my<o (hence ryeo>1-—0). In this case,
o COSPho =X, + Rea, has the same sign as x,, which we take to be positive, the
other case being similar. The path of type P, is defined by ¢=9, ¢=4¢,,
o=irsing,, x=rcosd,, re’? varies so that y remains fixed and m decreases from m,,
to 0. Along the path, r has at most one minimum (r? is a convex function of m) and

laol |”Io|
1—
integral to be computed is bounded by

e )

FoMo FoMo

1 L~
we haver < o Moreover, |ao| [n| < ———< <&—46, so that hremainsin H,_ ;. The

Ty ot

ToMo

b o(1— 5)
To end the proof of this subcase we construct an arc joining any point satisfying the
preceding condition to a real point while keeping the condition fulfilled. For fixed
x>0 the set D, ,,={ko,00: 100 =1, my<d, |agool<&—30, lag 'uol<&—30,
laglro>E&—30} does not depend on the argument of a,. Therefore we start by
moving a, along |a,| =const until it reaches |a,|. We now move ¢ and u keeping
|t =uol and r=|x,+ 0| =r,. The center of {o]|x,+ | <ry} is outside of the disk
lo| =logl, since x,>2&. Hence there is an arc of this circle passing through o,
contained in the disk o] <|o,| and intersecting the real axis at o;. We let ¢ follow
this arc from ¢, to o, while the argument of y is varied so that u(x, + o) remains
constant. Along this arc (u,0) € D, ,,. Then we let Imu—0, Rep and o =0, being
kept fixed.

. 0
Subcase 11.4. sm¢0 cosPy>0, 0<a=sm, oot <1, my> |ao|r0 >£—36. We can
assume 0=<¢, < < o since the other case is similar. We start by a path such that
o=ing, |ul =04, 0+ ¢ =0, are fixed. We have y € [0, 7/2]. The argument of P(x, h) is

¢+, and
QoX Sina

1+ 02r% +2g,r cosa’

r L grp=-"0 4

and r‘;ix (¢ +1) is an increasing function of x if 1 —pZr?>0. We distinguish two

subcases.

d .
Subcase 11.4A. i (¢+y)=0 at x=r,cos¢g,. We choose a path where x increases

from

FoCOSPy 1O X;= ?—’70,
0
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. 1 . . o
so that rincreases from r, to—. Along this path, ¢ + y increases. The contribution
Qo

of this path is bounded by

_1/:% llfo (14 ggre™) |12 @ it ﬁ 1/on dr
8 i [ro(1+0ore€™| |dr 8 1o [ro(1+0oroe™r(1+gore™)|'?”

We now assume that Q0=g. The first integral is bounded by

47t|/§5 2L+ NE—36)]1?, since my > 6/2. If cosa> — 1/2, the second integral is

bounded by 8]/55‘ S+ HNE—30)]Y2 If cosa < —1/2, the second integral is
bounded by 3267 */[(1+¢)/(( —30)]. At the end of this path we have x=x;,
h=h;eH;_;; and

Pxy, by < 2> < 20+
0

= m“’(xo, ho)l s

while ArgP(x,,h;)=ArgP(xq,hy). Therefore, finishing the integration as in
Subcase I1.2, we obtain, using g, = %, the bound 336~ %/*(1 + &)/(¢ — 35). We now

show how to let a group element,

W 1w a, 0
" \o’ 1+ue’ )\ 0 a;')’

follow a continuous arc from k, to a real value while continuing to satisfy all the
conditions of this subcase, notably, with x, fixed,

n Q’sina'r’ cos¢’

=0.
s (14 0r*+20r cosa’) —

The circle {¢": |x, + 0’| =7y}, passing through ¢, and @, intersects the real axis at
0,=ro—X, inside the disk {0":|0"|=<|0,l}, since |oo|=|(xq+0q) — X0l = |Fo— X0l
Since, by assumption 0 <7, cos¢,=x,+Reo,=r,, o, =Rea,. Welet ¢’ follow this
arc of circle from o to ¢,. Denoting x, + ¢’ =rye"’, ¢’ decreases from ¢, to 0, hence

’

sing’= ’1_/ decreases from sing, to 0 while r, cos¢’ increases. At the same time we
r

keep 9’=9, and o’ =« by varying the argument of y’. Then we let o’ vary so that
cosa” increases from cosa to 1 while sina” remains =>0.

Subcase 11.4B. Zld; (p+w)=<0at x=rycosg,. We let x decrease from r, cosg, to 0.

Along this path ¢+ increases as x decreases. Again the integral has two
contributions bounded by:

V27

KR

r(l +Qor eia) 1/2

ro(1+0oro€™)

dg

dr dr,
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which is bounded by 47]/25 %2, and

V f dr
7 o |7'0(1 + Qoroei“) 7’(1 +0or eia)ll/z . (G18)

If cosa =0, the contribution of (G.18) is bounded by 2]/55“. If cosa <0, let

ry=(1—0/2)/go|cosal. If ry <r,, the contribution of (G.18) is bounded by 4]/56 -2,
Suppose now cosa <0, and r,>r,. We divide the integration range in (G.18) into

[0, r11Ulr1, 70]. The contribution of the first part is again bounded by 4]/55”.

That of [ry, o] is bounded by 2]ﬁ5‘1 (1—6/2)~ 1. At the end of the path, { =0h,,
hyeH;_;; and

itP(O,hoJ““swg%u«xm i+,

We finish the integration as in Case I and we obtain, for Subcase 11.4B, a

contribution bounded by 51/56‘ 2, We now have to describe how to let h’ follow a
continuous arc from A, to a real value while continuing to satisfy all the conditions

of this subcase <in particular Ed; (p+w)= O) . We first fix ¢’=0,, hence r'=r, and

¢ = o If cosa <0, we first vary ¢’e® inside the disk |o’e™*|< g, so that ¢’sina’
remains constant and ¢’ cosa” increases from g, cosa to 0. If cosa >0, we omit the
preceding step and proceed to the next: ¢’ is kept fixed, o’ decreases so that sina’
decreases to 0 and cosea” increases to 1. All conditions remain satisfied in this
process. Finally we let 6’ move from g, to o, as in Subcase I1.4A, while varying the
argument 6’ of u’ so that «’=¢’+ 60 remains equal to 0.

Subcase 11.5. sing,cosgy>0, —n<a<0, goro <1, |aglre>E&—30, my>35/2. This
case will be reduced to the case =0 or n. The path is defined by x=x,, 6 =0,,
n

m=my, 0=0,, p increases from its initial value p, | — 5

,O:I to 0. This path gives

o 2 . . .
a contribution bounded by g Ké: The remainder of the integral to be computed is

treated as in Subcase I1.4B. To find an arc from a point A, satisfying the above
conditions to the reals, it suffices to let h, follow the path described above to the
end, then to let o, go to o, =1y — X, as in Subcase IL4A while o = 0 + ¢ is kept fixed.

With Cases I and II it has been shown that, for fixed x,, U(h,) D(x,) has a
uniform analytic continuation in each of the three open sets,

Al(xo)z{hoffﬁg—sa: laolro<¢—0},
Ag(xo):{hoe-:ﬁé—sé: laglro>&—30, +rgcospy <0},

with A5 (xo)N 4y (xo) =0. To prove that these analytic continuations match, we
show that if, e.g. hye 45 (x,)n4i(x,) it can be connected to the reals by a
continuous arc not leaving this intersection: first we vary a, at constant |a,| until it
reaches [a,|. Then we vary continuously the argument 6 of u=g,e”, keeping |u|
constant, until 8 =0. Finally we move ¢ from ¢, to 6, = x, —r, (as explained at the
end of Subcase I1.4A) keeping |x,+ o] =r, constant.
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Thus U(hy) ®(x,) extends to a holomorphic function of h, in H ¢35 and, if

o . . . .
00 T it is easy to see that this bound for Subcase I1.4A majorizes the bounds

. - 80 .
found for all other subcases. It is itself majorized by 5772 This concludes the proof

of Lemma 10.

We now continue the proof of Lemma 8 by looking at the supplementary series.
An easy consequence of Lemma 9 is that if | f|,=1, and fe Y*7, there is a
positive constant B which does not depend on f such that

B
[U) f(x)] < Trop T <B (G.19)

forall xeR, and he H ¢- s We shall now define and estimate U(h) &(x). We shall
use the notations introduced in the proof of Lemma 9. There are two cases.

Casel.|aglro<&—0. We use a path x =tx,, 0 =to,, 4= o, t € [0, 1]. Asin the case
of the principal series,

dt.
t[1+tpo(xo +0)]

Therefore |U(hy)D(xo)| S 2B(1—E2) " 1(14282), since |1+ tug(xo+0o)>1—E2,
and using (G.19).

Ulhy) B(xg) = (j) [f(i ]: Z/:Eizof;;)) ] : U(h) £ (x)

Case 11. |aglro>&—30. As in the case of the principal series, we note that this
implies [ro cosdy| >0 and we consider the case cos¢, >0 (the other case being
similar). We use the same contour as in the case of the principal series. We have

. + o . 1+s —igo
Ulh)bixg)= | Tretomewy 7 To¢ 2
1

U /),

1@~ 49 /r2 3]
hence using (G.19),

ST S
[U(ho) P(xo)l < e Ty "

<7Broxg (6xy) 192,
As explained in the case of the principal series, (see Case I1), it suffices to consider

) . .
the case [xq|> e and using ry <x,+ £, we obtain

[Uh) (xo)|< 167 B(1+E)573.

This ends the proof of part i) in Lemma 8.
We now show part ii). From Lemma 9 it follows that if fe Y/ ®) and if

~ 4
17 = %,we have

U f ()= AmA)~+2, (G.20)
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and
[Uh) f (1) <8[6(Im A2~ [(1 +5ImA)> +(d Red)?]] ! (G.21)

for any 1eC,, and he H,_,.
We adopt the following notations.

0= (i 1) (6 )
° \ine 1+ingne/ \ 0 ag!

(it is sufficient to consider the case 1, € R),
do+ing=ro€?, po=0,€", Po+0,=0.

The integration variable will always be of the form ik, Ae C ., and h of the form
b 1 u a, O
~\in L+iun)\0 agt)’

Atin=re", u=ge®.

and we denote

There are two cases.

I. Case ny<0. Our first path is defined by n=#,, r=r,, 0 =0, ¢ varies in such a
way that sin¢g increases from sing, to 1, and 6 is varied so that 6+ ¢ =« remains
constant. Along this path, the imaginary part of 1 increases. This path gives a

contribution bounded by %(Imlo)‘k/ 2, At the end of the path we have ¢ = g, and

let h; and A, =i(ro—n,) be the values assumed by k and A. Notice that |P(4,, hy)|
=|P(A¢, ho)|. We now have to treat the case ¢, =mn/2, A, =i(ro —1o) =iy,. We define
a path by r=rq, 0 =00, $ = ¢, =7/2, and 0 varies in such a way that sin increases
from sin6, to 1. Along this path, |1 +igyr,e|* decreases, and the contribution is

bounded by gqr,40y, ¥*|1 +iggrye™®| !, where 40 = g —0, . Since
A0 Z nifi — €| = n|1 +ie™®|, and

Qoroll +ie®| |1 +igoroe™®| 1 <16,

or

T
90+3§

the contribution of this path is bounded by 167y, */?. Along this path, |P(4, h)| has
decreased, while Im A remained constant. Therefore it is now enough to treat the
special case Ao =iy, =1(vy—#¢), Vo >0, Uo =100, 0o >0. We use a path where h=h,
is fixed and A=iy varies. Let v=y+1#,, v=0, we have to estimate

0 or 1/00

Ulho)B(iyo)= | [o(1—0o0)]¥* ™ [vo(1 —@ovo)] ™¥2dv U(h) f (i(v —10)) -

Using (G.21) this is bounded in modulus by
0O or 1/go
I 867 [wo(1—00v0)] (1 —ov)/(v =)l ~ 1 +6(v—1o)| ~*dv.

vo

Let y be defined by

y=1o+)/N5—1000 " -
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There are three cases.
a) If 0<v,<7y, we integrate from 0 to v,. The function v(1—gov)/(v—n,) is

. . 1 .
positive and increasing, and using y < ——, we have 1 —g,v,=1/2; we obtain a

20,4
contribution bounded by 165~ 2y, */2.

. . 1 . .\
b) 7<v,=0, *. Inthis case we integrate from v, to Q— v(1—gov) (v—1,)is positive
0
and decreasing. The contribution is therefore bounded by

85 o5 11 —govol oo =o' ¥ | P
L T s=noT’

which is less than 326~ 2y, */2, since 7> —1,.

¢) If vy>0, !, we integrate from gy ! to v,. Using the bound |U(h) f(i(v—n))|
<(v—mn,) "2, the contribution of this path is bounded by 2y, “/2.

I1. Case ny,>0. In this case we have
(U(ho) B) (40) = (U(hy) B) (Ao +itlo) »

= <o 1 )(o agt)EHes:
Therefore applying Case 1, we obtain

U (ho) $(4o)| £330~ *(yp +10) ¥2 <330 2y5 2.

This completes the proof of Lemma 8.

where
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