INTERTWINING CLASSICAL AND QUANTUM DYNAMICS ON
HYPERBOLIC SURFACES: A MICROLOCAL PERSPECTIVE

YASH RASTOGI

ABSTRACT. We prove the asymptotic equivalence of two types of phase space
distributions associated to eigenfunctions of the Laplacian on a compact hyper-
bolic surface in the semi-classical limit. We then construct an explicit unitary
intertwining operator between the Schrodinger group and geodesic flow on cer-
tain Hilbert spaces of symbols on the cotangent bundle of a compact hyperbolic
surface. This exposition is primarily based on recent work of Anantharaman
and Zelditch [1], [2].
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1. MOTIVATION

1.1. The Semi-Classical Limit. In Hamiltonian mechanics, a formulation of clas-
sical mechanics, the motion over time of an electron orbiting a hydrogen atom is
modelled by Hamilton’s equations

O (t) = Oep(a(t),&(t))
(1.1) {8t§(t) = —0up((t)

with the Hamiltonian

p(e,€) = L[~ V(@) T'R" 5 R.
1
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The orbits of electrons are situated on specific level sets of the Hamiltonian.
In quantum mechanics, the electron orbiting a hydrogen atom is modeled by
wave functions ¢; that have energy levels E; via Schrodinger’s equation

N h2
Hl,[)j = (2A+V> I)ZJj = jlﬁj,

where V' is the potential and A is the Planck constant, that is, the ratio of the energy
of a photon to its frequency. The resemblance between the Schrodinger operator
H and Hamiltonian p is readily apparent. Bohr’s correspondence principle asserts
that the behavior of a quantum mechanical system approaches the description of
the behavior via classical mechanics in the limit of large quantum numbers (large
orbits and high energies), namely, A — oco. With the parameters V =0, E = 1,
h = A71, the Schrédinger equation specializes to the following eigenvalue equation
for the Laplacian, known as the Helmholtz equation on the domain €2

(A+A%)pr=0
orlon =0

Consequently, the semi-classical limit A — 0 can be attained through taking the
high energy limit A — oo. In this limit, there ought to be a relationship between the
asymptotics of eigenfunctions and eigenvalues of the Laplacian and the dynamics
of the Hamiltonian flow.

1.2. Global Harmonic Analysis of the Laplacian on Riemannian Mani-
folds. The exposition in this part is based on [13]. Let (M, g) be a Riemannian
manifold and let A, denote the Laplacian. We are concerned with the eigenvalue
problem

(Ay + /\2)@)\ =0.
When M is compact, it follows from the Spectral Theorem for compact self-adjoint
operators applied to A™! that there exists an orthonormal basis {¢;};>0 of L%(M)
of eigenfunctions,
Agpj = =Aj05, (05, 0rdVy = by
Furthermore, when M is compact, the Laplacian has a discrete spectrum with

finite multiplicities. Global techniques to study the eigenfunctions rely on the wave

equation. To see this, set (1 = g—; —A,. The Cauchy problem for the wave equation

on R x M is the initial value problem (with Cauchy data f, g) is
Ou(t,z) =0
u(0,2) = f, Fru(0,z) = g(x)

The solution operator is the wave group

sin t\/Z
L{(t) _ cos t\/Z el
\/Z sin t\/Z Ccos t\/Z

To obtain this, we note that this initial value problem can be decomposed into an
even part

{(gf ~A)u=0

Ult=0 = 8 %Uh:o =0
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and an odd part
(2% = Au=0
ul—o =0, Zuli—o =g
A solution to the even part is C(t) := costyv/A and a solution to the odd part
is S(t) := %. These functions arise in the solution to the following Cauchy
problem
(i85 —V=8)=0
u(0,x) = ug
The solution operator to this Cauchy problem is known as the forward half-wave
group. The solution is given by u(t,z) = U(t)ug(x) with U(t) : L*(M) — L*(M)
being the half-wave propagator given by

U(t) = e™V=2 = O(t) + ivV=AS(t),

which is the unitary group generated by the self-adjoint elliptic operator v/ —A.
The half-wave propagator has the eigenfunction expansion

Ut,z,y) =Y e (x)p;(y),
=0

which is known as the wave kernel. The wave kernel is a simple example of a Fourier
integral operator. It is difficult to analyze the eigenfunctions of the half-wave prop-
agator, so the typical approach to study them is to investigate the wave kernel
and its singularities. The simplest technique for constructing a Fourier integral
representation of the wave kernel is the Hadamard parametrix construction.

1.3. Quantum Mechanics in Phase Space. Phase space consists of all possible
states of a quantum mechanical system. It keeps track of both position and mo-
mentum rather than just one of these. The phase space formulation of quantum
mechanics can be viewed in analogy to Hamiltonian mechanics because the setting
for Hamiltonian mechanics is phase space. The mathematical description of phase
space is the cotangent bundle 7% M, on which the variable x denotes position and
the variable £ denotes momentum. A classical observable is a function on phase
space. A quantum observable is a bounded operator on L?(M). Quantization is
a procedure by which we associate a quantum observable to a classical observable.
The quantum observables which can be studied in the semi-classical limit are the
semi-classical pseudo-differential operators Op,,(a) = a(z, hD); we refer to such op-
erators as quantizations of classical observables. It is apparent from the following
definition that quantum observables are pseudo-differential operators. The semi-
classical Weyl quantization on R™ is denoted by Opy,(a) = a*(z, hD) and defined
by

Opy(a)f(x) = (2h) " | Y,

where 0 < h << 1 is the semi-classical parameter. By piecing together coordinate
charts, we can obtain a quantization on an arbitrary manifold M. To the classical
observable a = a(x, &) € C*(T*M), we associate the quantum observable

Opy,(a) :==a" <x, };5‘36> : L2(M) — L*(M).

n

e =g <‘T ' s) f(y) dy de,
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Classical evolution is evolution with respect to the geodesic or, more generally,
Hamiltonian flow because the geodesic flow on the punctured cotangent bundle
T*M \ 0 is the Hamiltonian flow of the metric norm. A quantization procedure
provides a mapping from classical Hamiltonian dynamics to quantum dynamics in
phase space. To see this, let p : R*" — R, p = p(z,£) be an arbitrary Hamilton-
ian. The time-evolution of the position and momentum of the system is given by
Hamilton’s system of equations 1.1. The solution of this system is

oy = exp(tH,),
where
Hpq :={p,a} = (0¢, 0xq) — (0ap, 0cq)
is the Poisson bracket. We describe how quantization provides the analogy between

the time-evolution of a classical observable and the time-evolution of a quantum
observable, following [16]. Let a be a symbol and set

at(x,f) = a(@t(x’g))'

The classical time-evolution of the symbol is given by

Oiay = {p, at}-

To define the quantum time-evolution, set P = p*(x, hD) and A = a*(x, hD), and
define

A(t) := FTH(t)AF (),

where F(t) := e~ "# . Here, A(t) represents the time evolution of the quantum
observable A. The time evolution equation of the quantum observable A is

i
h
This is obviously an analogue of the classical evolution equation, where the Poisson
bracket has been replaced with a commutator. Generally, assertions about Hamil-
tonian dynamics involving a Poisson bracket will involve a commutator in quantum
dynamics.

Another statement that links classical and quantum mechanics is the following
theorem. In particular, it relates the time evolution of an observable to the time
evolution of its principal symbol.

OpA(t) = [P, A(t)].

Theorem 1.2 (Egorov [13]). If A € WO(M) (i.e. A is a pseudo-differential oper-
ator of order zero) and Ut = e¢™V=2 then oy (A) := UAU')* € WO(M) and the
principal symbol of a(A) is a o Gt, where Gt is the Hamiltonian flow. Quantita-
tively,

U}, Opy(a)Uy " = Opy(ao G') € W, (M),
i.e. the difference is a pseudo-differential operator of order —1. This means that
the difference is of order O(h).

1.4. Quantum Ergodicity. Let ()M, g) be a closed manifold and let {¢;} be an
orthonormal basis of eigenfunctions of the Laplacian arranged in increasing order of
eigenvalues. The matrix entries of a quantum observable A are p;i(A4) := (Ap;, k).
The diagonal matrix element p;;(A) is interpreted as the expected value of the
observable A in the energy state ¢; (of energy )\f) The off-diagonal matrix elements
pik(A) with j # k are transition amplitudes. Once we fix a quantization map
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a — Opy,(a), the matrix elements can be represented by Wigner distributions. For
the diagonal elements, we define Wy, € D'(T*M) by

/ adWy, := <Oph(a)@kﬂ0k>'
* M

The central question of quantum ergodicity is that of determining the set of
weak* limit points of the sequence {dWj}. For the off-diagonal elements of a
quantum observable, the appropriate question is that of determining the set of
weak™® limit points of the sequence {p;i} on the classical phase space T*M.

We say that a subsequence {¢;,} equidistributes in physical space if for all
a € C®(M),

9 1
| a@les @R avoly @) > s [ atw)avely (o

as k — oo. We say that {¢;, } equidistributes in phase space if for all a € C2°(T* M)
we have

Op, @i i) > [ oo dun(a8

as k — oo. The Liouville measure py, on the cosphere bundle S*M = {(z,§) €
T*M : £y = 1} is dup(x,§) = cdvoly(x) dS(§) where the densities dvol, on
M and dS on the fibers of S*M are induced by the metric g and c is chosen
to be a normalizing constant to ensure that pj is a probability measure. Note
that equidistribution in phase space is a stronger property than equidistribution
in physical space. For example, on M = R/27Z, the sequence of eigenfunctions
v = e¥® equidistributes in physical space but not in phase space. The following
results on the equidistribution of eigenfunctions are foundational in quantum chaos.

Theorem 1.3 (Shnirelman [4]). Assume that the geodesic flow on M is ergodic
with respect with respect to the Liouville measure. Then, there exists a density one
subsequence {@;, } of eigenfunctions which equidistributes in physical space.

Density one means that
#{k: )\, <R}
#{j: A < R}
as R — 1, where eigenvalues are counted with multiplicity. Physically, Shnirelman’s
Theorem means that the probability of finding a particle in a set approaches the

volume of that set in the high energy limit. The semi-classical version of this result,
known as the Quantum Ergodicity Theorem, is below.

—1

Theorem 1.4 ([4]). Assume that the geodesic flow on M is ergodic with respect
to the Liouville measure. Then there exists a density one subsequence {pj, } that
equidistributes in phase space.

Both of these theorems have a broad scope because many manifolds have ergodic
geodesic flows, including manifolds of negative sectional curvature. A question that
naturally arises is whether all eigenfunctions rather than a density one subsequence
of eigenfunctions equidistribute in phase space. The property that all eigenfunctions
equidistribute is known as quantum unique ergodicity. In other words, quantum
unique ergodicity is the problem of determining which geodesic flow invariant prob-
ability measures arise as weak™ limits of Wigner distributions. Rudnick and Sarnak
conjecture in [12] that quantum unique ergodicity holds for any orthonormal basis



6 YASH RASTOGI

of eigenfunctions if the geodesic flow is Anosov. Negatively curved manifolds are
a setting where the geodesic flow is Anosov. The conjecture of quantum unique
ergodicity, in its originally stated form, remains open. Thus, we investigate distri-
butions associated to eigenfunctions of the Laplacian on hyperbolic surfaces, which
are compact surfaces of constant curvature —1.

2. OUTLINE

2.1. Setup and Identifications. Here, we specify the notation and conventions
that will be used in the remainder of this paper. We denote the duality pairing on
the space Y between a distribution £ € D'(Y) and a test function f € D(Y) =
Cs°(Y) by (f,E)y = [, f(y)E(dy). For the hyperbolic plane, we utilize two mod-
els: the upper half-plane model H and the Poincaré disk model D. Let SD denote
the unit tangent bundle for D, SH denote the unit tangent bundle for H, and set
G = PSU(1,1). Since G acts freely and transitively on SD, we can identify G
and SD. Likewise, since PSL(2,R) acts freely and transitively by M&bius trans-
formations on SH, we can identify PSL(2,R) and SH. Since all models of the
hyperbolic plane are isometric, we identify SD, SH, PSU(1,1), and PSL(2,R).
Let K be the maximal compact subgroup PSO(2,R) and identify the correspond-
ing symmetric space G/K with D. Let I' C G be a cocompact discrete subgroup.
Then, Xr = I'\D is a hyperbolic surface.

On SH, we define three flows that preserve the Liouville measure. The geodesic
flow g* : SH — SH is defined by moving distance t along the oriented geodesic
tangent to a given vector v. The horocycle flow h® : SH — SH is defined by
moving distance s along the horocycle perpendicular to v with v pointing inward.
The elliptic flow e” : SH — SH is defined by rotating v through angle r in its
tangent space. The geodesic, horocyclic, and elliptic flows on SH correspond to
the right action of the one-parameter subgroups

A:{at: <et0/2 6_95/2> :tER}
N—{nt—((l) i):teR}

cos(t/2)  sin(t/2)\
K = {k = (—sin(t/Q) cos(t/2)> LR},
respectively. In fact, every connected subgroup of G is conjugate to {1}, K, A, N,
or AN.

We utilize two parametrizations of SD. The first is G ~ G/K x K ~ D X B,
where B is the boundary at infinity of D identified with S! in the Poincaré disk
model. We obtain this with the Gram-Schmidt process as G/ K is upper triangular
and K is orthogonal. Geometrically, (z,b) € D x B is identified with the unit
tangent vector (z,v), where v € S, D is the vector tangent to the unique geodesic
through z ending at b. Second, B x B\ A can be naturally identified with the set
of oriented geodesics on D since each oriented geodesic 7y is determined by its
unique forward limit point b in B and unique backward limit point ' # b in B.
Since the space of geodesics on D is defined as the quotient of SD by the action
of the geodesic flow, this gives rise to the identification SD = (B x B\ A) x R.
We specify the time parameter by identifying (b',b,7) € (B x B\ A) x R with
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(2,b) € D x B where z is on the geodesic v, p situated 7 units from the point
Zp b € Yo, Closest to the origin o :=eK € D.

Without modifications, the geodesic flow acts on functions on TXp and the
Schrodinger flow acts on Xp. The Schwarz kernel is a distribution on Xr x Xr.
By taking the local Fourier transform of the kernel with respect to the second
component, we obtain a distribution on the cotangent bundle T*Xy called the
symbol of the operator. We let the Schrédinger group act on the space of operators
by conjugation. These operators have a Schwarz kernel and taking the Fourier
transform in the second variable gives the action on 7% Xr. We identify 7TXr and
T*Xr with the metric and this results in the Schrédinger flow acting on the same
space as the geodesic flow.

The geodesic flow g* on SD is given by ¢'(z,v) = (7,(t),7,(t)) where 7, (t) is
the unit speed geodesic with initial value (z,v). Thus, the natural setting on which
to define geodesic flow-invariant distributions (namely, Patterson-Sullivan distribu-
tions) is SXr. The diagonal quantum-invariant distributions (Wigner distributions)
are defined on SXr.

The off-diagonal Wigner distributions will be defined on SXr x R. We identify
SXr with SXr x {TH_TT"}, thereby extending Patterson-Sullivan distributions to
SXr x R. With this identification, the off-diagonal Patterson-Sullivan and Wigner
distributions are defined on the same space.

2.2. Main Results. Quantum dynamics are intimately related to the automorphic
eigenvalue problem for the Laplacian on the compact hyperbolic surface Xr =
NG/K.

Ap =-Aé
é(v2) = ¢(2) for all v € T and for all z

The eigenvalues of the Laplacian can be expressed as A = A, = 1/4 + 72 and also
A =X = s(1 —s) where s = 1/2 + ir. We denote by {\; = 1/4 + r2} the set
of eigenvalues repeated according to multiplicity, and a corresponding orthonormal
basis of eigenfunctions by {¢;,,}. We define two types of phase space distribu-
tions associated with the automorphic eigenfunctions ¢;,; of the Laplacian on Xr.
Patterson-Sullivan distributions PS;,,, which are the residues of the dynamical zeta

functions Z(s;a) == >0 15
at the poles 1/2 + ir;, are invariant under the geodesic flow (classical evolution).
Wigner distributions fs*XF adWi.; = (Op(a)@ir,, dir;) 12(Xr), Where Op(a) denotes
the hyperbolic quantization, arise in quantum chaos and are invariant under the
wave group (quantum evolution). The following is the relationship between the
Patterson-Sullivan distributions and Wigner distributions, where L, is an operator

that transforms normalized Patterson-Sullivan distributions Fgm into Wy,,. In

—sLy .
f,m a (where the sum runs over closed geodesics)

the semi-classical limit, namely, as A; — oo, the distributions ﬁ?m and W;,, are
asymptotically equivalent.

Theorem 2.1 ([1]). For any a € C>*(T'\G), we have the exact formula

<Op(a)¢i’r‘j7¢i7‘j>sxr = 2(1+2im) /SD(LTan)(g)PSiTj (dg)
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and the asymptotic formula
| aloWa, ()= [ alg)PSu,(dg) + OG5 .
SXF SXF

Through similar methods, we can prove the asymptotic equivalence of the off-
diagonal T'-invariant Patterson-Sullivan distributions and Wigner distributions in
the semi-classical limit.

Theorem 2.2 ([2]). Let a € C*(T'\G). Given a sequence of pairs (vj,,vg,) of
spectral parameters with —iv;, — +oo and |v;, — vi, | < To for some 19 > 0, we
have the asymptotic formula

1/2
. T ™ —im _
/ a(g)W}:“kn (dg) = 21 Vin ~Vkn () e 1 / a(g)PS};jnﬁvkn(dg)—l—O(vknl).
SXF SXI‘

Tk,

In the preceding results, we showed the asymptotic equivalence of two phase
distributions associated with the classical and quantum dynamics. Below, we show
the correspondence between the classical and quantum dynamics holds at a deeper
level. In particular, we explicitly construct an operator £ that intertwines the
geodesic flow G and Schrédinger group 2 at the level of symbols. The quantum
evolution is given by a!(Op(a)) = e~*2 Op(a)e*? and this operator on symbols
V' is defined formally by o!(Op(a)) = Op(V*(a)). The following theorem describes
the intertwining relation on the universal cover.

Theorem 2.3 ([2]). For a € 8, La is a continuous function, and we have the
pointwise equality

LoVia=G'o La.
Furthermore, the intertwining operator L extends to an isometry from L%, (G x
R, dg x dp(r)) to the space Hps(D) of functions such that

1
1 / |PSa(ir,b,ir’,b')|? dbdb' p(dr)p(dr') < +oo,

and we have
LoVi=G'oL
where both sides are bounded operators from L%, (G x R,dg x dp(r)) to Hps(D).

On the quotient Xr, we define Hilbert spaces Hy = Hw (Xr) and Hps =
Hps(Xr) of I-invariant symbols and their dual spaces H3j;, and Hig. The Wigner
distributions T/VJF,~C form an orthonormal basis of Hj;, while the Patterson-Sullivan
distributions form an orthonormal basis of Hpg. We define an operator between
these spaces that satisfies the intertwining relation analogous to that on the uni-
versal cover.

Theorem 2.4 ([2]). The operator Lry : Hig — Hiy is an isometric isomorphism,
and Lru sends PSU].’_vk to Wj k. Dually, we have
EFOVIE :G%Oﬁp,
as an equality between operators from Hyw to Hps.
Although the Hilbert spaces Hpg and Hyy are defined ad hoc so that the inter-
twining relation holds, this result is substantive in several ways. The Hilbert spaces

of distributions Hy and H pg contain large symbol classes. The intertwining oper-
ator clearly is inspired by the exact relation L, between the Patterson-Sullivan
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distributions and Wigner distributions. Finally, it gives rise to a quantization
procedure a — Op(Ly 'a) that satisfies the Egorov Theorem exactly (without a
remainder term). This makes it natural in a sense because the only other quantiza-
tion procedure known to have this property is the Weyl quantization on Euclidean
space.

3. AsYMPTOTIC EQUIVALENCE OF CLASSICAL AND QUANTUM DYNAMICS IN
THE SEMI-CLASSICAL LIMIT

We devote this section to the proof of Theorem 2.1, which relates two types of
phase space distributions associated to eigenfunctions of the Laplacian on a com-
pact hyperbolic surface, namely, the Patterson-Sullivan and Wigner distributions.
Patterson-Sullivan distributions arise as residues of dynamical zeta functions and
are invariant under the geodesic flow (classical evolution). Wigner distributions
arise in quantum chaos and are invariant under the wave group (quantum evolu-
tion).

Based on Fourier analysis on the hyperbolic disk introduced by Helgason in [9],
a hyperbolic pseudo-differential calculus was introduced in [14]. We use this hyper-
bolic pseudo-differential calculus in the remainder of the paper. Let (z,b) denote

the signed distance to 0 of the horocycle through the points z € D,b € B. The
hyperbolic plane waves e, ;(z) = e(ZH) (=8 with v € C and b € B are hyper-
bolic analogues of the Euclidean plane waves z — e*®$ and are complex-valued
eigenfunctions of the Laplacian Ae,;, = — (% — V2) eyp. The family of functions
{€irp(2) }r>0pep forms a basis of generalized eigenfunctions of the Laplacian on

L?(D) [9]. The Helgason-Fourier transform is defined as

F(br) = / (3= =0 1) Vol (z)

D
with b € B and r € R. The Fourier transform has the symmetry

(3.1) / Ff(br)el 40 gp = / FF(b,—r)elz=m) =0 gp,
B B
The non-Euclidean Fourier inversion formula is given by

u(z) = /R /B Fu(r,b)e3Tr)E=0) ap(r |db),

where the Plancherel measure on R is dp(r) = s-rtanh(rr)dr. Note that the
Plancherel formula || || z2p,vory = |F fllL2(BxR , .dbxdp(r)) holds for f € L*(D).

Following [14], we define a hyperbolic quantization procedure on D. For a symbol
a(z,b,r) that is polyhomogeneous in r, we define the action of pseudo-differential
operators on D by

Op(a)e(éﬂr)(z,w = a(z,b, r)e(§+ir)<z,b>_

With the non-Euclidean Fourier inversion formula, we extend the definition of Op(a)
from the non-Euclidean plane waves e, ;(z) to C°(D)

Op(a)u(z) = /B/R a(z7b,r)e(%+ir)<z’b>.7-'u(b, r) dp(r) db.

Helgason proved the following fundamental representation theorem for the eigen-
functions of the Laplacian on D. It states that we can represent eigenfunctions via
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distributions that encode their boundary values. We will use these distributions to
define the Patterson-Sullivan and Wigner distributions.

Theorem 3.2 (Helgason [9]). Let ¢ be an eigenfunction for the eigenvalue A =

— (i — 1/2) € C with the property that ¢ has exponential growth, that is, there exists

C > 0 such that |¢(2)| < CeCO2) | Then there ewists a distribution T, s € D'(B)
such that

¢(z) = /B BT EIT,  (ab),
for all z € D. The distribution is unique zf% +v#0,-1,-2,...

The distribution T, 4 is called the boundary values of the eigenfunction ¢ (for
the spectral parameter v). This terminology arises from the analogy to the the-
ory of distributional boundary values of harmonic functions. Indeed, the kernel
that arises in Helgason’s Representation Theorem is the generalized Poisson kernel

PRI .
P1(32+ )(Z, b) = e(3Hi) (=) of the unit disk.
Definition 3.3. The Patterson-Sullivan distribution associated to a real eigenfunc-
tion ¢;,, is the distribution on B x B\ A defined by

Tirj (db)Ter (db,)

psir, (db', db) = b= b2

If @i, is [-invariant, then ps;., is I-invariant and time reversal invariant. We
use the distributions ¢;,; to construct geodesic flow-invariant distributions P.S;;,
on SD. This requires the use of the Radon transform and smooth fundamental
domain cutoffs, which we now define.

Definition 3.4. The Radon transform R : Cp(SD) — Co(B x B\ A) is given by
RIE(W.b) = / Ft.
Yo/ b

When dealing with integrals against irregular distributions, it is convenient to
replace the characteristic function of a fundamental domain by a smooth (compactly
supported) cutoff.

Definition 3.5. We say that y € C§°(D) is a smooth fundamental domain cutoff

if
> x(rz) =1.

yel’

These cutoffs are defined to satisfy the property that [, f dVol(z) = [ xf dVol(z)
for any f € C(I'\D), where D is a fundamental domain for T" in D.

Definition 3.6. (1) On SD we define the Patterson-Sullivan distributions P.S;,,
by
PS8y, (db', db, dt) = psiy, (db’, db)|dt|
in the sense that

(a, PSin,)sp = / (Ra)(¥', b)psir, (dV', db).
BxB\A
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(2) On the quotient SXr = I'\D = T'\ PSU(1,1), we define the Patterson-
Sullivan distributions PS;., € D'(SXr) by

(@.PSir Jsx = (X0 PSiy)so = [ ROV b, (@, db),
BxB\A
where x is a smooth fundamental domain cutoff.
(3) We define the normalized Patterson-Sullivan distributions by
— 1

PS;, =
<17PSi7'j>SXF

It is apparent from this definition that the Patterson-Sullivan distributions are
geodesic flow invariant on SD.

PSi.,.

Proposition 3.7. Suppose that ¢;; is I'-invariant, and let T, denote its radial
boundary values. Then the distribution on B x B\ A defined by

Ty (db) T (dV)
DSir; (db’, db) := 4“; — b/|1+J2irj

1s I'-invariant.

Proof. The I'-invariance of ¢;,, means that ¢, (vz) = ¢ir;(2) for v € I'. By the
uniqueness of the Helgason representation, e(%“”)wz’”’me (dyb) = e(5tirs) <z’b>Tirj (db).
Using the identity (v - z,7v-b) = (z,b) + (v - 0,7 - b) from [9], the boundary values

T;r, (db) have the following invariance property: Tj,, (dyb) = e’(%“”)wo”y‘b)ﬂ” (db).
Consequently,

Ty (dyb) Ty, (') = e~ (3173) 07 0) o= (34im ) 03t (ap)T, ().

To continue the proof, we state a couple of identities from [11]:

(@) = y)l = 1Y (@)1 W)]?]x -y

L= |y(@)]* = Iy (@) (1 — )
for every z,y € DUB, v €T. So, for b € B and v € I', we have
[7(0) = (B)[* = [ (B)|(1 = [v(0) ).
Furthermore, using the formula for the Poisson kernel of the unit disk, we have
e~ [0 b+ (0 _ gj2 17(0) — v(bll2 17(0) — v(b’Z)I2 b |2
L= () 1=y (0)
=Y Ol )b -0

= [yb— .
Therefore,
b — ,yb/‘1+2irj _ e—(%ﬂ‘rj)[(7.0,7.b)+<7.0,7.b'>]|b _ b/|1+2irj.
By substitution,
’yb _ ,.Yb/ 14-2ir;
Erj (d’Yb)TzT] (d’}/b/) = ||b—b/1|+2“‘771““7 (db)T“n] (db/)

and hence
psir, (dyb', dyb) = psir (', db).



12 YASH RASTOGI

Corollary 3.8. PS;;, is a I'-invariant distribution on SD =D x B.
The geodesic flow invariance of PS;., on SXr results from the following lemma.

Lemma 3.9. Let T € D'(SD) be a I'-invariant distribution. Let a be a T'-invariant
smooth function on SD. Then, for any a1,az € D(SD) such that }__ . ai(v.(2,b)) =
a(z,b) (1 =1,2), we have

(a1, T)sp = (a2, T)sp-
Proof. Let x be a function on C§°(D x B) such that > rx(7.(2,0)) = 1. We
choose x to be independent of b. Then,

(ai,T)SD:/SD > x((2,0)) | ai(z,b)T(dz, db)

yel’

- /S IDINCORCICUITRND

yel’

:/ x(z,b)a(z,b)T(dz,db)
SD

Next, we define the Wigner distributions.

Definition 3.10. The Wigner measure of ¢;;, is the distribution W;,., € D'(S*Xr)
defined by

(@ W) = [ alg)War, (dg) i= (OD(@)di, 00, 20k
S*Xp
for a € C*(S*Xr).

Note that the Wigner distributions are normalized since (1, W;,,) = 1 and are in-
variant under quantum evolution: (U Op(a)Us¢ir;, dir,) 2%y = (OP(@)Pir; , Pir; ) 12X 1)
for Uy = etV By Egorov’s Theorem, Wy, is asymptotically invariant under the
action of the geodesic flow ¢ on S*Xr in the large energy limit r; — oco. This

justifies having a result like Theorem 2.1, which asserts the asymptotic equivalence
of Wi, and geodesic flow-invariant distributions in the semi-classical limit. At the

heart of the proof of the theorem is the operator L,, which transforms ﬁgm into
Wi, and induces an asymptotic equality Wy, ~ PS;,. between them. To make
the notation more convenient, we will sometimes drop the j indices of r; and index
the eigenfunctions by r instead.

Definition 3.11. Define L, : C§°(G) — C*=(G) by
L,a(g) := / 1+ ug)f(%“'r)a(gnu) du.
R

The first part of the proof of Theorem 2.1 involves computing an explicit expres-
sion of W;,... We will use the following identity.

Lemma 3.12 ([11]). Let z € D, let by,ba € B, and let sy, p,(2) denote the hyper-
bolic distance from z to the geodesic Vp, p, defined by (b1,b2). Then
_ 2|Z — blHZ — b2|

by — ba| (1 = [2]?)

cosh sp, ,(2)
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Lemma 3.13. We have

< Op(a)(,birj ) ¢i7’j >L2 (Xr) =

. . Ty (AD) Ty (db
9 (1+2ir;) Xa(z,b)[coshsb/,b(z)]_u”"?)dVol(z) —J( )/1 JQEP )
BxB \JD |b— |12

The right side is independent of the choice of x.

Proof. When a is a I'-invariant function on SD, then we have
Op(a)ir, = /B< b)eE+m) 0T, (db).

Using this formula and the generalized Poisson formula from Theorem 3.2, we obtain

(@), b)) = |

BxB

(/ Xa(z’b)e(%-ﬁ-i?“j)(-z,b)e(%-i—i?“j)(Z,b’} dVOl(Z)) Tirj (db)TWJ (db/)
D

Next, observe from Lemma 3.12 that

2\2
o) (b)) (112
= —bPz — U2

(=]l =b\ 7
S\ 1P
= 4[cosh sy p(2)] 2|b — 0|2

SO ) )
91+42ir; [COSh Sbl,b(z)}7(1+2zrj)
b — p/[ir2ir;

e(%+irj)<Z1b>e(%+i7’j)<27b'> o
By substitution, the proof is complete. (Il

Next, we analyze the operator L, : C.(D) — C(B x B), which we define as

L, (xa)(®',b) ::/ xa(z,b)[cosh sy (2)] "2 @Vol(z).
D

To relate £, to the intertwiner L,, we perform a change of coordinates on D or
H adapted to a particular geodesic vy 5. Given this geodesic, we write z = (¢, u),
where ¢t measures arclength on 7y, ; and u measures arclength on horocycles centered
at b. More precisely, we denote by g(b’,b) the vector on -y, which is closest to
the origin, and the parametrization of z = (¢,u) is defined by (z,b) = g(V/, b)an,.
For any given (¥',b), the volume element of z is dVol = dtdu. We check this for
b = 0 and b = oo using the upper half plane model of the hyperbolic plane. This
is the geodesic represented by x = 0. The origin, which we denote by e, is the
point ¢ € C, which has an z-coordinate of 0 and a y-coordinate of 1. Therefore,
g(t',b) = e = (i,00). Horocycles centered at oo are represented by horizontal
lines parallel to the real axis, so the horocycle through e is represented by the line
y = i. So, the action of the geodesic and horocycle flows at the base point are
agnyi = €'(i +u). From this, we observe that y = ¢! and z = ue'. Substituting
this into the area form for the upper half plane model, which is dzgy, yields dtdu,
as required. It follows that

L(xa)®',b) = /coshsb/,b(t,u)_(1+2”)xa(g(b’,b)atnu) du dt.
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The distance sy (%) from z = (¢,u) to the geodesic from b to b depends only on u
and satisfies cosh sy (¢, u) = V1 + u2. By substitution,

L, (xa)(d,b') = /R R(l—|—u2)_(%+ir)xa(g(b’,b)atnu)dudt.

We also observe that

£ (xa)(b.V) = /R L, (xa)(g(b.¥)az) dt.

Combining the preceding results, we can write the Wigner distributions in terms
of the Patterson-Sullivan distributions.

Lemma 3.14.

(Op(@)ir dir) 12 (xp) = 272 /G L, (xa)(g)PSi (dg)

Proof.
(Op(a)@ir;, ir;) 12 (Xr) =

gl42ir /B N [/D Xa(z’ b) [Cosh Sb’,b(z)r(przir)\b _ b/|7(1+2ir) dVol(z)} Tirj (db)Tz‘rj (db/) =
X
ol+2ir / b — b |~OF2 L, (xa) (W, b) Ty, (db) T, (db') =
BxB
21+2ir/ b— b’\_(1+2iT)R(Lr(xa))(b, b’)TZ—Tj (db)Tirj (db’) =
BxB

gl+2ir / R(Lr (xa))(b, V) dpsir, =
BxB

21+2iT<LT(Xa)7 PSiTj>SD
O
To complete the proof of Theorem 2.1, we fix an arbitrary geodesic 7y, and

perform the method of stationary phase for L,.(xa). The critical set of £,.(xa)(¥’,b)
is the geodesic vy p, so the critical set of L,(xa) is the set u = 0 in the integral

defining L,(xa). Since (log(1 + u?)")

provides the expansion

= 2, the method of stationary phase
0

(3.15) Ly(xa)(g) = (=ir/m) 72 [ 3" r " Lan(xa)(9) | »

n>0
where Lo, is a differential operator of order 2n on SD. In particular, Ly is the
identity and the other Lo, are differential operators in the stable direction n,. We

integrate 3.15 with respect to PS;,; and substitute into Lemma 3.14 to obtain the
asymptotic expansion

(Op(a)ir, bir)L2(xp) = 2127 (—ir/m) =12 [ Y /S N Lan(xa)(9)PSir(dg)

n>0

Note that the first term (n = 0) of the expansion is the Patterson-Sullivan distri-
bution in the quotient SXr. On the left side of the equation above, we have the



MICROLOCAL ANALYSIS AND QUANTUM DYNAMICS ON HYPERBOLIC SURFACES 15

I-invariant distribution
e(l/2+ir)<z b) (1/2+w‘ (2,b") dVOl( ) ”-(Clb) “«(db/)

in the triple (b,¥,2). This implies that the distributions on the right side of the
preceding equation

f Lan(f)(9)PSir(dg)
SD

are also I'-invariant. By Lemma 3.9, the functional

aH/C;Lgn(Xa)(g)PSir(dg)

defines a distribution on I'\G and the definition is independent of the choice of
the cutoff x. Now that we have confirmed well-definedness, we deduce from the
stationary phase asymptotics in 3.15 that

/ a(g)War, (dg) = 21727 (—ir /) “227"‘" / Lo (xa)(9) PSir, (dg) +O(ry N 71 5),
SXr

where C, K > 0 are numerical constants such that for a € C?(SXr), [(a, PSir,) sx.| <

C(1+|rj])¥||al|c= for all j. If we choose N > K then the remainder term vanishes

in the semi-classical limit. Since Lo = Id, the operator LSN) = ZZLO r~"Lgy, can

be inverted up to O(r~N~1), that is, one can find differential operators MT(N) =

Zg:o r~"Ma, (with My =1d) and R™) such that
LM MM =1d 4 r~N-1RM),
We thus get

MXalg) Wi, (dg) = [ LMD alg)PS,, (dg) + O V1)
SXr SD

J

= / L&N)M,Ejv)xa(g)PSirj (dg) + O(rj_N_H'K)
SD

= / a(g)PSir, (dg) + O(ry N 715,
SXF

where the second step follows from Lemma 3.9. By standard estimates on pseudo-
differential operators, the Wigner measures are uniformly bounded in (C*)* for
some k. Therefore,

M a(g) Wiy, (dg) = / a(g)War, (dg) + O(r ).
SXr SXr

This shows that

2(1+2iTj)(_Z',,,j/7r)—1/2 /

a(9)PSur, (dg) = / a(g)Wir, (dg) + O(r LY.
SXr SXr

The left side is asymptotically the same as <a,]/3§irj> since the leading coefficients
must match when a = 1. This completes the proof of Theorem 2.1.

The proof of Theorem 2.2 for the asymptotic equivalence in the semi-classical
limit for the off-diagonal Patterson-Sullivan and Wigner distributions can be re-
duced to the above, so we do not present it here.
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4. EXPLICIT INTERTWINING OF THE GEODESIC FLOW AND SCHRODINGER FLOW

The objective of this section is to discuss the proofs of Theorems 2.3 and 2.4.
These proofs involve microlocal analysis, so we start by describing several symbol
classes that we will use for pseudo-differential calculus on the Poincaré disk.

Observe that the Schwarz kernel of Op(a) is given by

(4.1) Ka(z7w) = 4/1{+ a(z7b’r)e(%+ir)<z,b>e(%—ir)(w,b) dp(T) db.

Assume that a has the following symmetry with respect to the transformation
(z,b,7) — (2,b,—7)
(4.2)

/a(z,b,T)egﬂ'r)<z’b>e(%*“")<w’b> db = /a(z,b, fr)e(%7”)<Z’b>e(%+”’)<“”b> db

for all z,w € D and r € R. Then, by the Plancherel formula for the non-Euclidean
Fourier transform, we can recover the symbol from the kernel by

a(z,b,r) = e_(%+ir)<z’b>/ Ka(z,w)e(%“T)(w’b)Vol(dw)
D

for all r € R. By L% (G x R,dg x dp(r)), we denote the space of functions in
L?(G x R,dg x dp(r)) that have symmetry 4.2 with respect to the Weyl group.
Furthermore, we will use symmetry 4.2 in the definition of the Wigner distributions
on D.

The pointwise intertwining in Theorem 2.3 occurs for functions on SD x R with
appropriate growth and smoothness properties with respect to (z,b) € SD. The
definitions of the Hilbert spaces that are intertwined in Theorem 2.4 are also based
on this particular class of smoothing symbols. To define this symbol class, we first
introduce Schwarz functions. Schwarz functions were first defined on G by Harish-
Chandra [8] and were extended to the hyperbolic disk G/K by Eguchi [5, 6].

Definition 4.3 ([5, 6]). We say that f belongs to the Schwarz space CP(G/K) for
0 < p <2if and only if f is a smooth function on G which is right- K-invariant and

sup @o(gK)~P(1 + d(gK,0))!|LRf(g)| < +oo
ge

for any ¢ > 0 and for any differential operators L, R on G which are respectively
left and right invariant. Here, ¢q is the spherical function on G/K, given by
@o(z) = [e2$=b) ab.

Since functions on CP(G/K) are LP, they are known as Schwarz functions of L?
type. The following result is a Paley-Wiener theorem for Schwarz functions of L?
type.

Proposition 4.4 ([5, 6]). Set e = €(p) = % — 1. The space F(CP(G/K)) coincides
with the space C(B x R€)w of functions u on B X R such that

e if € >0, then u extends holomorphically to the strip R = {|Im(r)| < §}
e on R¢, we have a bound

aa
sup (1 + |r|)? 8—&Du(b7 r)| < +oo
(b,r) r

for all ¢ > 0, every integer o, and every K -left-invariant differential oper-
ator D acting on B. Here we are using the identification B ~ K.
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o u must satisfy symmetry 3.1. This symmetry condition with respect to the
Weyl group is indicated by the subscript W.

We define the space KL (G/K x G/K)w of kernels of operators sending C?(G/K)
continuously to (C?(G/K))’. On this space, formula 4.1 can be used to relate
the kernel to the Fourier transform of the symbol. We denote the symbol class
corresponding to the kernels KF(G/K x G/K)w by SP(G/K x B x R).

The space K§(G/K x G/K) of smoothing operators that send (NCP(G/K))’ to
NCP(G/K) is of particular interest to us. The corresponding space of smoothing
symbols is defined as follows.

Definition 4.5. C(B x R CP(G/K))w is the space of functions a(z,b,r) with the
C(B x Rf)-regularity in the (b,r) variables, taking values in CP(G/K). We will
denote the space of smoothing symbols

S0 = 8(G/K x B x R)w = ]()C(B x RS CP(G/K))w.

By this definition, we have for a € S that
Op(a)e(%ﬁ/)h,b) (z) = a(z, b, filj)e(%ﬂ’)@’b)
for any v € C.

4.1. Pointwise Intertwining of Symbols on the Universal Cover. In this
part, we prove Theorem 2.3. Recall that we extend the Patterson-Sullivan distribu-
tion PS(irp),(—ir ) for r,7" € R, which was originally defined on SD, to SD x R
by tensoring it by ¢ ...~ on the R variable. We make precise the notions of geodesic
and Schrodinger flow in this context. The geodesic flow on G extends to G x R via
the formula G%(g,7) = (ga,¢, 7). The geodesic flow can be considered an operator
acting on functions by composition. For a function a on G, we have gla := a o g*
and for a function @ on G x R, we have G'a := aoG?. The Schrédinger group is the
unitary 1l-parameter group (e“%) induced by the Laplacian on the Hilbert space
L?(D) and it preserves the Schwarz spaces C?(G/K). We denote by V' the operator
on symbols, defined formally by e~**/20p(a)e™®/? = Op(V'a). Explicitly,

Vta(z,b,r) = o~ (5+ir)(zb) /e(%ﬂ'r)<w,b>e(%ﬂ-r/)<w,b'>e(%+w)<z,b/>a(w7b’r)

x 2 ("= )Vol(dw) db' dp(r').

The generator DV of V! is a skew-adjoint differential operator on L?(G xR+, dgx
dp(r)) that satisfies Op(DVa) = [Op(a), %£].

Next, we define analogues of Wigner and Patterson-Sullivan distributions on the
universal cover D.

Definition 4.6. For b,0’ € B and v, v’ € iR, the Wigner distribution W, 4) (o' ) €

D'(SDxR) associated to the two eigenfunctions e, ) (2) = e(3+v)(zb)

e(3H) ) ig defined formally by

and e(y/7b/) (Z) =

/ a(z, bu T)W(l/,b),(l//,b/) (dZ, dBa dT) = <Op(a)el/,b7 el/’,b’>
SDxR

for a having the symmetry 4.2.
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On the boundary B (endowed with the density db) we will denote d,(b) the
distribution defined by the Dirac mass at a point by and dp,(db) = dp,(b) db the
corresponding distribution density, defining the linear form f +— f(by) on C*°(B).
The Wigner and Patterson-Sullivan distributions are actually distribution densities.
If v = ir, then

(Op(a)e,. b, € p) :/ a(z,b,1)ei p(2)e, i (2)Vol(dz).
D

Therefore,
Wiy ) (dz,db,dr) = e, 4 (2)ews 1 (2)05(db)5 s (dr) Vol (dz).

We can observe that supp W, p) o py C SD x {—iv}, so W, /1) can be ex-
tended to functions a(z, b, ) that depend continuously on r with values in C2°(SD),
and in particular for functions a that do not depend on r and are continuous and
compactly supported with respect to (z, b).

Definition 4.7. The Wigner transform of a function a € C2°(G x R) that satisfies
symmetry 4.2 is W : C°(G x R) — L?(B x iR x B x iR, db® p(dr) @ db’ @ p(dr"))
and is given by

Wa(v,b, V', b") = Wi,p), (v ) (a),

where p denotes the Plancherel measure.

The Wigner transformation is the non-Euclidean Fourier transform of a(z, b, T)e(%ﬂr) (z:0)
with respect to z, evaluated at (b', —r’). From the inversion formula for F, we have

1 1 . 1 s ’
ozt = ge e [ G 1) b dptr)

and by the Plancherel formula for F, we have the isometry
(4.8)
lallzz, (@xR.dgxapry) = IWalir,b,ir',b)|| L2 (BxiR, x BxiR., db@p(dr)@dy @p(dr))-

The Patterson-Sullivan distributions and transform can be defined in a manner
similar to the Wigner distributions and transform, respectively.
Definition 4.9. For v, € iR, the Patterson-Sullivan distribution PS(, 4) (—vp) :=
PS&(wa)’e(fv.b’)
1 !’ ’
e~y (2) = e(37)(=b" s the distribution on SD = B®) x R defined by

_ §b(d5)5b/(d5,)e(u+7)7
|5 _ 5/|1+u—7

associated to the two eigenfunctions e, ;) (z) = e(3+0)(=0) ang

PS

e(u,b),q,,,/,b/)(dba d’,dr) dr.

The Patterson-Sullivan distributions are eigendistributions of the geodesic flow
in the sense that for v, € iR, we have
g PS. =t HIPS,

(1,8)1¢(=v7,b7) b)5€(—u b7))

where g;& is the pushfoward by g*. The Patterson-Sullivan transform of a test
function consists of the pairing of a Patterson-Sullivan distribution with that test
function.
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Definition 4.10. The Patterson-Sullivan transform PSS : C°(GxR) — C>®(B®) x
iR x iR) on G is given by

PSa(v, b,V V) = PSwp), (v by (au;/)

1 - —
S (g@gb)aﬂ ) < AT g,
\b _ b/|1+1/71/ R 21

The Patterson-Sullivan transform can be related to the Fourier-Radon transform.
The inversion formula for the Patterson-Sullivan transform, stated below, can be

derived from the inversion formula for the Fourier-Radon transform
e2iRt|p _ b [1+2iR

(4.11)  a(t,b,t,R) =

/ PSa(ir,b,i(2R — r), b )e™ 2" dr.
n R

As in the diagonal case, we define an operator L, that sends the Patterson-
Sullivan distributions to the Wigner distributions.

Definition 4.12. If a is a function on SD ~ G and v € C, we define the function
L,a on G by

Lya(g) = /R a(gn.) (1 +u?) () au,

We then have the exact relation below. Its proof is an adaptation of the proof of
the analogous result for the diagonal Patterson-Sullivan and Wigner distributions

[1].
Proposition 4.13. Let a € C2(G), v, € iR and (',b) € B®. Then L_—(a) €
C>(SD). Although L_.;(a) is not compactly supported, the pairing PS, py(— vy (L_77(a))
is well-defined, and we have

PS(V7b)(_V/7b/)(L_7(a)) = 27(1+V7V/)W(V7b)(_y/7b/)(a).
Proof. By definition,

Wby, (—v (@) = / a(z,b)e(3 )0 (3770 v (dz)
D

:/ a(z,b)e(%*7)<z’b>e(%*7)<Z’b/>e(”+7)<z’b> Vol(dz)
D

1-20/ . -
- |b2b'|12 / a(z,b)[cosh sy y(2)] 72 e T IEL Vol (dz)
I —alV D
21-2 )
R , —(—opry €T
Ty | atebleoshin ()] oy Vel)

Recall that sy, 5, denotes the hyperbolic distance from z to the geodesic v, 5, and
satisfies the identity
6<Z’b>e<z,b’) = 4[COSh sb/yb(z)]_2|b - bl|_2.

As in [1], we use the adapted coordinates (z,b) = g(¥', b)a,n,, for which Vol(dz) =
drdu and cosh sy p(2) = V1 + u?.

The expression for the hyperbolic distance in the upper half plane model is given
by
|z — w|?

(4.14) coshd(z,w) =1+ m
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and from this we obtain

e(Q(b’yb)aTm,b)w — V| =2¢".

Therefore,

2(1+IJ77)

- 177 1% 77‘
Wby, (~v ) (@) = |b_b/|1+u—v'/RXR(1+u2) G a(g(b,0)arn,)e® 7 dudr

=2+ PS iy (L (a)).
O

The intertwining operator £ : C°(GxR) — C(GxR) should satisfy PSLa(ir,b,ir',b’) =
Wa(ir,b,ir’,b') for a € D'(SD x R) and r,7’ € R. Tt follows from Proposition 4.13
that this equality implies that PSLa(ir, b, ir’,b') = 21'“"""”'/PS(mb)ﬁ(,W’b/) (Lip (ay)).
By the inversion formula for the Patterson-Sullivan transform (equation 4.11), we
have for all (¥',b) € B, t € R, R € R that

9l+2iR ) )
La(t',b,t, R) = =—— % fp — p/|1 2R / PS(La)(ir,b,i(2R — 7),b e 2" dr
™ R

21+2iR

i(Rer) [ t—r— loa+u?)
_ / (1 + u2)f(%+iR)ar ° hu(b/7b7 ’7')62 (R )(t Pl )
R

dr dudr.

T
Letting g = (¥, b,t), we have

142iR . _
La(g,R) = - /(1 + uZ)_(EﬂR)a (gaT710g<1;u2)nu,7‘) H =BT dr du dr.

Now, we prove Theorem 2.3. Let a € SJ. We first check that La is a continuous
function. For g = (z,b), we see that
91+2iR

2y~ (4 +iR) w - los(iu?) 2i(r—R)T
La(z,b,R) = - (I4+u”)"\2 aoh“og 2 (z,b,1) x e dr dudr

142iR . (12 '
_2 /(1 + u2)7(%“R)£L oh"o g'r*1 By (2,b,27) x e 287 du dr,
T

where we define a(z,b,7) = [a(z,b,r)e" " dr. It follows from the definition of S
that [a(z,b,7)| < Onarzee” NTle™Md(z20) for any N, M > 0 and any given z.
og w?
Assume that z stays in a fixed compact set. Then for (Z,0) = h“ogT_1 . (z,b),

we have exp d(Z,z¢) > C(1 + |u|)el™ with C > 0. We check this with a concrete
example. For (z,b) = e € G, we have

eT/Z ueT/Z
= [ (+u2)t/4 (1+u2)1/4
a log(14+u2) My ( .
TR 0 €_T/2(1+u2)1/4

In the upper half plane model of H, this element represents a unit tangent vector
based at

T T

- € .
Taraee T

ue
(1+u2)l/2
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By formula 4.14, the hyperbolic distance of this point to the origin x¢ =i is

1 e’ 2 2

N —— + —

(1 +u2)1/2 1+ u2

coshd(z,i) =1+ = 1+ u2)1/2677
> %(1 +u?)1/ 2l

2

as required. By substitution,
|a(2,b,27)| < Cv,u (1 4 u?)~M/2e (NEMIT]

where C'n, s is a uniform constant. Therefore, La exists and is continuous in the
variables (z,b, R). The geodesic flow is given by g*(V/,b,t) = (¥',b,t + T), so we
deduce from the equality above that
a0 g'(2,b,27)| < Cn (1 + u?)~M/2e NITI=Mit+r],
Using this estimate and our expression for La above, we deduce that |(La) o
" (2,0, R)| < C.ppae ™M for fixed (2,b,R) and arbitrary M > 0. Hence,
PSLa(ir,b,ir', V) is well-defined for any r,7’ € C, (¥,b) € B®. By definition
of the geodesic flow G on SD x R and the fact that we defined £ to satisfy
PSLa(ir,b,ir' b') = Wa(ir,b,ir’,b'), it follows that
(2 /2y

PS(G'La)(ir,b,ir’ b)) = e "2 PS(La)(ir,b,ir', V) = e

The definition of the quantum evolution implies that

2
2

Walir, b, ir’, V).

(OP(V a)e(inpy, e(—irpr)) = (@' (OD(a))e(inpy: e(—irr ) = €2 TV =0(Op(a)eiry, €(—irr )
and it follows from the definition of the Wigner distributions that

it (202
Wiirp),(—ir pry(a) = €2 TWiiry, (—ir 5y (VV'a).
By definition of the Wigner transform, we have
. 7‘2—7‘/2 2
e )tWCL(Z"I’,b,iT/,b,) = W(Vta)(ir,b,ir', b').
By substitution and the fact that we defined £ to satisfy PSLa(ir,b,ir’,b') =
Wa(ir, b,ir’, b'),

PS(G'La)(ir,b,ir’ V) = W(Va)(ir,b,ir’ | b') = PS(LV a)(ir, b, ir’,b').

Inverting the Patterson-Sullivan transform (equation 4.11), we deduce the pointwise
equality Gt La = LVa.

Since the Wigner transform extends to L%, (G x R,dg x dp(r)) as an isometry
(equation 4.8) and PSLa(ir,b,ir',b") = Wal(ir,b,ir',b’), we conclude that £ is an
isometry from L%, (G x R, dg x dp(r)) onto its image Hps(D) = L(L?,(G xR, dg x
dp(r))). Thus, Lo V! = G* o L, where both sides are bounded operators from
L% (G x R,dg x dp(r)) to Hps(D).

4.2. Intertwining of I'-Invariant Symbols on the Quotient. In this part, we
investigate £ on the quotient Xr by mimicking the constructions from the proof
of Theorem 2.3. Based on the definition of the Hilbert space of Hilbert-Schmidt
pseudo-differential operators, we provide an ad hoc definition of two Hilbert spaces
Hw and Hps that have the families (W,, _,,) and (PS,, —,,) as dual orthonor-
mal bases and satisfy the following properties: V! acts unitarily on Hyy, Gt acts
unitarily on Hpg, £ sends Hy isometrically to H pg, and the intertwining relation
LoV! = G'o L holds on these spaces. We cannot directly define a I'-invariant
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version of £, which we denote by Lr, on symbols because the kernel of £ is not
smooth and does not decay fast enough away from the diagonal. However, the ad-
joint intertwining operator is naturally defined on PS,  _,,, enabling us to define
Ly by duality. This part culminates with the proof of Theorem 2.4.

To obtain intertwining on the quotient, we must adapt the symbols, quantization
map, Patterson-Sullivan and Wigner distributions, and geodesic and Schrodinger
flows. We proceed with each of these in turn.

Definition 4.15. Let x on G be a smooth fundamental cutoff on G for the lift
to G of the (irregular) fundamental domain of the action of I' on G/K satisfying
Iy = 1, where the periodization operator II is defined by

x(g9) = > x(79)-
yer
The definition of the periodization operator extends to functions of (z,b,r) as
Ma(z,b,1) = Z a(y-z,v-b,r).
vel
The image of SJ under II is denoted by I1S}.

Definition 4.16. The space of symbols S consists of the a € S that satisfy a
bound of the form

a—Da(O,b,r)

yo < 400

sup edl"l
(r,b)

cr(G/K)
in {|Im(r)| < €/2} for every € > 0, p, all ¢ > 0, every nonnegative integer n, and
every K-left-invariant differential operator D acting on B.

This definition strengthens the definition of S§ by requiring that symbols decay
superexponentially fast in 7 instead of superpolynomially fast. For a € SY, and any
fixed g € G and R € C the map ¢t — La(gas, R), originally defined for ¢ € R, has a
holomorphic extension to ¢ € C. This ensures that (G'La)(g, R) is well-defined for
R € C, which is necessary for intertwining on the quotient.

Next, we describe the quantization map Opp acting on I'-invariant symbols.
For a T-invariant symbol a, if Op(a) is a properly supported pseudo-differential
operator, that is, K,(z,w) is supported in a fixed tube with d(z,w) < R around
the diagonal, where d denotes the hyperbolic distance between points, then Op(a)
preserves the space of I'-invariant functions and Opr(a) is well-defined [14, 15].
We specify the action of such operators by examining their kernels. If p < 1,
then the decay properties of the spherical function ¢, imply that L?(Xr) can be
continuously embedded in (CP(G/K))’. Therefore, a I'-invariant kernel K(z, w)
with x(2)K(z,w) € Kb(G/K x G/K) naturally defines a bounded operator on the
quotient K : L?(Xr) — L?(Xr). For ¢ € L?(Xr), we define Kr¢ by the identity

(Kro, ) == (xK¢,¥)D

for all ¢p € L?*(Xr), where yx is a smooth fundamental cutoff for the lift of the
fundamental domain. We rephrase this in terms of symbols. For a I'-invariant
symbol a(z,b,r) with x(2)a(z,b,7) € S for p < 1, we define the bounded operator
OpF(a) : LQ(XF) — L2 XF) by

(Opr(a)é, ¥)x, == (xOp(a)¢,¥)p = (Op(xa)$, ¥)p.
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If a(z,b,r) is T-invariant and a(z,b,7) = >
have

~eT a(y -z, -b,r) where a € Sj, we
(Opr(a)o, ¥)x, = (Op(a)¢, ¥)p

for ¢,1 € L?>(Xr) and this is independent of the choice of a.
On the quotient, we will be undertaking similar analysis as that on the universal
cover, replacing the distributions PS, , by the family PS,, ., .

(v,b) ,6(_1,/’1)/

Definition 4.17. PS(; ) (k,—v,)(dV', dt,d7), abbreviated as PS,, _,,, is the right-
I-invariant distribution on B® x R ~ G defined by

Tj7Vj (db)TkH*Vk (dbl) e(

vi+UK)T
|b _ b/|1+ujfﬂ dr

PS(j0,), (k=) (@', db, dT) =

where T}, (db) and Ty, _,, (db) are the Helgason boundary values for the pairs of
eigenfunctions ¢; and ¢y, respectively.

The geodesic flow is given by g*(V/,b,7) = (V',b, 7 + 1), so the Patterson-Sullivan
distributions are eigendistributions for the geodesic flow in the sense that

g;%PSVj,_Uk = e_t(VjJ"W)PSVj’_Vk .

r

Therefore, PS,; ., induces an eigendistribution PS5, _,, of the geodesic flow on

NG = SXr defined by

/ adPSY e = / (xa)dPS,; v,
r\G a G

where x is a smooth fundamental domain cutoff. We extend the PS-distributions
to SXr x R by considering PSY ® 0r;+r, for real values of r;,7,. When r;

Vj,—Vk
27 5

or rj is imaginary, this formula will be generalized to PSEJ,—uk ® Ov;-w;, which
ViV

T
Vi, —Vk

technically is no longer a distribution. In order to exist, PS ® dv;-7x must
be paired with functions a(z,b,r) that have a holomorphic extension t(z)l r e C.
The Paley-Wiener Theorem indicates that this is the case if the Schwarz kernel
K,(z,w) corresponding to the symbol a is smooth and decays rapidly away from
the diagonal {z = w}.

As with the Patterson-Sullivan distributions, we replace the distributions W, 4, (.7 1)
with the family W; . on the quotient.

Definition 4.18. The Wigner distributions W; ; are defined on SD xR ~ G x R
by the formula

[ adwiu= On(@)6y. 600
SDxR
for a € S§.

Since the distribution Wj  is invariant by the action of I' on SD, it can be used
to define a distribution W]Fk on the quotient SXr x R ~T'\G x R.. If a is a smooth
function on I'\G x R, we define

/ adWj, = / xadWjy,
SXrxR SDxR
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where x is a smooth fundamental cutoff for the action of I'. In terms of the quan-
tization on the quotient,

/ adW}, = (Opr(a)d;, k)2 (x;)-
SXrxR

We describe the geodesic and Schrodinger flow on the quotient. We will denote by
GL the flow on I'\G x R induced by G*. On the quotient, V* induces an operator V:
acting on IIS{, the space of I'-invariant symbols obtained by periodizing elements of
SY. More precisely, V; is the unitary flow on L?(I'\G x R, dg x dp(r)) generated by
DY | which is a well-defined differential operator on I'\G x R because it is induced
by the left-invariant differential operator DV on G x R.. Its action can be described
as follows: if a = Ila with a € &7, then we have Vita = IIV'G. This expression is
independent of the choice of a.

Explicitly,

WE@) = Wial@) = [ Wiy, oy (@) T, (@0) T ()
and
PSE, (@) = PSuyon @) = [ PSu ., (@1, (@) T (@)

for any smooth and I'-invariant @ and any a such that a = I1a provided a is smooth
and decays fast enough so that all terms are well-defined.

We can finally motivate and define the Hilbert spaces that will be intertwined
on the quotient. On the Hilbert space HS(Xr) ~ L*(Xr x Xr) of Hilbert-Schmidt
operators on Xr, the quantum evolution o has the orthonormal spectral expansion

a 72 ezt

The Hilbert-Schmidt norm is defined by ||A||HS(XF) Trrzxp)(AAT) and is asso-

ciated with the scalar product (A4, B) yg(x;.) = Tr(ABT). For a I'-invariant symbol
a belonging to I1S), we obtain the Hilbert-Schmidt operator Opr(a) € HS(Xr)
with norm

||Opr(a)||§15(xp) = TrL2(Xr)Op1"( a)Opr(a T = Z \TTLZ(XF Opr(a) ¢J®¢k|2 Z\
7,k

¢J ® ¢k) @ (¢ ® ¢F)"

Intuitively, the Hilbert space Hyy is the collection of all symbols a for which
Opr(a) is a Hilbert-Schmidt operator. More formally, we have the definition below.

Definition 4.19. The space Hy (Xr) is the completion of the symbol space I1S)
with respect to the seminorm

lallfy =D Wi (a)l®

We define Hpg based on a seminorm that is analogous to the seminorm used in
the definition of Hyy .

Definition 4.20. We define Hps(Xr) as the closure of IISJ under the seminorm
115 =D 1PSY, (DI

.k
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Just as the definition of Patterson-Sullivan distributions depends on the choice
of spectral parameters while the definition of the Wigner distributions does not,
the definition of Hpg depends on the choice of spectral parameters v; for each j
unlike Hy,. We make the standard choice: v; € [0,1/2] UiR.

Definition 4.21. The intertwining operator £ induces an operator
Lry : Hps(Xr) = Hiyy(Xr), LrgPSy, v, = Wik

on I-invariant distributions. Define the operator Lr : Hw (Xr) = Hps(Xr) to be
the adjoint of Lrx.

Since L1y is an isometry from Hpg to Hiy, it follows that Lr is an isometry from

Hw to Hps. The W}jk form an orthonormal basis of H};, and EF#PSE],}?V,C = Wﬁk,
so the PS}, _,, form an orthonormal basis of Hpg.

We now prove Theorem 2.4. Let a € IISY, that is, a = Ila with a € SJ. We
choose this symbol class because it ensures that G*La(g, R) is well-defined for all
R € C. It suffices to consider such symbols because it is proven in section 7 of [2]
that TIS? is dense in TIS{ for the H ps-norm and is therefore dense in Hpg. For all
j and k, the definition of G* implies that

v2 o2

PS,, ., (G'La) = e~ = PS,, _,, (La).

Due to the definition of the intertwiner L,

PS,, _,, (L) = / PSe, vy vy ary (L) dT,, (db) AT ()

_ / Wets, e vpary (@) ATy, (db) AT, (dV)
= ],k(a)'

By substitution,

2_ -2

PS,, , (G'La) = ¢ W, 4(a) = Wy x(Via) = PS,, (Lo V'a),
where the last two equalities use the definitions of V* and £ in the same man-
ner as in the proof of Theorem 2.3. By the definition of £4 and the fact that
PSY (Lra) = PS,, ., (La), we conclude that

Vi, — Vg
EFOVI—t\ :G%O[{*,

as an equality between operators from Hy (Xr) to Hps(Xr).
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