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1. Introduction

Let X be a smooth Anosov vector field on a compact Riemannian manifold M.
Then the resolvent R()\) := (=X — \)~™' : L*(M) — L*(M) is holomorphic for
Re(A) > 0 and has a meromorphic continuation to C [BL0O7, DZ16, FS11, Liv04]
as a family of continuous operators R(\) : C*°(M) — D'(M). The poles of this
meromorphic continuation are called Ruelle resonances. Given a pole Ag of the
resolvent, (minus) the residue of the resolvent R(A) at Ao is a finite rank operator II,,
and we call its range Ran(Il,,) C D'(M) the space of generalized Ruelle resonant
states. The generalized resonant states are known to be distributions which are
supported on the whole manifold M [Weil7] and they lie in ker(—X — )\¢)” for some
J > 1, and J =1 if and only if there are no Jordan blocks. Furthermore, to each
Ruelle resonance \g we can define a canonical generalized density in the following
way: Because the wavefront set of II, is precisely known [F'S11, Theorem 1.7][DZ16,
Proposition 3.3|, there is a well defined notion of a trace of II,,, the so called flat
trace Tt and we can define the following continuous linear functional

- [emm) - c
o fo= T(fIL,)

If Ay = 0, then the functional 7, is given by the SRB measurel!) | see [BLO7]. For
a general resonance \g € C these functionals are only distributional densities and
not measures. As X commutes with II, , they are still invariant under the flow, i.e.
XTy, =0, and we call them invariant Ruelle densities. Note that these invariant
Ruelle densities have also explicit expressions in terms of the Ruelle resonant states:
In the simplest case of a first order pole of multiplicity one the invariant density
is simply the distributional product of a resonant and co-resonant state, where
co-resonant states are resonant states for the flow in backward time.

We want to study high frequency limits (also called semiclassical limits) of these
invariant Ruelle distributions. For Ruelle resonances the reasonable notion of semi-
classical limit is to fix a range in the real part Re(\) > —C and consider | Im(\)| — oo.
In this limit there have recently been established several results on the distri-
butions of resonances such as Weyl laws [DDZ14, FS11, FT17a] or band struc-
tures [FT13, FT17b].

1.1. High-frequency limits.

If G/K is a rank one Riemannian symmetric space of noncompact type, I' C
G a co-compact torsion free discrete subgroup, then the locally symmetric space
M :=I'\G/K is a compact Riemannian manifold of strictly negative curvature. Its
geodesic flow on the unit sphere bundle M := SM is Anosov. Any compact manifold
of constant negative curvature can be realized in this way, but the rank one locally
symmetric spaces contain also families with nonconstant sectional curvature. In

() More precisely by an SRB measure, because the eigenvalue \g might be degenerate and the SRB
measure not unique.
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constant curvature the spectrum is known to obey an exact band structure [DFG15,
KW19], i.e. for any Ruelle resonance Ay one has either Im(\g) = 0, or Re(\g) €
—p — Np, where p > 0 is the positive constant that is associated to a Riemannian
symmetric space by taking half the sum of its positive restricted roots. Our first
result is the following equidistribution Theorem 1.1.

THEOREM 1.1. — Let M be a compact locally symmetric space of rank one,
M = SM be the unit sphere bundle and duy, the Liouville measure on M. Let
r, € R* be such that \, = —p + ir,, are the Ruelle resonances with Re(\,) = —p,
Im(\,) > 0 for the geodesic flow on M. Then there exists a subsequence (1, )n>0 C
(rn)n>0, such that

. 7:p+irkn converges weakly towards duy, as n — co.
e The subsequence is of density one, i.e.
lim Sknen dim(RanTl_, 4, )

= 1.
N=ro0 Zn<N dlm(Ran H—p—i—irn)

To prove this result, we have to show an explicit correspondence between the
Ruelle resonant states on Re(\) = —p and the eigenstates of the Laplacian Apg. This
allows us to reduce the problem to a quantum ergodicity result for the Laplacian
and use the Shnirelman—Zelditch—Colin de Verdiére theorem [CdV85, Shn74, Zel87].

In fact, we prove several results in this article which are of independent interest.

1.2. The quantum-classical correspondence (Theorem 4.5 and
Theorem 4.6).

In [DFG15, GHW18, Had20] it is shown that for geodesic flows on compact (resp.
convex cocompact) constant negative curvature manifolds the Ruelle resonances
are related to eigenvalues (resp. quantum resonances) for the Laplacian. A central
ingredient in the proof is to establish an explicit bijection between the Ruelle resonant
states in D'(SM) that are killed by unstable derivatives and the eigenstates of
the Laplacian Ayp on M, at least for Ruelle resonances that are not in a certain
exceptional set. The map from Ruelle resonant states to eigenfunctions of Ay is given
by the pushforward m, : D'(SM) — D'(M), where m : SM — M is the projection
onto the base. We extend this bijection to the setting of all compact locally symmetric
spaces of rank one in Theorem 4.5 and Theorem 4.6. To prove the bijection, one
uses as in [DFG15] a correspondence between Ruelle (generalized) resonant states
killed by the unstable derivatives and the distributions on the boundary of G /K that
have a certain conformal equivariance by the group I', and the bijection between
these distributions and I'-invariant eigenfunctions of Laplacian on G/K, which thus
descend to M. The quantum-classical correspondence that we establish in this article
form a crucial basis for the generalizations to vector bundles [KW20, KW19].

We note that the correspondence between the distributions on the boundary and
the Laplace eigenfunctions follows from works of [BS87, GO05, Hel74, OS80, Ota98]
on the Poisson transformation. Some results related to the quantum-classical cor-
respondence were obtained previously in [Cos05, FF03| for G = SLy(R) where the
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authors study distributions on SM invariant by the horocycle flow. In particular
in [Cos05], a relation is made between such distributions and conformally equivariant
distributions on the boundary 0(G/K), similarly to what we discussed above.

1.3. A new description of Patterson—Sullivan distributions
(Theorem 5.2).

In [AZ07], Anantharaman and Zelditch introduced Patterson-Sullivan distribu-
tions on compact hyperbolic surfaces. Given an eigenfunction of the Laplacian in
C>°(M), these distributions are distributions in D’(SM) which are invariant under
the geodesic flow and become equivalent to usual semiclassical lifts such as Wigner
distributions in the semiclassical limit. In [HHS12] this construction has been gener-
alized to compact higher rank locally symmetric spaces. Using the quantum-classical
correspondence we give in Theorem 5.2 a new description of these Patterson—Sullivan
distributions for rank one spaces: given a Laplace eigenfunction ¢ € C*°(M) the
quantum-classical correspondence allows us to associate a unique Ruelle resonant
state v € D'(SM) as well as a Ruelle co-resonant state v* € D'(SM). The Patterson—
Sullivan distribution is then precisely given by the distributional product of v - v*
which is well defined by a wavefront condition.

1.4. A pairing formula (Theorem 6.1).

If the Ruelle resonance \g associated to a Patterson—Sullivan distribution is simple,
then it is easy to check that the Patterson—Sullivan distribution coincides with the
invariant Ruelle density. If Rank(II,,) > 1, one additionally needs a pairing formula
in order to express the invariant Ruelle density in terms of the Patterson—Sullivan
distributions. The pairing formula relates pairings of resonant states with co-resonant
states to pairings of the associated eigenfunctions of Ayg. Such pairing formulas have
previously been proved in [AZ07] for hyperbolic surfaces and in [DFG15] for compact
constant negative curvature manifolds using different methods. We extend them to all
rank one cases in Theorem 6.1. We follow the strategy of [DFG15] but we emphasize
that new difficulties appear due to the anisotropy of the Lyapunov exponents given
by the fact that the curvature is not constant anymore.

We would like to end the introduction with the following remark: in this article we
use the precise correspondence between Ruelle and Laplace resonant states in order
to prove the first version of quantum ergodicity for Ruelle resonant states. If however
it becomes possible to prove stronger properties like quantum unique ergodicity
for the high frequency limits of Ruelle resonant states, then the quantum-classical
correspondence would allow to transfer these results to the semiclassical limits of
Laplace eigenfunctions.

2. Ruelle resonances

In this section we introduce the spectral theory of Ruelle resonances for Anosov
flows as well as the notion of their resonant states and invariant distributions.
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Within this section let M be a smooth, compact manifold without boundary,
X € C®°(M,TM) a smooth vector field that generates an Anosov flow ;.

We want to introduce Ruelle resonances as the discrete spectrum of the differen-
tial operator X on suitable Hilbert spaces, as they have been introduced by Liv-
erani [Liv04], Butterley—Liverani [BLO7] and Faure-Sjostrand [FS11] and Dyatlov—
Zworski [DZ16]. We will use the microlocal approach from [DZ16, FS11]. General-
izations to flows on noncompact manifolds can be found in [DG16, GBW17].

PROPOSITION 2.1. — There exists a family of Hilbert spaces denoted by H" and
parametrized by N > 0. Each H~ is an anisotropic Sobolev space that fulfills the
relations

HY(M) ¢ HYN(M) ¢ H N (M),
where HY (M) denotes the ordinary L?-based Sobolev space of order N. Consider
furthermore the operator X acting on D'(M) and define

Domy(X) := {u e HY ‘XU € HN}7

which is a dense subset in HY. Then the operator X : HY — H" is an unbounded
closed operator defined on a dense domain satisfying:

(1) There is Cy > 0 such that for any N > 0 the operator (X + ) : Domy(X)
— HY is Fredholm of index 0 depending analytically on X in the region

{Re()) > —N/Cy}.

(2) There is a constant Cy > 0 such that for Re A > C} the operator (X + A) :
Domy (X) — HY is invertible for all N > 0.

Proof. — For the Fredholm property see [FS11, Theorem 1.4] ([DZ16, Proposi-
tion 3.2], respectively) and for the invertibility [FS11, Lemma 3.3] ([DZ16, Proposi-
tion 3.1], respectively). O

Consequently, the operator —X has discrete spectrum on {Re(\) > —N/Cy} of
finite algebraic multiplicity. We recall that the algebraic multiplicity of an eigenvalue
Ao of —X is

dim{uEHN ’ 5> 1,(X—|—)\o)ju:0},
while the geometric multiplicity of A\g is dim keryn (X + A\g). We call A € C a Ruelle
resonance if
Resx (A) := keryn (X +A) #0
for some N > —Cjy Re(\).

It can also be shown [FS11, Theorem 1.5] that for each j > 0, keryn (X + \)7 C
D'(M) is independent of the choice of N > —Cj - Re(\), so Resx(A) is well defined
and we call it the space of Ruelle resonant states associated to the resonance A. In
general the geometric and algebraic multiplicity of a Ruelle resonance A need not be
equal. Thus we define J(\) to be the smallest integer such that

keryn (X 4 A)F = kergn (X + X))/

for all k > J(\). We call keryn (X + A)?™ the space of generalized Ruelle resonant
states. Spectral theory also provides us with a finite rank spectral projector

H)\o ZHN—>HN
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satisfying I13, = II,, and Ran(Il,,) = keryn (X + Ag)”*), which commutes with
the Anosov flow, i.e. [X,II),] = 0. Note that this spectral projector coincides with
the residue of the meromorphically continued resolvent as defined in the introduc-
tion (see [DZ16, Section 4]). For f € C*(M), the multiplication operator by f is
continuous on H” and the spectral projector allows to define a distribution

C*M) — C
(2.1) Tro - 1
f — m7>\0 TI"HN (fH/\())
where my, := dim(keryn (X + Ag)??9)) is called multiplicity of the resonance Ao.

From the invariance of II,, under the Anosov flow it directly follows that 7, is
flow-invariant as well. Note that from the microlocal description of II,, in [DZ16] it
follows that T, € D'(M) does not depend on the choice of HY and is an intrinsic
invariant distribution associated to each Ruelle resonance which we will call invariant
Ruelle distribution. Note that if the space of generalized resonant states for \y = 0
is one-dimensional, then the invariant Ruelle distribution corresponds to the unique
SRB-measure.

We will not need any detailed knowledge on the construction of the Hilbert space
structure of HY. However, we will use the microlocal description of the resonant
states using the wavefront set. Therefore, let

TwM = Eq(m) @ Es(m) @ E,(m)

be the Anosov splitting of the tangent bundle into neutral, stable and unstable
bundles. We can introduce the following dual splitting of the cotangent space

T, M= Eg(m) & EZ(m) & E,(m),
which is defined by
Eg(m)(Es(m) @ Eu(m)) =0, E,(m)(Ey(m) @ Ey(m)) =0,
EZ(m)(Eo(m) & Ey(m)) = 0.

LEMMA 2.2 ([DFG15, Lemma 5.1]). — The space of Ruelle resonant states for a
resonance \q is given by

(2.2) Resx(Ag) ={u e D'(M) | (X +X)u=0 and WF(u)C E}},

where WF(u) C T* M denotes the wavefront set of the distribution u. The generalized
resonant states can be characterized similarly:

(2.3) ker(X 4 \g)') = {u € D’(M)\(X +X20)"Py =0 and WF(u) C E;j} :

By duality one can define the co-resonant states which we will denote by Resx« ()
and if the Anosov flow preserves a smooth volume density® , they can microlocally
be described as

(2.4) Resx«(MNo) ={u € DM) | (X = X)u=0 and WF(u) C E!}.

(2) For the geodesic flows considered in the sequel, there is a canonical smooth preserved measure,
the so called Liouville measure.
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Note that given a Ruelle resonance Ay, since E;NE} = 0, the resonant and co-resonant
states satisfy conditions on their wavefront sets ensuring that their product is well-
defined in D’(M) by [Hoér90, Theorem 8.2.10]. For u € Resx(\g), v € Resx+ (o), the
product is a flow-invariant distribution:

X(u-v)=(Xu) - v+u-Xv=_(Ao— A)(u-v)=0.

We will see in Section 5 that the Patterson—Sullivan distributions on compact locally
symmetric spaces of rank one can be interpreted as such a product of resonant
states. It turns out that in the case of a nondegenerate Ruelle resonance without
Jordan block, (i.e. for dim(Resx(A\g)) =1 and J()\g) = 1) also the invariant Ruelle
distribution 7, can be expressed in this way.

3. Ruelle resonances on rank one locally symmetric spaces

In this section we want to relate the Ruelle resonant states of the so called “first
band” on rank one locally symmetric spaces to certain distributional vectors in
principal series representations (Proposition 3.8).

3.1. Riemannian symmetric spaces

We first recall some standard notations for Riemannian symmetric spaces. Let G be
a noncompact, connected, real, semisimple Lie group of real rank 1 with finite center
and K C G a maximal compact subgroup. We will write G = K AN for an Iwasawa
decomposition and let M be the centralizer of A in K in what follows. The Killing
form IC : g x g — R is a non-degenerate bilinear form and the Cartan involution
0 : g — g on the Lie algebra g of GG allows to define a natural positive-definite scalar
product (-,-)g = —K(-,0-) on g (and thus on g* as well). Moreover, as G/K is of
rank 1, i.e. dimg(A) = 1, we have an isomorphism af — C by identifying A with
A(Hy), after choosing a suitable element Hy € a: we choose Hy to be the uniquely
determined element of a which satisfies ag(Hp) = /(, 0)g =: ||ao||, where o € a*
is the unique simple positive restricted root. We shall denote by p € a* the half-sum
of the positive restricted roots weighted by multiplicity, and let m,,, := dim g1,, and
Maa, ‘= dim gi94, be the multiplicities of the possible restricted roots. In particular,
one gets p = 3||a||ma, + ||0||Mm2a, when identifying af ~ C.

Under the above assumptions G/K is a Riemannian symmetric space of rank 1.
More precisely, G/ K is a hyperbolic space Hg where K is either R, C, H, O (H denotes
the quaternions and @ the octonions) and we will denote by n its real dimension® .
To simplify notation, we will write H = G/ K. The Killing form induces a canonical
Riemannian metric on H and with this metric the space H has negative sectional
curvature (equal to —1 if K = R and in [—4, —1] in the other cases). Furthermore, it
induces a smooth left G-invariant measure, which we denote by dz. The unit sphere

(3) Note that this choice implies, that e.g. for complex hyperbolic spaces n has always to be chosen
even. For K = O only n = 16 is possible (Cayley plane).
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bundle SH can be identified with G/M and we denote the left G-invariant Liouville
measure by duy,. Using a trivialization SH = H x S*~! the Liouville measure can
be written as dury, = dr ® dusn—1 where dugn-1 is the standard Lebesgue measure on
the unit sphere. Note that the measures dx and duy, are intrinsically defined by the
Riemannian geometry of H. We normalize the bi-invariant Haar measures on the
Lie groups G, M, K, A and N in a consistent way as follows: we start by fixing dm
by the condition vol(M) = 1 and in addition set vol(K) = vol(S"!). The adjoint
action of K on p gives an identification K/M = S"~! and our choice implies that,
under this identification, dug.—1 = d(kM). Next we fix dg such that d(¢gK) = dz.
With these choices one obtains the identification d(¢gM) = duy, in the following
way: the G = NAK decomposition gives a trivialization G/M = G/K x K/M
and using the normalizations from above one checks that d(gM) = d(¢K) @ d(kM)
= dr ® dugn—1 = dug,. Finally it remains to normalize da: recall that we identify
a = R or respectively ai = C by the choice of an element H, that is normalized
w.r.t. the Killing form. This imposes an analogous normalization of the measure da.

Let I' C G be a torsion-free discrete co-compact subgroup, then M := T'\G/K is
a smooth compact Riemannian locally symmetric space of rank 1. We denote the
respective positive Laplacians by Ag and Ay, Again we have a Lebesgue measure
defined by the Riemannian metric as well as the Liouville measure and by slight
abuse of notation we also denote them by dz and dyy,. The unit tangent bundle
M = SM of M = I'\H can be identified with the quotient I'\G/M. Under this
identification the geodesic flow is simply the right action of A: i.e

AxI\G/M — I'\G/M, (a,I'gM) — T'gaM.

It is known to be an Anosov flow (see e.g. [Hil05]), thus all the definitions of Ruelle
resonances and resonant states from Section 2 apply. Moreover, the Anosov splitting
of TM into neutral, stable, and unstable directions can be expressed explicitly as
associated vector bundles TM = I'\G x; (a®n; & n_). Here n, is the Lie algebra
of N and n_ = 60n, is the Lie algebra of N := 6N, where 6 denotes the Cartan
involution on G as well as its derivative on the Lie algebra g of G. The bundles F,
and F, are identified with

EUZF\G Xy N, ES:F\G Xp Ny

Similarly, the geodesic flow on the cover SH = G /M also has an Anosov splitting
with smooth stable and unstable bundles

EUSZGXM‘Q_7 ES::Gan+.

3.2. The first band of classical Ruelle resonances

In [DFG15] it is shown for compact real hyperbolic manifolds that the spectrum
of Ruelle resonances forms an exact band structure. A particularly important subset
of resonances are those that are invariant by the horocyclic flows (i.e. killed by the
unstable derivatives).
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DEFINITION 3.1. — A Ruelle resonant state u is said to belong to the first band,
if for each smooth section U_ of E, we have U_u = 0 and we write Res% (\o) for the
first band Ruelle resonant states at the resonance \g € C.

Similarly, we say a co-resonant state u belongs to the first band if for each section
U, of E, we have U u = 0. We write Res.(\o) for the first band Ruelle co-resonant
states at the resonance \y € C.

Remark 3.2. — The notion first band is justified by the following result of an exact
band structure (see [DFG15] for constant negative curvature manifolds and [KW19]
for compact locally symmetric spaces of rank one): If A\g € C is a Ruelle resonance
with Im(Xg) # 0, then Re(X\g) € —p — Nyay, i.e. the resonances with nonvanishing
imaginary parts are arranged on vertical lines parallel to the imaginary axis. Fur-
thermore, if A = —p + ir for r # 0 i.e. if A lies on the first line, then it is shown
in [DFG15, KW19], that the resonant states are first band resonances in the sense
of Definition 3.1.

We can lift the resonant states to the cover G/M by the quotient map mr: G/M
— I'\G/M. By a slight abuse of notation, X will also denote the infinitesimal
generator of the geodesic flow on G/M which descends to the infinitesimal gener-
ator of the geodesic flow on I'\G/M via wr. The geodesic flow (the flow of X) on
M = I'N\G/M and on SH = G/M will be denoted by ;. The splitting G X,
(a + ny + n_) of the tangent bundle of G/M is G-invariant and descends to the
Anosov splitting for I'\G/M via mp. With this notation, for A € af, let

Ri()
= {u e D(G/M)|(X F MHo))u=0,Y Us € C*(G/M; G xp ns), Usu = 0}.
Remark 3.3. — In view of the above characterizations of Res% (\) and Res%. ()
we obtain the linear isomorphisms
(mp)* : Resk (A(Hp)) — "R_()), (mr)* : Resk.(A(Hp)) — "Ro()\),

where 'R (A\) denotes the subspace of [-invariant elements of R ().

3.3. Points at infinity

Next we want to identify the first band of (co)-resonant states with distribu-
tions on the Furstenberg boundary 0H of the symmetric space, which is identified
with G/P = K/M where P = MAN is the minimal parabolic of G. Let us ex-
plain how this boundary can be naturally obtained from the geodesic flow on G/M.
For any point y € SH = G/M we define the limiting points of the geodesic passing
through y:

Be(y) = lim 7o(pw(y)) € OH

if 1o : SH — H is the projection onto the base. In terms of Lie groups, the resulting
maps are simply the projections

(3.1) By: G/M — G/P=K/M, gMw— guwiP,
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where w, represents the trivial and w_ the nontrivial element of the Weyl group
W = Ng(A)/M ~ Z, (cf. [DFG15, Hil05, HHS12]); here Ng(A) denotes the nor-
malizer of A in K. We will refer to B_ and B, as the initial respectively the end
point map.

Remark 3.4. — The values of the initial and the end point map are invariant
under the geodesic flow on G/M, i.e.
(3.2) Vaec A, Bi(gaM)= Bi(gM).

Furthermore, the initial and the end point map are invariant under changes in the
unstable, resp. the stable direction.

d
: . — B U= M) = 0.
(3 3) W U:t € ny dS\s:() + (ge ) 0

To see (3.2) and (3.3) for the initial point map, note that Ad(w_) interchanges n
and n_ and is —id on a. Finally, both maps intertwine the left G-actions on G /M
and K/M =G/P

(3.4) VyeG : Bi(ygM) =+~ Bi(gM)
LEMMA 3.5. — The maps

o, [POH) — Ri0)cD(sH)
= T — BT

are topological, linear isomorphisms intertwining the pullback actions of G on

SH =G/M and O0H = K /M.

Proof. — As By : G/M — K/M are surjective submersions, the pullback opera-
tors BY are injective operators on D'(K/M). We show that their images lie in the
indicated spaces: for T' € D'(K/M), Remark 3.4 implies

X (BiT)=0 and Us(BiT)=0

for all Uy € C°(G/M; G x prny). For the surjectivity of Q. consider a v € D'(G/M)
such that

(3.5) Xv=0 and VU; € C*(G/M;Gxpyny), Upv=0.

Now consider the AN-fiber bundle By : G/M — G/P and note that (3.5) implies
that v is a distribution which is constant along the fibers. Thus there is a T, €
D'(G/P) such that v = BT, . Analogously, we obtain the surjectivity of Q_.

The fact that Q. intertwines the pullback action is a direct consequence of the
intertwining property (3.4) of By.

The continuity of Q4 follows directly from the continuity of push-forwards of
distributions under submersions. For the continuity of the inverse map consider the
embedding ¢ : K/M — G/M. Then (3.5) implies that for elements v € R (0), WF(v)
is a subset of the annihilator of G X, (a ® ny) in T*(G/M). Thus the Hérmander
condition for pullbacks [H6r90, Theorem 8.2.4] implies that ¢* : R (0) — D'(K/M)
is well defined and continuous. As By ot = Idg/y and Q4 is bijective, we find that
¥ = Q7' and we deduce the continuity of the inverse map. O
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Similar isomorphisms can also be defined for nontrivial resonances A\ # 0. This
requires the so called Busemann function (based at the origin) defined on H x 0H
=G/K x K/M by

fe/kxK/M = a
(3.6) p { (9K kM) = B(gK kM) = —H(g k),

where H: G — a is given by H(kan) = loga. Using this horocycle bracket as well
as the initial and end point maps, we can define the smooth functions on

G/M — R
(3,7) NS { gM e0B(9K,Bx(gM)) 7

where vy 1= ap/||ao||. A straightforward computation using (3.2) and (3.3) shows
that they are +1 eigenfunctions of the geodesic vector field,

d
3.8 X0y =— &y (ge'™M) ==+
(3.8) + dt 1o + (96 ) +;
and they are constant in the stable and unstable directions, respectively:
d
(3.9) VUL €ng: Usbe=—-  dy(ge*M) =0.
ds|s=0
Forye G,z € H=G/K and b € O0H = K/M we have the following equalities
(3.10) Blyx, 1) = B(x,b) + B(yK, D)
(3.11) B(YK Ab) = =B(v K. b),
see for example [HHS12, Lemma 2.3]. Then for v, g € G we obtain
O (ygM) = er0B(gK Y. BL(gM))  _  voB(gK,Bx(gM)) voB(vK yB(9M))
(3.4) (3.10)
—  MBgK,BL(gM)) ,—oB(y~ K, Bx(gM))
(3.11)

If we introduce, generalizing [DFG15, (3.26)], the function
N, (kM) = e~of07 kM)
on OH = K/M, we get the identity (cf. [DFG15, (3.28)])
(3.12) D1 (vgM) = N,(B(gM))®+(gM).
A last ingredient is the compact picture of the spherical principal series.

DEFINITION 3.6. — Let p € af and H, := L?*(0H) be the Hilbert space of
square integrable functions w.r.t. the K-invariant measure on OH = K /M. Then the
spherical principal series representation (szt, H,) is the representation of G on H,,
given by

(3.13) (WP () F) (WM o= PR £ (k (771K) M)
— BRI £ (1 (311 ).

Here k(v 'K") = kxan(y~'%') denotes the K-component of v~ 'k’ € G in the K AN-
decomposition.
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Note that these principal series representations are unitary iff ;1 € ¢{R. Furthermore
we can express (3.13) via the functions N, as follows:

(3.14) (7' () f) = NG00 (1)

where (y71)* is the pullback of distributions with the diffeomorphism obtained by
the left G-action on K/M = G/P.

PROPOSITION 3.7. — For A € a{. the initial and end point transforms defined by
(3.15) Q)+ (T) = 1. (T)
are topological isomorphisms
Q.+ : D'(OH) = R ())
intertwining the left regular representation on Ry (\) C D'(SH) with the represen-
tation (Wir)(&er), D'(0H)).

Proof. — In view of Lemma 3.5 and the properties of ®., the property of Q) +
being a topological isomorphism is clear. It only remains to verify the intertwining
property: for v € G and T € D'(K /M) we compute

() (@) = () 92 () 3i1)
1 (B (V249) 020) (8 (571) 1)
= (82) - (B2 (W47 (57 '7))
=gy () (@4 (70)

= Qs (W;pt(V)T) .

7))

O
Combining Proposition 3.7 with Remark 3.3 we arrive at the promised description
of the first band of Ruelle resonances.

PROPOSITION 3.8. — There are isomorphisms of finite dimensional vector spaces

Res% () gF(H;;;+p)) and Resgf*(/\)%F(H:(ofﬂ)),

where F(H:Ff\’ f p)) denotes the spaces of I'-invariant distributional vectors in the

spherical principal series with spectral parameter 1 = —(\ + p).

After having described the Ruelle resonances by distributions on the boundary, we
now turn to the description of generalized resonant states via boundary distributions.

PROPOSITION 3.9. — Let A € C be a Ruelle resonance of X on M =T'\G/M.
Then the following conditions are equivalent.

(1) There is a Jordan block of first band resonant states of size J, i.e. there are
distributions uo, ..., uj—1 € D'(M) and some X\ such that

(3.16) (X+XNuy=0 and (X+Nup=ux1 for k=1,...,J—-1
and U_uy, = 0 for all smooth sections U_ of the bundle E, = I'\G X/ n_.
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(2) There exist distributions Ty, ..., Ty € D'(0H) such that for 1 <k < J—1
and all v € T

k log N )k_l
1 *T, = N2 (77T
(3.17) 7Lk y ;) (k1! !

Proof. — We start with a Jordan basis uy on M =T'\G/M as in (1) and we lift
them to a set of I-invariant distributions on the cover SH = G/M

(3.18) Uy = (mr) ug, k=0,...,J—1

where r : SH — M = SM is the natural projection. They satisfy the rela-
tions (3.16) with uy replacing uy. Then we use the functions ®_ defined in (3.7) and
define the distributions on SH

(3.19) e Azkj log@ >

)

From (3.9) we deduce U_vj, = 0 for all sections U_ in E,. Using (3.8) as well as
the I'-invariance of g, a straightforward computation yields Xv; = 0. According
to Lemma 3.5 there are unique distributions 7}, € D'(0H) fulfilling vy = Q_Tj.
The transformation property (3.17) finally follows, as Q_ intertwines the pullback
actions, from the following computation for v € I":

“ (logy*®_)*
Ve =y Y
5D
(log ®_ —|—B* log Nk~

(3?2) ( ) Z —1)! ul

( k k=l | (10g @_)T’(Bi IOgN )k—l—r

)w%rzﬁ T

(B* log N,)k=i

Z 7

This proves that (1) 1mphes (2)

The converse follows similarly: Given Ty, ...,T;-; € D'(0H) fulfilling (3.17) we
can define vy, = Q_T}. Next, we can obtain @, from the vy by (3.19). From (3.17) we
conclude that © € D'(SH) are I'-invariant, thus we obtain distributions u; € D'(M).
By a straightforward computation they fulfill (3.18) and U_u; = 0 for all smooth
sections U_ of E,,. N

4. Quantum-classical correspondence
4.1. Poisson Transformation

A central role for the relation between classical and quantum resonances is played
by the Poisson transformation which we now introduce.
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As explained in Section 3.2, we can identify a* with C via A — A(Hp), and we
shall do so in what follows, writing A% instead of A(Hy)?. Given a spectral parameter
p € ai we introduce the eigenspace (cf. [BS87])

Eu(H) := {u € D'(H)|(An — p* + i) u =0}

for the positive Laplacian Agz on H. Note that by elliptic regularity the elements of
£,(H) are real analytic. If we define the space of quantum eigenstates of Ay on M
as

Eigay, (1) = {u € LA(M)|(Am — p* + 42 u = 0},
taking the lift to the universal cover 7r : H — M we obtain a bijection between
eigenfunctions of Ay and I-invariant elements in £,(H), denoted by

FSM(H) ={fe&MH)Vyel',vf=f}
DEFINITION 4.1. — Let 1 € ai and define
Pu(gK kM) := W FPIBGREM) ¢ Coo(G K x K /M),

which is the Schwartz kernel of the Poisson transformation and which defines, using
the K-invariant measure db := dugn-1 = d(kM) on K/M, a linear operator

{D’(K/M) —  C®(G/K)
P, :
T —  T(db)[p.(gK, kM))].

Here we use the notation that T'(db) is the generalized density associated with the
distribution T' via the invariant measure db.

In the case of rank 1 symmetric spaces, kernel and image of the Poisson transforma-
tion have very explicit descriptions. In this paper we mostly restrict our attention to
spectral parameters p for which the Poisson transformation is injective. The maximal
domains of definition for the Poisson transformations are spaces of hyperfunctions.
As we restrict our attention to spaces of distributions we need to introduce spaces
of smooth functions with moderate growth in order to describe the image of our
Poisson transformations.

For f € C*°(H) and r > 0 the norm

—r-dgg(o,x)

1l = sup | F(@)e
reH

)

where dg is the Riemannian distance function on H = G/K and o = eK is the base
point of H. Then we define

£,(H) :={f € E,H), || f]l» < oo}

The space of eigenfunctions of weak moderate growth (see [BS87, Remark 12.5]) can
then be defined as

€,(H) := U0 &,(H)

and we can equip it with the direct limit topology.
In the following proposition we collect the mapping properties of the Poisson
transformation we will use (cf. [BS87]).
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PROPOSITION 4.2. — Define the set of exceptional parameters to be

(41) Ex = (—m;o —1- 2N0> (%)) U <—m2a0 — Moay — 2N0> oy C aEE.

For p € ag the Poisson transformation P, is a bounded continuous map

(4.2) P, : D'(9H) — £:(H),

which is a topological isomorphism if and only if pn ¢ Ex.

Note that &;(H) is invariant under the left regular representation. Moreover, if one
considers the compact picture ﬂip; of the spherical principal series representation
of G associated with the spectral parameter p, then D'(OH) can be interpreted as
the space of distribution vectors of 7, (cf. [BS87]). As is well-known, the Poisson
transformation P, intertwines these two representations.

For later reference we collect some of the spectral properties of Ayg.

Remark 4.3. — Let I' C GG be a co-compact discrete subgroup. Then for all ;1 € af
the pullback of smooth functions is a bijection

(7r)" : Biga,, (1) — "E.(H),

where '€, (H) denote the space of I-invariant elements in &,(H). Consequently
U'&,(H) is finite dimensional and "E,(H) # 0 only holds on a discrete set of values
for u € af that fulfill ||p||* — ||x||* = 0. Furthermore,

"&,H) Cc E(H) C £i(H).

4.2. Correspondence of spectra and resonant states

Let us now come to the proof of the first main result. Consider the canonical
projection 7y : SH = G/M — H = G/K on the base of the fibration and similarly
7o : SM = T'\G/M — M = I'\G/K. The pullback of smooth functions leads to a
map 75 : C°(M) — C°(SM). Using the canonical measures on both spaces we can
identify distributions as dual spaces of smooth compactly supported functions and
by duality we obtain a map g, : D'(SM) — D'(M). In the same way we obtain the
associated pushforward on distributions 7, on the universal cover, which allows us
to state the following useful expressions for the Poisson transformation.

PROPOSITION 4.4. — Let p € ai be an arbitrary spectral parameter. Then we
have the equalities P, = Ty, 0 Q,—, —, and P, = Ty, 0 Q,,_, 1, respectively, as maps
D'(0H) — D'(H).

Proof. — By a density argument we restrict our attention to the map for smooth
functions ¢ € C*°(K/M). Recall from Section 3.1 that the invariant measures on
G/K, G/M and K/M are normalized such that

[ oy Flo2) d(gM) = /. . /. | FlakA) A1) ().
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For f € C*(G/M) and ¢ € C®

—

G/K) we find

Ly Tord 0 dgK) = [ f 750 dlgM)

/K K/Mf gkM) 756 (gkM) d(kM)d(gK)

Il

i K/Mf gkM) ¢(gK) d(kM)d(gK).

This implies
(4.3) Fouf(gK) = / FlgkM) d(kM).
K/M
For ¢y € C*(K/M) = C>(G/P) we recall Q,_,_(v) € C*(G/M) from (3.15) and

note that (we use the isomorphism gP — k(g)M identifying G/P with K/M, k(g)
being the K element in the K AN-decomposition of g)

(Qup)(gM) = DL (g1 )y(gu_P)
— (enPlerB-(eMn)) W b gwP)
= (H=PIBRk(gw) M)y (kg ) M).

Now (4.3) and [Hel84, Lemma 1.5.19] allow us to compute
((Fov © Quep WI(gK) = [ el HGHIHIF Ny (k(gh'w ) M) (K M)
K/M

_ e(u—p)b’(gKyk(g’f’)M)¢(k(gk')M) d(k'M)

K/M
— e(H=p)B(gK kM) Y(kM)e —2p(H(g~"k)) d(kM)
K/M
— e(r=p)B(gK kM) 1/1(]{:M) 2pB(gK kM) d(k:M)
K/M
= (Pu)(9K)
(the third line corresponds to a change of variable k' — k := k(gk’) in OH = K/M).
The equality P, = 7o, © Q,,—, + follows analogously. U
THEOREM 4.5. — Let GG be of real rank 1 and I' C G a discrete, torsion-free, co-

compact subgroup, let H = G/K and M = I'\H. If 1 € af. \ Ex is a regular spectral
parameter, then the pushforward m, : D'(SM) — D'(M) restricts to isomorphisms

(44)  mo. : ResX(u—p) = Biga,, (1) and mo, : Res%.(u — p) — Eiga,, (1)

Proof. — Note that we have a bijection (71)* : Eiga,, (1) — "€, (H) (Remark 4.3)
as well as bijections (mp)* : Resy(A(Hp)) — "R_(\) and (7p)* : Resk.(A(Hp))

— 'R, ()\) (Remark 3.3). If we consider the projections on the covers we have the
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following commuting diagram
CD/(SH) s T

d T

(H)
T
D'(SM) — D'(M).
We see that it is sufficient to prove that 7o, : "Ra(u — p) — "E,(H) is an iso-
morphism. By Propositions 4.2 and 3.7 we already know that P, o (Q,_,4)"" :
"Ri(p—p) — "E,(H) is an isomorphism and we conclude with Proposition 4.4. O

We can also give a precise description of first band Jordan blocks: we write
Resk (A, k) = {u € D'(SM)|(X + \)fu=0, Uu=0,¥ U € C®(SM;E,)}.

THEOREM 4.6. — If i € ai \ Ex is a regular spectral parameter and p # 0, then
there are no first band Jordan blocks with spectral parameter A = —p + pu:

V k€ N* : Resk (A k) = Resk (), 1).
If = 0, then the first band Jordan block at A = —p is precisely of size two, i.e.
VEk>2 Resk(\ k) =Res% () 2), and dimRes% (), 2) = 2dim Res5 (), 1).

Proof. — Let p € af, p ¢ Ex U {0}. In order to simplify the notation, let us
identify throughout this proof ai. = C by identifying vy with 1. Assume that there
is a non-trivial Jordan block for A = —p + p. Then there are nonzero distributions
ug, u; € D'(SM) with (X 4+ Nug =0, (X + Nuy = ug and U_ug = U_uy = 0 for all

smooth sections U_ in E,,. From Theorem 4.5 we know that ¢g := 7. (1) € C°(M)
is a nonzero element that fulfills (An — p? + u?)¢o = 0. We claim that by setting

¢1 = mo«(u1) we obtain
(Am = p* + %) &1 = 2udo.

If this holds, then pairing this equation with ¢g, for u # 0 we get 2u||¢o||72 = 0 so
that ¢g = 0, which is a contradiction.

Now let us prove the claim: let @, € D'(SM) and ¢g, ¢y € C°(H) be the
lifts of ¢; to the universal cover. By Proposition 3.9 and its proof we can write
u = O7(B*Ty — log®_B*Ty) with Ty, 71 € D'(0H). Furthermore, by Propo-
sition 4.4 we can write 0,P,(Ty) = To(®" "log®_B*Tj). Thus we get I
P.(Ty) — 0,P,.(Tp) and

(4.5) (Am = p* + %) 61 = — (Am — p* + 1) 0P, (To).
Now it is easily checked that
(4.6) 20Pu(To) + (Au = o + 11%) 9, Pu(Th) = 0,

by taking the derivative of the equation (Ag — p? + p?)P,(Ty) = 0 with respect to
p. Thus, (4.5) and (4.6) imply the above claim.

Let us finally consider the case p = 0 and assume there is a Jordan block of size
larger than two. Then there are nonzero distributions ug, u1, us € D'(SM) such that

(X = plug = ur, (X — pJur = o, (X — plug =0
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and U_u; = 0 for all smooth sections U_ in E,. We set for i = 1,2,3, ¢; = o« (i)
€ D'(M) and claim that

(4.7) (AM - ,02> P2 = —¢o.
As above, pairing this equation with ¢q we get a direct contradiction. In order to

prove this claim, let g, Uy, 1y € D'(SH) and bo, P1, P € D'(H) be the lifts to the
covers. By Proposition 3.9 and its proof we can write

1
Gy = " (B*T2 — (log ® ) BT + (log <1>_)2B*T0)
with Ty, 11,15 € D’(@H)
Using again the representation of the Poisson transformation from Proposition 4.4
we get

~ 1
(4.8) ¢2 = Pu(T2) — (9 Pp) =0 (T1) + 9 (aipu)wzo (To).
Now taking the second derivative of (Ag — p* + p?)P.(Ty) = 0 at u = 0 we get
2\ (92 _
(4.9) 2P (To) + (Au — p?) (aﬂm)luzo (Ty) = 0.
Finally (4.8), (4.6) and (4.9) together imply (4.7). This shows that the first band
Jordan blocks of X at A = —p are maximally of size two.

Let us finally show that at g4 = 0 the Jordan blocks are at least of size two.
To this end we assume that Res% (—p) is nonzero and uy € Resk(—p) \ {0}. By
Proposition 3.7 we know that for @y € R_(—p) there exists a classical boundary
value T € D'(0H) such that uy = Q_, _(75). From the same proposition we obtain
TP (Y) Ty = Ty for all 4 € T. For u ¢ ai\ Ex we define the scattering operator for H

5, {D’(@H) —~  D'(0H)

4.10
(4.10) T w PloP_(T).

Note that by Proposition 4.2 this operator is well defined and we have
(4.11) S, P (g) = 7% (g)S, forall g€ G.

—h
Obviously, we have Sy = Id. Taking the derivative of (4.11) with respect to u at
1 =0, we obtain

(4.12)
TG0, s — (0,5, o 7 (0) = —2 (0,7%4(0)), | Torall g€ G,
If we now set Tt := —1(9,5,) =0 To € D'(0H), then (4.12), together with the

transformation properties of Ty, yields
TP N — Ty = ((%ﬂip:(’y)m:o To) forall ~eT.
With (3.14) this implies
Ty = NJ(Ty +log N, Tp) for all v €T.

Note that Proposition 3.9 implies that the existence of such a pair of distributions
To, Ty € D'(0H) is equivalent to the existence of u; € D'(SM) with (X — p)u; = wp.
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We have thus constructed for any ug € Res% (—p) a Jordan block of size two. This
finishes the proof of Theorem 4.6. O

For the special case of a real hyperbolic space a description of Jordan blocks is
given in [DFG15]. The proof there however relies on the pairing formula and the
self adjointness of the Laplacian. Here we have given a different proof, more in the
spirit of [GHW18], that also allows the precise description of the spectral value at
A = —p which was untractable with the methods in [DFG15]. For G = SLy(R), it is
also shown in [Cos05, FF03] that —p has a Jordan block.

Let us finally give a rough description of the first band resonant states at the ex-
ceptional points. At these points the Poisson transformation is not injective anymore,
but one has a nontrivial, closed G-invariant subspace ker P, C D'(0H) = H;* as
well as a G-invariant subspace Im P, C &;(H). In particular, the existence of the
kernel implies that at these exceptional points there could be more Ruelle resonant
states in the first band than expected from the Laplace spectrum.

PROPOSITION 4.7. — Let p € Ex C af be an exceptional spectral parameter.
Then

(4.13) dim Res% (1t — p) = dim Res%.. (¢ — p) = dim(*ker P,) + dim("ITm P,).

In particular, if ||u|| > ||p||, then we have

(4.14) dim Res% (12 — p) = dim Res%. (1 — p) = dim("ker P,).

If 1 = —p, then we get dim Res% (1 — p) = dim Res%. (1 — p) = dim(Tker P,) + 1.
Proof. — The statement follows directly from Proposition 3.8. If we write the

finite dimensional vector space "(H,>) = "(ker P,) ® C' with an arbitrary lin-

ear complement C' C "(H,*), then P, : C — "ImP, is a bijection and we
get (4.13). Furthermore, if || || > ||p||, then by positivity of Ay we know that "E: (H)
= Eiga,, (1) = 0, thus dim("Im P,) = 0 and we obtain (4.14). If u = —p, then
Im P, = C. 0

Note that for real and complex hyperbolic spaces, ||u| = ||p]| if ¢ € Ex.

5. A new description of Patterson—Sullivan distributions

We briefly recall the construction of Patterson—Sullivan distributions from [AZ07,
HHS12, HS09]. For pu, /' € af we introduce a weighted Radon transform R, by

(Rygof)lg) 1= [ eleotan) 0 so1ttans) (g4 da

for each f € C®(G/M). By definition this Radon transformation is right M A-
invariant and we have [HHS12, Lemma 4.4]

Ry : CX(G/M) — C(G/MA).

The Patterson—Sullivan distributions are then defined as follows:
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DEFINITION 5.1. — Let p, ' € ag and ¢, € E(G/K) ¢, € E5(G/K). Then the
associated Patterson-Sullivan distribution PS,, , , € D'(G/M) is the generalized
density defined by its evaluation at f € C>°(G/M):

PSpp, ()= [ (Ruw) (oMA) [F, (0] (d0) © [Py ()] (V).
G/MA

Here [P, (p,)](db) and [PJ,I(W)](db’) are the generalized densities on OH =
K/M = G/P obtained by the boundary distributions and the invariant measure.
Their tensor product is a generalized density on OH x OH and can be restricted
to the open subset (O0H)% := (0H x 0H) \ A(0H), where A(OH) is the diagonal
in OH x OH. Note that G acts transitively on (0H)A with respect to the diagonal
action and that (OH)X = G/M A as a G-homogeneous space.

Let us denote by Z,(u) and Z_(u) the respective inverse maps of the isomor-
phisms (4.4), defined on Eig,,, (1) by

T (1) = (1) Qg © (B T_() = (1) Qo o (P) '

THEOREM 5.2. — Let p, p' € at \ Ex and ¢, € Eigp (1) and ¢, € Eiga,, (1).
Then the Patterson-Sullivan distribution PS,, , , descends to SM = I'\G/M and
is given by

(5.1) PSyy 0 = Ta(p)(on) - T- (1) (@00)-

Here the product of the distributions Z (1) (y,) and Z_(y')(@,7) is well defined by the
wavefront condition. The descended Patterson—Sullivan distribution will be denoted
by PSY

PPyt :

Proof. — We will prove the statement for the corresponding I'-invariant distri-
butions on G/M. Let ¢, € £,(G/K) and ¢, € £,(G/K) be the lifted Laplace

eigenfunctions. Then the lift of the left hand side of (5.1) simply becomes PS; 5

while the right hand side becomes
Qi o (Pu) ] (@) - [Quepr o (P) 7] (20)] (d(gDD)) € D(G/M).
Note that with the diffeomorphism

o [GIM = Ax (omy
| gM  —  (alg), B+(9M), B_(gM))

we can write the G invariant measure d(gM) as
dgM = e2H@OHHGw) (y=1) (dgdbdb).

In fact, in view of G/M A = (OH)R and the description of the K-invariant measures
on G/P = K/M and G/P = K /M this follows from

G/Mf(gM) d(gM) z/G/MA/Af(gaM) dad(gMA)
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and V(gaM) = (a(g)a, BL(gM), B_(gM)). Now inserting the expressions for Q, 1
from (3.15) and replacing the measure, we obtain for the right-hand-side

PR RE (W), (da @ [P (B,)] (@) © [Py @] (1)
This is exactly the Patterson—Sullivan distribution as defined in Definition 5.1. [J

6. A pairing formula for Ruelle resonant states

Let us normalize the Haar measure® on N by fre 2@ dm = vol(S"1). Now
we can define the Harish-Chandra c-function as the holomorphic function given by
the convergent integral for Re(z) > 0

(6.1) c(z) = /76_(”+Z)H(ﬁ) dm.
N
It has a meromorphic continuation to z € C (see e.g. [Hel84, IV.6]) which is given
by
272 T(N)
L (5 (o0 + 1+ A)) T (3 (3100 +ma00 +2))

c(Allaoll) = o

)

where
/29145 Meg Mg (% (Mag + Maag + 1))
['(n/2)

One easily checks that the zeros and poles of the c-function are contained in the real
line.

Co =

THEOREM 6.1. — Let A € C\{—p—Npay} be a Ruelle resonance in the first band
and let v € Res}(A\) and v* € Res%.(\) be some associated resonant,/co-resonant
states. Then we have

/M 70+ (V) o, (V") d = ¢(p + N)v - v*[Lsm].

The product v - v* is well defined by the wavefront set properties of v and v* and
can be paired with the constant one function 1gng.

As a direct consequence of Theorem 6.1 we obtain that for two quantum eigen-
states o, ¢’ € Eiga,, (1) the normalization of the corresponding Patterson-Sullivan
distribution is given by

1 /
PS¢,¢/[15M} = m(% ¥ >L2(M)-

Furthermore, the pairing formula allows to relate the invariant Ruelle distributions
(defined in (2.1)) to Patterson—Sullivan distributions:

(4) This normalization is slightly different from normalizations common in the literature of symmetric
spaces, where one has ¢(p) = 1. We have chosen this normalization such that they give simple
formulas in our geometric context.
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COROLLARY 6.2. — Let r > 0 such that —p + ir is a Ruelle resonance of multi-
plicity m in the first band. Then p? + r? is an eigenvalue of Any with multiplicity m
and, for an L*-orthonormal basis ¢1, ..., pm of Eigy, (ir), we have

clir) &
T-ptir = T > PSue-
=1

Proof. — Via the quantum-classical correspondence (Theorem 4.5) we define a
basis of Ruelle resonant states u; := Z_(ir)(¢;) € Resx(—p+ir) as well as a basis of
co-resonant states u; := c(ir)Z, (ir)(@;) € Resx«(—p +ir). Now the pairing formula
(Theorem 6.1) together with the chosen normalization of uf implies the bilinear
pairing formula

(uj, uy) == /SM u; - ugdp, = ij,
which means that the basis ] is dual to the chosen basis u;. By Theorem 4.6 we
know that there are no Jordan blocks at the spectral parameter —p+ir and thus the

spectral projector can be written as II_,;;, = >/% v ® uj. Now for f € C®(M)
we obtain

1 &, ., c(ir) &
‘Tp—&-ir[f] - 7Z<ul7ful> = ZPSAOMM [f]
M= mo=
which completes the proof of Corollary 6.2. 0

So far, pairing formulas like Theorem 6.1 have been shown for compact hyper-
bolic surfaces [AZ07, Theorem 1.2] and compact real hyperbolic manifolds [DFG15,
Lemma 5.10]. We follow the strategy of proof of [DFG15]: first we consider the pair-
ing [yp mox (V). (v*) with respect to the measure which is obtained by restricting the
measure dz on G/K to a I'-fundamental domain. Then we construct a coordinate
transformation on an open dense subset that formally makes the Harish-Chandra
c-function appear as an integral over N (see Lemma 6.3). However, as we integrate
distributions, we have to cut out an e-neighborhood of the points where the coordi-
nate transformation is not defined and consider the limit € — 0 (see Lemma 6.4). As
in [DFG15] this turns out to be a subtle limit that requires a suitable regularization
of divergent integrals. Compared to the constant curvature case there are two major
challenges: first, one has to replace the explicit computations in the hyperboloid
model in the construction of the coordinate transformations. Second, one has to deal
with the fact that the defining integral of the c-function becomes an integral over a
non-commutative group N, adding some anisotropy to the regularization process.

6.1. A suitable coordinate transformation

Let us define the double unit sphere bundle S*~! x S"~! — S2M — M as the
pullback of SM x SM under the diagonal embedding M < M x M (or equivalently
as S°M = {((x,n.), (z/,n_)) € SM x SM | z = 2'}) and equip this bundle with the
measure dr ® dugn—1 ® dugn—1 for which we will use the slightly shorter notation
dx dny dn_. Define

I ::/ 7T-O*(U)WO*(U*) d[E:/ v(x,n+)v*(x,77_)dxd7]+ dT]_.
M S2M
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ky M

Figure 6.1. The figure visualizes the coordinate transformation for the case
G = SL(2,R): A base point x € G/K can be thought as a point in the Poincaré
disk and ny are tangent vectors of this point. The points koM € K/M are the
starting and end points through the geodesics, tangent to the vectors n... Except
in the case ny +n_ = 0 those are two disjoint points on the boundary K /M
and they define a unique geodesic which can be interpreted by gM A. On this
geodesic, the point gM is by construction chosen such that it is the projection
of x along an unstable manifold of the geodesic gM A.

The integral on the right makes sense by the wavefront set properties of v, v*: indeed,
v®@v* € D'(SM x SM) has wavefront set contained in E} x E¥ and its restriction
to the submanifold S?M makes sense since N*(S*M) N (E* x E?) = () because of
the transversality E} N EY = {0}. We furthermore define the open dense subset
SAM = {(x,n_,n.) € S*™M | n_ + ny # 0}. Recall that the unstable bundle
E, — M is given by an associated vector bundle E, = I'\G x,; n_ and, using
the exponential map, can be identified with T'\G x; N. We will denote points in
E, by equivalence classes [g, 7], where [gm, 7] = [g,mam™!] for all m € M. Thus,
any M-conjugation invariant function x € C>°(N) defines a function in C®°(E,, C),
which we also denote by y. We have:

LEMMA 6.3. — There is a diffeomorphism A : SM — E, such that for any
M -conjugation invariant function x € C°(N), any Ruelle resonance A\ € C in the
first band and associated resonant/co-resonant states v € Resy ()), v* € Resy.(\),
we have

(62) /2 U($»77—)U*(33>77+)XOA(%U—JH) dxdn— d77+
S52M
:/ vo*dpg, /76_(2”“‘)]{(%))((%) dn
SM N
Proof. — (For a geometric interpretation of the constructions below, see Fig-

ure 6.1). We first give an explicit construction of the diffeomorphism by constructing
a left G-invariant diffeomorphism A : SAH" — E, = G x 3/ N. In a first step consider
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the G-equivariant diffeomorphism

‘ S’H — HxO0HxO0H
(%77—777+) = (IaB—(xvn—)7B+<x’n+))

via the initial and end point maps By : SH — 0H from (3.1) and note that it
restricts to a diffeomorphism £ : SAH — H x (9H)%. Furthermore, recall (see
e.g. [HS09, Section 2] and [HHS12, Proposition 2.7]) that there is a G-equivariant
diffeomorphism

63) G {G/MA —  (GH)QA

gMA —  (gqwP,gP)

after identifying 0H = G/ P, where w = w_ denotes a representative of the nontrivial
Weyl group element. Note that the map

6.4) w:{GxMN — G/K xG/MA

lg;m] =  (gnK,gMA)

is well defined and left G-equivariant. Furthermore, we can construct an inverse
using the AN K-decomposition ¢ = a 4,55 (9)aw i (9) ks (9)

67 (K, gMA) v [gavic (97 T (970)]

Using these three diffeomorphisms we define A =9 1oG o0&,
It remains to prove (6.2). We clearly have that the left hand side equals

[ Ao )@ A (de - d.),

u

Thus, we have to compute the pushforward of the distribution A, (vv*) and the
measure A, (dx dn_ dn,).

Let us first consider the pushforward A,v*: as v* is a first band co-resonant state,
we know by Proposition 3.7 that v* = ®2 Bfw for some distribution w € D'(9H).
If we write A(x,n_,ny) = [g,7], then by the construction of A we have B (x,n,)
= B (gM) = kgan(g)M and consequently

(Act)[g,7]) = 07 (2, y) = Cran @I = HaTban @I (g11),
Since z = gnK, we can use (3.6) and (3.10) to simplify this expression to
(Aw)([g, 7)) = X9 Rkan @M (1) = AT (g 1),

In a similar manner we obtain the equality (A.v)([g,7]) = v(gM). The latter equality
can also be understood geometrically as (z,7_) and gM lie, by construction, on the
same unstable manifold and v is constant along the unstable leaves, because it is a
first band co-resonant state.

Next, let us consider the transformation of measures. In analogy to the final step
in the proof of Proposition 4.4 we use [Hel84, Lemma 1.5.19] to establish the formula

E.(dzdn_ dny) = 2PP@k-M+ 8@k M) 4o A(k_M) d(k,M).
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Moreover, by the Propositions B.2 and B.3 proved in the appendix, we have
G. (72 H@+H@D) 4(gMA)) = cg d(k_M) d(k. M)

and
cytpx(d(gM) dn) = d(gK) d(gM A) .
Putting these three transformations together and simplifying the exponents
using (3.6) and (3.10) we obtain a constant c4 > 0 such that

(6.5) A, (dzdn_ dn,) = cqe 7@ d(gM) dn.

Because dm is invariant under inversion, this establishes (6.2) up to a multiplicative
constant. However, this constant is equal to 1 by the choice of the normalizations of
the measures. This can be seen by passing to a co-compact quotient and integrating
a constant function on both sides of the variable transform. This completes the proof
of Lemma 6.3. 0

6.2. Renormalization

The formula of Lemma 6.3 would directly imply the desired pairing formula if we
could set y = 1. However, as v,v* are distributions, this is not allowed and in fact
we see for the important case of taking a Ruelle resonance with Re(\) = —p that
the integral over N on the right hand side of (6.2) would not converge anymore. We
thus have to perform a careful regularization of the appearing quantities.

As a first step we introduce a suitable cutoff function: We take an arbitrary M-
conjugation invariant function y € C>°(N) which is equal to 1 in a neighborhood of
the identity. Then we define for any € > 0

Xe(7) := x (efln(s)ﬁoﬁeln(e)ﬁo>

Y

where Hy := Hy/||ap|. Since the conjugation by exp(— In(e)Hy) strictly contracts N
to the identity, the function Y. converges to 1 on compact sets of N as ¢ — 0. As
M centralizes A, x. is still M-conjugation invariant, so that it defines a function in
C>(I'\G x5 N, C). After a pullback with A this function can be identified with a
function in C°(SAM) C C*(S5?M). By abuse of notation we will denote all these
instances of the function by y. and it will be clear from the context where the
function lives. Having defined x. we can write

I= . v(z, n-)v* (2, n4)xe do dn- dn
= 1.(2)
+ /52M v, n-)v* (@, 0 ) (1 = xe) da dn- dn...
= Io(e)

Note that by this decomposition the term I.(¢) can now be treated with the
transformation from Lemma 6.3. The idea of taking formally x = 1 would correspond
to considering the limit ¢ — 0. We will see that in general this limit is defined neither
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for 1.(¢) nor for Iy(e). However, we can prove the following important asymptotic
expansions.

LEMMA 6.4. — Given a Ruelle resonance A € C\ {—p — Noay} in the first band
and corresponding Ruelle resonant /coresonant states v € Res (), v* € Resk,()),

there are nonzero exponents 3, € C, { = 1,... ¢y such that for some coefficients
a, € C
Lo
(6.6) I.(e) —c(A+ p)/ oot dur, — Y o’ | = O(e),
S*M P
and for some other set of coefficients «y,
Lo
(6.7) In(e) = Y e’ = O(e).
=1
Remark 6.5. — As we know that I = I.(¢) + Iy(¢) is independent of &, we directly
conclude that for all ¢ with Re(8,) < 0 we have ay = —aj and Theorem 6.1 is a

direct consequence of Lemma 6.4.

An important tool in the proof of the expansions (6.6) and (6.7) will be the
following differential operator on N

(Lf)m) = 2

_ 7TI:I — TH o0 (AT
= dT\Tzof (e "Tie 0) , [ eC™(N),
which satisfies the relation £0.x. = Lx.. Note that for Uy € g_,,Us € g_o, we have

d
(6.8) Lf(exp(Uy +Uy)) =—  foexp (eTUl + 62TU2> :
dT |r=0

Thus, the operator L corresponds to a special linear combination of Euler operators
on the two different root spaces. o

As L commutes with the M-conjugation on N we can lift it to a differential
operator L with smooth coefficients on I'\G x; N in the following way:
f ([Pg exp (7'[:[0) ,e’TﬁoﬁeTﬁo]) .

Lf(lg,n]) :

Note that L is not just the differential operator that differentiates along the fibers
of T\G x s N, but it is twisted with a derivative along the geodesic flow on the base
space I'\G /M. Nevertheless, we still have the property £0.x. = Ly., where y. is
now understood as a function on I'\G x; N. The twist is crucial for the following
lemma.

dr |r=0

LEMMA 6.6. — The differential operator (A"),L on the open dense set S3M C
S?M extends to a first order differential operator on S?M with smooth coefficients.

By abuse of notation we will denote this extended operator on S2M again by L.

Proof. — Just as we did for the definition of A, we lift everything to H. By
definition the vector field AZ'L is smooth on S3H, so we have to study its behav-
ior near the antidiagonal {n_ + n, = 0} C S?H, and we need some appropriate
coordinates for this neighborhood. By the N AK-decomposition we can identify
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S’H = G/K x K/M x K/M = G/K x G/P x G/P. The antidiagonal consists of the
points (naK, kP, kwP), na € NA, k € K, where again w is some representative of
the nontrivial Weyl group element. By the Bruhat decomposition (nak, kP, kwna P)
with na € NA,k € K,nn € N parametrizes an open neighborhood of the antidiag-
onal and the antidiagonal corresponds to na = e. We now want to compute how
these coordinates are transformed for ma # e under the diffeomorphism A.

The crucial point is that we need an explicit expression for G=!. This can also be
achieved by the Bruhat decomposition which for real rank one implies that NP C G
is open and dense. Given g € NP we define nigp(g) € N to be the unique element
such that gP = Tigrp(g)P. Then we can write

G (qrwP, 9:P) = giiyp (91" 92) MA.
Putting everything together we obtain
A (naK, kP, kuniaP) = ¥ G (naK, nakwP,nakwni P)
=7 (naK, nakQ(mia) MA) = [nakQ(ma), Qma) |,

where

n = yp(wn)).

Q:{N\{e} - N\ {¢}

The inverse transformation reads
(6.9) A ((g,7]) = (90K, kyax(g7) P, kya (gn)wQ ™" (n7") P) .
Now the crucial observation for the smoothness of L is that for any m € N
we HopemHo p — ¢THoymp — eTgoﬁNP(wﬁ)P = eTgoﬁNP(wﬁ)e_THOP,

so that one has Q(e~"HopemHo) = ¢THoQ)(m)e~"Ho and O, L = —L.
Using this identity and (6.9) we compute the transformation of the global vector
field:

(6.10) (AI'L) f([naK, kP, kwiia P))
d

N Eh:o
d

dt |r=0

£ (A7 [nakQma)e ™, e Foqa(ma) o))
f (nakeTHOK, knak (keTgO) P, knax (k:eTHO) weTgoﬁAe_TﬁoP) ,

which clearly is smooth in a neighborhood of the diagonal.®® 0

(5) Without the derivative along the geodesics in L there would occur a derivative

e lT:Onake*Tﬁ" Q(ﬁ)eTHO

or A;'L. But near the diagonal in the limit m — e, Q(7) — oo, so this derivative would diverge.
This shows the necessity of the precise choice of L.
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Using the smooth vector ﬁe1d~z on S*M we get the identity 0.x. = —L(1 — x.)
(for the last equality note that L1 = 0). Now integration by parts yields

00o(e) = [, (L*(vv) (1= x2) dedn-do,

el 1.(e) = /2M (Z*(UU*)) Xe dz dn_ dn,.,

s
where L* = —[ — divag ay_ dm(lN}) is the L? adjoint on S?M. By virtue of Lemma 6.3
we obtain the alternative expression

e0c1.(g) = /SM vu* dyg, - /ﬁ (L*6_2("+’\)H(ﬁ)) X:(m) dm,

where L* = —L — divgz(L) is the L?-adjoint on N.

The following Lemma 6.7 implies that L is suitable for a regularization at infin-
ity in @ and L is suitable for a regularization near the antidiagonal in S2M. In
order to formulate it, let us define (n) := ||U1[|? + ||Us]| where n = exp(U; + Uy),
Ui € Y—aps Uz € 9—2a0-

(6.11)

LEMMA 6.7. — There are functions V, =V, , € C*(N) depending polynomially
on A as well as polynomials 5y(\),¢ = 1,2, ... that do not vanish for A € C\ {—p —
Noag} such that

(6.12) (L* = Be(N))Ver(m)e” CPNET =y, () e~ CrNHm)
where we set Vy(7) = 1 and for fixed X the functions V, satisfy the uniform pointwise
estimate V, = O((n)~") for (n) — oo. N

Furthermore Vyo A € C*(S3M) extends to a smooth function V, € C*(S?*M) that
vanishes of order O((7ip)*) at the antidiagonal.®) Moreover, if \ € C\ {—p—Noap} is

a Ruelle resonance in the first band and v, v* are corresponding resonant/co-resonant
states, then

(6.13) (E* — ,6’4(/\)) Vi ov* = Vyou*

Before we prove Lemma 6.7 let us show how it implies Lemma 6.4:
Proof of Lemma 6.4. — From (6.11) and (6.13) we get

lo—1 _
T (20 = fu- D) = Lo @00") - (V1= x0)) da - .

Recall that Vy, vanishes to the order ¢, at the antidiagonal and (1 — x.) (identified
with its pull-back A*(1—x.)) is supported in an e-neighbourhood of the antidiagonal,
thus || (Vs (1—x2)) || eseary = O(%). Furthermore we have [(1=xe) lersny = O(e7F),
and because ]740 is vanishing to order ¢, at the antidiagonal and is also C*°, the
Taylor formula implies that for any smooth &' order differential operator P on S?M
and k < fy the function P]N}go vanishes to order /y — k at the antidiagonal. Putting
everything together we get ||(Vy, (1 — X)) |cto—1(s2ary = O(€). As vo™ is a distribution

(6) Recall that the coordinates na near the antidiagonal have been introduced in the proof of
Lemma 6.6.
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of finite order we get that [T, (0. — Be,—e(N))1o(g) = O(e) for sufficiently large £
depending on the order of vv*. Consequently, there exist a, € C such that

Lo
In(e) = Y aue® V| = O(e).
=1

Next let us define for any A\ € C
(V) = [ e @Iy (@) a,

N
which, by [Hel84, Chapter IV.6], converges for Re(A) > —p to ¢(A + p). While the

meromorphic continuation of the Harish—Chandra c-function is well-known, we also
need a precise asymptotic expansion in powers of €. To that end we consider (6.12)
which implies

(6.14) }j (€0. — ry-(N)eelN) = [ e CrVHImY, (). () dn

From [Hel78, Theorem IX.3.8] we know that e~ 2+ NHE@) = O((m)~2e+Re())/llaolly,
Thus, if we fix C' > 0, then for sufficiently large ¢y the right side of (6.14) converges
to a function h(A) holomorphic on {Re(\) > —C'}:

lo—1

[ (€0 = Bro—e(N))e(A) = h(A) + O(e),

=0

and consequently there exist o, € C such that

h(A b, |
c:(\) — ) — Y eV = 0(e).

Uﬂé(}\) /=1

As we know that the integral defining c.(\) converges for Re()\) large enough, we
get by uniqueness of meromorphic continuation that

h())
Lo
[15:())
/=1

This yields (6.6). O

The only remaining task is to prove Lemma 6.7

=c(A+p).

Proof of Lemma 6.7. — In order to simplify notation let us define N'(7) := e*0H®,

p = p/llooll and X := X/|ag||. For m = exp(U; + Us), we then have the explicit
expression [Hel78, Theorem 1X.3.8]

2 R
(6.15) N@) = [(1 +e|Uf?)” + 4c||Un] } ,

where ¢ = (4m,,, + 16ma,,) "' Thus, we have N'(n) =< (n) for 7 — co.
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We first want to prove the existence of 5, and V), fulfilling (6.12) by induction. In

order to study (6.12) for £ = 1 we compute

* 2p+)\ ~ X LN

LN~ <<2p +3) N

Here we used the fact that (log). dm is the Lebesgue measure on n_ and from the

expression of L as an Euler operator (6.8), we get divgz(L) = 2p. We are thus lead
to study the properties of (LN)/N. Using (6.15) we get

_ 2/3) N-—@+A)

LN Q
6.16 = —9_ =
(6.16) v el
where Q(7) = 2 + 2¢||U;]|*. Putting everything together we get
* —(25+ X\ v X Q (951 X
(6.17) LN~ = (2 (p+A) (29+A) /\/z)N 25+,

We note that % = O((m)~!) for @ — oo. Thus, we have found 8;(\) = 2(p + ) and
Vin=—(2p+ 5\)/\% In order to examine (6.12) for ¢ = 2 we additionally need to
compute L/\%' A straightforward computation yields

Q 9\ 1

(L+2)./\/2 _2<N2) _41\?'

First of all, both terms on the right hand side are O((m)~2). This observation

directly implies that V, is O((m)~2). Secondly on the right hand side, only powers of

/\% and /\% appear. This allows for a straightforward induction procedure because

all appearing V, are some homogeneous polynomials of degree ¢ in the variable

(Q/N2,1/N?) with coefficients polynomial in A. Furthermore one checks that 3y(\)
= 2(p 4+ A+ € —1). This establishes the existence of 3, V, fulfilling (6.12).

Let us now turn to (6.13). We note that, as L is a smooth differential operator,

we can compute its divergence on S3M. Using (6.5) as well as the fact that dug, is

preserved by the geodesic flow, we compute
—2p Aj/\,/ + divaz(L).

Furthermore, using (A.(vv*))([g,71]) = (vv*)(gM)N (1) as well as the description
of L near the antidiagonal (6.10), we obtain L(vv*) = —\EY(

=A% (v
B*(ov*) = ((2/3 +3) Ljof _ divdn(L)> (o).

Comparing this equation to (6.17) and recalling divgz (L) = 20 we directly see that
we are led to the same recursion as for (6.12) and consequently V,=V,0A0n S3AM.
The existence of a smooth extension to S?M is obvious by the following global
argument: L is a smooth vector field thus its divergence is a smooth function, and all
V), are built out of derivatives of this divergence. The smoothness can, however, also
be seen in the coordinates n, a, k, A around the antidiagonal, which were introduced
in the proof of Lemma 6.6. In these coordinates

div (L) =

*), whence

N = oo @gpwna)) — pao(H(@a)=B(wna))
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where B = log(ax 4n)- Now for ma = exp(Vi + V2), Vi € g0y, Vo € g-24, [HelT8,
Theorem 1X.3.8] gives us

) 1
e 0BT — [2||V;4 + del|V3 2]

and with a completely analogous computation as above we check the vanishing of
the iteratively defined V. O

7. Equidistribution for Ruelle resonant states

Let us finally draw the desired conclusions concerning the high frequency limits
of invariant Ruelle distributions from the explicit relations between Ruelle resonant
states and Patterson—Sullivan distributions.

For M =T'\G/M = SM a number A = —p + u € C is a Ruelle resonance of the
first band if and only if the complex conjugate X is a Ruelle resonance of the first
band as well. This follows from the fact that the generating vector field X commutes
with complex conjugation. By this symmetry of the spectrum it is enough to consider
first band resonances with Im(\) > 0, and since we are interested in high frequency
limits, we take Im(u) > 0. We thus denote by A\, = —p + ir, € C a sequence of
Ruelle resonances in the first band with r, > 0 and r,,1 > r,. We do not want
to repeat them according to multiplicity but rather work with the multiplicities
m,, = dim(Res% ()\,)). Now to any subsequence (74, )nso C (7n)ns0 We can associate
the sequence of invariant Ruelle distributions 7y, € D'(M) and we study the weak
limits of these sequences.

Then we obtain the following reformulation of Theorem 1.1.

THEOREM 7.1. — Let M = I'\G/M = SM the unit tangent bundle of a compact
locally Riemannian symmetric space of rank one and dyuy, the Liouville measure. Then
there is a subsequence (1, )n>0 C (71 )n>0 of density one, i.e. with

Y my,
hm kn <N n

=1
9
N—oo Zn<Nmn

such that T,_ converges weakly to duy, in D'(M) as n — oo.

kn

Proof. — According to Theorem 4.5 we can associate to each Ruelle resonance
An = —p +ir, a spectral parameter p, := ir, € ag of the Laplacian such that
dim(Eiga,, (1t,)) = dim(Res ()\,;)) = m,. For each of these Ay-eigenspaces we
choose an orthonormal basis ¢,,; of real-valued functions, where [ =1,...,m,,. Let
B = {p,,;} be the set of all these basis vectors. Then the quantum ergodicity
theorem of Shnirelman—Zelditch—Colin de Verdiere [Shn74, CdV85, Zel87] implies
the existence of a density one subsequence such that the Wigner distributions W,
(see Appendix A for a precise definition) converge towards the Liouville measure.
More precisely, we can split B into the disjoint union B = B%°°4 U B such that
for any sequence in B#°°¢ the Wigner distributions converge towards the Liouville

measure and

D on<N mpd

L n< n

gy = ———"— =0, as N — oo,
anN mp
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where mp* = #(B*! N Eig,,(ir,)). In order to obtain the subsequence 7y,
for the convergence of the invariant Ruelle distributions, we remove from the full
sequence (7,),~0 all elements for which m?4/m,, > €,, where €, := (sup; s, qx)"/?
is a decreasing sequence converging to 0. Thus, we obtain a subsequence (rg, )n>0
for which we have

my, — m
Zn<N n angN kn, < qiN < \/q_N

anN My €N

or, equivalently,
2ikn <N Mo
S >1—-qnv — 1.
Let us finally show the convergence of the subsequence of invariant Ruelle distribu-
tions: we fix a Ruelle resonance A, . Then, using the basis ¢y, ; and the isomorphism
Z_(iry,), we define a basis w; 1= Z_ (g, ) (¢r, 1) € Resx(Ag,). Theorem 4.5 implies
that u; is a basis of Res% (\,). In addition we define the basis of co-resonant states

1
PS! (1)

Phn,1rPkn,l

*
U =

Ty (i, ) (Phn ) € Resxs (A, ).

The pairing of co-resonant states and resonant states is simply given by the pairing
of distributions with disjoint wavefront sets, which in turn is the product of the
distributions paired with 1. We recall the pairing formula of Theorem 6.1: let A € ag
and for v € Resy(\), v* € Res%.()\). Then one has the identity

(71) <7T0*U*, 7TO*U>L2(F\G/K) = C(/\ + p) . (UU*)[lsM,]

where c(p) = [ e~ #HPHIW) dp s the Harish-Chandra c-function.

Thus, the pairing formula together with the chosen normalization of w! implies
that wf[u;] = d;;, which means, that the basis u} is dual to the chosen basis u;. By
Theorem 4.6 we know that there are no Jordan blocks at the spectral parameter

A, , and thus the spectral projector can be written as Hk = >y @ uj. Now for
f € C®(M) we obtain that

= 1 e Ps f
77% ul f ul Pkn, 1Pkl
mg, lz; mkn ; PS@kn,z,@kn,z[l]

If f € C*(TM) is an arbitrary compactly supported function such that f lsm = f,
then by [HHS12]

7;% *7ZW¢1€1 +O<7’k>

kn 1=1

Note that there can still appear some Wigner distributions from the bad eigenfunc-
tions ¢y, that do not converge towards the Liouville measure. However, by the choice
of the subsequence, there are only few of them and we can write

Tl f] =

1 ~ ~ 1
mi Z W@kn,z [f] + Z WLPkn,z [f] +0 T :

Fn \ gr, .1 € Bood 0 Eigap (kkp ) Pyt € BP9 NEBiga L (1, ) Fn
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The Wigner distributions in the first sum converge towards the Liouville measure
and the contributions of the second sum can be bounded with a standard L? estimate
(see e.g. [Zwol2, Theorem 5.1]) by

W, J[FIl < Csup | f| + O(1/rs,).
Thus

1 ~ mzad ~
Tl f] =—— 2 Wer, I+ |+ o=Csup /]

ko \ gry .1 € BEood 0 Eigap (kkn)

+0<1>.
Tkn

But as we have chosen the subsequence such that

mbad

m’;" — 0, we conclude that in the
limit n — oo only the “good” Wigner distributions contribute and we obtain

Telf] = [ fdu,
SM
concluding the proof of Theorem 7.1. U

Appendix A. Wigner distributions

DEFINITION A.1. — Let r > 0, = ir and ¢ € Eiga,, (1) be an L*-normalized

eigenfunction of the Laplacian. Then we define the associated Wigner-distribution(”
W, € C~(T*M) as follows:

W Cx*(1T*M) — C
. a = (Opy(@)p, @)L

Here (e, @);2 is the L*-scalar product on M and for any h > 0, Opy(a) is a
bounded operator on L*(M) obtained by a semiclassical Weyl quantization (see
e.g. [Zwol2],[DZ19, Appendix EJ).

In quantum ergodicity one is then interested in understanding the weak limits of
these generalized densities. They have the following important properties.

ProprosiTION A.2. — Let r, > 0 be the positive real numbers such that the
eigenspaces Eiga,, (ir,) # 0, where we repeat 7, according to the multiplicity
(dimension of Eign , (ir,)), and let v, € Eiga, (ir,) be an associated L?-normalized
eigenfunction. If there is y € C~°°(T*M) as well as a subsequence r,, such that
Wy, — w weakly, then p is a positive Radon measure that is supported on S*M
and we call it a semiclassical measure.

Proof. — The fact that the semiclassical limits are positive Radon measures follows
from a standard compactness argument (see e.g. [Zwo12, Chapter 5]). For the support
on S*M see e.g. [Zwol2, Chapter 15]. O

(7) Although they are commonly called distributions, strictly speaking, Wigner distributions are
by definition generalized densities. However, the space C~°°(T*M) of generalized densities can be
identified with the space D'(T*M) of distributions via the canonical measure on T*M.
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Appendix B. Transformation formulas

In this appendix we prove the transformation formulas used in the proof of

Lemma 6.3.
Let d(gM A) be the G-invariant measure on G//M A which is uniquely determined®
by the condition that for all f € C2°(G) we have

(B.1) L f@dg= | » | [ flgma)dadmd(grr).

The following lemma gives two helpful expressions for d(gM A)

LEMMA B.1. —
(i) There is a constant ¢; such that for all f € C.(G/MA)

/G o HaM A d(g)4) = e /K /N FknMA) dn dk
(ii) There is a constant cy such that for all f € C.(G/MA)
[ FOMA) AgMA) = ca [ [ p(omr ) am et

Proof.
(i) Let f € C°(G/MA) and fix x € C°(A) such that [, x(a)da = 1. Using the
KNA decomposition we can find a function f € C®(KN)M such that f(gMA)

= f(kxna(g9)nixna(g)). Then by (B.1) we and [Hel84, Corollary 1.5.3] we get

/G/M JloM) = /G Fkrna(9)nrna(9)) x(axna(9)) dg

:cl/K/N/Af(kn)Xm)dadndk
— ¢ /K /N F(knMA) dn dk

(ii) The Bruhat decomposition of G implies that the group multiplication in-
duces a diffeomorphism N x N x M x A — NNMA with NNMA C G open
dense and complement of measure zero. It is thus enough to prove the equality
for f € C°(NNMA/MA) = C®(NN). The equality then follows from [Hel84,
Proposition 1.5.21], which implies

(B.2) /Gf(g)dgZCQ/N/N/M/Af(nnma)dadmdndn.

PROPOSITION B.2. — There is a constant cg such that

G d(gMA) = cg(do(kM, k' M))* (d(kM) @ d(k'M)) ‘(amg .

(8) Recall that the measures dg,da dm have been fixed in Section 3.1.
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Proof. — Let f € C®*((0H)4) C C*(0H x 0H). Lemma B.1(i), together with
[HHS12, Proposition 2.11] and [Hel84, Theorem. 5.20], shows that

d-2G, d MA:/ P.gwP)dy(gP, gwP) 2 d(gM A
Joo /827G AlaMA) = [ FgP guP)do{gP,guwP) ™ AlgM 4)
is actually equal to

& /K /K F(kP,K P)dk dk = /@ L F (kM) @ (K M),

Recall the map ¢ : G xyy N — G/K x G/MA from (6.4) and note that
YV H(G/K x NNMA/MA) = (NNMA x N)/M =~ NNAx N.

Let d(gK) be the G-invariant measure on GG/ K normalized by the Killing metric
on G/K. By our choices in Section 3.1 this coincides with the push-forward of the
Haar measure on G by the canonical projection pry : G — G/K. Further, let
pry G x N — G x 1 N be the canonical projection with respect to the M-action.

PROPOSITION B.3. — There is a constant ¢, > 0
(¢71)_ (d(gK) ® d(g' MA)) = cy(Bty)«(dg @ dm).
Proof. — For h € C*(G/K x NNMA/MA) = C®(G/K x NN) we compute

Lo (g g MA) d(gK) © d(g'MA)
G/K x NNMA/MA

=0 /G/K/N/N h(gK,naMA) dn dn d(gK)

= 0102/ / /7/ h(an'K,nnMA) dn dn dn’ da
AJNININ
using Lemma B.1(ii). Now, if h € C®(NNMA x N)M = C®(NNA x N), we obtain

/quMAxN) o (7), (dgR) @ d(g'ara))

- N (how ") d(gK) ®d(g'MA)
G/KxNNMA/MA

:clcg///i/ (Eow_l) (an'K,nmM A) dndndn’ da

AJNININ

— h(nma g ((nm)ran’) 7w ((nm) " an’) ) dn dmdn’ da.
ClCQ/A/N/N/N (nnaANK<(nn) an),nANK((nn) an)) ndndn’da

We now use Fubini theorem and arrange the integrals such that the dn’ integral is

the inner integral. Then the invariance of dm’ by left multiplication implies that the
latter integral equals

ClCQ/N/ﬁ/A/NE(nﬁaAﬁK (ﬁ‘%m') AN (ﬁ_lcm’) ) dn' da dn dn.

Reordering the integrals such that the da integral is the interior integral and using
the invariance of da we can transform our expression to

Clc2/N/ﬁ/A/NE (nﬁa, (a_lﬁ_la) ﬁANK(n'D dadn’ dndn.
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Note that N — N, n’ — w~!n'w is measure preserving. Therefore we can rewrite
this integral as

ClCQ/N/A/ﬁ/ﬁE (nﬁa, <a’1ﬁ’1a) TNk (wﬁ'w”)) dn’ dn da dn.

Moreover we have that the map v : N — N, 7 — 1,5, (wnw™!) has Jacobian equal
to one (see Lemma B.4). Thus we obtain

0162/N/A/N/N7L (nﬁa, (a’lﬁ’la‘) ﬁ’) dn’ dm da dn.

Using again the Fubini trick, this time with the invariance of dn’ we obtain

0102/ //7/7E(nﬁa,ﬁ')dﬁ'dﬁdadn:0102/Lﬁ(g,ﬁ')dn’dg,
NJaJNIN G JN

where we use (B.2) for the final equality. In summary we have shown

6102/ L E(w_l)*(d(gK) Rd(¢MA) = 0102/7 /77Ldﬁ’dg.
(NNMAXN)/M NNAJN

Since 1) is a diffeomorphism so that the measure zero set G\ (NN M A) gets mapped
to a measure zero set, namely (NNAM x N)/M, this proves the claim. O

LEMMA B.4. — The diffeomorphism

n o= Mawg (wnw!)

{N—>N
| Z

has Jacobi determinant | det Dv| = 1.

Proof. — Note that 7 = 71 yx (wiw ™) implies that there are @ € A and k € K
such that waw~! = ank. But then

1 1 1

w ' nw = wla wnw kT w
- 1=
so that T = T .5, (W™ 'w).

Case 1 Suppose that w = w™!. Then n = v(n), i.e. we have that v = v™. As a
consequence the Jacobian determinant is 1.

Case 2 Suppose that one cannot choose w such that w = w~!. Then one can choose
w of order 4. The computation above shows that

N =NNK (ww‘zﬁw2w_1) v (w‘zﬁuﬂ) .
On the other hand, w = w™2 so that
U(V(ﬁ)) =v (ﬁ) = TNk (wﬁw_1> =n (w_l (w_Qﬁw2> w) =v! (w_2ﬁw2) :

Thus we deduce v* = Id and the Jacobian determinant is again equal to 1. U
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