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NUMBER OF NODAL DOMAINS AND SINGULAR
POINTS OF EIGENFUNCTIONS OF NEGATIVELY
CURVED SURFACES WITH AN ISOMETRIC
INVOLUTION

JUNEHYUK JUNG AND STEVE ZELDITCH

ABSTRACT. We prove two types of nodal results for density one subse-
quences of an orthonormal basis {¢;} of eigenfunctions of the Laplacian
on a negatively curved compact surface. The first type of result involves
the intersections Z,; N H of the nodal set Z,; of ¢; with a smooth curve
H. Using recent results on quantum ergodic restriction theorems and
prior results on periods of eigenfunctions over curves, we prove that the
number of intersection points tends to infinity for a density one subse-
quence of the ¢;, and furthermore that the number of such points where
wj|m changes sign tends to infinity. We also prove that the number of
zeros of the normal derivative 0,¢; on H tends to infinity, also with
sign changes. From these results we obtain a lower bound on the num-
ber of nodal domains of even and odd eigenfunctions on surfaces with
an orientation-reversing isometric involution with non-empty and sepa-
rating fixed point set. Using (and generalizing) a geometric argument
of Ghosh-Reznikov-Sarnak, we show that the number of nodal domains
of even or odd eigenfunctions tends to infinity for a density one subse-
quence of eigenfunctions.

1. INTRODUCTION

Let (M,g) be a compact two-dimensional C'*° Riemannian surface of
genus g > 2, let ¢y be an L?-normalized eigenfunction of the Laplacian,

Apy = =gy,
let
ZSDA = {‘T : (PA(‘T) - O}

be its nodal line. This note is concerned with lower bounds on the number
of intersections of Z,, with a closed curve v C M in the case of negatively
curved surfaces. More precisely, we show that for closed curves satisfying
a generic asymmetry assumption, the number of intersections tends to in-
finity for a density one subsequence of the eigenfunctions. We also prove
the same result for even eigenfunctions when (M, g) admits an orientation-
reversing isometric involution o whose fixed point set Fix(o) is separating,
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and when ~ is a component of Fix(c). When combined with some geometric
arguments adapted from [GRS| the result implies that the number of nodal
domains of even (resp. odd) eigenfunctions tends to infinity for a density
one subsequence of the eigenfunctions. At the same time, we show that
odd eigenfunctions in the same setting have a growing number of singular
pointdl. Aside from the arithemetic case in [GRS|] or some explicitly solvable
models such as surfaces of revolution, where one can separate variables to
find nodal and singular points, these results appear to be the first to give a
class of surfaces where the number of nodal domains and critical points are
known to tend to infinity for any infinite sequence of eigenfunctions.

We denote the intersections of the nodal set of ¢; with a closed curve H
by Z,, N H. We do not need to assume that H is connected, but it is a finite
union of components. We would like to count the number of intersection
points. This presumes that the number is finite, but since our purpose is
to obtain lower bounds on numbers of intersection points it represents no
loss of generality. We define the number to be infinite if the number of
intersection points fails to be finite, e.g. if the curve is an arc of the nodal
set.

Our first theorem requires the assumption that the closed curve is asym-
metric with respect to the geodesic flow. The precise definition is that H
has zero measure of microlocal reflection symmetry in the sense of Definition
1 of [TZ]. Essentially this means that the two geodesics with mirror image
initial velocities emanating from a point of H almost never return to H at
the same time to the same place. For more details we refer to §3l

Theorem 1.1. Let (M, g) be a C*° compact negatively curved surface, and
let H be a closed curve which is asymmetric with respect to the geodesic flow.
Then for any orthonormal eigenbasis {p;} of A-eigenfunctions of (M,g),
there exists a density 1 subset A of N such that

limj o0 # Zyp, N H = 00
JjEA

im0 # {z € H : 0,pj(x) = 0} = o0.
JjEA
Furthermore, there are an infinite number of zeros where ;| (resp. Oyp;|w)
changes sign.

In fact, we prove that the number of zeros tends to infinity by proving
that the number of sign changes tends to infinity.

Although we state the results for negatively curved surfaces, it is suf-
ficient that (M, g) be of non-positive curvature and have ergodic geodesic
flow. Non-positivity of the curvature is used to ensure that (M, g) has no
conjugate points and that the estimates on sup-norms of eigenfunctions in
apply. Ergodicity is assumed so that the Quantum Ergodic Restriction

ISingular points are points z where () = do(z) = 0
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(QER) results of apply. In fact, this theorem generalizes to all dimen-
sions and all hypersurfaces but since our main results pertain to surfaces we
only state the results in this case.

We recall that in [Br], J. Briining (and Yau, unpublished) showed that
HY(Z,,) > C’g\/X, i.e. the length is bounded below by C’g\/X for some
constant C; > 0. Our methods do not seem to give quantitative lower
bounds on the number of nodal intersections. It is known that the number
of nodal intersections in the real analytic case is bounded above by V.
Some sharp results on flat tori are given by Bourgain-Rudnick in [BR].

In contrast, the singular set is a finite set of points, and in [D], R. T.
Dong gave an upper bound for #X,,. No lower bound is possible because
Yy, = 0 for all eigenfunctions of a generic smooth metric [U]. In [Y], S.
T. Yau posed the problem of showing that the number of critical points
of a sequence of eigenfunctions increases with the eigenvalue. A counter-
example was found by Jakobson-Nadirashvili, who constructed a metric and
a sequence of eigenfunctions with a uniformly bounded number of critical
points. One may still ask if there is some sequence of eigenfunctions for
which the number of critical points tends to infinity.

1.1. Nodal intersections and singular points for negatively curved
surfaces with an isometric involution. We now assume that (M, g) has
an orientation-reversing isometric involution

oc:M— M, o*g=g, o>=1Id, Fix(c)#0,

with separating fixed point set Fix(c). We refer to §0l for background on
isometric involutions and to [SS| [CP| [CP2] for more detailed discussions.
By a theorem of Harnack, if ¢ is an orientation-reversing involution with
non-empty fixed point set, then Fix(o) is a finite union of simple closed
geodesics. We assume that the union is a separating set (see §5l). Although
this result is usually stated for hyperbolic metrics, it holds for all negatively
curved metrics. We denote by L2, (M) the set of f € L?(M) such that
of = f and by L2,,(Y) the f such that of = —f. We denote by {¢;} an
orthonormal eigenbasis of Laplace eigenfunctions of L2, (M), resp. {¢;}
for L2,,(M).
We further denote by

Yo, ={r € Z,, :dpr(z) =0}

the singular set of ). These are special critical points dy;(z) = 0 which
lie on the nodal set Z, . For generic metrics, the singular set is empty
[U]. However for negatively curved surfaces with an isometric involution,
odd eigenfunctions ¢ always have singular points. Indeed, odd eigenfunc-
tions vanish on « and they have singular points at € v where the normal
derivative vanishes, d,1; = 0.
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Theorem 1.2. Let (M,g) be a compact negatively curved C> surface with
an orientation-reversing isometric involution o : M — M with Fiz(o) sep-
arating. Let v C Fiz(o). Then for any orthonormal eigenbasis {¢;} of
L2, (M), resp. {1} of L?,;(M), one can find a density 1 subset A of N

such that ‘
limj o0 # Zyp, Ny = 00
jeEA

lim;j o0 # Xy, Ny = 0.
JjEA
Furthermore, there are an infinite number of zeros where ;| (resp. 0,9 H)
changes sign.

Note that if Z,, N~ contains a curve, then tangential derivative of ; along
the curve vanishes. Hence together with 0,¢; = 0, we have dy;(x) = 0, but
this is not allowed by [D]. Therefore Z,, N+ is a finite set of points.

The statement about # Z,, N~ follows from the first part of Theorem
[[LT] and the statement about singular points follows from the second part of
Theorem [L.Il For odd eigenfuntions under o. points of v with d,4; = 0 are
singular. Thus, existence of an orientation-reversing isometric involution
with seoarating fixed point sets is a mechanism which guarantees that a
‘large’ class of eigenfunctions have a growing number of singular points. It
would be interesting to find a more general mechanism ensuring that the
number of critical points of a sequence of eigenfunctions tends to infinity for
a subsequence of eigenfunctions. As mentioned above, the counter-examples
of show that there exist sequences of eigenfunctions with a uniformly
bounded number of critical points. For the sequences we give, the critical
points are singular and therefore are destroyed by a small perturbation that
breaks the symmetry.

1.2. Counting nodal domains. The nodal domains of ¢ are the connected
components of M\Z,. In a recent article [GRS|], Ghosh-Reznikov-Sarnak
have proved a lower bound on the number of nodal domains of the even
Hecke-Maass L? eigenfunctions of the Laplacian on the finite area hyper-
bolic surface X = I'\H for I' = SL(2,Z). Their lower bound shows that the
number of nodal domains tends to infinity with the eigenvalue at a certain
power law rate. The proof uses methods of L-functions of arithmetic au-
tomorphic forms to get lower bounds on the number of sign changes of the
even eigenfunctions along the geodesic v fixed by the isometric involution
(z,y) — (—x,y) of the surface. It then uses geometric arguments to relate
the number of these sign changes to the number of nodal domains. We
now combine the geometric arguments of [GRS] (compare Lemma [T.1]) with
Theorem to show that the number of nodal domains tends to infinity for
a density one subsequence of even (resp. odd) eigenfunctions of any neg-
atively curved surface with an orientation-reversing isometric involution as
above. Before stating the result, let us review the known results on counting
numbers of nodal domains.
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Let {¢;};>0 be an orthonormal eigenbasis of L?(M) with the eigenvalues
0=MX <A1 < Xy <---. According to the Weyl law, we have the following
asymptotic o
. Vol(M
I~ Aj.

Therefore by Courant’s general nodal domain theorem [CH|, we obtain an
upper bound for N(g;):

Nigy) < = V20

When M is the unit sphere S? and ¢ is a random spherical harmonics,
then

)\j(l + 0(1)).

N(p) ~cA,

holds almost surely for some constant ¢ > 0 [NS|. However, for an arbitrary
Riemannian surface, it is not even known whether one can always find a
sequence of eigenfunctions with growing number of nodal domains. In fact,
the number of nodal domains does not have to grow with the eigenvalue,
i.e. when M = S? or T2, there exist eigenfunctions with arbitrarily large
eigenvalues with N(p) < 3 ([St], [L]). It is conjectured (T. Hoffmann-
Ostenhof [H]) that for any Riemannian manifold, there exists a sequence of
eigenfunctions ¢;, with N(¢j, ) — oo. At the present time, this is not even
known to hold for generic metrics. The results of [GRS] and of the present
article are apparently the first to prove this conjecture for any metrics apart
from surfaces of revolution or other metrics for which separation of variables
and exact calculations are possible.

We now recall the result of [GRS]. Let ¢ be an even Maass-Hecke L2
eigenfunction on X = SL(2,Z)\H. In [GRS], the number of nodal domains
which intersect a compact geodesic segment 8 C 6 = {iy | y > 0} (which we
denote by N?(y)) is studied.

Theorem 1.3 ([GRS]). Assume (3 is sufficiently long and assume the Lin-
delof Hypothesis for the Maass-Hecke L-functions. Then

1
NA(p) > A2 "
If one allows possible exceptional set of ¢, as an application of Quantita-
tive Quantum Ergodicity and Lindelof Hypothesis on average, one has the
following unconditional result.

Theorem 1.4 ([J]]). Let 8 C § be any fixzed compact geodesic segment.
Then within the set of even Maass-Hecke cusp forms in {p | T < /A, <
T + 1}, all but O(T/5%¢) forms satisfy

NP(p) > AL,

We generalize these results to negatively curved surface with an orienting-
reversing isometric involution o wtih Fix(o) a separating set (possibly with
zero density set of exceptional eigenfunctions.)
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Theorem 1.5. Let (M, g) be a compact negatively curved C> surface with
an orientation-reversing isometric involution o : M — M with Fix(o) sepa-
rating. Assume that M has ergodic geodesic flow. Then for any orthonormal
eigenbasis {¢;} of L2, (Y), resp. {1;} of L?,,(M), one can find a density
1 subset A of N such that

j—00

JEA
resp.

_lim N(T[)j) = 00,

j—00

jEA
Remark 1.6. For odd eigenfunctions, the same conclusion holds with the
assumption Fiz(c) separating replaced by Fix(o) # (.

Finally, we thank H. Parlier and M. Grohe for helpful comments and
references.
2. KUZNECOV SUM FORMULA ON SURFACES

We need a prior result on the asymptotics of the ‘periods’ f,y fejds of
eigenfunctions over closed geodesics when f is a smooth function.

Theorem 2.1. (Corollary 3.3) Let f € C*(y). Then there exists a
constant ¢ > 0 such that,
/fds
.

)\j<)\
We only use the principal term and not the remainder estimate here.
A small modification of the proof of Theorem 2.1]is the following: Let 9,
denote the normal derivative along ~.

2
VA + Of(l).

2
fejds| =c

Y

Theorem 2.2. Let f € C(v). Then there exists a constant ¢ > 0 such

that,
E d

)\j <A
The proof is essentially the same as for Theorem 1] except that one
takes the normal derivative of the wave kernel in each variable before inte-
grating over v X . The normalization makes )\j_l 28,, a zeroth order pseudo-
differential operator, so that the order of the singularity asymptotics in (2.9)
of are the same. The only change is that the principal symbol is mul-
1

2
=cC

2
\/X—l- Of(l).

A2 / FO,0;ds
v

tiplied by the (semi-classical) principal symbol of )\;58,,. If we use Fermi
normal coordinates (s,y) along v with s arc-length along + then 9, = 0,
along v and its symbol is the dual variable 7, i.e. the positive part of 7.
Here we assume that -~ is oriented and that v is a fixed choice of unit normal
along 7, defining the ‘positive’ side.
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Proposition 2.3. There exists a subsequence of eigenfunctions @; of natural
density one so that, for all f € C*(vy),

‘fy f@jds‘
= 05 (A; " (10g 1)'/?) (2.1)
fﬁ/ fau@jds‘

Proof. Denote by N(\) the number of eigenfunctions in {j | A < Aj < 2A}.
For each f, we have by Theorem [Z] and Chebyshev’s inequality,

_1
2
>\j

2
_ 1
——{j | A< A <2, > A7 log A} = Oy

1
N(N) log A )
It follows that the upper density of exceptions to (Z1]) tends to zero. We then
choose a countable dense set {f,} and apply the diagonalization argument
of [Z2] (Lemma 3) or [Zw] Theorem 15.5 step (2)) to conclude that there
exists a density one subsequence for which (ZI]) holds for all f € C*(vy).
The same holds for the normal derivative.

fpjds

Yi

O

3. QUANTUM ERGODIC RESTRICTION THEOREM FOR DIRICHLET OR
NEUMANN DATA

QER (quantum ergodic restriction) theorems for Dirichlet data assert the
quantum ergodicity of restrictions ¢;|g of eigenfunctions or their normal
derivatives to hypersurfaces H C M. In this section we review the QER
theorem for hypersurfaces of [TZ]. It is used in the proof of Theorem [I1]
As mentioned above, it does not apply to the restrictions of even functions or
normal derivatives of odd eigenfunctions to the fixed point set of an isometry,
and the relevant QER theorem for Cauchy data is explained in §6.11

3.1. Quantum ergodic restriction theorems for Dirichlet data. Roughly
speaking, the QER theorem for Dirichlet data says that restrictions of eigen-
functions to hypersurfaces H C M for (M, g) with ergodic geodesic flow are
quantum ergodic along H as long as H is asymmetric for the geodesic flow.
By this is meant that a tangent vector £ to H of length < 1 is the projection
to TH of two unit tangent vectors &+ to M. The &4 = £ + rv where v is
the unit normal to H and |¢|? + 72 = 1. There are two possible signs of
r corresponding to the two choices of “inward” resp. “outward” normal.
Asymmetry of H with respect to the geodesic flow G means that the two
orbits G*(£4) almost never return at the same time to the same place on H.
A generic hypersurface is asymmetric. The fixed point set of an isometry o
of course fails to be asymmetric and is the model for a “symmetric” hyper-
surface. We refer to (Definition 1) for the precise definition of “positive
measure of microlocal reflection symmetry” of H. By asymmetry we mean
that this measure is zero.
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We now state the special cases relevant to Theorem [[.JI We also write

_1
hj = )\j 2 and employ the calculus of semi-classical pseudo-differential op-
erators [Zw] where the pseudo-differential operators on H are denoted by
a*(y, hDy) or Opy;(a). The unit co-ball bundle of H is denoted by B*H.

Theorem 3.1. Let (M, g) be a compact surface with ergodic geodesic flow,
and let H C M be a closed curve which is asymmetric with respect to the
geodesic flow. Then there exists a density-one subset S of N such that for
ac SOYT*H x [0, hp)),

j_)lgolf}es(Ophj (a)n; 1y on; 1) 2y = wW(a),

where
4

) = o) /BH an(s,0) (1= lof*)"2 dsdo
In particular this holds for multiplication operators f.

There is a similar result for normalized Neumann data. The normalized
Neumann data of an eigenfunction along H is denoted by

_1
A2 Dypyla. (3.1)

Here, D, = %8,, is a fixed choice of unit normal derivative.
We define the microlocal lifts of the Neumann data as the linear function-
als on semi-classical symbols a € S (H) given by

il (a) = / ad®]! = (Opr(@hDypnli hDuspn ) o,

Theorem 3.2. Let (M,g) be a compact surface with ergodic geodesic flow,
and let H C M be a closed curve which is asymmetric with respect to the
geodesic flow. Then there exists a density-one subset S of N such that for
ac SOYT*H x [0, hp)),
lim N(a) = wla
i (0) - ()

where
4

OJ(CL) = W /B*H GQ(S,O') (1 — ’0"2)% deO'.
In particular this holds for multiplication operators f.
4. PROOF OF THEOREM [I. 1]
4.1. A Lemma. Define the natural density of a set A € N by
1
lim — A X
ximooX|{$€ |z < X}

whenever the limit exists. We say “almost all” when corresponding set
A € N has the natural density 1. Note that intersection of finitely many
density 1 set is a density 1 set. When the limit does not exist we refer to
the lim sup as the upper density and the liminf as the lower density.
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Lemma 4.1. Let a, be a sequence of real numbers such that for any fized
R >0, a, > R is satisfied for almost all n. Then there exists a density 1
subsequence {aytnea such that

lim a, = +o0.
n—o0
neA

Proof. Let ny be the least number such that for any n > ny,

L. 1
;|{J§n|aj>k}|>1—2—k.

Note that ny is nondecreasing, and limg_,o, np = +00.
Define A, C N by

Ap ={np <j <nps1 | aj >k}

Then for any nx < m < ng41,

k
{G<mla;>k}clJAn(,m],
=1

which implies by the choice of ny that

1 F 1

This proves
[ee]
A= A
k=1

is a density 1 subset of N, and by the construction we have

lim a, = +o0.
n—o0
neA

4.2. Completion of the proof of Theorem Q.11

Proof. Fix R € N. Let ~1,--- ,vr be a partition of the closed curve H and
let 8; C 7; be proper subsegments. Let f1,---, fr € C5°(H) be given such
that
supp{fit = i
fi>0on H
fi=1on 3.

We may assume that the sequence {¢; } has the quantum restriction property
of Theorem [BJ], which implies that

jlijgo @jllL2(s,) = B - length(5;)
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forall j =1, .-, R for some constant B > 0. Namely, B = f_ll(l —0’2)%(10’.
Then

| eilds 2 ligalagaliosl iz o
> A log A,

Here we use the well-known inequality ||¢;|[ze ) < )\;/ */1og A; which
follows from the remainder estimate in the pointwise Weyl law of [Be].
By Proposition 2.3

= Or(); ! (log A)"/?)

fip;ds
Vi

is satisfied for any i = 1,--- , R for almost all ¢;.

Therefore for all sufficiently large j, such ¢; has at least one sign change
on each segment ~; proving that #7,. N H > R is satisfied for every R > 0
by almost all ;. Now we apply Lemma Il with a; = #Z,, N H to conclude
Theorem [L.11

The proof for Neumann data is essentially the same, using Theorem
instead of Theorem B.1] O

5. SURFACES WITH AN ORIENTATION-REVERSING ISOMETRIC INVOLUTION

We now specialize to a negatively curved surface of genus g > 2 with an
orientation-reversing isometric involution with non-empty fixed point set.
To begin with, we recall some of the known results these objects.

Let ¢ : M — M be an isometric involution. We first distinguish several
cases. First is the dichotomy (i) o is orientation reversing, or (ii) o is
orientation preserving. Our results only pertain to case (i).

In the case of orientation-reversing involutions, Harnack’s theorem says
that the fixed point set Fix(o) is a disjoint union

H=yU---Uy (5.1)

of 0 < k < g+ 1 simple closed geodesics. We refer to Theorem 1.1 (see also
Lemma 3.3) of [CP2]. It is possible that Fix(o) = 0, i.e. k =0, i.e. there
exist orientation-reversing isometric involutions with empty fixed point sets
[P]. We assume k # 0.

There is a further dichotomy accordingly as H (5.1]) is a separating set or
not. We assume that it is throughout this article. Thus M\H = M U M_
where M9 N M° = ) (the interiors are disjoint), where o(My) = M_ and
where OM, = OM_ = H. Our results at present do not apply to the non-
separating case, although it is possible that one could extend them to many
non-separating cases.

In the case k = 0, there does exist a closed geodesic vy such that o(y) = 7.
But as in Lemma 3.4 of [CP2], ¢ is the anti-podal map of v, i.e. o acts by
an angle 7 rotation.
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The case of orientation preserving involutions o # id is discussed in [SS].
By the Riemann-Hurwitz relation, o has k = 2g+2—47 different fixed points
for some 0 < j < £(g+ 1). When o has fixed points, it has at least two
fixed points. If A, B are two distinct fixed points and u is a simple geodesic

segment from A to B then u U o(u) is a simple closed geodesic of M.

5.1. Eigenfunctions on surfaces with an orientation-reversing iso-
metric involution. We consider singular points of the even, resp. odd,
eigenfunctions of involutions o with Fix(o) # 0.

We first consider the case of an orientation reversing involution with v C
Fix(c). We could take the curve C

LEMMA 1. Let (M,g) admit an orientation reversing isometric involution
with separating Fiz(o) and v a geodesic such that v C Fixz(o). Let @; be
an even eigenfunction, and let xo = Y(so) be a zero of ¢;|,. Then at a
reqular zero xg, @;|, changes sign. That is, if the even eigenfunction does
not change sign at the zero xo along v, xog must be a singular point and Z,,
locally stays on one side of ~.

Indeed, since ¢ is even, its normal derivative vanishes everywhere on
7v. If ¢ does not change sign at zo, then v is tangent to Z,, at zo, i.e.
%cpj(fy(s)) = 0, so that ¢ is a singular point.

Next we consider odd eigenfunctions and let 1); be an odd eigenfunction.
The zeros of 9,1; on v are also singular points of ;.

LEMMA 2. Let (M,g) admit an orientation reversing isometric involution
and 7y a geodesic such that v C Fiz(c). Let 1; be an odd eigenfunction.

Then the zeros of 0,%; on «y are intersection points of the nodal set of 1);
in M\~ with vy, i.e. point where at least two nodal branches cross.

Proof. If x¢ is a singular point, then ¢;(zg) = dy;(x;) = 0, so the zero set of
) is similar to that of a spherical harmonic of degree k > 2, which consists
of kK > 2 arcs meeting at equal angles at 0. It follows that at least two
transvese branches of the nodal set of an odd eigenfunction meet at each
singular point on 7.

O

6. PROOF OF THEOREM

6.1. Quantum ergodic restriction theorems for Cauchy data. Our
application is to the hypersurface H (Bl given by the fixed point set of
the isometric involution o. Such a hypersurface (i.e. curve) is precisely the
kind ruled out by the hypotheses of [TZ]. However the quantum ergodic
restriction theorem for Cauchy data in [CTZ| does apply and shows that
the even eigenfunctions are quantum ergodic along H, hence along each
component . The statement we use is the following;:
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Theorem 6.1. Assume that (M, g) has an orientation reversing isometric
involution with separating fized point set H. Let v be a component of H.
Let @y, be the sequence of even ergodic eigenfunctions. Then,

<Op7(a)90h\w CPh’v>L2(fy)

— h—0t ﬂéT(M) Sy ao(s, o) (1 — |lo|?)~2dsdo.

In particular, this holds when Op~(a) is multiplication by a smooth function

1.

1

We follow in using the notation h; = A, and in dropping the
subscript. It also follows that normal derivatives of odd eigenfunctions are
quantum ergodic along v, but we do not use this result here. We refer to
[TZ, [CTZ] for background and undefined notation for pseudo-differential
operators.

We briefly review the results of [CTZ] in order to explain how Theorem
follows from results on Cauchy data. The normalized Cauchy data of an
eigenfunction along ~ is denoted by

CD(en) == {(¢nly, hDyonly)}- (6.1)

Here, D, is a fixed choice of unit normal derivative. The first component
of the Cauchy data is called the Dirichlet data and the second is called the
Neumann data.

The QER result pertains to matrix elements of semi-classical pseudo-
differential operators along ~ with respect to the restricted eigenfunctions.
We only use multiplication operators in this article but state the background
results for all pseudo-differential operators. We denote operators on vy by
a"(y, hDy) or Op(a). We define the microlocal lifts of the Neumann data
as the linear functionals on semi-classical symbols a € SY.(v) given by

@)= [ ad® = (Op,(@hDugnbs hDsonb) s
Y
We also define the renormalized microlocal lifts of the Dirichlet data by

uy (a) == /B ad®f” = (Opy(a)(1 + B> As)pply, Only) r2(y)-
*y

Here, thy denotes the negative tangential Laplacian —h{f—; for the in-
duced metric on 7, so that the symbol 1 — |o|* of the operator (1 + h?A.)
vanishes on the tangent directions S*v of 4. Finally, we define the microlocal
lift dq)gD of the Cauchy data to be the sum

do§P .= dol + doll. (6.2)

The first result of states that the Cauchy data of a sequence of
quantum ergodic eigenfunctions restricted to v is QER for semiclassical pseu-
dodifferential operators with symbols vanishing on the glancing set S*v, i.e.
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that
do§P — w,

where

4
= oA 1 — |o|2)1/2 ‘
21 Area(M) /Bwao(S,U)( lo|*) " “dsdo

Here, B*y refers to the unit “ball-bundle” of ~ (which is the interval o €
(—1,1) at each point s), s denotes arc-length along v and o is the dual
symplectic coordinate.

w(a)

Theorem 6.2. Assume that {¢©n} is a quantum ergodic sequence of eigen-
functions on M. Then the sequence {d®$P} (62) of microlocal lifts of
the Cauchy data of vy is quantum ergodic on v in the sense that for any
a € 5%.(7),

<OpH(a)hDVSDh"yy hDV‘Ph"Y>L2(,Y) + <Op'y(a)(1 + h2A'Y)(ph"}/7 (Ph"y>L2(.y)

h—0+t m fB*«, ao(s,0)(1 — |o|?)'/2dsdo
where aq is the principal symbol of Op(a).

When applied to even eigenfunctions under an orientation-reversing iso-
metric involution with separating fixed point set, the Neumann data drops
out and we get

Corollary 6.3. Let (M, g) have an orientation-reversing isometric involu-
tion with separating fixed point set H and let ~v be one of its components.
Then for any sequence of even quantum ergodic eigenfunctions of (M,g),

<Op’*/(a)(1 + h2A’Y)(ph|’Yv 90h|~/>L2(,Y)

—h—0t W Sy ao(s, o) (1 — |o|?)!/2dsdo

This is not the result we wish to apply since we would like to have a
limit formula for the integrals fy f w%ds. Thus we wish to consider the the

microlocal lift d®2 € D'(B*y) of the Dirichlet data of ¢y,

/B a d®} = (Opy(a)pnlys enly) L2(y)-
*y

In order to obtain a quantum ergodicity result for the Dirichlet data we need
to introduce the renormalized microlocal lift of the Neumann data,

/B ad® = {(1 + WA +i0) "' Opy(a)hDyppl+, hDy@nly) 12(y)-
*y

Theorem 6.4. Assume that {pp} is a quantum ergodic sequence on M.
Then, there exists a sub-sequence of density one as h — 07 such that for all
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a € S%.(v),

<(1 + th’y + Z'O)_lOpfy(a)th,(pMH, hDuQDh|“/>L2(,Y) + <Op~/(a)90h|% 90h|“/>L2(ﬁ/)

4
_ 1— |o?)"Y2dsdo.
“Thoot 27 Area(M) /B*“/ ao(s,)( %) sag

Theorem follows from Theorem since the Neumann term drops
out (as before) under the hypothesis of Corollary

6.2. Proof of Theorem The proof of Theorem is now the same
as the proof of Theorem [I.1], using Theorem in place of Theorem [3.11

7. LOCAL STRUCTURE OF NODAL SETS IN DIMENSION TWO

As background for the proof of Theorem [[L5l we review the local structure
of nodal sets in dimension two.

ProposITION 3. [Bers, [HWL[CL] Assume that vy vanishes to order k at x.
Let px(x) = @} (x) + @i’ 4 -+ denote the C* Taylor expansion of vy into
homogeneous terms in normal coordinates x centered at xo. Then ¢,°(x) is
a Fuclidean harmonic homogeneous polynomial of degree k.

To prove this, one substitutes the homogeneous expansion into the equa-
tion Agpy = A2y, and rescales © — Az. The rescaled eigenfunction is an
eigenfunction of the locally rescaled Laplacian

T -2z zo\—1 - 82
AT = AT DY AY(DY°) T = ) + -
j=1""1
in Riemannian normal coordinates u at x¢ but now with eigenvalue 1. Since
@(zo + §) is, modulo lower order terms, an eigenfunction of a standard flat
Laplacian on R™, it behaves near a zero as a sum of homogeneous Euclidean
harmonic polynomials.

In dimension 2, a homogeneous harmonic polynomial of degree N is the
real or imaginary part of the unique holomorphic homogeneous polynomial
2V of this degree, i.e. py(r,0) = %V sin Nf. As observed in [Ch], there exists
a C! local diffeormorphism ¥ in a disc around a zero xq so that y(zg) = 0
and so that ¢} o x = py. It follows that the restriction of ¢y to a curve
H is C! equivalent around a zero to py restricted to x(H). The nodal set
of py around 0 consists of N rays, {r(cosf,sinf) : r > 0,pn|g1(v) = 0}.
It follows that the local structure of the nodal set in a small disc around a
singular point p is C' equivalent to N equi-angular rays emanating from p.
We refer to [Ch| for further details.

7.1. Isometric involutions and inert nodal domains. We now apply
the local results to obtain a lower bound for the number of inert nodal
domains in the spirit of [GRS] Section 2.

Let us briefly summarize the argument in [GRS] for genus zero surfaces.
A nodal domain of an even eigenfunction is called inert if it is o-invariant,
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in which case it intersects v in a segment. Otherwise it is called split. The
number of inert nodal domains of ¢ is denoted R,. The number of sign
changes of ¢ on 7 is denoted n,. The main result of section 2 of [GRS] in
genus zero is that R, > %ngp + 1. It is also stated that R, > %nw +1—-gin
genus g (Remark 2.2). The proof starts with the case where the nodal set is
regular. In that case, the nodal line emanating from a regular sign-change
zero on v must intersect v again at another sign-change zero. The nodal
lines intersect « orthogonally in the regular case. Applying o to the curve
produces an inert nodal domain and the inequality follows. The remainder
of the proof is to show that when singular points occur, R, — %ngp + 1 never
increases when arcs between singular points are removed. Hence R,— %n¢+1
is > the same in the regular case, which is > 0. We note that the local
characterization of nodal sets rules out the cusped nodal crossing of Figure
7 of [GRS] and so we omit this case from the discussion below.

We now prove the inequality for even (resp. odd) eigenfunctions in the
higher genus case of a Riemann surface with an orientation-reversing iso-
metric involution with non-empty fixed point set.

7.2. Graph structure of the nodal set and completion of proof of
Theorem From Proposition Bl we can give a graph structure (i.e. the
structure of a one-dimensional CW complex) to Z,, as follows.

(1) For each embeded circle which does not intersect v, we add a vertex.

(2) Each singular point is a vertex.

(3) If v ¢ Z,,, then each intersection point in v N Z,, is a vertex.

(4) Edges are the arcs of Z,, (Z,, U~, when ¢, is even) which join the
vertices listed above.

This way, we obtain a graph embeded into the surface M. We recall that
an embedded graph G in a surface M is a finite set V(G) of vertices and
a finite set F(G) of edges which are simple (non-self-intersecting) curves
in M such that any two distinct edges have at most one endpoint and no
interior points in common. The faces f of G are the connected components
of M\V(G)UUeeE(G) e. The set of faces is denoted F'(G). An edge e € E(G)
is incident to f if the boundary of f contains an interior point of e. Every
edge is incident to at least one and to at most two faces; if e is incident
to f then e C Of. The faces are not assumed to be cells and the sets
V(Q), E(G), F(G) are not assumed to form a CW complex. Indeed the
faces of the nodal graph of odd eigenfunctions are nodal domains, which
do not have to be simply connected. In the even case, the faces which do
not intersect v are nodal domains and the ones which do are inert nodal
domains which are cut in two by 7.

Now let v(py) be the number of vertices, e(¢y) be the number of edges,
f(px) be the number of faces, and m(g)) be the number of connected com-
ponents of the graph. Then by Euler’s formula (Appendix F, [G]),

v(px) —e(pn) + floa) —mler) > 1 —2gy (7.1)
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where gj is the genus of the surface.
We use this inequality to give a lower bound for the number of nodal
domains for even and odd eigenfunctions.

Lemma 7.1. For an odd eigenfunction 1;,

N(;) > # (By, N7y) +2 — 29,

and for an even eigenfunction p;,

1
N(ej) 2 5# (Zo; N7) +1 = gur.

Proof. Odd case. For an odd eigenfunction v;, v C Zy,. Therefore f(1;) =
N(;). Let n(tp;) = #3Xy; N7y be the number of singular points on . These
points correspond to vertices having degree at least 4 on the graph, hence

0= Y deg(z)— 2e(ty)
z:vertices
> 2(v(Y) = n(y)) + 4n(ih;) — 2e(vy).
Therefore
e(¥;) —v(¥y) = n(t;),
and plugging into (1)) with m(v;) > 1, we obtain
N(h5) = n(¥;) +2 — 2g9um-

Even case. For an even eigenfunction ¢;, let N;n(p;) be the number
of nodal domain U which satisfies cU = U (inert nodal domains). Let
Ngp(pj) be the number of the rest (split nodal domains). From the as-
sumption that Fiz(o) is separating, inert nodal domains intersect Fix(o)
on simple segments, and Fix(c) divides each nodal domain into two con-
nected components. This implies that, because v C Fix(c) is added when
giving the graph structure, the inert nodal domain may correspond to two
faces on the graph, depending on whether the nodal domain intersects v or
not. Therefore f(y;) < 2N, (v;) + Nsp(pj)-

Observe that each point in Z,, N+ corresponds to a vertex having degree
at least 4 on the graph. Hence by the same reasoning as the odd case, we
e 1 Floy)  nle)

. nlw:
N(p) 2 Nin + 5Niplg) 2 =08 > =2
where n(p;) = #Z,, N7. O

Now Theorem follows from Theorem and Lemma [T-11

+1—-9gm

REFERENCES
[Be] P. Bérard, On the wave equation on a compact Riemannian manifold without
conjugate points. Math. Z. 155 (1977), no. 3, 249-276.
[Bers] L. Bers, Local behavior of solutions of general linear elliptic equations. Comm.
Pure Appl. Math. 8 (1955), 473-496.
[BR] J. Bourgain and Z. Rudnick, Nodal intersections and Lp restriction theorems on

the torus (arXiv:1308.4247).


http://arxiv.org/abs/1308.4247

(Br]
(Ch]

[CTZ)

[CP]
[CP2]
[CH]
(D]

[GRS]

NUMBER OF NODAL DOMAINS AND SINGULAR POINTS 17

J. Briining, Uber Knoten Figenfunktionen des Laplace-Beltrami Operators,
Math. Z. 158 (1978), 15-21.

S. Y. Cheng, Eigenfunctions and nodal sets. Comment. Math. Helv. 51 (1976),
no. 1, 43-55.

H. Christianson, J. A. Toth and S. Zelditch, Quantum ergodic restriction
for Cauchy data: Interior QUE and restricted QUE, to appear in MRL
(arXiv:1205.0286).

A. Costa and H. Parlier, A geometric characterization of orientation-reversing
involutions. J. Lond. Math. Soc. (2) 77 (2008), no. 2, 287-298.

A. Costa and H. Parlier, On Harnack’s theorem and extensions: a geometric
proof and applications. Conform. Geom. Dyn. 12 (2008), 174-186.

R. Courant and D. Hilbert, Methods of mathematical physics. Vol. 1. Interscience
Publishers, Inc., New York, N.Y., 1953.

R. T. Dong, Nodal sets of eigenfunctions on Riemann surfaces. J. Differential
Geom. 36 (1992), no. 2, 493-506.

A. Ghosh, A. Reznikov and P. Sarnak Nodal domains of Maass forms I: To appear
in GAFA larXiv:1207.6625.

M. Grohe, Fixed-point definability and polynomial time on graphs with excluded
minors. J. ACM 59 (2012), no. 5

P. Hartman and W. Wintner, On the local behavior of solutions of non-parabolic
partial differential equations. III. Approximations by spherical harmonics. Amer.
J. Math. 77 (1955), 453-474.

T. Hoffmann-Ostenhof, Problems for the number of nodal domains in ” Geometric
Aspects of Spectral Theory xiv”’ Oberwolfach Reports 33, page 2068-270, 2012.
D. Jakobson and N. Nadirashvili, Eigenfunctions with few critical points. J.
Differential Geom. 53 (1999), no. 1, 177-182.

J. Jung, Quantitative Quantum Ergodicity and the nodal lines of Maass-Hecke
cusp forms, larXiv:1301.6211) [math.NT] (2013).

H. Lewy, On the minimum number of domains in which the nodal lines of spher-
ical harmonics divide the sphere, Comm. Partial Differential Equations 2 (1977),
no. 12, 1233-1244.

F. Nazarov and M. Sodin, On the number of nodal domains of random spherical
harmonics. Amer. J. Math. 131 (2009), no. 5, 1337-1357.

H. Parlier, Fixed point free involutions on Riemann surfaces. Israel J. Math. 166
(2008), 297-311.

P. Schmutz Schaller, Involutions and simple closed geodesics on Riemann sur-
faces. Ann. Acad. Sci. Fenn. Math. 25 (2000), no. 1, 91-100.

A. Stern, Bemerkungen uber asymptotisches Verhalten von Eigenwerten und
Eigenfunktionen, Gottingen (1925).

J. A. Toth and S. Zelditch, Quantum ergodic restriction theorems: manifolds
without boundary. Geom. Funct. Anal. 23 (2013), no. 2, 715775.

K. Uhlenbeck, Generic properties of eigenfunctions. Amer. J. Math. 98 (1976),
no. 4, 1059-1078.

S. T. Yau, Problem section, Seminar on Differential Geom., (ed. by S. T. Yau)
Ann. of Math. Stud. 102 (1982) 669706; , Open problems in geometry, Differential
geometry: partial differential equations on manifolds, Proc. Symp. Pure Math.
54 (1993) 128.

S. Zelditch, Kuznecov sum formulae and Szeg limit formulae on manifolds.
Comm. Partial Differential Equations 17 (1992), no. 1-2, 221-260.

S. Zelditch, Uniform distribution of eigenfunctions on compact hyperbolic sur-
faces. Duke Math. J. 55 (1987), no. 4, 919-941.

M. Zworski, Semiclassical analysis. Graduate Studies in Mathematics, 138.
American Mathematical Society, Providence, RI (2012). MR2952218


http://arxiv.org/abs/1205.0286
http://arxiv.org/abs/1207.6625
http://arxiv.org/abs/1301.6211

18 JUNEHYUK JUNG AND STEVE ZELDITCH

DEPARTMENT OF MATHEMATICAL SCIENCE, KAIST, DAEJEON 305-701, SouTH Ko-
REA
E-mail address: junehyuk@math.kaist.ac.kr

DEPARTMENT OF MATHEMATICS, NORTHWESTERN UNIVERSITY, EVANSTON, IL 60208,
USA
E-mail address: zelditch@math.northwestern.edu



	1. Introduction
	1.1. Nodal intersections and singular points for negatively curved surfaces with an isometric involution
	1.2. Counting nodal domains

	2. Kuznecov sum formula on surfaces
	3.  Quantum ergodic restriction theorem for Dirichlet or Neumann data
	3.1. Quantum ergodic restriction theorems for Dirichlet data

	4. Proof of Theorem 1.1
	4.1. A Lemma
	4.2. Completion of the proof of Theorem 1.1

	5.   Surfaces with an orientation-reversing isometric involution 
	5.1. Eigenfunctions on surfaces with an orientation-reversing isometric involution

	6. Proof of Theorem 1.2 
	6.1.  Quantum ergodic restriction theorems for Cauchy data
	6.2. Proof of Theorem 1.2

	7.  Local structure of nodal sets in dimension two
	7.1. Isometric involutions and inert nodal domains
	7.2. Graph structure of the nodal set and completion of proof of Theorem 1.5

	References

