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Asstract. We develop a systematic study about the spectrality of measures sup-
ported on piecewise smooth curves by studying the support of the tempered dis-
tributions arising from the tiling equation of some singular spectral measures. In
doing so, we show that the arc-length measures of all closed polygonal lines are not
spectral. In particular, the boundary of a square is not spectral. We also show that
the “plus space” (two crossing line segments) is not spectral. Furthermore, our the-
ory also shows that the arc length measures on smooth convex curves with finitely
many transverse self-intersections are not spectral. Finally, several natural open
questions about the spectrality of singular measures and piecewise smooth curves
will also be discussed.
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1. INTRODUCTION

In this paper, a measure u is always referring to a compactly supported prob-
ability measure in R?. We say that u is a spectral measure if there exists a
countable set A = R“ such that E(A) := {¢?™* : A € A} forms an orthonor-
mal basis for L?(i). A measurable set Q with finite positive Lebesgue measure
is a spectral set if the normalized Lebesgue measure on Q is a spectral mea-
sure. The study of spectral sets of was first initiated by Fuglede in 1974 [Fug74],
who famously proposed the conjecture that spectral sets are equivalent to trans-
lational tiles on RY. The conjecture was disproved in both directions on RY with
d > 3 [Tao04, KMO06b, KM06a, FMMO06,FR06], but the research effort to explore the
exact geometric relationships between spectral sets and translational tiling has
not declined. In one recent major result, Lev and Matolcsi [LM22] showed that Fu-
glede’s conjecture holds for convex domains. Readers can refer to the survey [Kol24]
for different aspects about the Fuglede’s conjecture.

The generalized concept of spectral measures gained its popularity when Jor-
gensen and Pedersen discovered that the self-similar Cantor measure generated
by dividing [0, 1] into 4 sub-intervals of equal length and keeps the first and third
one is a spectral measure, while the standard middle-third Cantor measure is not
a spectral measure in 1998 [JP98]. This work was followed up by Strichartz [Str00]
and Laba and Wang [LLW02]. There is now a vast literature in this direction. Read-
ers can refer to the survey [DLW17] for more recent advances about fractal spectral
measures. The connection with tiling appears to be weaker, but it exists. Gabardo
and Lai [GL14] showed that if the pair of measures (u,v) “tiles" [0,1]? in the sense
that y «v = T« dx, then both u and v are spectral measures. In the same paper,
they also proposed a version of the generalized Fuglede’s conjecture for singular
spectral measures. A verification of this conjecture in a special case of Cantor-
Moran measures was recently given in [ALZ25].

The purpose of this paper is to study the spectrality of singular measures sup-
ported on piecewise smooth curves. This first appeared in Lev’s paper [Lev18].
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Tosevich, Lai, Liu and Wyman showed that boundary of the unit disk never admits
a Fourier frame (generalization of the orthonormal basis of exponentials), hence it
is non-spectral [ILLW22]. In the same paper, they also showed that the boundary
of any polygons always admit a Fourier frame. This naturally led to the question to
determine if the boundary of a square, equipped with the 1-dimensional Lebesgue
measure, is a spectral measure. Notice a well-known fact that the square domain is
spectral, thus it becomes an interesting question to determine if the spectrality of
the domain can induce a spectrum on its boundary. We will answer these questions
in this article in the negative.

Lai, Liu and Prince [LLP21] initiated a new study about the spectrality of sym-
metric additive spaces with measure supported on two orthogonal lines defined

1
(1) H= E(ﬂ-[t,t+l] dx x 60 + 60 X ]]-[t,t+l] dX)

They proved that p is a spectral measure when t = 0. However, the case where the
two lines overlap, i.e. —1/2 <t < 0, is much more subtle. With a series of works by
Ai-Lu-Zhou [ALZ23], Kolountzakis and Wu [KW25] and recently by Lu [Lu25], it
is now shown that all are not spectral when —1/2 <t < 0. See Fig. 1.
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Ficure 1. The measure that is arc-length on two equal-length line-
segments. Some of the measures on the left are spectral, depending
one where the starting points of the segments are compared to their
length. In the crossing case on the right they are never spectral. The
symmetric crossing case, t = —1/2, is called the “plus-space”.

Apart from spectra, our results also deal with tight frames of exponentials, a
slightly more general notion of basis. We say that y is a tight-frame spectral
measure if there exists a countable set A — RY, which we call a tight-frame spec-
trum, such that E(A) := {¢?™* : A € A} forms a tight frame for L?(u) in the sense
that there exists a constant A > 0 such that

() S| [ fe o duo) =4 1P duo), vf e L2Gu).
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Clearly an orthonormal basis is a tight frame. But the converse is not true. For ex-
ample, we can take union of two orthonormal basis to form a tight frame of constant
2. For general frame theory, readers can refer to [Heill]. For tight frame spectral
measures, general theory was established in [HLL13] and [DL14]. In [DL14], it
was shown that if y is tight-frame spectral and absolutely continuous with respect
to the Lebesgue measure, then y must be a constant multiple of the Lebesgue mea-
sure on its support. The consideration of tight-frame spectrality allows us to deal
with spectrality of curves by focusing on a subset of the curve (see Corollary 1 be-
low).

We say that a finite union of line segments is (tight-frame) spectral if the natu-
rally induced one-dimensional Lebesgue measure is a (tight frame) spectral mea-
sure. Our main result in this paper is to settle the spectrality questions we men-
tioned. Moreover, we determine non-spectralities for much more general classes of
line segment collections.

Theorem 1. (1) A finite union of line segments that forms a closed curve, self-
intersecting or not, cannot be tight-frame spectral.
(2) A finite union of line segments containing three lines that starts at the same
point and points in distinct directions cannot be tight-frame spectral.

In the second part, we remark that the theorem also includes cases in which two
of the three vectors are in opposite directions to each other. Hence, it shows that
the “plus space” corresponding to t = —1/2 (refer to Fig. 1) cannot be tight-frame
spectral, providing another independent proof after Lu’s proof [Lu25]. Some more
examples following from our Theorem 1 are shown in Fig. 2.

Clearly, the first part of the theorem showed that the boundary of a square cannot
admit a tight frame of exponentials. Closed polygonal curves can be generalized to
certain smooth curves of positive curvature.

14 (k<

Ficure 2. Some examples of non-spectral collections of line segments.
All but the first one from the left, the “Il-shape”, are covered by The-
orem 1. The I'l-shape is explained in Section 4.4

Theorem 2. Let y be a smooth closed planar curve with positive curvature such that
there are only finitely many self-intersections all of which are transverse. Then the
induced arc-length measure on y is not a tight-frame spectral measure.
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Transverse intersections mean that the tangent vectors from different times vis-
iting the intersection point are not parallel to each others (see Section 5 for the pre-
cise definition). This result is slightly more general than the results in [ILLW22]
in the sense that the curves we deal with can be self-intersecting, such as the one
in Fig. 3.

Ficure 3. A smooth closed curve in the plane with positive curvature
everywhere and a transverse self-intersection.

Finally, we observe a simple property about tight frame spectral measures. Sup-
pose that E(A) = {¢*™** : A € A} is a tight frame for the measure 3 (u+v) and assume
that supp unsupp v has zero yu-measure and v-measure. By restricting only to func-
tions on L?(u) (i.e. extended by 0 off supp p), we immediately see that E(A) is also a
tight frame spectrum for L?(u) with another positive constant. Because of this, the
following corollary is immediate:

Corollary 1. Let u be the arc length measure supported on a finite union of smooth
curves (not necessarily connected). Suppose that the union contains curves described
in Theorem 1 and 2. Then u is not tight-frame spectral.

1.1. Idea of the proof and function tilings. The proof of our theorems requires
a generalization of a well-known fact in the tiling theory of integrable functions to
a non-integrable setting. Let us denote [i the measure [i(E) = u(—E) and define the
Fourier transform of the measure u to be

() = [ ().
The convolution between two measures y and v is given by
pen(E) = [ et + ().
Recall that if f € L'(R?) and A is a countable discrete set such that

(3) 6A*f(x):2f(x—/\):wa.e.

AEA
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for some w, then we can conclude that suppgj\\ with 6, regarded as a tempered
distribution, satisfies

supp o, « {0} U {£e R : f(&) = 0}
This can be formally deduced by taking the Fourier transform of both sides of (3)

to obtain O, A f wdy. A rigorous proof of this fact can be found in [KL16, Theorem
4.1]. Recall that [JP98]  is a spectral measure with a spectrum A if and only if

(4) 5/\ * |ﬁ|2 =1.

If u admits a tight frame {¢*™* : A € A}, by taking f(x) = ¢*™** into (2), we obtain
also a tiling equation

(5) 6/\* ’ﬁ’z ZA.

Notice that the distributional Fourier transform of |i|? is equal to the measure p = [i.
By formally taking Fourier transform to the convolutional equation (4) and (5), the
following conjecture may be true:

Conjecture 1. Let A be a tight-frame spectrum for a measure u in RY. Then
supp 64 < {0} U (supp (u = 1))

Above, the support of a measure p is the unique closed support of u, which is
the set of points x such that u(B(x,r)) > 0 for all ¥ > 0. When u is an absolutely
continuous measure with respect to Lebesgue measure, [DL14] showed that the
density must be constant function, so it must be in L?>(R?). It follows that |a|? is
integrable and this conjecture is correct. We are unable to prove this conjecture in
general. Instead, we have the following weaker version of the conjecture:

Theorem 3. Suppose u is a tight-frame spectral measure on R? with a tight-frame
spectrum A such that p = [i is absolutely continuous in the open set U and has a

smooth, strictly positive density therein. Then supp SA ~ U < {0}.

By a spectral gap a > 0 for a tempered distribution T, we mean that T vanishes
on a punctured open ball B(0,4)\{0}. If a spectral gap does not exist, then we say
that T has a zero spectral gap.

Theorem 4. Let A be a countably discrete set and A be a tight-frame spectrum for
a singular measure u. Then the spectral gap of O, is zero.

Conjecture 1 and Theorem 4 suggest a strategy of showing that a singular mea-
sure is non-spectral or non-tight-frame spectral.

Proposition 1. Let 1 be a singular measure. Suppose that Conjecture 1 holds and
the support of 11+ [i covers a neighborhood of the origin. Then u cannot be tight-frame
spectral.
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Proof. Suppose that A is a tight-frame spectrum for u. From Conjecture 1 and the
assumption of the support, a spectral gap for 6, exists. However, this is a contra-
diction to Theorem 4 since u is a singular measure. m|

Despite Conjecture 1 being open, we are able to adopt the same strategy to prove
Theorem 2 via Theorem 3. We will show that under the assumption of Theorem
2, 1+ 11 has a smooth density around a punctured neighborhood of the origin (see
Theorem 7). To prove Theorem 1, we will also adopt the same strategy. However,
we will see that the measure u = i contains a singular part supported on some
lines, and we will need a characterization of distributions supported on the lines to
handle this situation (see Subsection 2.3).

We organize the paper as follows: In Section 2, we will lay out our tools and
previous results required for our study. In Section 3, we will prove Theorem 3 and
Theorem 4. These two sections laid down the foundation to prove Theorem 1 in
Section 4 and Theorem 2 in Section 5. Finally, we will discuss some open problems
in Section 6

2. PRELIMINARIES

We will provide all the basic tools required in this paper. In particular, we will
provide the background on tempered distributions required for the study of the
spectral measures, the properties about distributions supported on 1-dimensional
subspaces and finally a change of variable formula.

2.1. Densities of countably discrete sets. For a countably discrete set A — RY,
the upper and lower Beurling densities are defined to be
#(A N B(x,r
D*(A) = limsup sup AN Bl 1)

d 7
r—0  xeRY r

and o
D™ (A) = liminf inf #A 0 Bx,7))

r—00  yeR4 rd

A has a uniformly bounded density if dens(A) = D*(A) = D~ (A) < . Ais
called translationally-bounded if

sup#(A nB(x,1)) < .

xeR4

It is known that A is translationally-bounded if and only if D*(A) < c. We also
recall that A is called separated if there exists 6 > 0 such that |1 — A’| > 6 for all
distinct A, A’ € A. We begin with a simple lemma.

Lemma 1. Let ¢ be a Schwartz function and let A be translationally bounded. Then

oaxP(x) = > p(x—A)

AEA
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is a bounded function in R%.

Proof. Note that D*(A) < c. Then
#(A N B(x,2")) < 2™

where the implicit constant is independent of n and x. As i has a rapid decay,
[W(x)| < (1 + |x])~1%), Hence,

D =-N= >, |+Z >0 -2

AeA AeB(x,1) n=1 AeB(x,2")\B(x,21~1)

The first term is clearly bounded independent of x since sup, . #(A N B(x,1)) < oo.
For the second sum,
ond o0

Z DI ICERY SZ‘;;;T@‘ szn

n=1 AeB(x,2")\B(x,2"~1)

This completes the proof. O

For A < RY of bounded density we write
oa = 061
AeA
This is a tempered distribution which is locally a measure and we can therefore

speak of its Fourier Transform, 5/\\, which is also a tempered distribution, but we
notice that it is not necessarily locally a measure. Readers can refer to [Rud73]
for more detailed theory about distributions. We will also use some deeper results
presented in [Kna05].

For the basic terminology, recall that by the support of a tempered distribution
T, denoted by supp(T), we mean the complement of the largest open set U such that
if @ is a Schwartz function supported on U, then T(¢) = 0. We need the following
result, which can be found in [Gab09, Lemma 4.5] and [Kol00, Theorem 5] (see
also [Kol00, Theorem 7]).

Lemma 2. Let A be translationally-bounded.

(1) Suppose that for some © > 0,
supp(d,) N B(0, 1) = {0}.

Then 5x = ado in B(0, ) for some a >0
(2) Suppose that b, is a measure in a neighborhood of 0. Then 6A({O}) dens(A).

Around 2010, Gabardo initiated a series of general study on Beurling densities
with bounds of the convolutional inequality of the form 6, = f [Gab12,Gab13]. In
particular, among many other results he proved, we need the following:

Theorem 5. [Gabl3, Proposition 3, Theorem 1 and Corollary 3]
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(1) D*(A) < w if and only if A is translationally-bounded.
(2) Let 0 <f € L}(R?%). Suppose that there exists C > 0 such that 6, = f(x) < C for
almost all x € RY. Then

D*(A) - < f f(x) dx> <C

2.2. Density properties of tight-frame spectrum. Suppose u is a probability
measure on R? which is spectral with A € R being a spectrum. By a well-known
result in [JP98], this is equivalent to

(6) P+ oa(x) = D A (x—A) =1,

AEA

for all x € R?. Note that a spectrum A must be separated by the continuity of {,
f(0) = 1 and pi(A — A') = 0 for distinct A, A’ € A. This also implies that A must be
translationally bounded.

If |i]> € L'(IR?), then u is an absolutely continuous measure with a density in

[2(R%). On the other hand, if the support of u has Lebesgue measure 0, then § |fi|* =
+00. The following proposition shows that the density of A must be zero.

Proposition 2. Suppose that u is a singular spectral measure with a tight-frame
spectrum A. Then the density of A is zero. i.e. DT(A) = 0.

Proof. In[HLL13], it was proved that if A is a spectrum of u we have that D~ (A) = 0.
However, to show that it has density zero, we need to show a stronger statement
that D*(A) = 0.

To prove our conclusion. We first notice that |ﬁ|2*5A =A Letf, =|u .1 B,(0) Which
is in L! since |fi| < 1. Since f, < |fi]* we have f, 5, < A. By Theorem 5, we conclude
that D*(A) - § f, < A. Since § f, — {|fi]* = +0, it follows that D*(A) = 0. m

Proposition 3. Suppose that u admits a tight frame of exponentials with tight-
frame spectrum A. Then A is translationally bounded.

Proof. The previous proposition already showed that D*(A) = 0 and hence trans-
lationally bounded by Theorem 5(1). Suppose that u is absolutely continuous with
respect to the Lebesgue measure, the fact that y admits a tight frame of exponen-
tials with tight-frame spectrum A implies that we have |(i]*+5,(x) = A. By Theorem
5(2), D*(A) < 0. O

2.3. Distributions supported on straight lines. Theorem 3 requires u * i to
have a smooth density. This is useful if y is supported on a smooth curve. How-
ever, this is not the case for measures supported on closed polygonal lines. In this
subsection, we will prove a lemma about distributions supported on a straight line.

TA sketch of this proof was first shown to the second-named author by J.P Gabardo back in 2012.
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Lemma 3. Suppose F € L*(R?*) and T = F, a tempered distribution, has suppT <
R x {0}. Then

(a) there exists a distribution T on R such that for any h € S(R?) we have
T(h) = T(h(-,0)), and

(b) F does not depend on x,.

Proof. We can write [Kna05, Problem 5.6.10]
J
(7) Z T] OOJh’xz 0
j=0

for any Schwartz function / on R?>. Here T; are tempered distributions on R and |
is a finite number. To prove the Lemma it suffices to show that | = 0.

Let ¢ be a smooth compactly supported function of integral 1 and write

Pe(x1,x2) = P(x1, x2/€),
which implies

Q/b\e(él, &) = 6(/15(51, €&r).

e

We have

®) T(90)] = |F(0)

< [Fll.|(0)

independent of €.
Using (7) and the fact that

0o (Pe(x1,%2)) = €77 (0o jp) (1, x2/€)

we get

J
T(¢e) = D€ /Ti((d0,)(x1,0)).

j=0

Assume now that | > 0 and ¢,T; # 0 (otherwise the term does not exist) and choose
a Schwartz function ¢ for which T;((do i¢)(x1,0)) # 0. It follows that as € — 0+ the

quantity ]T(gbe)] grows as €/, which contradicts (8), and concludes the proof of (a).

To prove (b) it is enough to show that 75 F = F, where the translation operator
T, acts on a distribution S as follows:

(T ) S)(P(x1,%2)) = S(P(2x1 — I, x2 — h2).
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From part (a) we have

s E(h) = (¢¥™%F)(h) (translation becomes modulation)
(R, &)
(h(&1,0))
().
e thus conclude that 7(osF = F. |

I Il
e ™

By Fourier uniqueness

<

2.4. A change of variable formula. Let F : R? — R? be a Lipschitz function. The
Jacobian of F is defined almost everywhere as usual and will be denoted by Jr. We
need the following change of variable formula in geometric measure theory, which
is known as the area formula (see [EG92, §3.3.3]).

Theorem 6. Let F : R? — R? be a Lipschitz function. Then for all g € L'(R?).

| st - | ( > g(x)) du

xeF~H{u}

In particular, If F is a bijective function, we have the change-of-variable formula
of the following forms:

©) | stFGDIE0] dx = [ gta)
and
(10) | stF) dx = [ g1 )

(9) is our usual change of variable formula, which can be seen from the area for-
mula. (10) follows from (9) by noting that |J¢|~!|J¢| = 1.

3. Proors or THEOREMS 3 AND 4

We will give the proof for Theorem 3 and 4 in the introduction. Combined with

the preliminary tools, they form the basic framework to the proof of Theorem 1 and
2

Proof of Theorem 3. Let 1 be a smooth function of compact support in U and define
h =1 - (u i), which is smooth everywhere by our assumption. Then /i = ¢ « |fi* so

he oy =1 =00 == 1= (0).
It follows that /i - &, = 1(0)69 which implies that
supp 54~ {h # 0} < {0}



NON-SPECTRALITY OF SOME CURVES AND LINES SEGMENTS 12

Since {h # 0} = {¢ # 0} and the latter set can be taken to be an open neighborhood
of any point in U the desired inclusion follows. O

Proof of Theorem 4. . We argue by contradiction. Suppose that A is a tight-frame
spectrum for some singular measure u and 6, has a spectral gap. Then there exists
an open set U such that

(11) supp o, n U < {0}.

Note that a spectrum A must be translationally bounded.A By Lemma 2 (1) and
equation (11), we have 6, = ady in B(0, 7). This shows that 0, is locally a measure.
Lemma 2 (2) implies that a = dens (A) and this is equal to zero by Proposition 2.

Hence, 0, is locally zero around the origin.

FiGure 4. A test function ¢ near the origin with {¢ > 0 leads to a
contradiction in the proof of Theorem 4.

However, this contradicts the fact that 6, is a nonnegative measure. Indeed take
a smooth function ¢, with { ¢ > 0, compactly supported in a sufficiently small neigh-

borhood of the origin (see Fig. 4). Then we have SA(cp) = 0. On the other hand,
OA(P) = Oa(P) = Dopen P(A) = ¢(0) > 0, a contradiction. |

We also notice that Theorem 4 can also be deduced from a result in [LO15, Propo-
sition 4].

4. NON-SPECTRALITY OF COLLECTIONS OF LINE SEGMENTS

4.1. Geometric setup. We need to set up some notation for our discussions. Let
v and w be two linearly independent vectors in R?. The parallelogram generated
by v and w will be denoted by

Quw = {tv+sw:t,se0,1]}.
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For a given x; € R?, the line segment beginning with x, in the direction of v is given
by

Lyv ={xo +tv:te|0,1]}.
We will endow L, , with the 1-dimensional Hausdorff measure p given by

(12) Jf(x) du(x) = Jolf(xo + tv) dt

for all integrable functions f.

Lemma 4. Let i, v be the line measure supported respectively on the line x, + tv and
yo + tw, with t € [0,1], given by (12).

(1) Suppose that v and w are not parallel. Then u + 7V is, up to a constant, the
2-dimensional Lebesgue measure supported on xo — yo + Qv —w-

(2) Suppose that v and w are parallel and write w = av. Then u =V is supported
on the line {(xo — yo) + tv : t € R} with a continuous density with respect to
the one-dimensional Hausdorff measure on the line.

Proof. (1). By the definition of convolution and (12),
[ st = [[ 7= ey

1,1
= J f f(xo — yo + tv — sw) dtds.
0 Jo
Applying the change of variable formula (10) we see that the above is equal to
¢! ff(u)du, where ¢ = det (v, —w) # 0.

By checking f = 1, we see that u » v(E) > 0 if and only if E < xo — yo + Qy,—w, and
it is equal to ¢! times the Lebesgue measure of E whenever E is a subset of the
parallelogram. This shows (1).

(2). In a similar calculation, if w = av,

[ satwm = [[ 7= wauany)

— Jol Ll f(xo —yo + (t —as)v) dtds.

Checking with characteristic functions, the measure is supported on the line
Ly)—yo—av,(1+a)v- We now compute its density. Letting g(x) = f(xo — yo + xv) and m, to
be the Lebesgue measure on [0, 4], we see that the above integral can be rewritten

as s
f J g(t —as) dtds = Jg dmy = m,.
0 Jo

As my = m, has a continuous density, the conclusion of (2) follows. O
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In the following, a closed half-plane H in IR? is the set {x € R? : (u,x) > 0} for
some vector u # 0.

Lemma 5. Let N > 3 and let vq,--- , vy be non-zero vectors such that there does not
exist a closed half-plane H such that v; € H for all 1 <i < N. Then

U Quy,

1<i#j<N

covers an open set containing the origin.

Proof. We will prove it by induction on N. First, we prove the case when N = 3.
Let vy, vy, v3 be three non-zero vectors. By our assumption, none of the two vectors
can be parallel since otherwise, it will be contained in the same half-plane. Taking
v1, V2. Then they are linearly independent and

v; € {tv] +sv, : t,5 < 0}.

Otherwise, v, v;, vz will lie on the same half-plane. Now, it is a routine check that
the parallelograms these three vectors generated cover a neighborhood of origin.

Suppose that the statement is true for N — 1. We now prove it also holds for N.
Indeed, given non-zero vectors vy, - - - ,vy. Suppose that the first N — 1 vectors does
not lie on any half plane. Then we can apply induction hypothesis to obtain our
desired conclusion. Thus, we assume that the first N — 1 vectors lies in some half-
plane. By a rotation, we can assume that the half-plane is y > 0 and assume that
the vectors v;,--- ,vy_1 are arranged in anticlockwise directions from the positive
X-axis.

Case (1). Suppose that the angle between v; and vy_; is strictly less than 7.
Then all v;, i = 2,--- N — 2 will lies in the quadrant {tv; + sv, : t,s > 0}. Hence,

vy € {tv] +svy_1 : t,5 < 0}.

Otherwise, all vectors will lie in the same half plane. Then we consider the three
vectors vy, vy_1, vy and apply the case for three vectors, we conclude that Qy, v, , U
Qvy_1vy Y Quy vy covers a neighborhood of the origin.

Case (2). Suppose that the angle between v; and vy _; is 7t. In this case, vy must
belong to ¥ < 0. We can also find v, for some 1 < j < N — 1 such that v; lies in
the plane y > 0. Hence, the parallelograms generated by vy, v;, vy_1, vy provides a
covering of the neighborhood of the origin. This completes the whole proof.

O

Alternatively, we notice that the assumption about the half-plane is equivalent to
0 being in the convex hull of the points. After finishing the proof of three vectors, by
the Caratheodory’s theorem in convex geometry, 0 must belong to the convex hull of
three of the vectors, and since the union in this lemma contains the corresponding
union for the 3 vectors, we conclude the desired result.
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4.2. Closed polygonal lines. Let vy, ---, vy be N non-zero vectors in R? such that

N
ZVZ‘ = 0.
i=1

Since we can combine two adjacent parallel vectors together, we may assume with-
out loss of generality that successive v; are not parallel. Let xo = 0, x; = vi +- - - + v,.
Define the line

Li={x;1+tv;:te[0,1]},i=1,---,N.

These line segments form a closed polygonal curve (which may cross itself). Endow
each L; with Lebesgue measure y; so that

ff (x)dui(x) = f: f(xiq + tv;) dt.

Define the measure on the closed polygonal line

1 N
u=ﬁ§ui-

Let £; := {—v;t : t > 0} be the half-line. Note that the vectors v; and v; may be in
the same parallel vectors. £; = £ is the same if and only if v; = av; for some a > 0.
Let M be the number of all these distinct half-lines. Define also

W, = {tv;: t € R}

Lemma 6. Let 1 be the measure defined above. Then there exists a bounded open
neighborhood of the origin U such that U is divided into M regions by the half-lines
Li,i=1,---,M, and

prf=F@) +vi++vm
where

(1) v; is a singular measure compactly supported on the subspace ‘W; with 0 is
in the support; and
(2) Fis a piecewise constant function, which is a constant in each of the regions.

Proof. First we know that
1S N
o= Y i it v Y, pie .
i=1 1<i#j<N

By Lemma 4(2), u; = ti; is a singular measure supported on the subspace W; with 0
is in the support. This gives the measure v;.

We look at y; « fij for i # j. In particular, let us consider j = i + 1 in which the
vectors v;, viy1 are not parallel. By Lemma 4 (1), y; * li;+1 is a constant function on

Xi—1 — X; + QVz‘ﬁVHl = Q*Viﬁviﬂl



NON-SPECTRALITY OF SOME CURVES AND LINES SEGMENTS 16

where the last set equality follows from the definition of x;, We notice that as the
sum of —v; is a zero vector, {—vi}fi , cannot lie on the same half-plane. By Lemma 5,
the union of Q_y, v, covers a neighborhood of the origin, denoted by U. As in each
region determined by the lines £;, it is covered by finitely many Q_y, ;. It must
therefore be a constant function. O

Proof of Theorem 1(1). We are now ready to show that u cannot be a tight-frame
spectral measure. We consider the open neighborhood U in Lemma 6. Away from
the subspaces ‘W;, u = (i is a constant function. By Theorem 3,

N
supp danUc U‘Wi.

i=1
Claim: 5/\ has no support on all W; except possibly at the origin.

To see this claim, we fix a subspace W, and by a rotation, we may assume that
Wi is the x-axis. By taking the function f € L?(u) so that f(x,0) = ¢*™* and be equal
to 0 on the other sides, and applying the Parseval’s identity, we obtain that

)
> (]1[0,1]) (t— A7) = N.
/\=(/\1,/\2)€A

This tiling condition implies that A; = ;A (the projection of A onto the first axis,
a multiset) has density N.

Let € > 0 be sufficiently small and take a smooth ¢ supported in an e-disk around
the origin. Define ¢(x1,x2) = ¢((x1,x2) — (€,0)). The claim will follow if we can show
that 1[1& is the zero distribution. Suppose it is not, so that its inverse Fourier
transform F = 1; + 0, is a non-zero bounded function on IR? since 1/7 is a Schwartz
function and A is translationally bounded (see Lemma 1).

Since F is a complex function that we assume not to be identically O there is no loss
of generality to assume that Re F(x;,0) > ¢ > 0 for x; € E < (—M, M), some bounded
measurable subset of R of positive measure. By Lemma 3 (b), F is constant in x,.
Then {,  ReF = +c. We have

+00 = ReF:J |Re F| <J |F|.
ExR ExRR ExRR

Expanding out the definition of F, this implies that

f |F| < JJ Z |175(x1 — /\1,.’)(2 — /\2)|dX1dX2.
ExR (—M,M)X]R (Alr/\Z)GA
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Recall that A; = 71;(A) and we define h(x;) = {; ]gE(xl, y)|dy. Then using the trans-
latioal invariance of Lebesgue measure in the x, coordinates,

JJ Z \&(xl — A1, X — Ag)|dxqdx,
(=MM)xR (3, 1)eA

= f D Ih(xy — Aq)ldx
(7M,M)

/\1 EA]

Finally, notice that / is a Schwartz function and A; has a translationally bounded,
S0 D 1.en, [P(x1 — A1)| is a bounded function with some bound C < o (by Lemma 1).
This shows that the above integral is at most 2CM. This is a contradiction and this
justifies the claim.

With the claim justified, we can conclude that supp 5an U < {0}. Hence, 6, has a
spectral gap. This contradicts Theorem 4. Hence, u cannot be a spectral measure
and this completes the proof. O

4.3. Line segments from the same points. We will prove Theorem 1 (2) in this
subsection. Fix x; € R? and let vy, - - - , vy be non-zero vectors. We consider the line
segments

L, = {XO +tv;:te [0,1]}
and y; is the Lebesgue measure on L;. Theorem 1 (2) requires us to show that the

measure [l = %ZL ui is not a spectral measure. The proof follows from the same
strategy as in Theorem 1 (1).

Lemma 7. Let vy, vy, v3 be non-zero vectors such that either

(1) v3 = avy for some a < 0 and v, and v, are not parallel or
(2) they are not pairwise parallel,

U Q-

1<i#j<3

Then

covers an open set containing the origin and the interior of all Qy, v, are pairwise
disjoint.

Proof. We use v; and v, to span R?. It divides R? into 4 quadrants. We notice that
Qv, —v, and Qy, _, already cover the first and the third quadrant around the origin.
If v = avy for some a < 0, then Q,, , and Q,, _y, cover the second and the fourth
quadrants. Hence, their union covers a neighborhood of the origin and they are
pairwise disjoint. This proves the first case.

In the second case, we subdivide into four cases according to v; lying strictly
inside each quadrant. By a standard check, the conclusion also holds. O



NON-SPECTRALITY OF SOME CURVES AND LINES SEGMENTS 18

Proof of Theorem 1 (2). Suppose that the union of lines contains three non-parallel
lines from x, or two parallel vectors in opposite directions and the last one non-
parallel. Suppose that this measure is a spectral measure with a spectrum A c R?.
By restricting to the three lines generated by vy, v,, v3, we consider p = %( pa+ 2+ s)
where y; is the measure supported on the line segment {x, + tv; : t € [0,1]}. As A is
a spectrum for u, considering only functions supported on these three lines,

AEA

By taking f = ¢*™* we have 6, * |p|* = w, where w = N?/9. We now compute

2
N2

| e zap

1o 1
prp=32.pisPity X, pivpi
i=1 1<i#j<3
By Lemma 4 (2), p; = p; is a singular measure supported on the subspace W; = {tv; :
t € R} with 0 in the support. Using Lemma 7, the support of >}, ;.5 pi*p; is exactly

U Q-

1<i#j<3

and the measure p; * p; is absolutely continuous with a constant density on each
Qv,—v;- Hence, Using Theorem 3, we conclude that in an open set U containing 0

suppamUc {0} U W7 U WU Ws.

We see that the claim in the proof of Theorem 1 (1) in the previous subsection works

analogously here. We conclude that supp Sanl {0}. This leads to a contradiction
to Theorem 4 as we now have a spectral gap for 4. O

4.4. Two particular cases of shapes and their y « i measure. It is also in-
structive to exhibit one case where our technique does not apply and the measure
is indeed spectral. It is the “L-shape”, shown in Fig. 5.

The measure p » (i when p is arc-length on the L-shape, is supported on the
shaded area in Fig. 5 and it also has a singular part supported on the two line
segments from (—1,0) to (1,0) and from (0, —1) to (0,1). Thus u = {i does not cover a
neighborhood of the origin and the proof of Theorem 1 does not apply.

Having seen the measure u = (i for the L-shape we can easily see from this that
the corresponding convolution measure for the Il-shape of Fig. 2 (the polygonal
line joining (0,0) to (0,1) to (1,1) to (1,0)) has a smooth part supported on the open
set that we get if we remove the coordinate axes from (—1,1)? plus a singular part
supported on the same two line segments as the L-shape, namely the line segments
from (—1,0) to (1,0) and from (0, —1) to (0,1). It follows from the same proof as that
of Theorem 1 (1) that the I'I-shape is not spectral.
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s

_

Ficure 5. The “L-shape”, the union of the two line segments from the
origin to (1,0) and to (0, 1), is spectral [LLP21].

5. NonN-sPECTRALITY OF CURVES

A smooth closed curve is an infinitely differentiable function y : [4,b] — R? such
that all derivatives ™ (a) = ™ (b) for alln > 0. We can always parametrize y by arc
length so that y : [0,L] — R? be a smooth curve with the arc length parametrization
(L is the arc length of ). Let n be the unit normal vector so that n is orthogonal of
y" and {y’,n} is of positive orientation. Note that y” is parallel to n. The curvature
of y is defined to be

K(s) = £[y"(s)]
where the sign is determined by whether y”(s) is in same or opposite direction of
n. We say that a curve has positive curvature if its curvature never vanishes. A
consequence of this is that, as the parameter s increases, the tangent vector y/(s)
is always turning in the same direction, either clockwise or counterclockwise. For

more detailed theory about the geometry of curves, readers are invited to consult
[dC76].

In our study of curves, we do not assume the curve is simple (i.e. not self-
intersecting). Suppose that x; is an intersection point of the curve with itself. We
say that the intersection point x; is transverse if there exists only finitely many
preimages of xo under y and y/(s) # y/(t) for all distinct s, t such that y(s) = y(t) = xo.

The arc-length measure of y is the measure such that

| e duto = | st
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for all continuous functions f in R*. Without loss of generality, by rescaling the
curve, we may assume that L = 1, so that u is a probability measure.

(13) | reat e = [ | o) - yts) avas
Let the function I : [0,1]> — R? be defined by

(14) I(s t) = y(s) = y(b).
Suppose that y(s) = (x(s), y(s)). Then the Jacobian of I' can be computed easily as

X
/

_ () =X\ _ ipyy vy
(15) Jr(s,t) = det <y (5) ()~ X'ty (s) —x'(s)y'(t).
The determinant is non-zero if and only if y/(s) is not parallel to y/(t).

Lemma 8. Let y be a curve with positive curvature. There exists 69 > 0 such that
for all intervals I of length less than O, T is injective on (I x I)\{(s,s) : s € I}.

Proof. Let us partition [0,1] into intervals of length N~! for some large N so that
the angle formed by y/(s) and )'(s’) is less than § for all 5,s" inside an interval of
length N~!. Then for all intervals I = (a,b) of length & less than (2N)~!, 6(s) is
strictly increasing over I with an angle at most 1t/4, where 6(s) denotes the angle
formed by y/(s) with y/(a).

By the generalized mean value theorem and the fact that 6(s) strictly increasing
over I, for all (s,t) e I x [ and s # ¢, there exists a unique & € I, such that y(s) — y(t)
is in the same direction as )’(&). This shows that I' must be injective. O

Lemma 9. Let y be a smooth closed curve with positive curvature and let x) =
v(s0) = y(to) be a transverse intersection point. Then there exist intervals I,
(S0 — Osy.ty, S0 + Osytg) 2 So @nd Jso 1, = (to — Osytor to + Osyty) 3 to Such that T is injective on
I x ] and the image I'(Is, 1, % Js,1,) covers B(0, e, 1,) for some &, > 0.

Proof. As the intersection is transverse, det Jr(so, to) # 0. It follows that T is locally
bijective around (s, ty), which is exactly the lemma required. O

Lemma 10. Let y be a smooth closed curve with positive curvature. Then there
exists €1 > 0 such that I maps onto B(0, &1).

Proof. Assume the curve y : [0,1] — RR* parametrized by arc-length. Because of
the non-zero curvature assumption the unit tangent vector )’(t) of y is turning
strictly monotonically counterclockwise when we traverse the curve in one of its two
orientations, say when ¢ goes from 0 to 1. Thus )/(t) takes all possible orientations
at least once. We also remark that the curvature is bounded by compactness.

Fix a point p = y(t) with tangent line T. We may assume that p = (0,0) and that
the line T is the x-axis. Let t_; < ty < t; be the first points to the left and right of
to where the tangent has slope +1. Between t_; and t; the curve y is the graph of a
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A

Y

Ficure 6. A chord of the right length parallel to a given tangent.

function f : [x_1,x1] — R*, where p(t_1) = (x_1,y-1) and p(t1) = (x1,y1). The upper
and lower bounds on the curvature of y, given by

- @)
(1+1F@F)

translate to positive upper and lower bounds on f”, independent of , (since |f'| < 1).
By the upper bound on f” we obtain a lower bound ¢ for |x_4|,x; independent of .
By the lower bound on f” we obtain a lower bound of the form |f'(x)| > c|x|, with
c independent of ¢, and this in turn gives positive lower bound / on y_; and y,
independent of #,. By looking at the chord of the curve defined by the horizontal
line at height y we obtain that all horizontal chords of length from 0 to 2¢ (which
is bounded below independent of ¢)) are realized. This implies that chords of every
orientation and length up to €; are achievable on the curve y. O

3/27

Theorem 7. Let y : [0,1] — R? be a closed smooth curve of positive curvature and
assume that y has finitely many self-intersections, all of them transverse. Let . be
the arc-length measure on y. Then u = [i is absolutely continuous with a smooth
density in a punctured neighborhood of 0 in IR

Proof. We first note that since the curve is closed and all derivatives agree on the
end-points, we may assume that the domain of the interval is the circle T where 0
and 1 are identified as the same point, so that it is a compact set.

Let 0 be the minimum of §;, in Lemma 8 and all d,,, in Lemma 9 so that the
conclusion for Lemma 8 and 9 holds. Since there are only finitely many transverse
intersection points we have 6 > 0. The union over all t € T of [, = (t — 06/4,t + 6/4)
covers T. By compactness, we can find finitely many points ¢, - -ty so that T is
covered by the union of I; = (t; — 6/4,t; + 0/4),for j=1,--- ,N.
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We introduce a partition of unity subordinate to this covering. Namely, we can
find smooth functions ¢;> 0, for j = 1,--- ,N, such that ¢; is supported on I; and

N
Doty =1,vteT.
=1

Using (13) and (14) and the partition of unity we obtain

(16) J f(x)d( 22 f Pj(s)@x(t) dtds.

j=1k=1

Let ¢’ > 0 be such that if y(I_j) ~y(I;) = @, then the distance between the compact
sets y(I_j),y(E) satisfies

dist(y(I;), y(Iy)) > ¢ > 0.
This ¢’ > 0 guarantess that if u € [(I; x I;) and |u| < ¢”, then y(I;) n y(I) # @.

We now define ¢ be the minimum of all ¢, ;, in Lemma 9, ¢; defined in Lemma 10
and ¢’ just defined.

Let u € B(0,¢)\{0}. Lemma 10 shows that it is possible to find s,t such that
I'(s,t) = u. We now claim that y » (i has a smooth density function at u. This
requires us to show that there exists a smooth function ¢ supported in an open
neighborhood of u such that

[ @it e = [ gt

for all continuous functions f supported in that neighborhood. From (16) and our
definition of ¢,

an  [rwdeepe - Y f p(5)elt) dids.

{(jk)uel (I;x1x)}

It suffices to show that each of the integrals above can be written as § f(u)g;x(u)du
for some smooth functions g;i. There will be three cases:

Case 1: Same interval. [; = I;.
Case 2: Adjacent interval. I; n I} # @.
Case 3: Far away interval. [; n [; = @

Case 1: Consider the function F : I; x I; x B(0,¢) — RR?, defined by
(18) F(s, t,x) =T(s,t) —

By Lemma 8, I' is injective on I; x I; removing the diagonal for any x. Let (s, ;) be
such that I'(sy, tp) = u. Then F(s, tp,u) = 0. Note that the Jacobian of F with respect
to (s,t) is equal to Jr, which is not zero at (s, tp). By the implicit function theorem,
there exists a smooth function ¢ = (g1,2) from a neigborhood of u, denoted by
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U, to a neighborhood of (s, fy) such that s = g1(x), t = g2(x), (so,t0) = g(u) and
F(g(x),x) = 0. By the change of variable formula,

19) | | rx ) gitsiese) duis
~ | 0 (11500 (s (00, g0 )

whenever f is supported on U. The function in the bracket provides the smooth
density in a neighborhood of u.

Case 2: Suppose that u € I'(I; x It) and I; n [y # @. Then the length of of the
interval I = I; U I; is at most 6 < 0;. Lemma 8 shows that I’ is injective on I; x I
removing the diagonal points. We can apply the same argument as in Case 1 on
F:I; x I x B(0,¢)\{0} — IR* with the same F in (18) to obtain a smooth function.

Case 3: Suppose that u e I'(I; x I;) and I; n Iy = @. Let us write u = I'(s;, t;). By our
choice of ¢ < ¢”, there must be some s, € I; and t; € I; such that y(sp) = y(ty). By our
choice of 6 < 6,4, Ij < I 1, and Iy < ] 4, where I ;, and [, ;, are defined in Lemma
9. Hence, Jr(s1,t1) # 0. By the implicit function theorem, there exists ¢ = (g1, $2)
from a neighborhood of u, denoted by U, to a neighborhood of (s;,f;) such that

I'(g(x)) = x.
Hence, we have a formula as in (19), which provides us a smooth density.

Combining three cases and (17), we obtain a smooth density at u € B(0, €)\{0}.
Since u is arbitrary, we establish a smooth density function for allu € B(0,¢)\{0}. O

The proof of Theorem 7 uses a partition of unity to produce a local density for-
mula. We can also use Area formula (Theorem 6) to obtain a global density function.
However, this function has multiple preimages and it is unclear how to show that
the density function is smooth. With Theorem 7, we are now ready to complete the
proof for Theorem 2 using the same strategy we mentioned in the introduction.

Proof of Theorem 2. Theorem 7 showed that u = i has a smooth density in a punc-
tured neighborhood of 0. Suppose that the arc length measure u is tight-frame
spectral. Then Theorem 3 implies that 6, has a positive spectral gap. However,
( is a singular measure in R?, so any spectra must have a zero spectral gap by
Theorem 4. This is a contradiction. Hence, the proof is complete. O

6. DiscussionNs AND OPEN QUESTIONS.

6.1. Closed smooth curves. This paper answered several natural questions
about the spectrality of boundary of polygons and some other more general cases,
but we did not completely classify all piecewise smooth curves that are spectral.
Concerning closed curves, it is natural to conjecture that
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Conjecture 2. The arc length measure of any piecewise smooth closed curve is not
spectral.

Intuitively, closed curves would not be able to “tile” the space, so it should not be
spectral (if one believes that Fuglede’s conjecture is a guiding principle for deter-
mining the spectrality). In a simlar spirit, A domain with a “hole" inside is known
to be non-spectral [LM22, Theorem 3.5]. We can attempt to prove this conjecture
via a similar strategy in this paper. It is not hard to see that the support of u =
covers a neighborhood of the origin. However, the existence of points with zero cur-
vature or tangential self-intersections will destroy the smoothness of the density
u = ti, while a flat line segment will create a singular part for the measure p = [i.
Theorem 1 and 2 deal with two extreme cases for Conjecture 2. We anticipate that
proving the conjecture will require a delicate study to interpolate the two scenar-
i0s. On the other hand, if Conjecture 1 is correct, Conjecture 2 is also automatically
true.

6.2. Line spectra only?. There are spectral measures supported on other non-
closed curves. As mentioned in the introduction, the measure u in (1) with t = 0,
called the “L-space" in [LLP21], is spectral. Indeed, when projecting to the sub-
space y = —x, the measure projects to a Lebesgue measure of a interval of length
2. From there, we obtain a spectrum {(n/2, —n/2) : n € Z}. This observation was
generalized in [KW25, Theorem 1.2]. In the same paper, it was also observed that
all spectral measures supported on curves, to the best of our knowledge, are arising
from a line spectrum in the same fashion as the L-space. This leads us naturally
to the following question:

Question 1. Is there a spectral curve in the plane (or collection of curves), under
the arc length measure, that does not have a line spectrum?

Since an absolutely continuous spectral measure must have a constant den-
sity [DL14], the question also asked for a spectral measure such that none of its
projections are a constant multiple of Lebesgue measure on a set that tiles the
line.

We further illustrate this question with two examples.

Example 1. First, consider the arc-length measure on the two line segments
connecting (0,0) to (1,0) and (0,1) to (1,1). This measure can be expressed as
1jo1dx x 6401} Hence, it has a spectrum A = Z x {0,1}. See Fig. 7.

It is however also true that u has many line spectra. These are necessarily ob-
tained by appropriate lines onto which i projects to a spectral measure. There are
many such lines (see Fig. 8).

For instance, we can project onto the line perpendicular to the line joining points
(0,1) and (1,0), in which case the projected measure is a constant on an interval.
This is of course spectral and one spectrum of this interval (and, therefore of u as
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Ficure 7. The arc-length measure p on the two line segments shown
left has the set Z x {0,1} show on the right as a spectrum

well) is an arithmetic progression on the line of projection of spacing the reciprocal
of the projected interval’s length.

There are more spectra, which are line spectra that can be arbitrarily sparse in
all directions (arbitrary sparseness of spectra is well-known for self-affine fractal
measures [AL23]). Tilting the line of projection we can achieve that the projected
measure will be a constant on the union of two intervals of the same length 6 (this
is always the case) and their gap is an integral multiple of 6. Such a set of two in-
tervals tiles the line and is therefore [£.ab01] also spectral in the line. Its spectrum,
contained again in the line of projection, will again also be a spectrum of u. Notice
though that the density of the spectrum is equal to 26 (the same as the projected
set’s measure) which can be arbitrarily small as 6 can take arbitrarily small values.

Ficure 8. The arc-length measure p on the two line segments is pro-
jected, on the left, onto a single line segment, which gives a spectrum
along the direction onto which we project. On the right, the same two
line segments project to another spectral measure, as long as the gap
of the projection is an integer multiple of the projected intervals.
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Example 2. Let us now consider the semi-circle of radius 1. There is a spectral
measure supported on the semi-circle. Namely, the push-forward of the Lebesgue
measure of [—1,1]:

Jf dv = %Jllf(x, V1= 22) dx

It is easy to see that %Z x {0} is a spectrum for v, which is a spectrum inside a line.
However, the natural arc length measure p is defined as follows:

Jf du = %Lﬂ f(cosx,sinx) dx.

Note that since the projection of u onto any subspaces are no longer Lebesgue mea-
sure with constant densities, there is no line spectrum. However, there may still
be a chance for other spectra. Therefore, we ask:

Question 2. Is the arc length measure on the semi-circle a spectral measure?

We remark that the support of 11+ 1i does not cover the origin in this case (see Fig.
9), so our method in this paper is not directly applicable.

N

Ficure 9. The arc-length measure u on a semicircle gives rise to a
measure p = (i which is supported on the shaded region on the right.
Thus it does not cover a neighborhood of the origin and our method is
not applicable.

4

{

6.3. Riesz bases of exponentials. In [ILLW22], we know that all boundary of
polygons (more generally polytopes in R?) admits a frame of exponentials. In this
paper, we show however that boundaries of polygons are all non-spectral. Frames
are overcomplete in general, an exact frame/ Riesz basis is the frame that cease to
be complete when one element is removed. The natural question is this regard is
now

Question 3. Does the boundary of a polygon admit a Riesz bases of exponentials?

A partial result was obtained in [LS23], in which the boundary of square does
not admit a type of structured exponentials as Riesz bases.
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6.4. Fractal spectral measures. Finally, our paper sheds some light into fractal
spectral measures. Conjecture 1 in the introduction can provide some far reaching
consequence in fractal spectral measures. As a simple example, we can prove the
following.

Proposition 4. Suppose that Conjecture 1 holds. Let 11 be a singular measure whose
support has a positive Lebesgue measure. Then |1 cannot be a spectral measure.

Proof. Suppose that u is spectral with a spectrum A. Let K be the support of i,
which has positive Lebesgue measure. Notice that the support p = i is K— K, which
contains an open set around the origin by the well-known Steinhaus theorem. If
Conjecture 1 holds, it means that 6, has a positive spectral gap. However, this is a
contradiction to Theorem 4. O

A typical example of singular measures without atoms whose support is [0, 1]
is the Bernoulli convolution associated with the golden ratio. It was not an easy
proof in classifying the contraction ratios for which the Bernoulli convolution is a
spectral measure [HL08, Dail2]. Conjecture 1 leads to a much more natural and
general approach to these problems.
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