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ABSTRACT. The restricted isometry property (RIP) is a well-known matrix condition that
provides state-of-the-art reconstruction guarantees for compressed sensing. While random
matrices are known to satisfy this property with high probability, deterministic constructions
have found less success. In this paper, we consider various techniques for demonstrating
RIP deterministically, some popular and some novel, and we evaluate their performance. In
evaluating some techniques, we apply random matrix theory and inadvertently find a simple
alternative proof that certain random matrices are RIP. Later, we propose a particular class
of matrices as candidates for being RIP, namely, equiangular tight frames (ETFs). Using
the known correspondence between real ETFs and strongly regular graphs, we investigate
certain combinatorial implications of a real ETF being RIP. Specifically, we give probabilistic
intuition for a new bound on the clique number of Paley graphs of prime order, and we
conjecture that the corresponding ETFs are RIP in a manner similar to random matrices.

1. INTRODUCTION

Let x be an unknown N-dimensional vector with the property that at most K of its entries
are nonzero, that is, x is K-sparse. The goal of compressed sensing is to construct relatively
few non-adaptive linear measurements along with a stable and efficient reconstruction al-
gorithm that exploits this sparsity structure. Expressing each measurement as a row of an
M x N matrix ®, we have the following noisy system:

y = bz + 2. (1)

In the spirit of compressed sensing, we only want a few measurements: M < N. Also, in
order for there to exist an inversion process for (1), ® must map K-sparse vectors injec-
tively, or equivalently, every subcollection of 2K columns of ® must be linearly independent.
Unfortunately, the natural reconstruction method in this general case, i.e., finding the spars-
est approximation of y from the dictionary of columns of ®, is known to be NP-hard [21].
Moreover, the independence requirement does not impose any sort of dissimilarity between
columns of ®, meaning distinct identity basis elements could lead to similar measurements,
thereby bringing instability in reconstruction.
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To get around the NP-hardness of sparse approximation, we need more structure in the
matrix . Instead of considering linear independence of all subcollections of 2K columns, it
has become common to impose a much stronger requirement: that every submatrix of 2K
columns of ® be well-conditioned. To be explicit, we have the following definition:

Definition 1. The matriz ® has the (K, d)-restricted isometry property (RIP) if
(1= 9)ll=|* < [[@z|® < (1 + )l

for every K-sparse vector x. The smallest 6 for which ® is (K,§)-RIP is the restricted
isometry constant (RIC) dg.

In words, matrices which satisfy RIP act as a near-isometry on sufficiently sparse vectors.
Note that a (2K, J)-RIP matrix with § < 1 necessarily has that all subcollections of 2K
columns are linearly independent. Also, the well-conditioning requirement of RIP forces
dissimilarity in the columns of ® to provide stability in reconstruction. Most importantly,
the additional structure of RIP allows for the possibility of getting around the NP-hardness
of sparse approximation. Indeed, a significant result in compressed sensing is that RIP
sensing matrices enable efficient reconstruction:

Theorem 2 (Theorem 1.3 in [8]). Suppose an M x N matriz ® has the (2K, 0)-restricted
isometry property for some § < /2 — 1. Assuming ||z|| < e, then for every K-sparse vector
xr € RY, the following reconstruction from (1):

T = argmin |2, st |ly—oz| <e
satisfies | T — x|| < Ce, where C' only depends on 0.

The fact that RIP sensing matrices convert an NP-hard reconstruction problem into an
¢1-minimization problem has prompted many in the community to construct RIP matrices.
Among these constructions, the most successful have been random matrices, such as matrices
with independent Gaussian or Bernoulli entries [4], or matrices whose rows were randomly
selected from the discrete Fourier transform matrix [24]. With high probability, these random
constructions support sparsity levels K on the order of log#N for some a > 1. Intuitively,
this level of sparsity is near-optimal because K cannot exceed % by the linear independence
condition. Unfortunately, it is difficult to check whether a particular instance of a random
matrix is (K, §)-RIP, as this involves the calculation of singular values for all (g) submatrices
of K columns of the matrix. For this reason, and for the sake of reliable sensing standards,
many have become interested in finding deterministic RIP matrix constructions.

In the next section, we review the well-understood techniques that are commonly used to
analyze the restricted isometry of deterministic constructions: the Gershgorin circle theorem,
and the spark of a matrix. Unfortunately, neither technique demonstrates RIP for sparsity
levels as large as what random constructions are known to support; rather, with these tech-
niques, a deterministic M x N matrix ® can only be shown to have RIP for sparity levels on
the order of v/M. This limitation has become known as the “square-root bottleneck,” and
it poses an important problem in matrix design [29].

To date, the only deterministic construction that manages to go beyond this bottleneck is
given by Bourgain et al. [7]; in Section 3, we discuss the technique they use to demonstrate
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RIP. While they give an important proof of concept for the deterministic verification of
RIP, Bourgain et al. only managed to achieve a slight improvement over the square-root
bottleneck, perhaps too slight compared to the relative difficulty of their analysis. However,
by our Theorem 14, their technique can actually be used to demonstrate RIP for sparsity
levels much larger than /M, meaning the difficulty of analysis could very well be worth
it, given the proper construction. Our result applies their technique to random matrices,
and it inadvertently serves as a simple alternative proof that certain random matrices are
RIP. In Section 4, we introduce an alternate technique, which by our Theorem 17, can also
demonstrate RIP for large sparsity levels.

After considering the efficacy of these techniques to demonstrate RIP, it remains to find
a deterministic construction that is amenable to analysis. To this end, we discuss various
properties of a particularly nice matrix which comes from frame theory, called an equiangular
tight frame (ETF). Specifically, real ETFs can be characterized in terms of their Gram
matrices using strongly regular graphs [31]. By applying the techniques of Sections 3 and 4
to real ETFs, we derive equivalent combinatorial statements in graph theory. By focussing
on the ETFs which correspond to Paley graphs of prime order, we are able to make important
statements about their clique numbers and provide some intuition for an open problem in
number theory. We conclude by conjecturing that the Paley ETFs are RIP in a manner
similar to random matrices.

2. WELL-UNDERSTOOD TECHNIQUES

2.1. Applying Gershgorin’s circle thoerem. Take an M x N matrix ®. For a given K,
we wish to find some § for which ® is (K, )-RIP. To this end, it is useful to consider the
following expression for the restricted isometry constant:
O = DDy — |2 2
K= max [ @ — el (2)
IK|=K
Here, @ denotes the submatrix consisting of columns of ® indexed by K. Note that we
are not tasked with actually computing dx; rather, we recognize that ® is (K, J)-RIP for
every 0 > 0k, and so we seek an upper bound on dx. The following classical result offers a
particularly easy-to-calculate bound on eigenvalues:

Theorem 3 (Gershgorin circle theorem [17]). For each eigenvalue \ of a K x K matriz A,
there is an index i € {1,..., K} such that

K
A=A < 3[4
j=1
J#i
To use this theorem, take some ® with unit-norm columns. Note that ®x®, is the
Gram matrix of the columns indexed by K, and as such, the diagonal entries are 1, and
the off-diagonal entries are inner products between distinct columns of ®. Let p denote the
worst-case coherence of ® = [p1 -+ - pn]:
po= max [{;, ;)]

i,j€{1,...,N}
i#£]
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Then the size of each off-diagonal entry of ®x®, is < p, regardless of our choice for K.
Therefore, for every eigenvalue \ of ®%®, — I, the Gershgorin circle theorem gives

K
Al = Z:wm%l< — 1. (3)
J#l
Since (3) holds for every eigenvalue A\ of &P, — [ and every choice of  C{1,..., N}, we
conclude from (2) that 0x < (K —1)u, i.e., ®is (K, (K —1)u)-RIP. This process of using the
Gershgorin circle theorem to demonstrate RIP for deterministic constructions has become
standard in the community [3, 14, 16].
Recall that random RIP constructions support sparsity levels K on the order of =&+ Tog" N for
some a > 1. To see how well the Gershgorin circle theorem demonstrates RIP, We “heed to
express p in terms of M and N. To this end, we consider the following result:

Theorem 4 (Welch bound [32]). Every M x N matriz with unit-norm columns has worst-
case coherence
- N—-M
PN MV — 1)

To use this result, we consider matrices whose worst-case coherence achieves equality in
the Welch bound. These are known as equiangular tight frames [28], which can be defined
as follows:

Definition 5. A matriz is said to be an equiangular tight frame (ETF) if

(i) the columns have unit norm,
(ii) the rows are orthogonal with equal norm, and
(iii) the inner products between distinct columns are equal in modulus.

To date, there are three general constructions that build several families of ETFs [16, 31,
33]. Since ETFs achieve equality in the Welch bound, we can further analyze what it means
for an M x N ETF & to be (K, (K — 1)p)-RIP. In particular, since Theorem 2 requires that
® be (2K, 0)-RIP for § < v/2 — 1, it suffices to have 2 < /2 — 1, since this implies

VM
N-M 2K
<V2-1. (4)

MIN—1) = Vi

That is, ETFs form sensing matrices that support sparsity levels K on the order of v/ M. Most
other deterministic constructions have identical bounds on sparsity levels [3, 14, 16]. In fact,
since ETFs minimize coherence, they are necessarily optimal constructions in terms of the
Gershgorin demonstration of RIP, but the question remains whether they are actually RIP
for larger sparsity levels; the Gershgorin demonstration fails to account for cancellations in
the sub-Gram matrices @ P, and so this technique is too weak to indicate either possibility.

5= (2K — )= (2K 1)

2.2. Spark considerations. Recall that, in order for an inversion process for (1) to exist, ®
must map K-sparse vectors injectively, or equivalently, every subcollection of 2K columns of
® must be linearly independent. This linear independence condition can be nicely expressed
in more general terms, as the following definition provides:
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Definition 6. The spark of a matrix ® is the size of the smallest linearly dependent subset
of columns, i.e.,

Spark(®) = min{”x”o cFr =0, v # O}.

This definition was introduced by Dohono and Elad [15] to help build a theory of sparse
representation that later gave birth to modern compressed sensing. The concept of spark is
also found in matroid theory, where it goes by the name girth [1]. The condition that every
subcollection of 2K columns of ® is linearly independent is equivalent to Spark(®) > 2K.
Relating spark to RIP, suppose ® is (K, 9)-RIP with Spark(®) < K. Then there exists a
nonzero K-sparse vector x such that

(1= 0)ll=[* < | ®=]* =0,

and so 0 > 1. The reason behind this stems from our necessary linear independence condition:
RIP implies linear independence, and so small spark implies linear dependence, which in turn
implies not RIP.

As an example of using spark to analyze RIP, we now consider a construction that dates
back to Seidel [26], and was recently developed further in [16]. Here, a special type of block
design is used to build an ETF. Let’s start with a definition:

Definition 7. A (¢, k,v)-Steiner system is a v-element set V' with a collection of k-element
subsets of V', called blocks, with the property that any t-element subset of V is contained
in exactly one block. The {0,1}-incidence matrix A of a Steiner system has entries Ali, j],
where Ali, j] = 1 if the ith block contains the jth element, and otherwise Ali, j] = 0.

One example of a Steiner system is a set with all possible two-element blocks. This forms
a (2,2,v)-Steiner system because every pair of elements is contained in exactly one block.
The following theorem details how to construct ETFs using Steiner systems.

Theorem 8 (Theorem 1 in [16]). Fvery (2,k,v)-Steiner system can be used to build a

ZEZ:B x v(1 + ¥=1) equiangular tight frame ® according the following procedure:

(i) Let A be the ZEZ:B X v incidence matriz of a (2, k,v)-Steiner system.
(ii) Let H be a (14 2=1) x (14 2=1) (possibly complex) Hadamard matriz.
(iii) For each j = 1,...,v, let ®; be a ZEZ:%% x (1 + 4=1) matriz obtained from the jth
column of A by replacing each of the one-valued entries with a distinct row of H, and
every zero-valued entry with a row of zeros.

(iv) Concatenate and rescale the ®;’s to form ® = (%)%[Ql D]

1

As an example, we build an ETF from a (2,2,4)-Steiner system. In this case, we make use
of the corresponding incidence matrix A along with a 4 x 4 Hadamard matrix H:

ST -
+ + + + + +
|+ + I I S S
A= + + o=
+ + + - = +

i + + |
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In both of these matrices, pluses represent 1’s, minuses represent —1’s, and blank spaces
represent 0’s. For the matrix A, each row represents a block. Since each block contains
two elements, each row of the matrix has two ones. Also, any two elements determines a
unique common row, and so any two columns have a single one in common. To form the
corresponding 6 x 16 ETF &, we replace the three ones in each column of A with the second,
third, and fourth rows of H. Normalizing the columns gives the following 6 x 16 ETF:

R e 7
+ + - - + - 4+ -
1L+ - - + + - 4+ -
b= .
V3 + 4+ - -+ + - - (5)
+ - - + + + - -
i + - -+ + = = 4]

It is easy to verify that ® satisfies Definition 5. Several infinite families of (2, k, v)-Steiner
systems are already known, and Theorem 8 says that each one can be used to build a different
ETF. Recall from the previous subsection that Steiner ETFs, being ETFs, are optimal
constructions in terms of the Gershgorin demonstration of RIP. We now use the notion of
spark to further analyze Steiner ETFs. Specifically, note that the first four columns in (5)
are linearly dependent. As such, Spark(®) < 4. In general, the spark of a Steiner ETF is
< =1 < V/2M (see Theorem 3 of [16] and discussion thereafter), and so having K on the
order of v/M is necessary for a Steiner ETF to be (K, §)-RIP for some § < 1. This answers
the closing question of the previous subsection: in general, ETFs are not RIP for sparsity
levels larger than the order of /M. This contrasts with random constructions, which support
sparsity levels as large as the order of @#N for some o > 1. That said, are there techniques
to demonstrate that certain deterministic matrices are RIP for sparsity levels larger than

the order of v/ M?

3. FLAT RESTRICTED ORTHOGONALITY

In [7], Bourgain et al. provided a deterministic construction of M x N RIP matrices that
support sparsity levels K on the order of M'/?*¢ for some small value of €. To date, this
is the only known deterministic RIP construction that breaks the so-called “square-root
bottleneck.” In this section, we analyze their technique for demonstrating RIP, but first, we
provide some historical context. We begin with a definition:

Definition 9. The matriz ® has (K, 0)-restricted orthogonality (RO) if
(D, Py)| < 6]l |lyll

for every pair of K-sparse vectors x,y with disjoint support. The smallest 0 for which ® has
(K,0)-RO is the restricted orthogonality constant (ROC) 0.

In the past, restricted orthogonality was studied to produce reconstruction performance
guarantees for both ¢;-minimization and the Dantzig selector [9, 10]. Intuitively, restricted
orthogonality is important to compressed sensing because any stable inversion process for (1)
would require ® to map vectors of disjoint support to particularly dissimilar measurements.
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For the present paper, we are interested in upper bounds on RICs; in this spirit, the following
result illustrates some sort of equivalence between RICs and ROCs:

Lemma 10 (Lemma 1.2 in [9]). QK S 52[( S QK + 5[{.

To be fair, the above upper bound on dyx does not immediately help in estimating o,
as it requires one to estimate dx. Certainly, we may iteratively apply this bound to get

dox < O + Orxcyo) + Oy + - + 01+ 61 < (1 + [logy K)0 + 61 (6)
Note that 0, is particularly easy to calculate:
5 = [nl® - 1],
1= Jnax [[onll

which is zero when the columns of ® have unit norm. In pursuit of a better upper bound
on dy, we use techniques from [7] to remove the log factor from (6):

Lemma 11. (SQK S 29[{ + 51.

Proof. Given a matrix & = [p;---¢n]|, we want to upper-bound the smallest § for which
(1 —=)|lz]]* < ||®x]]* < (1 +)|z||? or equivalently:

6 2 |l -1 (7)

for every nonzero 2K -sparse vector . We observe from (7) that we may take = to have unit
norm without loss of generality. Letting K denote a size-2K set that contains the support
of z, and letting {xy }rex denote the corresponding entries of x, the triangle inequality gives

2 = 1| = [{ Saon T ase) -
iek jex
= | S tawnaen + Tlload? - 1
€L jeK i€k
JFi
<| S St ase|+| S oo - 1| ®
iek jek iek
J#i
Since Y., |7;|*> = 1, the second term of (8) satisfies
i€
S e ~1] < S e fled? - 1] < S bl = o )
g i€ ieX

and so it remains to bound the first term of (8). To this end, we note that for each i,j € K
with j # i, the term (x;p;, xjp;) appears in

Z Z Z (Tipi, Tjp5)

ICK €T jeK\T
IZ1=K
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as many times as there are size-K subsets of K which contain ¢ but not j, i.e., (2[[((__12) times.
Thus, we use the triangle inequality and the definition of restricted orthogonality to get

ZZ(ZL‘Z@Z,LL'JQO]> 2K 2 Z Z Z -’%%7%%

i€k jek - ICK i€T jeK\T
j#i ‘1’,
<y (S 3 o)
(K 1) ICK €L JERN\T
IZI=K
1/2
= 2K 2 Z 9K<Z|xz’2) ( Z |xj|2)
K 1 ICcK i€l JEK\T
Z|=K

At this point, x having unit norm implies (), ; |:E,~|2)1/2(Zjelc\z |:1cj|2)1/2 <1 andso

1 Ok (QK) Ok 9K
ZZ(%%;%’%‘> S R — =k, = 4% :
i€k jek Gy ICK (k1) 2 K 2
JFi |T|=K
Applying both this and (9) to (8) gives the result. O

Having discussed the relationship between restricted isometry and restricted orthogonality,
we are now ready to introduce the property used in [7] to demonstrate RIP:

Definition 12. The matriz ® = [p; - - - on] has (K,0)-flat restricted orthogonality if

(so5)

i€l JjeT
for every disjoint pair of subsets T,J C {1,...,N} with |Z],|J| < K.

Note that ® has (K, 0k )-flat restricted orthogonality (FRO) by taking = and y in Def-
inition 9 to be the characteristic functions xz7 and y 7, respectively. Also to be clear, flat
restricted orthogonality is called flat RIP in [7]; we feel the name change is appropriate
considering the preceeding literature. Moreover, the definition of flat RIP in [7] required &
to have unit-norm columns, whereas we strengthen the corresponding results so as to make
no such requirement. Interestingly, FRO bears some resemblence to the cut-norm of the
Gram matrix ®*®, defined as the maximum value of | >, > 7 (i, ;)| over all subsets
Z,J C {l,...,N}; the cut-norm has received some attention recently for the hardness of
its approximation [2]. The following theorem illustrates the utility of flat restricted orthog-
onality as an estimate of the RIC:

< 6(z)|7)"*?

Theorem 13. A matriz with (K, é) -flat restricted orthogonality has a restricted orthogonality
constant O which 1s < CHlog K, and we may take C' = 75.

Indeed, when combined with Lemma 11, this result gives an upper bound on the RIC:
0o < 2C01log K + 61. The noteworthy benefit of this upper bound is that the problem of
estimating singular values of submatrices is reduced to a combinatorial problem of bounding
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the coherence of disjoint sums of columns. Furthermore, this reduction comes at the price of
a mere log factor in the estimate. In [7], Bourgain et al. managed to satisfy this combinatorial
coherence property using techniques from additive combinatorics. While we will not discuss
their construction, we find the proof of Theorem 13 to be instructive; our proof is valid for
all values of K (as opposed to sufficiently large K in the original [7]), and it has near-optimal
constants where appropriate. The proof can be found in the Appendix.

To reiterate, Bourgain et al. [7] used flat restricted orthogonality to build the only known
deterministic construction of M x N RIP matrices that support sparsity levels K on the order
of M'/?*¢ for some small value of e. We are particularly interested in the efficacy of FRO as
a technique to demonstrate RIP in general. Certainly, [7] shows that FRO can produce at
least an ¢ improvement over the Gershgorin technique discussed in the previous section; for
applications, this improvement is perhaps too modest to warrant its combinatorial difficulty.

In the remainder of this section, we will show that flat restricted orthogonality is actu-
ally capable of demonstrating RIP with much higher sparsity levels than indicated by [7].
Hopefully, this realization will spur further research in deterministic constructions which
satisfy FRO. To evaluate FRO, we investigate how well it performs with random matrices;
in doing so, we give an alternative proof that certain random matrices satisfy RIP with high
probability:

Theorem 14. Construct an M x N matriz ® by drawing each of its entries independently

from a Gaussian distribution with mean zero and variance %, take C to be the constant

from Theorem 13, and set « = 0.01. Then ® has (K, Z%Tooé)i()-ﬂat restricted orthogonality

and & < ad, and therefore the (2K, §)-restricted isometry property, with high probability

provided M > 3‘?’;§2K10g2 KlogN.

In proving this result, we will make use of the following Bernstein inequality:

Theorem 15 (see [5, 34]). Let {Z,,}M_, be independent random variables of mean zero with

bounded moments, and suppose there exists L > 0 such that
- ElZnl® s
E|Z.|" < TL k! (10)

for every k > 2. Then

M M 1/2 ,
pel S 2z 2 Smiz) | <o (1)
m=1 m=1

1 M 1/2
j < 2 .
provided t < 5T (N;E]ZM >

Proof of Theorem 14. Considering Lemma 11, it suffices to show that ® has restricted or-
thogonality and that 4, is sufficiently small. First, to demonstrate restricted orthogonality,
it suffices to demonstrate FRO by Theorem 13, and so we will ensure that the following
quantity is small:

(SenXe)- 3 (T etl) (T elm). (12

1€l JjeTJ m=1 * i€l JjET
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Notice that X, 1= 3,7 @i[m] and Yy, := 3 ; j[m| are mutually independent over all
m = 1,...,M since Z and J are disjoint. Also, X,, is Gaussian with mean zero and
variance ‘M? while Y, similarly has mean zero and variance “7‘ . Viewed this way, (12) being
small corresponds to the sum of independent random Varlables Zm = XY, having its
probability measure concentrated at zero. To this end, Theorem 15 is naturally applicable,
as the absolute central moments of a Gaussian random variable X with mean zero and

variance o2 are well known:

B[ — V2o (=1 ik odd,
of(k — 1)l if k even.

Since Z,, = X,,Y,, is a product of independent Gaussian random variables, this gives

Bz, " = B, Bl < (D) (D) (- n)’ < (Mj\?)wfk'

Further since E|Z,,|> = %, we may define L := ZW to get (10). Later, we will take

h<d<V2-1< % Considering

SO A B (Sma)

2 T 4 2L M?

we therefore have (11), which in this case has the form

[ <Z%’Z%>‘ ’IHJI)“Q] < 9 MP/4

€T JjeT
where the probability is doubled due to the symmetric distribution of Z%zl L. Since we
need to account for all possible choices of 7 and J, we will perform a union bound. The
total number of choices is given by

|;1 ;1 <I> (NI_JI‘I|> = KQ@)Z < N?%,

and so the union bound gives

02
+ 2K log N). (13)

Pr|® does not have (K, HA)—FRO} < 26~ MO/ N2K _ 9 oxpy ( -

Thus, Gaussian matrices tend to have FRO, and hence restricted orthogonality by Theo-
rem 13; this is made more precise below.

Again by Lemma 11, it remains to show that ¢; is sufficiently small. To this end, we note
that M]||¢,||? has chi-squared distribution with M degrees of freedom, and so we can use
another (simpler) concentration-of-measure result; see Lemma 1 of [20]:

t t
P n2—1‘>2( — —) < 2¢7t
r[le >2(\/ 37+ 77) | 2
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for any ¢ > 0. Specifically, we pick

t t 4t
yoma(yf L Ly <k
M * M) — M’

and we perform a union bound over the N choices for ,:
/

Pr[61>6’] §2exp<—M§ —i—logN). (14)

To summarize, Lemma 11, the union bound, Theorem 13, and (13) and (14) give

Pr|darc > 0] < Pr|fx > @ or 0, > ad|
< Prfoy > @} + P[0, > ad]
< Pr :(ID does not have <K, %)—FRO} + Pr [51 > ad}
§26xp<—%<%)2+2}(10g1\7>+2exp(—MTa6+logN>,

2
and so M > 33¢

s K log? K log N gives that ® has (2K, §)-RIP with high probability. O

We note that a version of Theorem 14 also holds for matrices whose entries are independent
Bernoulli random variables taking values iﬁ with equal probability. In this case, one can
again apply Theorem 15 by comparing moments with those of the Gaussian distribution;
also, a union bound with 9; will not be necessary since the columns have unit norm, meaning

51:0.

4. RESTRICTED ISOMETRY BY THE POWER METHOD

In the previous section, we established the efficacy of flat restricted orthogonality as a
technique to demonstrate RIP. While flat restricted orthogonality has proven useful in the
past [7], future deterministic RIP constructions might not use this technique. Indeed, it
would be helpful to have other techniques available that demonstrate RIP beyond the square-
root bottleneck. In pursuit of such techniques, we recall that the smallest ¢ for which ® is
(K, 6)-RIP is given in terms of operator norms in (2). In addition, we notice that for any
self-adjoint matrix A,

[Allz = IAA) oo < IACA) 5,
where A\(A) denotes the spectrum of A with multiplicities. Let A = UDU* be the eigenvalue
decomposition of A. When p is even, we can express ||[A(A)||, in terms of an easy-to-calculate
trace:

[IAA) = Tr[DP] = Tr[(UDU")?] = Tr[A”].

Combining these ideas with the fact that || - ||, — || - ||« pointwise leads to the following:
Theorem 16. Given an M x N matriz ®, define
1
Orcia = KN} Te[(Pi Py — Lx)*]21.

IK|=K
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Then ® has the (K, 0k,,)-restricted isometry property for every q > 1. Moreover, the re-
stricted isometry constant of ® is approached by these estimates: limg_ o 0g;q = Ok

Similar to flat restricted orthogonality, this power method has a combinatorial aspect that
prompts one to check every sub-Gram matrix of size K; one could argue that the power
method is slightly less combinatorial, as flat restricted orthogonality is a statement about
all pairs of disjoint subsets of size < K. Regardless, the work of Bourgain et al. [7] illustrates
that combinatorial properties can be useful, and there may exist constructions to which the
power method would be naturally applied. Moreover, we note that since k., approaches 0k,
a sufficiently large choice of ¢ should deliver better-than-¢ improvement over the Gershgorin
analysis. How large should ¢ be? If we assume ® has unit-norm columns, taking ¢ = 1 gives

2 o * _ 2
Oicr = o uax Trl(@dy — L)’ = max D> e’ < K(K =12, (15)
K|=K IK|=K Viex @i’f

where p is the worst-case coherence of ®. Equality is achieved above whenever ® is an ETF,
in which case (15) along with reasoning similar to (4) demonstrates that ® is RIP with
sparsity levels on the order of v/M, as the Gershgorin analysis established. It remains to be
shown how 0. compares. To make this comparison, we apply the power method to random
matrices:

Theorem 17. Construct an M x N matriz ® by drawing each of its entries independently
from a Gaussian distribution with mean zero and variance ﬁ, and take d.4 to be as defined
in Theorem 16. Then dk., < 6, and therefore @ has the (K, §)-restricted isometry property,
with high probability provided M > %Klﬂ/q log %

While flat restricted orthogonality comes with a negligible penalty of log® K in the number
of measurements, the power method has a penalty of K'/9. As such, the case ¢ = 1 uses
the order of K? measurements, which matches our calculation in (15). Moreover, the power
method with ¢ = 2 can demonstrate RIP with K32 measurements, i.e., K ~ MY/*+1/6
which is considerably better than an ¢ improvement over the Gershgorin technique.

Proof of Theorem 17. Take t := =4 — (£)"? and pick £ C {1,...,N}. Then Theo-
rem [1.13 of [13] states

| K | K 2
Pr |:1 - ( M +t> S Umin(q)K) S Umax(q)lc) S 1 + < M +t):| Z 1-— 2€_Mt /2.

Continuing, we use the fact that A\(®p®x) = o(Px)? to get
1 — 2€7Mt2/2

< Pr[(1 - ( ]\[2 +t>) Amin(PEPy) < Amax(PL®)) < (1 +
<

K
< Pr {1 — 3( — + t) Amin (P Pr) < Apax (P @) < 1+ 3(

r\
=5

)]

=4 t) . (16)

=|

@
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where the last inequality follows from the fact that (£)Y2 +¢ < 1. Since 5@, and Ix
are simultaneously diagonalizable, the spectrum of &5 ®, — Ik is given by A\(Px P —Ix) =
AP ®)) — 1. Combining this with (16) then gives

Pr[HA(Cbz*cq);c -1 < 3(\/% +t)} > 11— 2 ME2

Considering Tr[A27)% = [|A(A)|lsg < K2 ||A(A)||s, we continue:

Pr [Tr[(CI),*C(I),C — Ix)2]% < 5} > Pr {K;«z

A@0 —T)| < 5} > 1 - ge~ME/2,
From here, we perform a union bound over all possible choices of K:

Prl3K st @i > o) < () e T 1o > o

Mt? eN
<2exp(— -+ Klog ). 17
< 2exp 5 T K log — (17)
. eN - 1/ 1/
Rearranging M > E—%Klﬂ/q log YN gives K1/2 < 9K1/2q(lsé\gl/22(eN/K) < g[]\é/;, and so
Mt2 1 oMV? o\ 120 MY2N? eN
A N g V" il Bt =
. 2<3K1/2q K ) 22(9K1/2q> > 21 log (18)
Combining (17) and (18) gives the result. O

5. EQUIANGULAR TIGHT FRAMES AS RIP CANDIDATES

In Section 2, we observed that equiangular tight frames (ETFs) are optimal RIP matrices
under the Gershgorin analysis. In the present section, we reexamine ETF's as prospective RIP
matrices. Specifically, we consider the possibility that certain classes of M x N ETFs support
sparsity levels K larger than the order of v/M. Before analyzing RIP, let’s first observe some
important features of ETFs. Recall that Definition 5 characterized ETF's in terms of their
rows and columns. Interestingly, real ETFs have a natural alternative characterization.

Let ® be areal M x N ETF, and consider the corresponding Gram matrix ®*®. Observing
Definition 5, we have from (i) that the diagonal entries of ®*® are 1’s. Also, (iii) indicates
that the off-diagonal entries are equal in absolute value (to the Welch bound); since ¢ has
real entries, the phase of each off-diagonal entry of ®*® is either positive or negative. Letting
1 denote the absolute value of the off-diagonal entries, we can decompose the Gram matrix
as ®*® = Iy + S, where S is a matrix of zeros on the diagonal and +1’s on the off-diagonal.
Here, S is referred to as a Seidel adjacency matriz, as S encodes the adjacency rule of a
simple graph with i <> j whenever S|i, j| = —1; this correspondence originated in [30].

There is an important equivalence class amongst ETF's: given an ETF @, one can negate
any of the columns to form another ETF ®'. Indeed, the ETF properties in Definition 5 are
easily verified to hold for this new matrix. For obvious reasons, ® and &’ are called flipping
equivalent. This equivalence plays a key role in the following result, which characterizes real
ETFs in terms of a particular class of strongly regular graphs:

Definition 18. We say a simple graph G is strongly regular of the form srg(v, k, A\, p) if
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(i) G has v vertices,

(ii) every vertex has k neighbors (i.e., G is k-regular),

(iii) every two adjacent vertices have A common neighbors, and
(iv) every two non-adjacent vertices have u common neighbors.

Theorem 19 (Corollary 5.6 in [31]). Every real M x N equiangular tight frame with N >
M +1 is flipping equivalent to a frame whose Seidel adjacency matrixz corresponds to the join
of a vertex with a strongly reqular graph of the form

3L— N 5)) N <1_N) M(N —1)

2 9 L= =1+ oM N_M

STg (N -1, L,

Conwversely, every such graph corresponds to flipping equivalence classes of equiangular tight
frames in the same manner.

The previous two sections illustrated the main issue with the Gershgorin analysis: it ig-
nores important cancellations in the sub-Gram matrices. We suspect that such cancellations
would be more easily observed in a real ETF, since Theorem 19 neatly represents the Gram
matrix’s off-diagonal oscillations in terms of adjacencies in a strongly regular graph. The
following result gives a taste of how useful this graph representation can be:

Theorem 20. Tuke a real equiangular tight frame ® with worst-case coherence u, and let G
denote the corresponding strongly regular graph in Theorem 19. Then the restricted isometry
constant of ® is given by o = (K — 1)u for every K < w(G) + 1, where w(G) denotes the
size of the largest clique in G.

Proof. The Gershgorin analysis (3) gives the bound dx < (K — 1)u, and so it suffices to
prove dxg > (K — 1)p. Since K < w(G) + 1, there exists a clique of size K in the join of G
with a vertex. Let K denote the vertices of this clique, and take Sk to be the corresponding
Seidel adjacency submatrix. In this case, Si = Iy — Jx, where Jg is the K x K matrix of
all 1’s. Observing the decomposition @y P, = Ix + 1Sk, it follows from (2) that

ox =[PPk — Ixll2 = lnSkll2 = plllx — Jkll2 = (K = 1)u,
which concludes the proof. 0J

This result indicates that the Gershgoin analysis is tight for all real ETFs, at least for
sufficiently small values of K. In particular, in order for a real ETF to be RIP beyond the
square-root bottleneck, its graph must have a small clique number. As an example, note
that the first four columns of the Steiner ETF in (5) have negative inner products with
each other, and thus the corresponding subgraph is a clique. In general, each block of an
M x N Steiner ETF, whose size is guaranteed to be O(v/M ), is a lower-dimensional simplex
and therefore has this property; this is an alternative proof that the Gershgorin analysis of
Steiner ETFs is tight for K = O(v/M).

5.1. Equiangular tight frames with flat restricted orthogonality. To find ETF's that
are RIP beyond the square-root bottleneck, we must apply better techniques than Gersh-
gorin. We first consider what it means for an ETF to have (K, #)-flat restricted orthogonality.
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Take a real ETF ® = [p; - - - o] with worst-case coherence p, and note that the correspond-
ing Seidel adjacency matrix S can be expressed in terms of the usual {0, 1}-adjacency ma-
trix A of the same graph: S|[i, j| = 1 — 2A[i, j| whenever i # j. Therefore, for every disjoint
Z,J CA{l,...,N} with |Z|,|J| < K, we want

DI

oTIT)V2 > KZ%Z%N—

i€ jeJ i€ jeJ

1
= u||Z||T| -2 A','):2‘Ez,j——1j, 19
u'! 1T ;EI;EJ [0l = 20| E(Z, T) = SIZI|T| (19)

where E(Z,J) denotes the number of edges between Z and J in the graph. This condition
bears a striking resemblence to the following well-known result in graph theory:

Lemma 21 (Expander mixing lemma [19]). Given a d-regular graph of n vertices, the second
largest eigenvalue X of its adjacency matrix satisfies

d
E(L,J) = —[ZIIT|| < MZ[|lT )"

for every pair of vertex subsets T,.T .

In words, the expander mixing lemma says that the number of edges between vertex subsets
of a regular graph is roughly what you would expect in a random regular graph. For this
lemma to be applicable to (19), we need the strongly regular graph of Theorem 19 to satisfy
= = % ~ 1. Using the formula for L, it is not difficult to show that |2 — 1| = O(M~1/2)
prov1ded N = O(M) and N > 2M. Furthermore, the second largest eigenvalue of the
strongly regular graph will be A &~ 1N'2? and so the expander mixing lemma says the
optimal 0 is < 2u\ = (NM)1/2 (M]\(/];%))l/? This is a rather weak estimate for 0
because the expander mixing lemma does not account for the sizes of Z and J being < K.
Put in this light, a real ETF that has flat restricted orthogonality corresponds to a strongly

regular graph that satisfies a particularly strong version of the expander mixing lemma.

since p =

5.2. Equiangular tight frames and the power method. Next, we try applying the
power method to ETFs. Given a real ETF & = [p; - py], let H := &*® — Iy denote the
“hollow” Gram matrix. Also, take Ex to be the N x K matrix built from the columns of I
that are indexed by KC. Then

Te[(Py @y — Ix)™) = Te[(Ex "B — Ix)*] = Tr[(Ex H Ex)™] = Tr[(H B Ex)™).

Since B Ey = > 1cx 0,05, where ¢, is the kth identity basis element, we continue:

Tr[(DLd, — I )™ KH > 5k5k) }

_ . Z Tr[H(SkO(SZO s H5k2q71522q,1]

koekl kog—1€K

= e Y R HOG 6y, (HO (20)

koekl kag—1€EK
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where the last step used the cyclic property of the trace. From here, note that H has a zero
diagonal, meaning several of the terms in (20) are zero, namely, those for which k,.; = ky
for some £ € Zy,. To simplify (20), take K9 to be the set of 2¢-tuples satisfying k, 1 # ke
for every { € Zoy:

Te( Q5P — L)1 = Y [ {erone) =6 Y ] Stkeken], (21)

{ko}eK D) LE€Z2q {ko}eK(20) L€Z2q

where p is the wost-case coherence of ®, and S is the corresponding Seidel adjacency matrix.
Note that the left-hand side is necessarily nonnegative, while it is not immediate why the
right-hand side should be. This indicates that more simplification can be done, but for the
sake of clarity, we will perform this simplification in the special case where ¢ = 2; the general
case is very similar. When ¢ = 2, we are concerned with 4-tuples {ko, k1, ko, k3} € K@, Let’s
partition these 4-tuples according to the value taken by k¢ and k, = ks. Note, for a fixed ko
and ko, that k; can be any value other than kg or ko, as can k3. This leads to the following
simplification:

o T Skekea] =D > ( > S[ko,kl]S[kl,kz])( > 5[k27k3]5[k37k0])

{ke}ElC(4> CETy ko€ ko€ ki€ kse
Kok #ko ko£ha#ko
2
=3 > > Slko, k]S[k, k)]
ko€ ko€ kex
oFk#k2
2 2
= | D Slko, KISk Kol| + Y > | D> Slko, kIS[k, ko]
koek ' ke ko€EK ko€ ke
k#ko ka#ko ko#k#k2

The first term above is K(K — 1)2, while the other term is not as easy to analyze, as we
expect a certain degree of cancellation. Substituting this simplification into (21) gives

Te[(PLP, — 1x)Y] = 1t <K(K —12+ ) > D Slko, kIS[k, ko] )

ko€ ko€ ke
ko#k1 ko#k#ks2
If there were no cancellations in the second term, then it would equal K (K — 1)(K — 2)?,
thereby dominating the expression. However, if oscillations occured as a =1 Bernoulli random
variable, we could expect this term to be on the order of K3, matching the order of the first

term. In this hypothetical case, since y < M2, the parameter 6%, defined in Theorem 16
scales as ﬁ—z, and so M ~ K3/?; this corresponds to the behavior exhibited in Theorem 17.

To summarize, much like flat restricted orthogonality, applying the power method to ETF's
leads to interesting combinatorial questions regarding subgraphs, even when g = 2.

5.3. The Paley equiangular tight frame as an RIP candidate. Pick some prime
p = 1 mod 4, and build an M X p matrix H by selecting the M := ’%1 rows of the p x p

discrete Fourier transform matrix which are indexed by @), the quadratic residues modulo p
(including zero). To be clear, the entries of H are scaled to have unit modulus. Next, take D
to be an M x M diagonal matrix whose zeroth diagonal entry is p~'/2, and whose remaining
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M — 1 entries are (]%)1/ 2. Now build the matrix ® by concatenating DH with the zeroth
identity basis element; for example, when p = 5, we have a 3 x 6 matrix:

1 1 1 1 1 1
5 5 5 5 5
_ 2 2 —2mi/5 2 —2ri2/5 2 —2mi3/5 2 —2mid/5
P z \/;e \/;e \/;e e 0
2 2 —2rid/5 2 —2ri3/5 2 —2mi2/5 2 —2mi/5
: \/;e \/;e \/?e e 0

We claim that in general, this process produces an M x 2M equiangular tight frame, which
we call the Paley ETF. Presuming for the moment that this claim is true, we have the
following result which lends hope for the Paley ETF as an RIP matrix:

Lemma 22. An M x 2M Paley equiangular tight frame has restricted isometry constant
0 <1 forall K < M.

Proof. First, we note that Theorem 6 of [1] used Chebotarév’s theorem [27] to prove that the
spark of the M x 2M Paley ETF ® is M + 1, that is, every size-M subcollection of columns
of ® forms a spanning set. Thus, for every I C {1,...,2M} of size < M, the smallest
singular value of ®x is positive. It remains to show that the square of the largest singular
value is strictly less than 2. Let x be a unit vector for which ||®xx| = ||Px|l2. Then since
the spark of ® is M + 1, the columns of ®x. span, and so

103 = 10k 5 = l®kzl® < [Pkl + | Qkell® = [[@"z]* < |75 = [|227]|> = 2,
where the final step follows from Definition 5(i)-(ii), which imply ®®* = 2I,,. O

Now that we have an interest in the Paley ETF &, we wish to verify that it is, in fact, an
ETEF. It suffices to show that the columns of ® have unit norm, and that the inner products
between distinct columns equal the Welch bound in absolute value. Certainly, the zeroth
identity basis element is unit-norm, while the squared norm of each of the other columns is
given by ]—lj—i- (M — 1)% = % = 1. Also, the inner product between the zeroth identity basis
element and any other column equals the zeroth entry of that column: p=/2 = (%)1/ 2,
It remains to calculate the inner product between distinct columns which are not identity
basis elements. To this end, note that since a®> = b? if and only if @ = +b, the sequence

{k?}?_1 C Z,, doubly covers @ \ {0}, and so

(‘P © ,> _ 1 + Z (\/?627rimn/p) (\/?eQWimn//p> _ li 27i(n/ —n)k2 /p
| b p p P

meQ\{0}
This well-known expression is called a quadratic Gauss sum, and since p = 1 mod 4, its value

is determined by the Legendre symbol in the following way: (@, @) = \/iﬁ(”;”) for every

g

n,n’ € Z, with n # n', where

e +1 if k£ is a nonzero quadratic residue modulo p,
(—) = 0 if k=0,
p —1 otherwise.

Having established that ® is an ETF, we notice that the inner products between distinct
columns of ® are real. This implies that the columns of ® can be unitarily rotated to form a
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real ETF W; indeed, one may take ¥ to be the M x 2M matrix formed by taking the nonzero
rows of LT in the Cholesky factorization ®*® = LLT. As such, we consider the Paley ETF to
be real. From here, Theorem 19 prompts us to find the corresponding strongly regular graph.
First, we can flip the identity basis element so that its inner products with the other columns
of ® are all negative. As such, the corresponding vertex in the graph will be adjacent to each
of the other vertices; naturally, this will be the vertex to which the strongly regular graph is
joined. For the remaining vertices, n < n’ precisely when (%) = —1, that is, when n’ — n
is not a quadratic residue. The corresponding subgraph is therefore the complement of the
Paley graph, namely, the Paley graph [25]. In general, Paley graphs of order p necessarily
have p = 1 mod 4, and so this correspondence is particularly natural.

One interesting thing about the Paley ETF’s restricted isometry is that it lends insight into
important properties of the Paley graph. The following is the best known upper bound for
the clique number of the Paley graph of prime order (see Theorem 13.14 of [6] and discussion
thereafter), and we give a new proof of this bound using restricted isometry:

Theorem 23. Let G denote the Paley graph of prime order p. Then the size of the largest
clique is w(G) < \/p.

Proof. We start by showing w(G) + 1 < M. Suppose otherwise: that there exists a clique K
of size M 41 in the join of a vertex with G. Then the corresponding sub-Gram matrix of the
Paley ETF has the form ®5®, = (1 + pu)ly41 — uJpry1, where g = p~1/2 is the worst-case
coherence and Jy 41 is the (M + 1) x (M + 1) matrix of 1’s. Since the largest eigenvalue of
Jars1 is M+1, the smallest eigenvalue of @@ is 14+p~ /2 —(M+1)p~ /2 = 1—L(p+1)p~1/2,
which is negative when p > 5, contradicting the fact that % ® is positive semidefinite.
Since w(G) +1 < M, we can apply Lemma 22 and Theorem 20 to get
G)
1> 6ienis = ( 1— 1) _ @) 29
> Ou(cy+1 = (w(G) + h= (22)

and rearranging gives the result. ([l

It is common to apply probabilistic and heuristic reasoning to gain intuition in number
theory. For example, consecutive entries of the Legendre symbol are known to mimic cer-
tain properties of a £1 Bernoulli random variable [22]. Moreover, Paley graphs enjoy a
certain quasi-random property that was studied in [11]. On the other hand, Graham and
Ringrose [18] showed that, while random graphs of size p have an expected clique number
of (1+ 0(1))2logp/log2, Paley graphs of prime order deviate from this random behavior,
having a clique number > clog plogloglog p infinitely often. The best known universal lower
bound, (1/240(1))logp/log2, is given in [12], which indicates that the random graph anal-
ysis is at least tight in some sense. Regardless, this has a significant difference from the
upper bound ,/p in Theorem 23, and it would be nice if probabilistic arguments could be
leveraged to improve this bound, or at least provide some intuition.

Note that our proof (22) hinged on the fact that é,c)41 < 1, courtesy of Lemma 22.
Hence, any improvement to our estimate for d,(g)+1 would directly lead to the best known
upper bound on the Paley graph’s clique number. To approach such an improvement, note
that for large p, the Fourier portion of the Paley ETF DH is not significatly different from
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the normalized partial Fourier matrix (-25)"/*H; indeed, ||Hg D*Hy. — 23 HiHylls < 2 for
every K C Z, of size < ’%1, and so the difference vanishes. If we view the quadratic residues
modulo p (the row indices of H) as random, then a random partial Fourier matrix serves as

a proxy for the Fourier portion of the Paley ETF. This in mind, we appeal to the following:

Theorem 24 (Theorem 3.2 in [23]). Draw rows from the N x N discrete Fourier transform
matrix uniformly at random with replacement to construct an M x N matriz, and then
normalize the columns to form ®. Then ® has restricted isometry constant dx < 0 with
probability 1 — & provided bgLM > (5%Klog2 Klog Nloge™!, where C is a universal constant.

In our case, both M and N scale as p, and so picking 0 to achieve equality above gives
C/
62 = —Klog®? K log®ploge™'.
p

Continuing as in (22), denote w = w(G) and take K = w to get

/ 2 2
gw log? wlog® ploge™ > 6% = u > w—,

p p 2p

and then rearranging gives w/ log”w < C"log” ploge~! with probability 1 —e. Interestingly,
having w/log® w = O(log® p) with high probability (again, under the model that quadratic
residues are random) agrees with the results of Graham and Ringrose [18]. This gives some
intuition for what we can expect the size of the Paley graph’s clique number to be, while
at the same time demonstrating the power of Paley ETFs as RIP candidates. We conclude
with the following, which can be reformulated in terms of both flat restricted orthogonality
and the power method:

1

Conjecture 25. The Paley equiangular tight frame has the (K, §)-restricted isometry prop-

erty with some § < /2 — 1 whenever K < logfp, for some universal constants C' and c.

6. APPENDIX

In this section, we prove Theorem 13, which states that a matrix with (X, é)—ﬂat restricted

orthogonality has 8 < Cflog K, that is, it has restricted orthogonality. The proof below is
adapted from the proof of Lemma 3 in [7]. Our proof has the benefit of being valid for all
values of K (as opposed to sufficiently large K in the original [7]), and it has near-optimal
constants where appropriate. Moreover in this version, the columns of the matrix are not
required to have unit norm.

Proof of Theorem 13. Given arbitrary disjoint subsets Z, J C {1,..., N} with |Z|,|J| < K,
we will bound the following quantity three times, each time with different constraints on

{zi}tier and {y;}jes:
‘<Z$z‘%;zyj%>’- (23)

i€l jeJ
To be clear, our third bound will have no constraints on {z; };cz and {y;} e, thereby demon-
strating restricted orthogonality. Note that by assumption, (23) is < §(|Z]|7|)/? whenever
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the z;’s and y;’s are in {0, 1}. We first show that this bound is preserved when we relax the
x;’s and y;’s to lie in the interval [0, 1].

Pick a disjoint pair of subsets Z', J' C {1,..., N} with |Z'|, |J’'| < K. Starting with some
k € T’, note that flat restricted orthogonality gives that

(e X0r)| <duzian

€T €T

'< 2 %ng>' 0T\ {RHITD'? < 0(ZIlT )

1€Z\{k} JjeJ
for every disjoint Z,J C {1,..., N} with |Z|,|J| < K and k € Z. Thus, we may take any

xr € [0,1] to form a convex combination of these two expressions, and then the triangle
inequality gives

0(IZ(|T)"* =

[ wT o)

< 90“ Z QOJ
€T JjeT i€T\{k} JjeJg

)|+

<ﬂ%2%>+ 1—xk< > %Z%N
k
k

i€Z\{k} JjeT

(24)

Since (24) holds for every disjoint Z, 7 C {1,..., N} with |Z|,|J| < K and k € Z, we can
do the same thing with an additional index i € Z' or j € J', and replace the corresponding
unit coefficient with some z; or y; in [0, 1]. Continuing in this way proves the claim that
(23) is < A(|Z||7|)/? whenever the z;’s and y;’s lie in the interval [0, 1].

For the second bound, we assume the x;’s and y;’s are nonnegative with unit norm:

Y oier i = Zjej yJQ = 1. To bound (23) in this case, we partition Z and J according to the

size of the corresponding coefficients:
Ty={ieZT 27"V <y, <2M FJo={jeg: 27" <y, <27}

Note the unit-norm constraints ensure that Z = (J-,Zy and J = J,—y Jk. The triangle
inequality thus gives

(g gl -NEE o E 5 )

i€ jeTJ =01i€Ty, =0j€Tk,

< Z Z o (1-Hka) < > e Y %>’ (25)

k1=0 ko=0 iGIkl ]Ejk
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By the definitions of Zy, and Jj,, the coefficients of ¢; and ¢; in (25) all lie in [0, 1]. As
such, we continue by applying our first bound:

’<Z$¢%,Z%S@j>’ ZZQ k) 0| T, || T )2

1€l jeTJ k1=0 ko=0

- 9(2 2—'f|zk|1/2) (Z 2—'f|Jk|1/2). (26)
k=0 k=0

We now observe from the definition of Z;, that
D) S B S
ieT k=0 i€T},

Thus for any positive integer ¢, the Cauchy-Schwarz inequality gives

00 t—1 e’}
Z 2—k’1-k|1/2 _ Z 2—k’1-k‘1/2 + Z 2—I~c|1-k’1/2
k=0 k=0 k=t
t—1 1/2 00
<t ( > 4’“\Ik|) +Yy 27K
k=t

k=0
< 2t + K227, (27)

and similarly for the J;’s. For a fixed K, we note that (27) is minimized when K/227 =
;ITlg/sz and so we pick t to be the smallest positive integer such that K/227" < L 1/ . With
this, we continue (26):

‘< > wign, Z?Jj%’>‘ < é<2(t1/2 + Kl/zQ_t)>2

€T JjeJ
A 2N 1 1
<49t —— ) =40(t : 28
- ( * 2log 2 * log 2 * (2log2)2t (28)

From here, we claim that ¢ < [11(;ng

for K = 2,3,...,7 by showing K/?27° < ;logZ for s = [lﬁ)gg;{] For K > 8, one can use
calculus to verify the second inequality of the following:

—1/2 —1/2
K29 TRET < pramg-es o L (loeR N 1 pleg KT
2log2 \ log?2 2log2 | log?2

Considering the definition of ¢, this is easily verified

1 Substituting t < lf:)gg( + 1 and £ > 1 into (28) then gives
'< > mig, Zyjsoj>
ieT jeg

with Cy &~ 5.77, C} &~ 11.85. As such, (23) is < C"flog K with C' = Cy + 101 in this case.

meaning ¢t < [

lo gK 1 1 A
46 1 = log K
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We are now ready for the final bound on (23) in which we apply no constraints on the z;’s

and y;’s. To do this, we consider the positive and negative real and imaginary parts of these
coefficients:

3
T, = inykik st. x>0 VEk,
k=0

and similarly for the y;’s. With this decomposition, we apply the triangle inequality to get

3 3
‘< > xin, Zyj90j>‘ = ‘< DD wmnifen Y > yj,kzik2%0j>‘

i€l jeT i€Z k1=0 JE€T ko=0
3 3
< E g <§ xi,kl%,g yj,k290j>‘~
k1=0 ko=0 i€l JjeTJ

Finally, we normalize the coefficients by (3,727, )"? and (3. ;43 ,,)"/? so we can apply
our second bound:

3 3 1/2 /2
’<inw,zyﬁj>‘gzz(inkl) (Zy§k> C'flog K

i€L JjeT k1=0 ko=0 €L Jj€ET
< (COlog K) ||z Iy,
where C' = 4C" =~ 74.17 by the Cauchy-Schwarz inequality, and so we are done. O
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