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Abstract

We show that real tight frames that generate lattices must be rational, and use
this observation to describe a construction of lattices from vertex transitive graphs.
In the case of irreducible group frames, we show that the corresponding lattice is
always strongly eutactic. This is the case for the more restrictive class of distance
transitive graphs. We show that such lattices exist in arbitrarily large dimensions
and demonstrate examples arising from some notable families of graphs. In par-
ticular, some well-known root lattices and those related to them can be recovered
this way. We discuss various properties of this construction and also mention some
potential applications of lattices generated by incoherent systems of vectors.
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1 Introduction

Let (, ) be the usual inner product on R* and ||z|:= (@, x)"* the Euclidean norm on

R*. For a lattice L C R¥ of full rank k (that is a discrete co-compact subgroup of R¥) the
manimal norm of L is

|L]:= min{[|z|]: x € L\ {0}},
and its set of minimal or shortest vectors is
S(L) = A{w e L+ |al= |L]}.

The automorphism group of the lattice L, Aut(L), is the group of all k x k real orthogonal
matrices that map L to itself. A particularly interesting class of lattices are eutactic
lattices: a lattice L is called eutactic if its set of minimal vectors S(L) satisfies a eutaxy

condition, i.e. there exist positive real numbers ¢y, . .., ¢,, (called eutaxy coefficients) such
that
2
lol*= > ¢ (v, @) (1.1)
xeS(L)
for all v € R¥. If ¢; = --- = ¢,, L is said to be strongly eutactic. Eutactic and strongly

eutactic lattices are central objects of lattice theory due to their importance in connection
with well studied optimization problems. A theorem of Voronoi (1908) asserts that L is
a local maximum of the packing density function on the space of lattices in R* if and
only if L is eutactic and perfect (L is perfect if the set {x = : & € S(L)} spans the space
of k X k real symmetric matrices) [41]. More details on eutactic, strongly eutactic and
perfect lattices can be found in J. Martinet’s book [32].

Two lattices L and M are called similar, written L ~ M if L. = aUM for a nonzero
scalar o and an orthogonal transformation U. Similarity is an equivalence relation on
lattices that preserves inner products between vectors (up to the scalar «) and, as a
result, lattice’s automorphism group; it also gives a bijection between sets of minimal
vectors. Consequently, all the geometric properties that we discuss here, such as eutaxy,
strong eutaxy and perfection are preserved on similarity classes.

In the previous papers [4] and [3] of the first two authors, lattices generated by equian-
gular tight frames (ETFs) were studied and examples of strongly eutactic such lattices
were constructed. Here we aim to take this discussion further. Let n > k and let
F = {f1,---,f.} C R* be a sequence of vectors, not necessarily distinct, such that
spang {f1,..., f,,} = R¥. Such a set F is called an (n, k)-frame, the name originating
in a 1952 paper of Duffin and Schaeffer in connection with their study of nonharmonic
Fourier series [16]. A frame F is called uniform if all of its vectors have the same norm,
and it is called tight if there exists a real constant v > 0 such that for every v € R¥

follP= Y. £.% (12

and a tight frame is called Parseval if v = 1: clearly, any tight frame can be rescaled to a
Parseval frame. Notice the similarity between this equation and the equation (1.1) above.
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Although the tightness condition (1.2) above is well studied in several contemporary
branches of mathematics, the closely related eutaxy condition precedes it by half a century.
Voronoi’s study [41] of quadratic forms in 1908 gave rise to the introduction of eutaxy
condition (1.1). Nonetheless, we can say that a lattice is strongly eutactic whenever its
set of minimal vectors forms a uniform tight frame. Another way to view uniform tight
frames is as projective 1-designs, a subclass of more general designs on compact spaces
introduced by Delsarte, Goethals, and Seidel in their groundbreaking 1977 paper [12]. A
special class of tight frames are examples of optimal packings of lines in projective space.
These uniform tight frames are called equiangular (abbreviated ETF) if ‘< fof ]>| is the
same for all ¢ # j. Tight frames in general and ETF's in particular are extensively studied
objects in harmonic analysis; see S. Waldron’s book [42] for detailed information on this
subject.

Given a real (n,k)-frame F = {f,,..., f,}, define

L(F) = spang {F1, .. £}
If we write B for the k x n matrix with vectors f,,..., f,, as columns, then
L(F)={Ba:acZ"}.
The norm-form associated with F is the quadratic form
Qr(a) = || Bal’= (B Ba, a). (1.3)

We call the frame F rational if Q is (a constant multiple of) a rational quadratic form,
i.e. the n x n Gram matrix B' B is (a constant multiple of) a rational matrix. This
is equivalent to saying that the inner products < fis fj> are (up to a constant multiple)
rational numbers for all 1 <4,j < n. In [3], it was proved that if F is rational, then L(F)
is a lattice. Further, in the case that F is an ETF, L(F) is a lattice if and only if F is
rational (the converse was previously proved in [4]). More generally, it was shown in [3]
that when the dimension k = 2 or 3 and F is a tight (n, k)-frame for any n so that L(F)
is a lattice, then F must be rational. Our first result is an extension of this observation
to any dimension.

Theorem 1.1. Suppose that F is a tight (n, k)-frame so that L(F) is a lattice. Then F
must be rational.

We give two different proofs of Theorem 1.1 in Section 2, one of them as a consequence of
a stronger result about a larger class of vector systems than tight frames (Theorem 2.3).
All spherical 2-designs are tight frames, and a spherical 2-design when joined with its
antipodes is additionally a spherical 3-design. We call a lattice L a t-design lattice,
whenever L’s minimal vectors form a t-design and L is generated by them. A classical
result of Korkine and Zolotareff says that any ¢-design lattice with ¢ > 4 is rational [27].
Our result extends this result showing that the same holds for t-design lattices with t > 2.
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Remark 1.2. We have recently become aware of a 2017 paper by T. Sunada [37], where
a result similar to our Theorem 1.1 has been established (Proposition 4.2 of [37]). This
being said, our proof of this result is considerably simpler, and our Theorem 2.3 is more
general: it does not follow from [37].

We can now use this rationality result to pick out lattices generated by tight frames.
We are especially interested in frames that give rise to lattices with nice geometric prop-
erties. For this we need some more notation. Let the automorphism group of a frame F
be

Aut(F) :={U € Ox(R) : Uf € F for all f € F},

where O(R) is the group of k x k real orthogonal matrices. As usual, we write H < G
to indicate that H is a subgroup of the group G.

We now discuss group frames; see Chapter 10 of [42] for a detailed exposition. Let
f1 € R* be a vector and let G a finite group of orthogonal k x k matrices. Define F to
be the orbit of f; under the action of G by left multiplication, i.e.

F=Gf, ={Uf,:U€cG},

then all the vectors in F have the same norm. If F spans R¥, then F is a uniform frame,
which we refer to as a G-frame. G is said to act irreducibly on the space R¥ if there is no
nonzero proper subspace F of R¥ that is closed under the action of G, that is, GE # F
for any {0} # E C R¥. A G-frame with such an irreducible action corresponding to G
on R* is similarly called irreducible. All irreducible group frames are tight. In fact, if G
is a group with an irreducible action on R*  then the orbit of x under G, {Uz : U € G},
is an irreducible tight G-frame for any nonzero vector € R* (see Sections 10.5 - 10.9
of [42] for details).

Our next result demonstrates a certain correspondence between irreducible group
frames and strongly eutactic lattices.

Theorem 1.3. Let G be a group of k x k real orthogonal matrices and f € R¥ be a vector
so that F = G f is an irreducible rational group frame in R*. Then the lattice L(F) is
strongly eutactic.

Remark 1.4. Conversely, suppose L C R* is a strongly eutactic lattice of rank k. By
Corollary 16.1.3 of [32], L is strongly eutactic if and only if its set S(L) of minimal vectors
is a spherical 2-design, which is a condition equivalent to the tightness condition (1.2).
Since all minimal vectors have the same norm, S(L) is a uniform tight frame. Now suppose
some Aut(L) acts transitively on S(L). Let &, € S(L), then for any & € S(L) there exists
a U € Aut(L) such that & = Uz,. Hence

S(L)={Uz, : U € Aut(L)},

and so S(L) is an Aut(L)-frame. If the action of Aut(L) on R* is irreducible then S(L)

is an irreducible group frame.
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We prove Theorem 1.3 in Section 3. This theorem motivates the investigation of
rational irreducible group frames. One steady source of rational group frames comes from
vertex transitive graphs, as detailed in Section 10.7 of [42]. In the special case when the
graph in question is distance transitive, these frames are irreducible.

Theorem 1.5. Let I' be a vertex transitive graph on n vertices and G its automorphism
group. Let A be the adjacency matriz of I' and X an eigenvalue of multiplicity m. Assume
A s rational and let V) be the corresponding m-dimensional eigenspace to eigenvalue .
Let Py be a rational orthogonal projection matriz of R™ onto V. Then Ly ) := P\Z" is a
lattice of full rank in Vy, and its automorphism group contains a subgroup isomorphic to
a factor group of G. IfI' is distance transitive, Ly  is strongly eutactic.

We review all the necessary notation and prove Theorem 1.5 in Section 4. Distance
transitive graphs form a subclass of vertex transitive graphs, and there are plenty of
examples of such graphs with rational eigenvalues. In fact, there exist such lattices on
n vertices for arbitrarily large n having eigenvalues of multiplicity m being an increasing
function of n (for instance complete graphs, Johnson graphs, Grassman graphs, folded
cube graphs, etc.), so that this construction yields strongly eutactic lattices in arbitrarily
high dimensions. Further, there are some instances of vertex transitive graphs which are
not distance transitive, however still give rise to strongly eutactic lattices. We demonstrate
several examples of our construction in Section 4, some of which are summarized in
Table 1. A separate collection of lattices coming from several Johnson graphs J(n,2) is
given in Table 2 in Section 4. Furthermore, in Theorem 4.5 we give a characterization of
lattices coming from product graphs in terms of tensor products and orthogonal direct
sums of component lattices.

For the purposes of all of our examples and constructions, the lattices are viewed up
to similarity and eigenspaces of graphs are identified with real Euclidean spaces R¥ for the
appropriate dimension k equal to the multiplicity of the corresponding eigenvalue. Our
examples have been computed in Maple [30] using online catalog [1] of distance regular
graphs and online catalog [31] of strongly eutactic lattices. It can be seen from these
examples that a graph and its complement produce the same lattices. This is true in
general, as is shown in Proposition 4.7 in Section 4. At the end of Section 4 we also
demonstrate an interesting correspondence between contact polytopes of lattices Ef, E%
and Aj and our construction of lattices from their skeleton graphs.

It is also interesting to consider Theorem 1.5 in view of the properties of eutactic
configurations, i.e. finite sets of vectors satisfying the eutaxy condition (1.1). The famous
theorem of Hadwiger ([32], Theorem 3.6.12) asserts that a set S of cardinality n in k-
dimensional space V', n > k, is eutactic if and only if it is an orthogonal projection
onto V' of an orthonormal basis in an n-dimensional space containing V. In fact, our
construction considers precisely such a projection, namely the set of vectors {Pye;}?,
where ey, ..., e, is the standard basis in R"”. This set is therefore eutactic by Hadwiger.
Our result, however, implies more, specifically that in our setting (in the case of distance
transitive graphs) these vectors generate a lattice whose set of minimal vectors is strongly
eutactic.
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Graph T Dist. # of | Eig. | Mult. of Lattice Lr x
trans.? | vert. A A
Disconnected graph No (n) 0 (n) Integer lattice Z"
Complete graph K, Yes (n) -1 (n—1) Root lattice 4,1
Hamming graph H (2, 3) Yes 9) 1 (4) Az ®z Az
Petersen graph Yes (10) -2 (4) A}, dual of Ay
Petersen graph Yes (10) 1 (5) Coxeter lattice A2
Petersen line graph Yes (15) -1 (4) A}, dual of Ay
Petersen line graph Yes (15) -2 (5) Coxeter lattice A3
Clebsch graph Yes (16) -3 (5) D¢, dual of Ds
Clebsch complement Yes (16) 2 (5) D¢, dual of D5
Shrikhande graph No (16) 2 (6) D
Shrikhande complement No (16) -3 (6) D
Schlafli graph Yes (27) 4 (6) E§, dual of Eg
Schléfli complement Yes (27) -5 (6) E§, dual of Eg
Gosset graph Yes (56) 9 (7) EZ, dual of E;

Table 1: Examples of strongly eutactic lattices from vertex transitive graphs

Finally, in Section 5 we discuss a possible relation between coherence of a lattice and
its sphere packing density, as well as potential applications of tight frames coming from
sets of minimal vectors of lattices in compressed sensing.

2 Rationality of lattice-generating frames

We start with a simple proof of Theorem 1.1.

Proof of Theorem 1.1. With notation as in the statement of the theorem, let B be a k xn
real matrix whose columns are vectors of the tight frame F and L(F) is a lattice. Let A
be a k x k basis matrix for L(F). Then, there exists a k X n integer matrix Z so that
AZ = B. Thus

AZZ"A" = BBT =~1,

for some v > 0. Since A is invertible,
27T =y ATH AT
so that ZZ" = (AT A)~!. Therefore
B'B=Z"ATAZ=2"y(22"\'Z=~2"(Z22")'Z.
Since Z'(ZZ")7'Z has rational entries, we have that B' B is a multiple of a rational

matrix. Therefore F is a rational tight frame. O
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The above argument implies that if @ as in (1.3) is a quadratic form corresponding
to an irrational tight frame F then the corresponding integer span L(F) is not a lattice
(i.e. is not discrete) because @ cannot be bounded away from 0 on integer points.
This argument, however, relies heavily on the norm-form ) coming from a tight frame.
On the other hand, it is not difficult to construct other irrational quadratic forms (not
corresponding to tight frames) which are bounded away from 0 on integer points. For
instance, take L1, ..., Ly to be rational linear forms in n variables x1,...,x, and ¢, ..., ¢
any positive real numbers. Let

Q(z1,...,x,) = clL%+-~~+ckLi.

This ) is a positive semidefinite quadratic form. Suppose Q(a) # 0 for some integer
vector a, then there must exist 1 < ¢ < k such that L;(a) # 0. Since L; has rational
coefficients, |L;(a)|> 1/d;, where d; is the least common multiple of the denominators of
these coefficients. Let d = max{dy,...,d;} and ¢ = min{cy,..., ¢}, then we have

Q(a) = c/d?

for all @ for which Q(a) # 0. In particular, if some of the ¢;’s are irrational, ) is a form
with irrational coefficients.

In view of this observation, it is interesting to understand what are the necessary and
sufficient conditions on a k£ x n real matrix B so that BZ" is a lattice to imply that B
must be rational? In the rest of this section we prove a sufficient condition that is weaker
than being a tight frame. Write {b;}7, C R* for the elements of a frame F (a sequence
of vectors spanning R¥), written as column vectors of a k x n matrix B, where n = k +m.
Let the first & columns in B be denoted in matrix form by By and the remaining m column
vectors by Bi, so that B = [By | By], By € R¥* B, € RF>™,

Lemma 2.1. Suppose that B = [By | By is such that BR* = R* and Ap := BZ" is
discrete. Then By'B; € QF™,

Proof. If Ap is discrete, it is a full-rank lattice in R¥, and so has a basis matrix A =

(a1 . ak) such that Az = AZF. Hence there exist some integer matrices Zy, Z; such
that AZy = By, and AZ; = B;. Since By is full rank and A invertible, Z; is invertible
and By'B, = Z;'ATVAZ, = Z;1 7, € QP O

Let @ be an k x k orthogonal real matrix, then multiplication by () preserves inner
products of vectors in R¥ and a collection of vectors {b;}?, generates a lattice over Z if
and only if {Qb;}, does. Let W be orthogonally equivalent to B, that is W = @B for
some Q € O(R) (Ok(R) denotes the set of real k x k orthogonal matrices). QQT = I,
the k x k identity matrix, and the matrix of outer products for W is WW'T = QBBTQ".
Having information about the entries of this matrix for certain @ (arising in this case
from the QR-decomposition of a matrix) allows for an easy way to check rationality of
inner products. When B is a tight frame given in matrix form, (as above) BB' = I,
for some vy > 0, and so WW T collapses to the same matrix as BB . In general, however
the relationship between WW T and BB' can get “muddled” by transformation so that
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d; dlul,z d1U1,3 d1U1,4 d17J1,1 d1U1,2 d1®1,m

0 dg d2U273 dQUQA N d21}271 d2v2’2 e d2027m
0 0 d3 d3U374 Ce d31}371 d3U372 ce dgvgym
0 0 0 0 Ce dkvk,l dkvk,Q Ce dkvkm

Figure 1: Matrix B.

determining lattice properties of integer combinations of vectors in a tight frame is easier
than the general case.

Remark 2.2. Given By = QR, the QR factorization of By, so that ) € Ok(R) and R is
upper-triangular with positive entries along the diagonal, it will be useful to work with
the alternative representation of B: B=Q'B = [R | Q' By].

In the arguments which follow, we choose to write B = D[U | V], where D € RF**
is diagonal with entries di,...,dy, U € R¥** is upper-triangular with ones along the
diagonal, and V € R**™ is the remaining entries. In the above, d; are taken to be
positive (which is possible since R has positive diagonal entries). From now on, let B
denote a matrix of the form B when not specified otherwise.

Theorem 2.3. Suppose a collection of vectors B = {b;}}_; C R*, n =k + m, is given
as column vectors of a matriz of the form B (as in the preceding remark). Suppose these
column vectors have the following properties:

(i) spany B is discrete,

(i1) the row-vectors of B, ry,..., Ty, satisfy (r;,r;) = d;d;q;; for some ¢;; € Q and all
i # 7, that is, [U | V][U | VI*' has rational entries off the diagonal, and

(iii) (ri,m:) = qi; € Q for alli = 1,...,k, that is, BBT = D[U | V|[U | V]*D has
rational entries on the diagonal.

Then the inner products (b;, b;) must all be rational, i.e. BT B € Q™.

Proof. For each column vector b; from B, Lemma 2.1 implies there exists a vector p; € QF
such that Bo_lbj = p;. Letting p; ; be the i-th entry of each p;, we now use these rational
numbers to demonstrate, under the above conditions, that B" B must be rational.

Recall that B has k rows and k+m columns. From now on, denote the last m column
vectors of B by v;, 1 <1 < m. The condition Bglvl = p, gives that dypr; = dyvg,, so
gy = pry forall I =1,...,m, ie., the numbers vy, are rational. In the same manner, we
obtain m equations:

dy—1Pk—1,; + dr—1Up—1 kPrg = dp—1Vk—1,

which imply that pr_1; + wk—1xpr; = vk—1, for all [ =1,...,m, as well as

didi—1 (Uk—1 1 + Vp—11Vk1 + *+ + Vk1mVkm) = Qe f—1Akd—1,
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which implies ug_1 % + Vg—11V%1 + - - + Vk—1,mVkm = Qri—1- Now, these m + 1 equations
can be written together in a matrix equation:

1 vp1 vk2 ... g, Up—1,k Qe e—1
pea —1 0 ... 0 Vk—1,1 —Pr-1,1
Dk,2 0 -1 ... 0 Vp—12 | = | —Pk-1,2
Pem 0 0 ... —1 Vk—1,m —Dk—1,m

The matrix formed above on the left is invertible as all the rows of index greater than
one are orthogonal to the first (this may be checked using the condition vg; = px,;) and
the lower right block being the negative identity shows the last m rows (arising from
the first set of equalities above) are linearly independent amongst themselves. Thus by
applying the inverse of the matrix on the left to each side we can express the coordinates
Uk—1k, Vk—11, - - - , Uk—1,m Of the vector on the left as rational numbers.

Proceeding, the idea now is to induct on “levels” (each level is determined by the
smallest index in the variables appearing in the matrix equations of the type above)
supposing that all the variables appearing in the previous level (with the exception of
variables of the form d; which must be treated separately later) have been demonstrated
to be rational. At the i-th such level the arising matrix equation analogous to the one
above is of the form:

1 Uk—i+1,k—i+2 Uk—i+1,k—i+3 -+ Uk—i+1,k Vk—i+1,1 Vk—i+1,2 -+ Vk—it+l,m Uk—i k—it+1 Qle—it1,k—i
0 Uk —i4+2,k—i+3 - Uk—i+2,k Vk—i+2,1 Vk—i+2,2 - Vk—i+2,m Uk —i,k—i+2 dk—i+2,k—1
0 0 1 o Uk—i43k Vk—i+3,1 Vk—i+3,2 - Vk—it+3,m || Wk—ik—it3 Qh—i+3,k—i
0 0 0 1 Vg1 Vk,2 Vk,m Uk—i,k = 9k, k—1i
Pk—it1,1  Pk—it2,1 Pk—i+3,1 e Dk -1 0 0 32*1; “Pk—i,1
Pk—i+1,2 Pk—i+2,2 Pk—i+3,2 Pk,2 0 -1 0 -1, Pk—i,2
: : : . : . . . : Uk_', o
Ph—itl,m  Pk—it2,m Pk—i+3,m - Dkm 0 0 -1 Hm Pk—i,m

As all entries in the matrix on the left appear in the left or right hand side vector of
some matrix equation from a previous level, the inductive hypothesis implies that they
are rational. A few observations are in order. The first ¢ rows in the matrix above are
linearly independent by the fact the first ¢ column sub-matrix is upper-triangular with
ones along the diagonal. Second, the remaining m row vectors have inner products with
the first « row vectors which are zero as the expressions resulting in computing these inner
products come exactly as the equations Byp, = v;.

Lastly, note that the last m row vectors are linearly independent amongst them-
selves by the lower right block being minus the identity in R™*"™. Together, these ob-
servations justify the claim that the above matrix is invertible, so that the variables
Wk—i ho—it1s Wh—ik—it2s - - - s UWk—ik> Vk—il, - - - » Uk—im May be expressed as rationals. This com-
pletes the inductive portion of the argument.
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Reflect on what is known about the variables which have appeared in this process so
far. For each i, the variables {uy_; j+1} p k ;, have been shown to be rational along with
the variables {vk,w }iL,. There is one set of equations which have not appeared yet, along
with a set of variables which have yet to play a role (the variables d;). Treating these will
be the last step of this argument.

The diagonal elements of BB give rise to the equations

k—1 m
p (uzuzjﬂzvzi) g i1k
=l i=1

where the convention is that a sum with starting index larger than the ending index is
zero. For | = k, the corresponding equation is

dz (1 + Z Ul?;,i) = gk k-
i=1

Since all of the variables vy ;, g 1 are rational, so is di. An analogous argument establishes
that dl2 is rational as in those equations, w11,y and v;; are rational (by the previous
inductive argument). All that remains now is to compute the inner products. These are
of the form

’UZ,’U] E dl Vi 1V5,1, 'u,,,u] § dl U 1 +1Uj14+1, umvj E dl Ui 1 4+1V54,15
{
which are all rational. O

We now show that conditions of Theorem 2.3 include tight frames, thus providing an
alternate proof of Theorem 1.1.

Corollary 2.4. Suppose that B = {b;}"_, C R¥ is a matriz with column vectors given by
F, a Parseval tight frame. Then spany F is discrete if and only if (b;,b;) are rational.

Proof. 1f the frame F is rational, then span, F is a lattice by Proposition 1 of [3]. The
reverse implication follows by setting ¢;; = 0, ¢ # j and ¢;; = 1 in Theorem 2.3 (after
computing the QR decomposition of B). m

Second proof of Theorem 1.1. Suppose that F = {f,..., f,} is a uniform tight (n, k)-
frame so that L(F) = spany F is a lattice. Then for all v € R¥,

lv]|*= VZ v, fi)’ Z( VA

=1

for an appropriate constant y > 0. Hence F' = ,/y F is a Parseval tight frame and
spang, F' = /7 L(F) is again a lattice. Then Corollary 2.4 implies that inner products
of vectors in F’ are rational, and so inner products of vectors in F are rational multiples
of 1/7. O
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3 Lattices from irreducible group frames

In this section we focus on group frames and lattices generated by them, in particular
proving Theorem 1.3. As in Section 1, let f, € R* be a vector and let G a finite group of
orthogonal k£ x k matrices. Assume that

F={Uf, :UecqY,

spans R¥ that is, it is a G-frame. If G is a cyclic group, F is called a cyclic frame. An
example of a cyclic frame is the (k, k+ 1)-ETF discussed, for instance, in Section 5 of [4]:

—k 1

1 1 1 1
flz\/ﬁ w--afk-‘rl:\/ka:_i_k (31)

1 —k

If G is an abelian group, F is a harmonic frame (see Section 11.3 of [42], Theorem 11.1).
Notice that for any G-frame F, G < Aut(F). We also make a simple observation about
the size of the G-frame F.

Lemma 3.1. Let F := {Uf, : U € G} be a G-frame in R*, then |F|= |G : Gy, | where
Gy, is the stabilizer of f, and |F|< |G|. Further, |F|< |G| if and only if f, if an
eigenvector for some non-identity matric W € G with the corresponding eigenvalue equal
to 1.

Proof. The fact that |F|= |G : Gf,|< |G] is clear from the definition. Now assume
| F|< |G|, which is equivalent to saying that |Gy |> 1. This is true if and only if there
exists a non-identity matrix W € G such that W f, = f;. O

Proof of Theorem 1.3. The automorphism group of L(F), Aut(L(F)), is the group of all
orthogonal matrices that permute the lattice. Then we have

G < Aut(F) < Aut(L(F)),
and the action of G on R¥ is irreducible. Let S(L(F)) be the set of minimal vectors
of L(F) and let E = spang S(L(F)). Since the automorphisms of L(F) permute the
minimal vectors, it must be true that F is closed under the action of G. Thus we must
have F = R¥, and so G acts irreducibly on E, the space spanned by the minimal vectors

of L(F). Then Theorem 3.6.6 of [32] guarantees that S(L(F)) is a strongly eutactic
configuration, and hence L(F) is a strongly eutactic lattice. O

4 Vertex transitive graphs

Construction of group frames from vertex transitive graphs is described in Section 10.7
of [42]'. We briefly review this subject here, proving Theorem 1.5 and providing some
applications.

'We found some comments to be misleading in this reference, such as in the proof of Proposition 10.2.
That said, the treatment there is valuable, and overall the problems in this section are minor.
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Let I' be a graph on n vertices labeled by integers 1,...,n with automorphism group
G = Aut(l'). T is called vertex transitive if for each pair of vertices 7, there exists
7 € G such that 7(i) = j. We define the distance between two vertices in a graph to be
the number of edges in a shortest path connecting them. A connected graph I is called
distance transitive if for any two pairs of vertices 7,7 and k,[ at the same distance from
each other there existence an automorphism 7 € G such that 7(i) = k and 7(j) = (.
Clearly, distance transitive graphs are always vertex transitive, but the converse is not
true. From here on graphs considered will always be vertex transitive, and we will indicate
specifically when we need them to also be distance transitive. Let eq,...,e, denote the
standard basis vectors in R”. Then G acts on R™ by

T (Zn: Cﬁi) = Zn: Ci€r(i)
i=1 i=1

for every 7 € G and vector )" | ¢;e; € R™. Let A = (a;5) be the n x n adjacency matrix of
I', so that a;; = 1 if vertices 7 and j are connected by an edge and a;; = 0 otherwise. Then
ar(iyr(j) = @i for all 7 € G. The matrix A is symmetric, with real eigenvalues Ay, ..., A,
each of multiplicity m,,, so that Zle my, = n. From now on, we call these the eigenvalues
of the graph I'. For each A; let V), C R" be the corresponding m,,-dimensional eigenspace.
The group G acts on each eigenspace V), and for any nonzero vector v € V), the orbit Gv
of v under the action of G is a group frame in V), = R™. When I is a distance transitive
graph, this action of G’ on V), is irreducible, hence producing an irreducible group frame
(see Proposition 4.1.11 on p. 137 of [5]). Further, if P,, is the orthogonal projection onto
Vy,, then for any 7 € G and = € R”,

T(Py (@) = Py (7(2)).

As indicated in Section 10.7 of [42], this identity is true since the action of 7 € G and the
action of the adjacency matrix A on a vector commute, i.e.

T(Aek) = Z ;L T€; = Z arl(j)vkej = Z aj,T(k)ej = A(T(ek))
i J J

Proof of Theorem 1.5. Suppose now that an eigenvalue \; is an integer. We know that the
group G consists of permutation matrices. Pick a nonzero integer vector & € R™. Then
Py,x € V), and the frame F),(x) := GP,x = P,,(Gx) is rational, and hence generates a
lattice L(F),(x)) = spany F,(x). This lattice is strongly eutactic if this group frame is
irreducible, which is the case when the graph is distance transitive. Let H be the kernel
of the action of G on Vj,, i.e.

H={reG:7(x)=x forall xeV,,}.

Notice that H is a normal subgroup of G, since for any 0 € G and « € V,,, o(x) € V,,,
and so

(ro)(z) = 7(0(®)) = o(x) = o(7(x)) = (o7)(z),
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for any 7 € H. Then the quotient group G/H is isomorphic to a subgroup of Aut(L(F),)).
If & = ey, then the corresponding frame

.F,\Z. = .7-3\1,(61)

consists of column vectors of Py, (possibly with repetitions), since Te; is some e; for every
7 € G, and every e, is representable as 7e; for some 7 € G, since the graph is vertex
transitive. Then the resulting lattice L(F),) = P),Z", and this concludes the proof of
Theorem 1.5. O

We refer to the lattice L(F),) described above as lattice generated by the graph I' and
denote it by Lr ,.

Remark 4.1. While our proof that the lattice Ly ,, is strongly eutactic only applies to the
situations when I' is distance transitive, there are examples of vertex transitive graphs
which are not distance transitive that nonetheless still produce strongly eutactic lattices:
we demonstrate some such examples below. It would be interesting to understand if this
is indeed the case for all vertex transitive graphs, or if there exist some that generate
lattices that are not strongly eutactic.

For the rest of this section, we consider examples of this lattice construction when
applied to various graphs and their products. One class of lattices that will figure promi-
nently in our examples are root lattices, that is, integral lattices generated by vectors of
norm 2, which are called its roots (recall that a lattice is integral if the inner product
between any two vectors is always an integer). Also recall that the dual lattice of a full
rank lattice L C R™ is

L" ={xecR":(x,y) € Zforallyec L}.

If L is integral, then L C L*.

Lemma 4.2. Let 0,, be a completely disconnected graph on n vertices, then 0,, generates
the integer lattice 7.

Proof. The adjacency matrix for 0,, is the n x n O-matrix, and so it has one eigenvalue
0 with multiplicity n with the corresponding eigenspace being the entire R™. The auto-
morphism group of 0, is S, so the group frame obtained from the vector e; is the full
standard basis, which spans the lattice Z". O

Lemma 4.3. The complete graph K, generates (a lattice similar to) the root lattice

An_lz{mEZ”:zn:xi:()}.

=1

Proof. The complete graph K, is the graph on n vertices with no loops in which every
vertex is connected to every other. Hence adjacency matrix A has 1’s for all the off-
diagonal entries and 0’s on the diagonal. There are two eigenvalues: A\ = —1 with
multiplicity n — 1 and Ay = n — 1 with multiplicity 1. The eigenspace corresponding
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to Ay is V-1 = spang{(1,...,1)"} and the eigenspace V_; corresponding to A; is the
orthogonal complement of V,_; in R”. The automorphism group of K, is S,. The
orthogonal projection onto V_; is given by

n—-1 -1 ... -1
1 -1 n-1 ... -1

so the lattice Ly, _1 generated by the columns of P_; is the root lattice A,_1 =Z"NV_;
rescaled by the factor 1/(n — 1). O

Next we consider graphs that are constructed as products of smaller graphs. We start
with disjoint unions. In order for such a graph to be vertex transitive, all the components
in the disjoint union need to be vertex transitive and isomorphic to each other. Hence we
can think of them as copies of the same vertex transitive graph.

Lemma 4.4. Let I’ be a vertex transitive graph constructed as a disjoint union of k copies
of a vertex transitive graph A. Let X be a rational eigenvalue of A and La y be a lattice
generated by the A-eigenspace of A. Then I' also has A as an eigenvalue and generates a
lattice given by the orthogonal sum of k copies of La .

Proof. Let m be the number of vertices of A and let Ax be its adjacency matrix. Then
the mk x mk adjacency matrix Ar of the graph I' is a block matrix with diagonal m x m
blocks being Ax and the rest filled up with 0 blocks, i.e.

Ax 0 ... 0
0o A ... 0
T
0 0 ... Aa

Let us refer to a block matrix like this as @,(Aa). Ar has the same eigenvalues as
Aa, but of k times greater multiplicity. Let Va x be the A-eigenspace of An with the
corresponding projection matrix P y. The A-eigenspace of Ar is the orthogonal sum of
k copies of V » and the corresponding projection matrix is @, (Pa,x). Hence the lattice
Ly 5 generated by the column vectors of this matrix is the orthogonal sum of k copies
of LA7 A ]

Now we recall the three fundamental commutative product constructions of graphs (see
[25] and [26] for detailed information). In each of these constructions, each eigenvalue v of
the product graph I' is derived from a pair of eigenvalues A and p of the component graphs
A; and Ay, respectively, via some function f(A, p). This function f differs depending on
which product we consider. Spectral properties of product graphs are nicely summarized
in [35].
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The Cartesian product of two graphs A; and A, denoted A;[JA,, is the graph whose
vertices are pairs (u,v), where u is a vertex of A; and v is a vertex of Ay, and two
vertices (ug,v1) and (ug,vy) are connected by an edge if and only if either u; = us and
vy, V9 are connected by an edge in Ag, or v; = vy and uy, us are connected by an edge in
Ai. Then A{0OA, is vertex transitive if and only if both A; and A, are vertex transitive
([21], Section 7.14, or [25]). For each pair of eigenvalues A of A; and u of Ay, there is an
eigenvalue v of Aj[JA, given by

v=f\u)=A+p,

and if u, v are corresponding eigenvectors of A, Ag, respectively, then u ® v is an eigen-
vector of I' corresponding to v.

The direct product of two graphs A; and A,, denoted A; x A, is the graph whose
vertices are pairs (u, v), where u is a vertex of A; and v is a vertex of Ay, and two vertices
(ug,v1) and (ug,vs) are connected by an edge if and only if both pairs uy, uy and vy, vy
are connected by an edge in A, A, respectively. If A; and A, are vertex transitive,
then A; x Ay is vertex transitive. The converse statement is not as straight-forward,
and distinguishes between bipartite and non-bipartite graphs (see [24]). For each pair of
eigenvalues \ of A; and p of Ay, there is an eigenvalue v of Ay x Ay given by

V= f(/\mu) = AL,

and if u, v are corresponding eigenvectors of Ay, Ay, respectively, then u ® v is an eigen-
vector of I' corresponding to v.

The strong product of two graphs A; and As, denoted A; X Ay, is the graph whose
vertices are pairs (u, v), where u is a vertex of A; and v is a vertex of Ay, and two vertices
(u1,v1) and (ug, ve) are connected by an edge if and only if uy, us and vy, v are either equal
or connected by an edge in Aq, Ay, respectively. The graph A; X A, is vertex transitive
if and only if both A; and A, are vertex transitive (Section 7.4 of [25]). For each pair of
eigenvalues \ of A; and p of Ay, there is an eigenvalue v of A; X A, given by

v=FOm) =+ (1) - 1,

and if u, v are corresponding eigenvectors of A, Ag, respectively, then u ® v is an eigen-
vector of I' corresponding to v.

The lexicographic product of two vertex transitive graphs A; and A, is a vertex tran-
sitive graph whose vertices are pairs (u, v), where u is a vertex of A; and v is a vertex of
Ay, and two vertices (u1,v1) and (ug,vy) are connected by an edge if and only if either
U1, Ug are connected in Ay, or u; = uy and vy, vy are connected in A,.

For two vectors & € R™ |y € R™ and my X my, ms X my matrices A, B, respectively,
we have

(Az) ® (By) = (A® B)(x ®y), (4.1)

where ® stands for the usual Kronecker (outer) product of matrices and vectors. Further,
if two vectors @, s € R™! are orthogonal and y € R™2, then simple tensors ; ® y and
T, ® y are also orthogonal.
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Theorem 4.5. Let Ay, Ay be vertex transitive graphs on mq, mo vertices, respectively,
and let T be a product graph
I'= Al * AQ

on mymy vertices, where x stands for O, x, or K. Let v be an eigenvalue of T and (N, ;)
for 1 < i < k pairs of eigenvalues of Ay, Ay respectively so that

v=Ff(\i, ) forall 1<i<k

for the appropriate f. Let La, ), and La,,, for each 1 < i < k be the corresponding
lattices. Then Ly, 1is the orthogonal projection of Z™™? onto the space spanned by

(Layy @2 Lag ) ® - & (Lay y @z Lag ) s
where @ is the orthogonal direct sum. In particular, if k =1 then
Ly, = La,x @z Lag s
up to similarity.

Proof. Let Va, x,, Wa,,,, be the eigenspaces of Ay, A, corresponding to \;, p;, respectively,
with the corresponding orthogonal projection matrices Pa, y,, Pa,,p,- Then

m m
LA1,>\1' = PAL)\iZ ' C VAL)\U LALM = PA%MZ ?C WA%M’
and VALM = Spallg LAl,)\N WAQ,M = Spallg LAQ»,U‘N S0
VAh)\i KR WAQ:M = Spallg (LAly)\i Xz LA%M) .

Since adjacency matrices of graphs are symmetric, the eigenspaces corresponding to dis-
tinct eigenvalues are orthogonal, so that any two VA, ), are orthogonal to each other, as
are any two Wa, ,,. Then each two Va, ), ®r Wa, ,, are also orthogonal to each other,
and the eigenspace of I' corresponding to v is

UF,V = PF,VlemQ = (PA1,>\1 ® pAmul) R™™ @ .- P (PAI:)\k ® PA%/%) R™ 72
= (ParuR™ ®r PayR™) @ - @ (Pa, 3 R™ ®r Pa, 0, R™)
= (VALM R WA%M) Q- D (VAl)\k AR WA%M@) )

by (4.1), where Pr, is the orthogonal projection matrix onto Ur,; we are using here the
fact that R™ ®@r R™? = R™™2. Then Ly, = Pp,Z™™2.

Now suppose k = 1, then applying (4.1) again and using that Z"™ &, Z™> = Z™™2
we have:

LF,Z/ - PF,I/Zmlm2 - (PA1,>\1 ® PAQHLLl) Zm1m2 - PAl,)\lzml ®ZPA2,/J,1Zm2 - LAl,)\l ®ZLA2,/J,1'

This completes the proof. n
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Example 4.6. Let A; be the complete graph K3 and A, the 4-cycle graph Cy. Eigen-
values of K3 are \; = 2 (multiplicity 1) and Ay = —1 (multiplicity 2); eigenvalues of
Cy are p; = 2 (multiplicity 1), ps = —2 (multiplicity 1), gz = 0 (multiplicity 2). The
corresponding lattices are

1 1 1 2 -1
Ly, o= 3 1| Z, L, 1 = 3 -1 2|7
1 -1 -1
and
1 1 1 0
111 11-1 1 0 1
Lowp=7| 1|2 Lava=7| 1 |Z Lan=7|_1 (|%
1 -1 0 —1
Let I'1 = K30C,, then v = —1 is an eigenvalue of I';, obtained in a unique way as

v = Ao + us, hence
Lp, 1 =Lk, 1®z Lc, o~ A @z 77 = A & As.
Let I'y = K3 x Cy, then v = 0 is an eigenvalue of 'y, obtained as
v = A3 = Aofi3,
hence Lr, ¢ is the orthogonal projection of Z' onto the space spanned by
(Lis2 @z Loyo) ® (L, -1 ®z Leyo) = (Lis2 © L, 1) ®z Loy o ~ 72 R, 7% =17°.

Hence L, is similar to Z8.

Let I's = K3 X Cy, then v = —1 is an eigenvalue of I'y, obtained as
V:(/\1+1)(LL1+1)—1: (/\1+1)(M2+1)—1: (/\1"‘1)(/13—{—1)—1,
hence Lr, _; is the orthogonal projection of Z'? onto the space spanned by

(Liy—1 ®z Ley2) @ (L —1 ®z Loy —2) ® (L, -1 @z Ley o)
Ly 1 ®7 (Leyo ® Ley,—2 @ Loy o) ~ Ay @7 Z°
= AQ@AQ@AQ@AQ.

Hence LFQ,O is similar to Ag D AQ D AQ @ AQ.

Let 'y = K30 () be the lexicographic product of K5 by C;. Unlike the previously consid-
ered products, this one is not commutative. Then eigenvalues of I'y are 10 (multiplicity 1),
0 (multiplicity 6), —2 (multiplicity 5). The lattice Lr, o is similar to A%, and the lattice
Ly, o is similar to AR
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We also discuss a relation between lattices generated by a graph and by its complement.
If " is a graph on n vertices, then its complement IV is a graph on the same vertices that
has no common edges with I" and so when ‘put together’ the two form a complete graph
K,,. Vertex transitive graphs are regular, so let k be the common degree of the vertices
of I'. Then n — k — 1 is the common degree of the vertices of ['. So k is an eigenvalue
of I of multiplicity 1 with the corresponding eigenvector 1 := (1,...,1)" and n —k — 1
is an eigenvalue of I of the same multiplicity with the same corresponding eigenvector.
Moreover the following result holds.

Proposition 4.7. Let I" be a vertex transitive graph on n vertices of degree k and I" its
complement. Then for each eigenvalue X\ # k of T' there is an eigenvalue N = —\ — 1 of
I'" of the same multiplicity and the lattices Ly and Ly y are the same.

Proof. 1t is well known that if p(x) is the characteristic polynomial of the adjacency matrix
A of I, then the characteristic polynomial of the adjacency matrix B of I is

r—n+k+1
(e T e — 1
q(z) = ()" —— 7 pl-e - 1),
and so for each eigenvalue \ # k of I there is an eigenvalue A’ = —\ — 1 of I'” of the same

multiplicity (see, for instance, p. 27 of [6]). Further, the adjacency matrices satisfy the
relation

B=J,—1I,— A,

where [, is the n x n identity matrix and J,, is the n x n matrix consisting of all 1’s. Let
A # k be an eigenvalue of I" with a corresponding eigenvector . Since eigenspaces of I’
corresponding to different eigenvalues are orthogonal, & must be orthogonal to 1, which

means that .
i=1

and so J,x = 0. Then
Br=J,x—x—\x =(—\—1)x,

i.e. x is an eigenvector of B corresponding to the eigenvalue \'. This means that the
eigenspace of [V corresponding to the eigenvalue ' = —X —1 is the same as the eigenspace
of I' corresponding to the eigenvalue A, hence they generate the same lattices. O]

We now consider more examples. In all the examples to follow, lattices are specified
up to similarity. Information about the graphs we mention can be found, for instance,
in [6].

Example 4.8. Recall the construction of the Hamming graph H(d,q): if S is a set of
q elements and d a positive integer, then vertex set of H(d,q) is S9, the set of ordered
d-tuples of elements of S, and two vertices are connected by an edge if they differ in
precisely one coordinate. H(d, q) has eigenvalues (¢ — 1)d — ¢i with multiplicity (f) (g—1)°
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for 0 < ¢ < d. It is well known that H(d, q) is the Cartesian product of d complete graphs
K,, and hence gives rise to product lattices. Hamming graphs are known to be distance
transitive.

For instance, H(2,3) has 9 vertices and three eigenvalues: 4 (multiplicity 1), —2
(multiplicity 4) and 1 (multiplicity 4). Projection matrices of both of the 4-dimensional
eigenspaces give rise to the same tensor product lattice: A; ®7 As.

On the other hand, the graph H(3,2) has 8 vertices and is isomorphic to the cube
graph Qs, i.e.

H(3,2) = K,OK,0K, = Ko,OC,,

where (' is as in Example 4.6 with eigenvalues 1, 2, ps and the corresponding lattices,
and K5 that has multiplicity 1 eigenvalues \; =1, A\ = —1 with

1/1 1/1
LK271 = 5 (1) Z) LK27—1 = 5 (_1) Z

Therefore eigenvalues of H(3,2) are:
e 1 (multiplicity 3), obtained in 2 ways: A\; + pu3 =140 and Ay + p; = —1 + 2;
e —1 (multiplicity 3), obtained in 2 ways: A\; + e = 1+ (—2) and Ay + p3 = =1+ 0;
e 3 (multiplicity 1), obtained as \; + p1;
e —3 (multiplicity 1), obtained as Ay + po.

The lattices Ly (32),3 and Lg(32),3 are both similar to Z, however Ly s 7)1 is the orthogonal
projection of Z® onto the space spanned by

(Lky1 ®z Leyo) @ (Liy—1 ®z Loy 2) -

This lattice is similar to A3, and the same is true for the lattice L 32),—1. This example
demonstrates that a product graph construction can generate a lattice that is not a tensor
product or direct sum.

Example 4.9. Recall the construction of the Kneser graph KG,, ;: vertices of this graph
correspond to k-element subsets of a set of n elements, and two vertices are connected
by an edge if the corresponding sets are disjoint. K G, has eigenvalue (—1)7 (";ﬁ;ﬂ)
occurring with multiplicity (7;) — (].fl) for all j = 1,...,k, and therefore gives rise to
lattices in arbitrarily large dimensions. While Kneser graphs are not distance transitive
in general, there are some examples that are.

For instance, Petersen graph (which is the same as the Kneser graph KGj55) has 10
vertices and three eigenvalues: 3 (multiplicity 1), 1 (multiplicity 5) and —2 (multiplicity
4). Tt is distance transitive, and hence generates strongly eutactic lattices corresponding
to its eigenvalues. For eigenvalue —2, we obtain the lattice Aj. For eigenvalue 1, we
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obtain A% an example of the Coxeter-Barnes lattice A", defined as the lattice contained
in the hyperplane H = (e; + - - - + e,,1)® with the basis

1n+1
81—82,~--761—€m;§ <€1—€z‘)

1=2

and defined for all positive rational ». When r is an integer dividing n + 1, these are
exactly the lattices A for which A, C A C A7, so that A] contains A, to index r ([32],

Section 5.2). In particular, A2 is the unique sublattice of the dual lattice

A = {x cR’:x'ycZforalyc As},

which contains A5 to index 2. As mentioned above, it can be described as a full rank

lattice in the hyperplane
6
{m€R6:in:0},
i=1

identified with R®. Here is this description:

6
1
Ag:spanZ{el—eg,...,el—e5,§ <561—Z€i>},

where ey, ..., eg are standard basis vectors in RS.

Example 4.10. The line graph of a graph I' is the graph IV whose vertices correspond
to edges of I', and two vertices are connected by an edge if and only if the corresponding
edges in I" meet in a vertex. For instance, the line graph of the Petersen graph is a distance
transitive graph on 15 vertices. Among its eigenvalues, —1 comes with multiplicity 4 and
the corresponding lattice is A}, —2 comes with multiplicity 5 and the corresponding lattice
is the Coxeter lattice A2, which can be described as a full rank lattice in the hyperplane

6
{w€R6:in:0},
i=1

identified with R®. Here is the description:

6
1
AgISpaHZ{61—62,...761—8575 <561—Z€i>},

i=2
where ey, ..., es are standard basis vectors in R®. Tt is the unique sublattice of A% con-

taining As to index 3; it is isometric to the dual of A%

Example 4.11. Recall the construction of the Johnson graph J(n,k): vertices of this
graph correspond to k-element subsets of a set of n elements, and two vertices are con-
nected by an edge if the corresponding sets intersect in k—1 elements. J(n, k) is a distance
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transitive graph, which has (}}) vertices and eigenvalue ((k — j)(n — k — j) — j) occurring
with multiplicity (?) — (jfl) for all 7 = 1,...,min{k,n — k}, and therefore gives rise to
strongly eutactic lattices in arbitrarily large dimensions.

It is well known that Johnson graph J(n,2) (also known as the triangular graph T,,) is
the line graph of the complete graph K, and the complement of the Kneser graph KG), 5.
In particular, J(5,2) is the line graph of K5 and the complement of the Petersen graph.
Further, J(n,2) is a strongly regular graph, and so always has three eigenvalues: 2(n — 2)
(multiplicity 1), n —4 (multiplicity n — 1), —2 (multiplicity n(n —3)/2). We present some
examples of lattices from J(n,2) in Table 2, which are the same as for its complement
KG)2. In this table, the lattice L, 2),—2 for n = 6 is listed as the 9-dimensional lattice
sth15 in the online catalog [31] of strongly eutactic lattices; for larger n in our table these
lattices are not catalogued.

J(n,2) # of Ljn,2)n-a Ljnz2),—2
vertices
J(4,2) (6) YA Ay
J(5,2) (10) Aj A?
J(6,2) (15) A} SE in R®
J(7,2) (21) A3 SE in R
J(8,2) (28) Ez SE in R?°
J(9,2) (36) Aj SE in R?"
J(10,2) (45) A SE in R3®

Table 2: Examples of strongly eutactic lattices from Johnson J(n,2) graphs. “SE” stands
for strongly eutactic lattice.

As we we mentioned above, the Johnson graphs J(n,2) are strongly regular, as are
their complements Kneser graphs K'G,, ». Recall that a (connected) graph I' on n vertices
is called strongly regqular with parameters k, £, m whenever it is not complete and:

1. each vertex is adjacent to k vertices,
2. for each pair of adjacent vertices there are ¢ vertices adjacent to both,
3. for each pair of non-adjacent vertices there are m vertices adjacent to both.

Strongly regular graphs are known to have many remarkable properties. In particular,
these are precisely the k-regular graphs with three distinct eigenvalues. One of these
eigenvalues is always &k (multiplicity 1) with the vector (1,...,1)" being a corresponding
eigenvector; the other two eigenvalues are roots of the polynomial 22 — (£ —m)x + (m — k),
which are known to be integers when they have different multiplicity. See Chapter 9 of [6]
for many more details.
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Example 4.12. We mention a few more examples of notable vertex transitive strongly
regular graphs giving rise to interesting lattices (these graphs are described, for instance,
in [6] and in [1]). These examples are all connected by the common property of being
graphs represented by the roots of the lattice Fg (along with some others already described
above; see Section 3.11 of [5], also Section 14.3 of [14]).

The folded 5-cube obtained by identifying the antipodal vertices of the 5-cube is a
distance transitive and strongly regular graph on 16 vertices with parameters k =5, ¢ =
0, m = 2. Its complement (also distance transitive and strongly regular) is called the
Clebsch graph. They each have an eigenvalue of multiplicity 5 (—3 and 2, respectively),
and the corresponding lattice is D}, the dual of the root lattice Dj, where the lattice
family D,, is defined as

D, = {w ez": le =0 (mon)}.
i=1

The Shrikhande graph can be constructed as Cayley graph of the group Z/47Z x
Z /A7, taking elements for vertices and connecting two vertices by an edge if and only if
their difference is in {£(1,0),4(0,1),£(1,1)}. This graph is a vertex transitive, but not
distance transitive, and strongly regular graph on 16 vertices with parameters k = 6, ¢ =
2, m = 2. Tt has an eigenvalue 2 of multiplicity 6, and the corresponding lattice is Dy,
which is an example of one of the lattices

defined for even n. The complement of the Shrikhande graph (also vertex transitive, but
not distance transitive, and strongly regular) has eigenvalue —3 with multiplicity 6 and
produces the same lattice. Notice that even though the graphs are not distance transitive,
the generated lattice is still strongly eutactic.

The Schlafli graph is the complement of the intersection graph of the 27 lines on a
cubic surface. It is a distance transitive and strongly regular graph on 27 vertices with
parameters k = 16, ¢ = 10, m = 8 and has eigenvalue 4 of multiplicity 6. Its complement
(also distance transitive and strongly regular) has eigenvalue —5 with multiplicity 6. Both
of these generate the lattice Eg, the dual of the root lattice Fs. Recall that the lattice
Eg = D; , the lattice E; is the sublattice of Ey with x7; = xg, and the lattice Eg is the
sublattice of Eg with x5 = 27 = xg (see [9] for more details).

Finally, the Gosset graph (the only one out of these Eg-root graphs which is not
strongly regular) is a distance transitive graph on 56 vertices that can be identified with
two copies of the set of edges of the complete graph Kg. Then two vertices from the same
copy of Ky are connected by an edge if they correspond to disjoint edges of Kg, and two
vertices from different copies of Ky are connected by an edge if they correspond to edges
that meet in a vertex (see [5] for more details). The Gosset graph has eigenvalue 9 of
multiplicity 7, generating the lattice E7, the dual of E;.
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The main purpose of all these examples is to demonstrate that this construction of
strongly eutactic lattices from distance transitive (and possibly from vertex transitive)
graphs appears to produce a wide range of interesting examples already in low dimensions,
and hence may be quite useful in higher dimensions too where a classification of strongly
eutactic lattices is not yet available.

We also observe here an interesting connection between contact polytopes of some
lattices and graphs generating them. For a lattice A, its contact polytope C'(A) is defined
as the convex hull of the set of minimal vectors. The significance of the contact polytope
is that its vertices are points on the sphere centered at the origin in the sphere packing
associated to A at which neighboring spheres touch it. Hence the number of vertices of
C(A) is the kissing number of A. The skeleton graph of this polytope skel(C'(A)) is the
graph consisting of vertices and edges of C'(A).

Let us consider an example A = Ej. The contact polytope of Ef has 54 vertices,
split into 27 =+ pairs: it is a diplo-Schléfli polytope (see [8]). The prefix “diplo” means
double: for a polytope II a diplo-II polytope is a polytope whose vertices are vertices of
IT and its opposite —II. The Schlafli polytope, with Coxeter symbol 291, has 27 vertices
corresponding to the 27 lines on a cubic surface [10]. Its skeleton is the Schléfli graph T
By Example 4.12 above, I" has an eigenvalue 4 of multiplicity 6, and Lr4 = E§.

Here is another example of this dual correspondence. For A = EZ, its contact polytope
is the Gosset polytope (also called Hess polytope) 391, which has 56 vertices (see [23],
[11]). Its skeleton is the Gosset graph I'. As we know from Example 4.12 above, I" has an
eigenvalue 9 of multiplicity 7, and Ly = E7.

This kind of correspondence certainly does not work for all strongly eutactic lattices.
For instance, the contact polytope of A* is a diplo-simplex (see [8]), and the skeleton graph
of a regular simplex on n + 1 vertices is the complete graph K,, ;. By Lemma 4.3, K, 1
generates A,, but not A. On the other hand, the diplo-simplex for A} is a cube, whose
skeleton graph @3 is isomorphic to H(3,2) and the lattice corresponding to eigenvalue
1 (or —1) is A} (see Example 4.8 above). It would be interesting to understand this
correspondence better.

5 On the coherence of a lattice

We conclude with some remarks on the coherence of lattices and frames and their use in
the application of compressed sensing. While this discussion is speculative, we hope it
will also draw interesting connections and spark interesting future directions. We start
with some definitions. Let L C R" be a lattice. As usual, let S(L) be the set of minimal
vectors of L, which come in + pairs, and let us write S*(L) for the subset of S(L) where
only one vector of each pair is included. Then any two vectors @,y € S*(L) are linearly
independent, so the angle 0(x, y) between them is in the interval [7/3,27/3]. Define the
coherence of L to be

C(L) := max{|cosb(x,y)|: x #y € S* (L)},
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then 0 < C(L) < 3. In fact, we can speculate a little more about C(L).
The packing density of L is

wn|L|"

oL) = 2ndet(L)’

where w, is the volume of a unit ball in R™. Suppose that a lattice L C R™ has a basis
consisting of minimal vectors by ... b, € S(L) and let

B=(b...b,)

be the corresponding basis matrix, then ||b;||= |L| for each i. For each 1 <i < n —1, let
us write v; as the angle between b;,; and the subspace spanned by by, ...,b;. Then

n—1
det(L) = |det(B)|= |L["] [Isinv;],
i=1

and so o
(L) = - :
= T e
Therefore
w n—1
. :H|sinl/i\< min |sin v;],
276(L) 5 1<isn—1

meaning that

2
Wn
lglge}lx_l|cosui|< \/1 - (2“(5(L)) . (5.1)

Now, the larger [[;_,|sinz;| is, the smaller is 6(L), and it is known that for a lattice
L to be a local minimum of § it has to be (weakly) eutactic, but not perfect (Section 9.4
of [32]). Hence it is natural to expect that [[;_, [sin ;| will be large on non-perfect eutactic
lattices (at least some of the time), meaning that the angles v, ..., v, will be large. This
suggests that minimal basis vectors might be closer to orthogonal, and so the coherence
of the set of minimal vectors, although possibly large relative to the number of minimal
vectors, might be expected to be small. We now demonstrate a couple of non-perfect
strongly eutactic lattices with coherence < 1/2, which come out of our construction of
lattices from graphs.

Example 5.1. There are three strongly eutactic lattices in R3 (up to similarity): Z3 =
Lo, 0, A3 = L, 1 and A5 = Ly 39),1, out of which A3 is the only one that is perfect, and
hence a local maximum of the packing density function d on the space of lattices. Then
Z? and A} are local minima of §. Notice that S*(Z?) is an orthogonal basis, while S*(A3)
and S*(A%) are tight frames of cardinalities 6 and 4, respectively. The lattice A} can be
represented in R? as

1 -1 1
-1 1 1|z
-1 -1 1
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with the set of minimal vectors {(£1,£1,41)}. Hence the coherence C'(A45) = 1/3. On
the other hand, C'(A3) = 1/2, and no subset of S*(A3) of cardinality 4 has lower coherence.
More generally, the lattice A} represented in R*™! has S*(A}) given by (3.1), i.e. gives a
cyclic (k, k + 1)-ETF with coherence 1/k discussed in [4].

Let us also consider the non-perfect strongly eutactic lattice Dy, generated by the
Shrikhande graph. It has 32 minimal vectors of the form

1
5 (FLEL =L 1L %1, %1)

with an even number of negative coordinates ([32], Section 4.4), hence |D |= 1/3/2 and
C(Dg) = 1/3. Thus S*(D{) is a tight frame of 16 vectors in RS with coherence 1/3:
this, again, is an ETF discussed in [4]. This lattice also has a basis of minimal vectors by
Theorem 1.1 of [33].

Three other examples constructed in [4] we briefly mention are strongly eutactic non-
perfect lattices in dimensions 5, 13 and 25, generated by (10, 5), (26, 13) and (50, 25) ETFs,
respectively. In all of these three cases the set of minimal vectors of the resulting lattice
consists precisely of &+ vectors of the generating frame, and the resulting coherences of
these lattices are 1/3, 1/5 and 1/7, respectively. For comparison, the coherence of densest
known lattices in dimensions 5 and 13 is 1/2.

It would be interesting to further investigate coherence of eutactic lattices and, more
generally, well-rounded lattices: recall that a full-rank lattice in R™ is called well-rounded
if it has n linearly independent minimal vectors; all eutactic and perfect lattices are well-
rounded.

Coherence plays an important role in many applications, and lattice generating ETF's
with small coherence are particularly useful. For example, the field of compressed sensing
aims to recover a sparse vector from a small number of linear measurements. The appli-
cations are abundant, ranging from medical imaging and environmental sensing to radar
and communications [19, 28]. Here, we say a vector is s-sparse when it has at most s
non-zero entries. Put succinctly, compressed sensing aims to recover an s-sparse vector
x € R” from the measurements y = Ax € R*, where A is a suitable & x n measurement
matrix. It is now well known that an s-sparse vector x can be efficiently and robustly
recovered from measurements y when the number of measurements k is approximately
slogn, yielding a significant reduction in the dimension of the representation from n to
slogn (since s is typically much smaller than n).

For such techniques, one typically constructs A randomly and/or asks that the matrix
has highly incoherent columns; this is equivalent to requiring C'(L) to be small in situations
when columns of A are minimal vectors of a lattice L. To this end, it is very natural to
consider ETF's and other frames with nice algebraic properties as suitable measurement
operators [40, 20]. Moreover, in many applications, more is known about the signal
than simple sparsity; for example, the signal may often also have integer-valued entries
or entries in some other lattice. Such is the case for example in wireless communications
[34], collaborative filtering [13], error correcting codes [7], and many others. Although
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there is some preliminary work for this setting [29, 15, 36, 38, 43, 18], there is still not a
rigorous understanding of when and how the lattice structure of the signal can actually
be utilized in reconstruction.

Our work may shed some light on integer-valued sparse recovery by observing the fol-
lowing. If the integer span of an ETF or another suitable frame is a lattice, then viewing
this frame as a measurement matrix (whose columns are the frame vectors), its image re-
stricted to integer-valued signals forms a lattice. This allows for separation of such images
of sparse signals, analogous to the well-known Johnson-Lindenstrauss lemma, which has
been used to guarantee accurate recovery in compressed sensing [2]. In fact, when the
minimal vectors of the lattice contain the frame vectors, this separation can be bounded.
Viewed in this context, Theorem 1.1 gives an answer as to which measurement matrices
(given as tight frames) map integer-valued signals to elements of a lattice. Studies of
properties of such lattices (e.g. Voronoi cell) have the potential to give stronger guaran-
tees in the integer sparse regime for reconstruction. Of course the integer span of vectors
is a larger subset than the image of sparse vectors, however it may be interesting future
work to specialize these questions to integer vectors that are in particular also sparse.
Group frames may also be interesting for further study given the advantage they give due
to their compact representation: fixing a group and picking a starting vector, the entire
frame can be generated as its orbit under the group action.

To examine how deterministic low-coherence measurement matrices perform in the
integer sparse framework we perform a simple experiment using a Steiner ETF of 4000
vectors in R7™, generated from the incidence matrix of an affine Steiner triple system. A
schematic representation of this ETF and its Gram matrix is shown in Figure 2. We chose
this measurement matrix for these experiments for a couple of reasons. Steiner ETFs,
ETFs generated from a type of combinatorial construction, have been singled out as some
of the ETFs with the most potential in application to problems in compressed sensing
[17].

These Steiner ETFs stand out because by working in a sufficiently large dimension
the coherence can be made arbitrarily small and the redundancy as large as desired, this
property being inherited from known constructions of Hadamard matrices and Steiner
triple systems used to generate these incoherent frames [17, 22|. Although these matrices
have other undesirable properties such as being sparse themselves, the freedom to generate
large matrices with small coherence is instrumental in sparse recovery given the well-
studied relation between low-coherence matrices and guarantees in compressed sensing.

Denoting this frame of vectors by F, we acquire the measurements y = Fx or the
noisy measurements y = Fx + e where x is a vector of varying sparsity and e is scaled
Gaussian noise. We then use various compressed sensing algorithms to recover & and
calculate how often recovery is exact (r = Z) in the noiseless case, and the magnitude
of the recovery error (||z — Z||2) in the noisy case. We show results for the simple least-
squares method (LS) that simply sets # = F'y, basic hard thresholding (HT) which first
estimates the support of z via the proxy F7y and then performs least-squares over that
support, Orthogonal Matching Pursuit [39] (OMP) which is an iterative greedy algorithm,
and PrOMP [18] which is a modification of OMP for integer-valued signals. The results
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are shown in Figure 3, where we see unsurprisingly that PrOMP performs quite well in
this case, confirming the previous observations of effectiveness of pre-processing steps in
lattice-valued compressed sensing.

The previous analysis in [18] has explained via a concentration of measure argument
why this should hold for Gaussian matrices, but numerically there is some evidence that
performance improvements hold for deterministic measurements and integer signals in
iterative compressed sensing procedures when a pre-processing step, as is found in PrOMP,
is applied.
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Figure 2: Left: A plot of entries in the Steiner ETF. Right: The corresponding ‘hollow’
Gram matrix (ATA —I).
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Figure 3: Recovery results for various algorithms (PrOMP, OMP, Hard Thresholding,
Least Squares) using a Steiner ETF in R7™, size 4000, as the measurement matrix.
Left: Percentage of accurate recovery. Right: Noise added to the measurements to have
norm 0.1.
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