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Abstract

Given integers n > k > 0, and a set of integers L C [0, k — 1], an L-system is a family
of sets ' C ([Z]) such that |FNF’'| € L fordistinct F, F’ € F. L-systems correspond
to independent sets in a certain generalized Johnson graph G(n, k, L), so that the
maximum size of an L-system is equivalent to finding the independence number
of the graph G(n, k, L). The Lovdsz number ¥ (G) is a semidefinite programming
approximation of the independence number « of a graph G. In this paper, we determine
the leading order term of & (G (n, k, L)) of any generalized Johnson graph with k and L
fixed and n — oo. As an application of this theorem, we give an explicit construction
of a graph G on n vertices with a large gap between the Lovdsz number and the
Shannon capacity c¢(G). Specifically, we prove that for any € > 0, for infinitely many
n there is a generalized Johnson graph G on n vertices which has ratio ¥ (G)/c(G) =
Q(n'~¢), which improves on all known constructions. The graph G a fortiori also
has ratio ¥(G) /a(G) = 2 (n'~€), which greatly improves on the best known explicit
construction.

Keywords L-systems - Shannon capacity - Lovasz number - Johnson scheme

1 Introduction

For integers a and b, we use the notation [a, b] to denote the set {a,a + 1, ..., b}. If
a = 1, we abbreviate this to [b]. Let ([’;]) be the family of all k-sets on the ground set
[n]. For a set of integers L C [0, k — 1], an L-system is a family F C ([Z]) such that
for any distinct sets A, B € F,|ANB| € L.

L-systems correspond to independent sets in generalized Johnson graphs.

Definition 1.1 Let n and k be positive integers with n > k and L C [0,k — 1]. The
generalized Johnson graph G = G(n, k, L) is the graph with V(G) = (), and
AB € E(G) <= |ANB|¢L.

B William Linz
wlinz@mailbox.sc.edu

1 University of South Carolina, Columbia, SC, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00493-025-00136-4&domain=pdf

12 Page2of24 Combinatorica (2025) 45:12

In particular, the Kneser graphs are the graphs G(n, k, {1, 2, ..., k — 1}), while the
Johnson graphs are the graphs G(n, k, {0, 1, ...,k — 2}).

The correspondence between L-systems and independent sets of generalized John-
son graphs G(n, k, L) implies that if 7 C ([Z]) is an L-system, then |F| <
a(G(n, k, L)). In this paper, we study the Lovdsz number of generalized Johnson
graphs G (n, k, L). The Lovdsz number ¥ (G) is a semidefinite programming approxi-
mation for the independence number «(G) of a graph G. The Lovasz number is useful
to compute the Shannon capacity ¢(G).! The Shannon capacity [20] of a graph G is
defined as ¢(G) = lim,— o0 (@ (G )/, where G,, = GXn (recall the strong product
X of two graphs G and H is the graph G X H with vertex set V(G) x V(H), and
(u1,v1) ~ (u2,vp) if and only if u; = up and vi ~ vy or u; ~ uy and v = vy or
u1 ~ up and vy ~ v7). The Shannon capacity is notoriously hard to compute, as there is
no known algorithm which computes the Shannon capacity in a finite amount of time;
in fact, there is not even a known algorithm which can approximate the Shannon capac-
ity to within a constant factor. Lovasz [14] proved that «(G) < ¢(G) < 9(G), soif it
can be shown that ¥ (G) = a(G) (as Lovasz [14, Theorem 13] showed for the Kneser
graph), then the Shannon capacity of the graph G is also determined. Indeed, Schrijver
[19] (forn — oo) and Wilson [21] (for the optimal rangen > (r+1)(k—z+1)) proved
the -intersecting Erdds-Ko-Rado theorem by showing (G (n, k, [t, k—11)) = ({7},
so it is natural to wonder how good an upper bound for «(G (n, k, L)) can be obtained
from 9 (G (n, k, L)). For example, does ¢ (G (n, k, L)) give the correct order of mag-
nitude for «(G(n, k, L))?

The first main result of this paper is the determination of the leading order term
of 9(G(n,k, L)) for fixed k and L withn — oo. Let L = {£1, {3, ..., £} with
Ly < £y < --- < & Asetof integers {€y,, ..., {yyp} C L is a run of consecutive
integers in L if £,,1; = €,, + i forevery 0 <i < p. The set {¢,, ..., €y p}is afull
run of consecutive integers in L if additionally the following two conditions hold: (1)
eitherm = lor £, _1 < £, —1;(2) eitherm + p = s or £y pr1 > Lyyp + 1. The
set L may be divided uniquely into full runs of consecutive integers. For example, if
L=1{1,3,4,7,8,9,11},then L = {1} U {3,4} U {7, 8,9} U {11} contains 4 full runs
of consecutive integers. The length of a run is the cardinality of the set associated with
the run.

Theorem 1.2 Let G = G(n, k, L) be a generalized Johnson graph for some integers
n>k>0andaset L = {l,0y,43,...,0} C[0,k—1]witht; < ¥y <--- < L.
Suppose L contains b full runs of consecutive integers. Then, there is a constant ¢
depending on k and L but not on n such that

Hb (o) (o) () |
. — —t2 —ts N s—
ﬁ(G(i’l, kv L)) = i:1ml' 1—[?:1(£i + 1)(k — el) n cn ,

! The Shannon capacity is more typically denoted ® (G). We use the notation ¢(G) to avoid clashes with
the asymptotic notation ©.
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and a constant C depending on k and L, but not on n such that

’ (L) (R0 - (e
. 1 —t2 —ts K s—1
P (G, k, L)) < | |ml. TG + Dk — ) n+Cn’" ",

i=1

where m; is the length of the ith full run of consecutive integers in L for 1 <i < b.
In particular,

P (Gn, k, L)) = 0.

Since generalized Johnson graphs can be expressed as unions of graphs from the
Johnson scheme, their Lovdsz number can be expressed as the solution of a linear
program, as proved by Schrijver [18]. In Sect. 2, we introduce and analyze this linear
program in order to prove Theorem 1.2.

Theorem 1.2 shows that (G (n, k, L)) is of the same order of magnitude as the
two general bounds for the maximum size of a L-system, due to Deza—Erd&s—Frankl
and Ray-Chaudhuri—Wilson.

Theorem 1.3 (Deza-Erd8s—Frankl [4]) If F C ([',Z]) is an L-system, then forn > 2Kk3

n—4{ n k—1t
k—¢ (k) H n—2o"

¢l

17 <]
Lel

Furthermore, if | F| = 2~Vk2n*~1, then
|Nrer FI = 41,
and if s > 2 and |F| > 2kk255=1 then
(o —€)I(l3 = L) -+ - [(bs — Ls—D)|(k — ).

Theorem 1.4 (Ray-Chaudhuri—-Wilson [17]) If F C ([’,Z]) is an L-system, then |F| <

(1))

The Deza—Erdés—Frankl bound in Theorem 1.3 is always at least as strong as the
Ray-Chaudhuri-Wilson bound in Theorem 1.4, but Theorem 1.4 is valid for all n.
Schrijver [19, Equation (54)] asked if the Lovdsz number bound is at least as good as
the Deza—Erd&s—Frankl bound; that is, is it the case that

n—~¢

1% L —

Gok L) =[] —p
tel
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as n — oo? For given n, k, L and LC = [0,k — 1]\ L, it follows from an old result
of Schrijver (Theorem 2.5 in Sect. 2 of the present paper) that one either has

n—=¢
19 -
Gk, L) = [
tel
or
9(G(n. k. L)) <]_["_1Z
9 9 — k_g?

(4L

so the Lovdsz number bound does not do worse than Theorem 1.3 for at least one of L
and L€. Schrijver’s question is equivalent to asking if 9 (G (n, k, L)) = [Teer % as
n — oo. Theorem 1.2 gives the leading order term of ¢ (G (n, k, L)) forall k and L and
allows one to easily construct many examples of k and L for which 9 (G (n, k, L)) #
HleL %

For the cases |[L| = 1 and |L| = k — 1, we can state the value of 9 (G (n, k, L))
more precisely.

Theorem 1.5 Letn, k, £ be integers withn > kand 0 < £ < k, and let L = {¢}. Then,
asn — 0o,

() ()
PRy C DAY (i [ [ ey

(kfé)

T Uh—0OU+D

PG, k, L) =1+

n+ 0().

Similarly, if L’ = [0,k — 1]\ {£}, then as n — oo,

() WA DK=O 4

VY — k—2
z?(G(n,k,L))—ﬁ(G(n’k’L))— o) =l omt ).

Note that (kfé) > (k—4€)(L+1)whenk > ¢+ 2 and £ > 3, so the Lovdsz number
is usually worse than both the Ray-Chaudhuri-Wilson bound and the Deza—Erd&s—
Frankl bound when |L| = 1.

Theorem 1.3 implies that if F is an (n, k, L)-system with L = {€1, {>, ..., €},
then | F| < C(k)n* ! unless (£ —£1)|(€3—£2)| - - - | (€s —€s_1)|(k—Ly). Furthermore,
Fiiredi [8] (see also [9]) proved a general upper bound on the order of magnitude of the
maximum size of an L-system in terms of the rank of an L-system, which is defined
in terms of so-called intersection structures. Theorem 1.2 is therefore a somewhat
negative result from the viewpoint of the question of determining the maximum size
of an L-system, as it implies that the Lovasz number cannot improve on the known
order of magnitude bounds for L-systems as n — oo for any k and L.

On the other hand, we can use Theorem 1.2 to give explicit examples of graphs
with large gaps between the Shannon capacity and the Lovdsz number (and a fortiori

@ Springer



Combinatorica (2025) 45:12 Page50f24 12

large gaps between the independence number and the Lovadsz number). The question
of how large the ratio ¥ (G)/a(G) can be for a graph on n vertices is related to the
question of how good an approximation ¥ (G) is for the independence number and
the Shannon capacity. Lovasz noted (see [13]) that for random graphs ¥ (G)/a(G) =
(H)(n% /logn), while Feige [5] gave a randomized construction showing that there is
an infinite family of graphs with (G) = n° and 9 (G) = n!=°1). However, there
does not seem to be much known about explicit constructions which give fairly large
values of ¥ (G)/a(G) or ¥(G)/c(G). Alon and Kahale [1] showed that for any € > 0,
there is a Frankl-R6dl graph on n vertices with 9 (G) > (% —e)nand a(G) = 0(n’),
where § = §(e) < 1. Peeters [16, Remark 2.1] showed that the symplectic graphs
Sp(2m, 2) have c(Sp(2m, 2)) = log,(n+ 1) 41, while 9 (Sp(2m, 2)) = /n + 141,
implying a ratio of #/c = ©(n'/?/1logn) (the number of vertices for these graphs is
n =2 _1).

Our second main result is that for any € > 0, for infinitely many n there is an
explicit construction of a graph G on n vertices with ratio ¥(G)/c(G) = Qn'e).
This also implies large ratios for ¥ (G)/a(G) and x (G)/9 (G°).

Theorem 1.6 For any € > 0 and infinitely many n, there is an explicit construction of
a graph G on n vertices with:

1.

HG)Ja(G) = Qn'™°).
2,

HG)/c(G) = Q(n'~9).
3.

X(G)/9(G) = Q(n'™).

Our explicit construction is a particular generalized Johnson graph. Generalized John-
son graphs have been used, for example, to give explicit constructions of Ramsey
graphs [7] and large gaps between the minrank parameter of a graph and the Lovasz
number [12, 15]. The main technical difference in our construction is that in the gener-
alized Johnson graph we fix k and L and let n — oo, while in previous constructions
n is dependent on k. We give our construction in Sect. 4; in Sect. 3, we recall some
tools that will be of use in proving Theorem 1.6, in particular the Haemers bound.

2 The Lovasz Number of Generalized Johnson Graphs
2.1 Background on Association Schemes

For completeness, we begin with the definition of an association scheme. For further
background, we refer to the papers of Schrijver [18, 19] and the thesis of Delsarte [3].
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Definition 2.1 (Association Scheme) Let X be a finite set, and for an integer n > 1,
let R = {Ro, R1, ..., R,} be a partition of X x X. The pair (X, R) is a symmetric
association scheme with n classes if

1. Ro={(x,x):x € X};
2. For0 <k <n,

R = {(y.x): (x,y) € R} = Ry

3. For any triple of integers i, j,k = 0, 1, ..., n, there are intersection numbers pf‘j
such that, for all (x, y) € Ry,

llz€ X :(x.2) € Ri, (z.y) € Rj} = p}j.

Let |X| = m. Each pair (X, R;) may be considered as a graph with vertices from
X and edges xy if (x, y) € R;. An alternative statement of Definition 2.1 is that an
association scheme is an edge decomposition of the complete graph K, into graphs
Gi,...Gysuchthatfor 0 < i, j, k <n, AjA; = Zk pl].‘jAk, where Ag = I and A;
is the adjacency matrix of the graph G, for 1 <i <n.

One particular example of a symmetric association scheme is the Johnson scheme.

Definition 2.2 (Johnson scheme) The Johnson scheme is a symmetric association
scheme (X, R) where X is the set ([Z]) for positive integers k and n with n > 2k, and
1 )
R, = (A,B)eXxXzzlAAB|:z .

Generalized Johnson graphs correspond to unions of graphs in the Johnson scheme.

2.2 Analyzing the Linear Program for the Lovasz Number of Generalized Johnson
Graphs

We now give a formal definition of the Lovdsz number of a graph.

Definition 2.3 (Lovdsz number) Let G be a graph on n vertices. Let B be the set of all
n x n matrices B = b;; such that B is positive semidefinite, trace(B) = 1 and b;; =0
whenever ij € E. Then,

(G) = bii.
(@) =y 2 by

For general graphs, the Lovdsz number can only be computed by a semidefinite pro-
gram. However, as Schrijver [ 18, Theorem 4] proved, if the graph G is aunion of graphs
in a symmetric association scheme, then the semidefinite program can be reduced to a
linear program. In the following theorem, we first give the general form of the linear
program, and then specialize to the specific case of the Johnson scheme on ([Z]).
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Theorem 2.4 (Schrijver [18]) Let (X, R = {Ry, . .., Ry}) be a symmetric association
scheme and let 0 €¢ M C {0,...,n}. Let G = (X, E) be the graph with edge-set
E = UigmR;. Then,

n n
ﬁ(G):max{Zai tag=1l:a; =0 fori ¢ M; Y a;Q" >0 foru=0,1,...n
i=0 i=0

ey

where Q! = Ev P!. For the Johnson scheme on ([Z]),

=07
=)0
-2 (G0

Note that we define Pl.O = ;.

We refer to the papers of Schrijver [18, 19] for a full explanation of the terms 1y, v;
and P/ for general symmetric association schemes.

We need a theorem of Schrijver [18] about the Lovdsz number of symmetric asso-
ciation schemes, which generalizes a result of Delsarte [3].

Theorem 2.5 (Schrijver [18]) Let G = (V, E) be a graph whose edge set is the union
of graphs in a symmetric association scheme. Then,

H(G))(GE) = |V|.

We first prove Theorem 1.5.

Proof of Theorem 1.5 By Theorem 2.4, the Lovasz number ¢ (G (n, k, L)) is the solu-
tion of the following linear program (with M = {0, k — £}):

P(G(n,k, L)) =max 1+ ax_y

R ) Z)('; i Z( 1)1( )(k Zf)('i????) @

>-1l,ue {0,1,...,k}.
To satisfy the u = £ + 1 constraint when n is sufficiently large, we need

()G I ()
Zk IZ( 1)j+1(£+1)(1]§_ﬁ l)(n —k—€— 1) - k—=0+1)

k—t—

ag—¢ < n+ 0(1).
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We set ay_¢ to be the rlght hand side of the previous inequality. If u < ¢, then the

leading ordertermofz S(=17 (" )(kkeuj)(’]: . j) isthe j = 0 term, which implies

a e DA P v B S O R

so the choice of a;_, satisfies these inequalities when n is large enough.
If u > £ + 1, then the leading order term of Z ( 1)1( )(kk//)(z Iz 7) is the
Jj = u — £ term, which implies

T n O )G o),

so with the choice of a;_,, we have

TR Z)(;;’; Z( W) Gos)) =,

implying that the inequalities are satisfied as n — 00.
The expression for #(G(n, k, L")) follows from the expression for (G (n, k, L))
and Theorem 2.5. O

We now prove Theorem 1.2 by analyzing the preceding linear program. In the proof
of Theorem 1.5, the important inequality we needed to satisfy was the u = £ + 1
inequality. For general L = {¢1, £, ..., s}, the most important inequalities to satisfy
will be the inequalities obtained whenu € {¢; + 1, ¢, + 1, ..., £; + 1}. We note that
related arguments for specific L-systems were given by Bukh and Cox [2, Lemma 12
(2)] and by Schrijver [19]) in the proof for the 7-intersecting Erds-Ko-Rado theorem
for large n.

Proof of Theorem 1.2 Letk and L = {£1, {2, ..., 45} € [0, kK — 1] be given and fixed,
withn — ocoand ¢ < €y < --- < £;. We will show that

b (k kg )(k;llg_l) - (k—]fsle—l)
G, k, L) > | | m) - =222 o) o s
E l [T_ (& + Dk — &)

for some constant ¢ depending on k and L but not on n. This is sufficient to prove
Theorem 1.2, as the same argument with LC = [0,k — 1]\ {€1,£0,..., ¢} =
{€}, ¢, ..., ¢,_,} implies that

) k=€) -1 k=l
A P T v ERRY G
PGk, L)) > [mi!- ]‘["‘S(e/+l)(k—€’)

i1 i=1\Y i

nkfs _ C/nkfsfl ,
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so Theorem 2.5 and Claim 2.6 (proved below) imply that

. (kfz])(k;flezl) e (k_ifles_l)

K s—1
TG+ Dt—e) " Homw

b
H(G(n, k, L)) = Hmi!
i=1

m}

Claim 2.6 Let k be a positive integer, let L = {€1, 48>, ...,¢;} C [0,k — 1] with
€ < € < -+ < U and set L¢ = [0,k — 11\ L = {€],¢,...,0_} with
Oy <ty < --- < {_,. Suppose L contains b full runs of consecutive integers with

lengths m; for 1 < i < b and L€ contains b’ full runs of consecutive integers of
lengths m/] for1 < j <Vb'. Then,

Koy k—t—1 k—t_1—1\ b k==t kb1
Pt )20 ) i) g e ) Camn )
el ' 1+ Dk —¢) i I Hf:f(e;-i-l)(k—ﬁ;) k!
Proof of Claim 2.6 Note
s k—s
[ + Dk —en [Jeg + Dk =€) = &2,
i=1 i=1

so it suffices to prove

b b

k k—01—1 k—40,_1—1 k k—0 —1
H’"’”(k—ﬁx k—le )( ks—é )Hm9’<k—£’>< k- )
i=1 1 2 s ; 1 2

j=1

. (k ~ i1 — 1) = k!
k—t_, h

( k )(k—@l—l) (k—ﬁs_l—l)

k—¢ k—t, ) k— ¢,
k!

T k= k=) (k=€) - (k— £ = DI — 1 — Dl b

k k—t) —1 k=t —1
k—e)\ k-2 k-t
B k!
(k=€) (k—th) (k=) (k—t,_ — DI — €| — D]

Now,

and similarly
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Since (k—4£1) -+ - (k—£s)(k— £, _,) - - (k—£}) = k!, it further suffices to prove that

b/
Hml ]_[m"—(k—z — DIy — by — D! -
i=1 j=1
k= = DI =€ =Dl

We show

b

[]mit= &=t ;=D =€y =DV
i=1

and

h/
[[mit=tk—t; — D — 1 = D4y

i=1

which together complete the proof of the claim. Indeed, consider two consecutive
entries £; and £; ; in L’ (and for the purpose of the following argument, set £ = —1
and Zk—s+1 =k).If £, =€ + 1, then (¢, — ¢ — 1)! = 0! = 1. Otherwise, the
integers [£] + 1, E; — 1] correspond to a full run of consecutive integers in L of
length (¢;, — 1) — (¢; + 1) + 1 = ¢, | — ¢; — 1, and each full run of consecutive
integers in L can be obtained in this way. The same argument with full runs in L’ and

consecutive entries in L gives the other equality. O

We have E(G(n,k, L)) = ({X,Y}: X, Y € (), 1XNY| & {€1, 6a, ... ¢} We
have [ X NY| =t ifandonlyif%|XAY| =k—t,50 XY € E(G(n, k, L)) if and only
if XY ¢ UjemR;, where M = {0,k —£4, ..., k—{s}. Therefore, by Theorem 2.4, the
Lovész number ¥ (G (n, k, L)) is the solution of the following linear program (taking
M={0,k—1£,....k—4£}):

S
H Gk, L) =max 1+ Y ar_y,
i=1
k—¢;

O e DDA 1] AP [y

=0
>—1ue{01,... k.
3)

Let P be the s x s matrix which has (i, j)-entry P j) = P,f'_J,EJl , so that

O+1 pl+1 £1+1
Pkfél Pk7€2 Pkfex

P = : : :
Ls+1 pls+1 Ls+1
Pk—zl Pk_l32 Pk—ZS
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Let a be the s x 1 column vector with a; = (,{ak)ﬁ Then, the inequalities from
k—e; ) \k—e;
B)withu € {£1 + 1, ..., £ + 1} can be stated as
-1
-1
Pa >
-1
Let v be the (s x 1) column vector with
0
0
v=pP! :
0
-1

Itis not a priori clear that such a v exists, but we will show subsequently in Lemma 2.8
that P is invertible as n — oo. We claim that as n — o0, the following is a feasible
solution to this linear program:

k —k
Ak—p; = (k _ Ki) <1’:_ Ei)vi. (4)

By construction, any such solution (if the vector v exists) will satisfy the inequalities

foru e {1 + 1,42+ 1,...,£; + 1} automatically. We will subsequently verify in

Lemma 2.13 that the solution in (4) also satisfies the other inequalities as n — oo.
We begin with a simple, but useful observation.

Claim 2.7 Let k, L, u be as before. Asn — o0,

3 " k—u n—k—u
P N (L)
k—¢; JZ:(:)( ) <j)<k_£i_j>(k—ﬁi_j>
) {ﬁ(}f—?f)“"“jf — oY,

(_l)ufli (Z) (k—lu)!nkiu + (_l)ufé,'Jrl O(nkfufl),

<

Proof of Claim 2.7 Asn — oo, (f:éf:‘;) = mnk’zf’j — 0 (n*t—J=1y Hence,

the leading order term of P,é‘f ‘ is the nk=ti—J term, where j > 0 is the smallest
nonnegative integer such that (kf;”_j) > 0, i.e. such that j > u — ¢;. The claim
follows. O

Claim 2.7 has two important consequences. First, we use Claim 2.7 to show that P
is invertible as n — oo. In fact, we determine the leading order term of det(P).
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Lemma 2.8 Let k and L be as before. As n — 09,
det(P) = (_I)SCnSk—(@1+52+~-+€:)—S + 0(nSk—(fl+~---Hfs)—S—1)’

where

[lioi i +1) _
Mo mit TI—, (k — £ — 1)

C =

In particular, P is invertible as n — 0o and the solution (4) exists.
Proof of Lemma 2.8 By Claim 2.7, we have that

L k== k—t; k—tj—1 o
G+ _ ) T zj)l( )Rt — 0@ ), i< j

P, =P’
@,)) k—t; (— l)lZ +1-¢; (Z +1) @i—l+(_1)li—‘5j0(nk—@i—2)’ P>

1
*—1; —1)'”

(5)
Recall the Leibniz formula for the determinant of an n x n matrix A = (a;;)1<i, j<n:

det(A) = ) sgn(o) Ham(z)

o€es,
Recall sgn is the permutation sign function, so that sgn(o) = (— 1)@l where
inv(e) ={(, j):i < j, o@) > 0o(j)}
is the set of inversions of o. By (5), inrow i the highest order of magnitude term is of the
order n¥—t=1 5o the highest order terms of det(P) are of the order p2izik=ti=1) —

nsk=(li++6)=5 et ¥ be the set of all permutations o € S; which have the property
that

S
[[Pioiy = O@* - Ottattto=s)
i=1

These are the highest order terms in the Leibniz formula for det(P). We show the
following result, which will prove Lemma 2.8.

s
P | 1 s
Z sgn(o) l_[ Py = (= 1)* H 16+ 1) psk=Qoioy ti)—s
sex [Ty mit Tl (k= € = 1)!
+O ok Eii th=s=1, (6)

We prove a claim showing that the permutations in X are of a rather restricted type.
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Claim2.9 Leto € X. Then, forany 1 <i <s — 1, 0(i) < i+ 1. Furthermore, if ¢;
is the last integer in its full run of consecutive integers in L, then o (i) < i.

Proof of Claim 2.9 Let o € S; be a permutation with o (i) > i + 2 forsome 1 < i <
s — 2. Then, P o() = On*t+2) = o(m*=4~1), 50 the term in the Leibniz product
formula corresponding to o will be of an order smaller than psk—(1F62F+t)=s
Similarly, if o is a permutation with o (i) > i 4+ 1, where ¢; is an integer which is
last in its full run of consecutive integers, then P(; 4 (;)) = O (nk=tiv1y = o(nk—ti—1y,
since £;11 > ¢; + 2, so again the term in the Leibniz product formula corresponding
to o will be of smaller order. O

Claim 2.9 implies that every o € X can only permute elements within each full
run; that is, there are no ¢; and ¢; in different full runs of consecutive integers in
L with o (i) = j. We will therefore consider runs of consecutive integers in L. Let
Ly = {€ns1, b2, - .., €y p) bea(notnecessarily full) run of p consecutive integers
in L with €, j11 =4£pyj+1forl < j < p—1. Weprove aresult on the terms of
the matrix P coming from L,, which will ultimately allow us to prove (6).

Lemma2.10 Let Ly = {Lyt1, bmt2s - - -, Lt p) be a run of p consecutive integers
in Lwith€yyjy1 =4Lmyj+1forl < j < p—1. Let A be the set of permutations A
ontheset{im+1,...,m~+ pywithi(i) <i+1form+1<i<m+ p— 1. Then,

m—+p P
P (Ui + 1 _
S sen0) T1 Posin = C1yr— T T0 i oy
rEA i=m+1 pll—lizl(k - em—t—i - ])'

+ O(npk*(z,p:l 5m+i)*P*1)'

Proof of Lemma 2.10 We proceed by strong induction on p. The case p = 1 fol-
lows from (5), as A(m + 1) = m + 1, so sgn(A) = 1 and Puutiam+1) =

(=D (kf”g;—f_ll)!nk_em“ 14 0 (n*—t+1=2) Now suppose the statement of the lemma
holds for all 1 < r < p — 1; that is, assume that the lemma holds for any run of r

consecutive integers {€y, £y41, ..., £yyr—1} in L. We show that the statement holds
for L,, under this assumption. Divide the permutations A in A up according to the
value of j for which A(m + j) = m + 1. It follows from the conditions on A that
Am+i)=m+4i+ 1forl <i < j,so that for these permutations A,

m+j . J .
[T Porin= Entt T TN (o1t 11 ! k=Sl tnsi=i
(i,1(0)) Conr (k—pi; — 1)
i=m+1 m+ i=1 m+i :

+ 0(n]k_z,j:1 Em+i _])
[T/, (Cmsi + D

_ nik= X1 tnsi=i 4 0 (nIk= Iy tuvi=i
JTT = Ly = 1!

= (-1’

There are j — 1 inversions on A restricted to the set {m + 1, ..., m + j}, given by
the pairs (m + 1,m + j),...(m + j — 1,m 4+ j). We now note that there are no
inversions (f,g)inAwithm+1< f <m+jandm+ j+1<g <m+ p,sothat
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[inv(M)| = j — 1+ [inv(A(4 j+1,m+p)) |, where Ay j1,m4p) is the restriction of the
permutation A to the set {m + j + 1, ..., m + p}. Hence, by applying the inductive

hypothesis to the set of consecutive integers {£; 4 j+1, ..., €nyp}, We obtain that
m—+p
Z SZN(A [ j+1,m+p)) l_[ P i)
AEA i=m+j+1
Mm+j)=m+1
p .
— (_l)p ] 1 l_[i_j-"_l (Zm-‘rl T 1) (P Jk— (Z, =j+1 Lmti)—(p—J)

- D! 1_[ ]+1(k i — 1)‘
—i—O(n(p_J)k_(Zi:f“ m+z)_([’_l)_l)’

so that
m—+p
Z sgn(2) l_[ Py
AEA i=m+1
Am+j)=m+1
is equal to
p .
(_1)17+j_1 ! Hi:1(€m+l + 1) nPk—(f:n+1+-‘~+@m+p)—I’

o = DT k= g — D)
+ 0(npk_(£m+l+'“+em+p)—l7—l)_

By summing over 1 < j < p, we obtain that

m—+p m+p
ngn()») l_[ Py, k(z))—Z Z sgn(2) H P iy
AEA i=m+1 Jj= i=m+1
A(m+]) m-+1
is equal to
p .
(-1 Z( 1)i-1 [l Cmsi + D nl?k—(zipzlfmﬂ)—/ﬂ

‘<p = DU T k= i — D!

+ O(npk—(z,-zl m+i _[’_1)

p
]_[, 1(£m+i +D npk—(Zz(,:lszri)—P
1_[ l(k m+i - 1)'
+ O(npk_(Zi:I m*')_p_l),

_(_ )P

completing the proof. O
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We now deduce (6), and thus Lemma 2.8, from Lemma 2.10. Denote the b (full)
runs of consecutive integers in L by rq, ..., rp, and the first integer of the ith full run
by £, and recall that the length of the ith full run is denoted by m; . By Claim 2.9, each
permutation o € ¥ permutes only the elements within each full run r;. Furthermore,
linv(o)| = |inv(o,,)| + - - - + [inv(o,, )|, where o, denotes the restriction of o to the
ith full run. Therefore, by Lemma 2.10,

ci+m;—1
Z sgn(o) l_[ P o)) = l_[ (Z sgn(oy;) l_[ P, (a)))

oEX = i=1 \ o a=ci
b mj—
v [T75 s + 1 k(T -
i=1 mi!nj:() —Leiyj —1)'
mj—1
_'_O(nmik*(zj;o ec,—-%—j)*mi*])
=1 iy 6+ ) Sk (Ot —s
Ty it T ikt
The second consequence of Claim 2.7 is that since (:__,Z ) = ﬁnk_ei -
O(nk’ﬁi’l) asn — o0, if ax—¢;, ak—¢,, ..., ar—g, satisfy the following inequalities

(7), (8), and (9), then they also satisfy (3) for sufficiently large n.

> ((k_”>—0<1))z—1, for0 <u < ¢, M
i=1 (k—e,-) k=4t "

g ((w\ k=) 1 I

25 (= =)

2 () o G) = ®

i=m+1
N
Qk—¢; (k ! i | !
Z( k ) (( )(k— u)! (—D* — -0 —TT > _1,
i=1 \k—¢;
forly +1 <u <k. o

Here (8) must be satisfied for ¢, + 1 < u < ;41,1 < m < s — 1. We show
that the claimed solution for ax—y,, ..., ax—¢, satisfies the inequalities (7), (8), (9)
asn — oo foru € [0,k]\ {{1 + 1,...,€¢ + 1}. We first describe the solution
Qk—¢y, Ak—ty, - - - » Ak—g, More precisely.

Lemma 2.11 Foreach1 <i <s, let ax—e, be the expression given by (4). Then, ay_y,

is a rational expression in n of degree s — i + 1 with positive leading order term Cj,
so that
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ak—f,‘ — Cl_nS7i+] _ O(nS7i)'

Furthermore,

k o\ (k—t1—1 k—s—1—1
C) = ﬁmi!. (k—ll)( k—lez )( k—els )

[Tioi G + Dk =€)

(10)

i=1

Proof of Lemma 2.11 We need a basic linear algebraic fact: if A is an n x n invertible
matrix, then A~! = madj (A), Yvhfzre adj (4) is the adjuga@ matrix, which has (i, j)
entry given by adj(A); ; = (—1)i*/det(AU-D), where AV is the matrix obtained
by removing the jth row and ith column from A.

We have ax_g, = (kf[) (,:‘:f)vi, where v is the vector
1 1

Therefore, we only need to analyze the terms in column s of P~!. We first determine

the leading order term of P(I’ls). We have P(T’IS) = %det(ﬂs D). We find the

leading order term of det(P®-1) by the Leibniz formula. Let o be a permutation
which contributes to the leading order term of det(P*'1). We claim that ¢ must be
the identity permutation, i.e., o (m) = m for | <m < s — 1. By (5), the leading order
term in the first row is ﬁ (k;flezl)nk_b, as P((i’il)) = ®(nk_£i+1) forl <i <s—1,
so in particular o (1) = 1. To show o (j) = j for j > 1, observe that if o (m) = m
for 1 <m < j,then o(j) > j, and again by (5) we have P((;”il)) = Onkti+1) for
j <i < s —1.Thus, 0(j) = j, and by induction we must have o (m) = m for
1 <m < s — 1. Thus, by the Leibniz formula

s—1

det(P(S,l)) — 1_[ P(S,l)) + O(H(.sfl)kfzfzzéﬁl)

(m,m
m=1

_ (k== k=t -1 g 1 T
k— 10, k— £ n;zz(k—ﬁi)!

+ O(n(Sfl)kfzfzz K,'*l)'

Therefore, by Lemma 2.8, as n — oo
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(_1)(k—k£1)(k zl)( D tldet(P©:D)

Gt = det(P)
b k k—01—1 k—Cs_1—1
o l—lm . (k—ﬂ])( k—liz ) U ( k—fls )ns _ O(ns—l)
S T G+ DKk =€)
O
Now, let 2 < i < s. We have P! e d t(P©-D), so we need to find the

(i,s) = “det(P)
leading order term of det(P (5,00 by the Leibniz formula. Let X* denote the set of
permutations of [s — 1] which contribute to the leading order term of the Leibniz
formula for det(P-")). We claim that the permutations in X* permute the elements
in [1, i — 1] and the elements in [/, s — 1] separately.

Claim 2.12 Leto € ¥* be a permutation which contributes to the leading order term
of det(P©-)) in the Leibniz formula. Then, o(j) <i —1forl1 < j <i—1.

Proof of Claim 2.12 Let x be a permutation of [s — 1] which has x (j) = z for some
1 <j <i—1andsomez >i.Then, thereissomem >iandsome |l <b <i—1
such that y (m) = b. Let t be the permutation obtained from x by swapping b and z,
sothat 7(j) = b, 7(m) = zand 7(p) = x(p) for p € [s — 1]\ {j, m}. We show that

S— S—
(s,1) (s,7)
l_[ Pow xwy =© (H Py, r(w)))
w=l1 w=1

which implies that y ¢ X*.

Since T and x agree except on j and m, it is enough to compare P(; y (jy) Pon, xm))
and P(j 1(jy) Pon,z(m))- By (5), we have that P(A ’; = O(nft+1) and P((;n ’b)) =
O (n*—tn=1), 5o that

PG (i) Pamoymyy = @@~ =tn=hy,

For the permutation 7, there are four cases: if j < b, then P(Y '; = @(nk by,
otherwise, P(( b = O(nk 6=, Similarly, if m < z + 1, then P((,:l lz)) = @(nk oy,

and otherwise P( ’Z)) = O©n*tm~1). In each of the four cases, there is one term of

order®(nk e“)ororder@(n —Lm _l)andonetermoforder®(nk eb)or@(n ==y,
Since max{j, b} < i — 1 and min{m, z} > i, it follows that min{€,, + 1, £,11} >
max{{p, £; + 1}, implying that

P x (i) Pam,xmy) = 0(Pj 2 (j)) Pom,cmy))

completing the proof of the claim. O

For a permutation o € ¥*, let oy ;1] be the restriction of o to the set [1,i — 1]
and let oy; ;1] be the restriction of o to the set [i,s — 1]. Note that |inv(o)| =
[inv(oyy,;—1))| + [inv(oy; s—17)|, so that
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i—1

s—1
Z sgn(o) l_[ P(i,a(i)) = Z S‘gn(o'[l i— ]]) 1_[ P(,; lc,(m))

geX* i=1 O[1,i—1] m=1
s—1 ]
>~ senoiis-1) [T Poo
Ofi s—1] m=i

We first consider the restriction of the permutation o to the set [1,i — 1]. The
(i — 1) x (i —1) submatrix P;_; of PG given by the first i — 1 rows and the first
i — 1 columns of P! is equivalent to the matrix obtained from the L-system with
parameters k and L;_1 := {¢1, ..., {i_1}:

£1+1 £1+1 {141
Pk—ll Pk—[z R Pk—f[-l

Py =

Cic1+1 plio1+1 Ci—1+1
Pk—él Pk_‘52 - Pk—ei—l

Hence, by the proof of Lemma 2.8, we have that
i—1

kG—1)=Y 'k e —Gi—1
Z Sgn(a[]l 1]) 1_[ P(rf,l o (m) ( 1)! lD (i—-1)— Z @i—1)

o[1,i—1] m=1
i—1
+ 0( k(i—1)— E 1 4i—G— 1)—1)’

where

2@ +1
[Ty m T e = 6 = DY

D; =

where for simplicity we have assumed L;_1 has a full runs of consecutive integers
with lengths m’j forl <j <a.

For the restriction of the permutation o to [i, s — 1], by a similar inductive argument
as was used for det( PG l)), the only permutation on [i, s — 1] which contributes to the
leading order term in the Leibniz formula is the identity permutation on [i, s — 1], so

s—1 s—1
(s,0) (s,7) —i)k— (g 4+l
D~ sentis—1) [T Pingimy = [T Py = Ein 747 rorets
Oli,s—1] m=i

_i_O(n(S*i)k*(@iH+~-~+€x)*1 ),

where

k—¢; —1 k—4t4s_1—1 1
E; = RS T
k—€i+1 k —£s nj:i_;_l(k_gj)-
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These calculations give that

S_l . 5 . .
det(PG+)) = Z sgn(a) 1—[ P((,i’,g(m))+0(’1(371)k7(zj:1""¢" £H)—Gi-1)-1

oex* m=1
(Sfl)k*(z;=]'j#i lj)*(ifl)

)

. — — S N — (7 — —_
— (—1)i"'D;E;n + 0OV i =Dy

Hence, by Lemma 2.8,

DS

e = —1)Hdet(PDy = Cin* 7T — 0(n* ),
ak—y; det(P) (=D " det( ) in n")

where

k D;E;
Ci = D ———
k—4t;) (k—1¢t)IC
is a positive constant (here C is the positive constant in the statement of Lemma 2.8).
(]

We now show that the a;_g, satisfy the inequalities in (7), (8), (9) as n — oo for
uel0k]\{€+1,...,¢ +1}.

Lemma 2.13 The solution (4) satisfies the inequalities (7), (8), (9) as n — oo for
uel0kI\N{&+1,.... 6+ 1}

Proofof Lemma 2.13 By Lemma 2.11, since the leading order term C; of ax—g, is
positive, the inequalities in (7) are satisfied by ax—_¢,, ..., ax—¢, for n sufficiently
large.

The inequalities (8) with £,, +2 < u < £p4q for 1 < m < s — 1 will be
(o) _
(o)

satisfied for large n as the leading order term on the left-hand side is ax—¢,, .,

(k—k/‘n:rl) ns—m _ O(ns—m—l)
(o) '

Finally, for u > £; 4 2, each term in the sum on the left-hand side of (9) is o(1),
so these inequalities are satisfied as n — oo.

We now complete the proof of Theorem 1.2. By Lemma 2.8 and Lemma 2.13, the

solution in (4) is a feasible solution to (3). Hence, by Lemma 2.11,

d b Gk (RS (e
_ . —t —12 —ts
P M | I R =

i=1 i=1

Cm-H

nd —om .

m}

It would be interesting to strengthen Theorem 1.2 by finding the exact value of
(G (n, k, L)) (as Theorem 1.5 does if [L| = 1 or |[L] = k —1)asn — oco. We
have opted for the computations presented here, as they are sufficient to obtain the
order of magnitude of ¥ (G (n, k, L)) and the correct constant in front of the n* term.
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We note that the argument used to prove Theorem 1.2 also asymptotically deter-
mines the best possible result the Delsarte linear programming bound [3, 18] can
give for the graphs G(n, k, L). Since the graphs G(n, k, L) are unions of graphs in
the Johnson scheme, Delsarte’s linear programming bound o (G (n, k, L)) is equal to
Schrijver’s variant of the Lovasz number [18], which is the same linear program as the
linear program for the Lovasz number in (1), with the additional restriction that the
variables ag, ai, . .., a, must all be nonnegative. The solution in the proof of Theo-
rem 1.2 has all ax_¢; nonnegative, so (4) is also a feasible solution for Delsarte’s linear
programming bound, so as n — 00,

b (k kz )(k;hz_l) o (k_lijfl_l)
P —1 —2 — b - o
U(G(n,k, L)) = l_[mt' Hf:l(zi + 1)(k—£l) " -

i=1

On the other hand, o (G (n, k, L)) < 9(G(n, k, L)) by definition. We summarize this
discussion in the following corollary.

Corollary 2.14 Let G = G(n, k, L) be a generalized Johnson graph for some integers
n>k>0andaset L = {1, 0y, 43,...,0;} C[0,k—1]with; <y <--- < ¥y
Suppose L contains b full runs of consecutive integers. Then, there is a constant ¢
depending on k and L, but not on n such that

A e

Mo @+ Dk—e) "

b
o(Gn, k, L)) > ]_[m,-!.
i=1

and a constant C depending on k and L but not on n such that

e [ R Gy
G k. L)) < [Tmy1. St/ k=to ——n' +Cn"",
a(Gn,k, L) <[ mi [ G+ Dk—e) !

i=1

where m; is the length of the ith full run of consecutive integers in L for 1 <i < b.

3 The Haemers Bound and the Minrank Parameter

We need a different linear algebraic bound for the Shannon capacity of a graph proven
by Haemers [10, 11]. Haemers’ bound is in terms of the minrank parameter of a graph.

Definition 3.1 (Minrank) Let G = (V, E) be a graph on n vertices and let IF be a field.
The n x n matrix B = (b;;) is said to represent the graph G over F if b;; # 0 for
1 <i <nandb;; =0 wheneverij ¢ E(G). The minrank of G over I is defined to
be

minrankp (G) := min{rankp(M) : M represents G over [F}.
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Haemers proved that the minrank of G over any field F is an upper bound on the
Shannon capacity of G.

Theorem 3.2 (Haemers bound) Let G = (V, E) be a graph on n vertices and let F be
a field. Then,

¢(G) < minrankp(G).

Haviv [12] has previously noted that the Haemers bound implies bounds on the minrank
of certain generalized Johnson graphs. Indeed, many of the linear algebraic arguments
of Frankl and Wilson [7] on the maximum size of an L-system can in fact more strongly
be represented as upper bounds on the Shannon capacity of the associated generalized
Johnson graph. We give one example of this strengthening.

Frankl and Wilson [7] proved the following theorem using inclusion matrices.

Theorem 3.3 (Frankl-Wilson) Let F C ([Z]) and let g be a prime power. Suppose that
forall distinct F, F' € F, |F N F'| #k (mod q). Then,

|7l < (q:).

Let G4(n, k) be the generalized Johnson graph corresponding to the L-system given
in Theorem 3.3. Lubetzky and Stav [15] and Haviv [12, Proposition 4.5] have noted
that essentially the same proof as that of Frankl and Wilson using inclusion matrices
gives the following stronger result.

Proposition 3.4 For the generalized Johnson graph G,(n, k), if q is a prime power
andq <k +1,

c(G4(n, k)) < minrankg, (G4 (n, k)) < (q i 1>‘

It is this connection that we will use in giving an explicit construction of a graph with
large gap between the Shannon capacity and the Lovasz number. Note that Theorem 1.5
is already sufficient to obtain explicit generalized Johnson graphs with ratio ¥/a =
Q(n%_é), as Frankl and Fiiredi [6] proved that «(G (n, k, L)) = @ (n™X{k—t=1.6})
where, as in the statement of Theorem 1.5, L’ = [0,k — 1]\ {£}. Furthermore, if
£ + 1 is a prime power, then by setting k = 2¢ + 1, Proposition 3.4 implies that the
generalized Johnson graph G (n, k) has ratio 9 /c = Q (n%_e). We next show how to
obtain constructions with larger gap.

4 Explicit Constructions of Large Gaps Between the Shannon
Capacity and the Lovasz Number

We now give our explicit construction.

Proof of Theorem 1.6 We use a slight variation of the Ramsey construction of Frankl
and Wilson [7]. Let g = p™ be a prime power and define k = g — 1. Then, consider

@ Springer



12 Page22of24 Combinatorica (2025) 45:12

the generalized Johnson graph G, (n, k) on ([Z]) vertices and with A ~ B <=
|[AN B| = —1 (mod g). Proposition 3.4 implies

minrankg, (G, (n, k)) S( " >,
qg—1

while Theorem 1.2 implies

H(Gy(n, k) = O ).

Therefore, with N = (qzn_l) = O, forn — oo

q2—2q+1

9(Gq(n, k))/minrank, (G4 (n, k) = QN -1 ) = QN7 ),

Given € > 0, choosing ¢ sufficiently large implies the second part of Theorem 1.6.
The first part of Theorem 1.6 is a consequence of the second part of the theorem and
the inequality a (G (n, k)) < c¢(G4(n, k)). The third part follows from the inequality

x(Gg(n, k) > m — Q(n9°~%) and the fact that HGy(n, k)C) = OmI™h,
which follows from Theorem 2.5. O

Lubetzky and Stav [15] provided a construction of a generalized Johnson graph
G with ratio 9 (G) /minranka(G) = Q(n%_o(l)) for any prime p. The construction
used in Theorem 1.6 gives an explicit construction which greatly improves on this
result.

Theorem 4.1 For any € > 0 and any prime p, for infinitely many n there is an explicit
construction of a graph G on n vertices such that

¥ (G)/minranky, (G) = Q n'=9).

Taking complements of the graph in Theorem 4.1 yields an explicit construction of a
graph G with

minranks, (G)/%(G) = Q(n'™)

for any € > 0 and prime p, using Theorem 2.5 and the fact [16] that for any field
and n-vertex graph G, minrankyp(G) - minrankp(G€) > n.

We finally note that Theorem 1.6 also holds if the Lovdsz number is replaced by

the Schrijver variant o (or the Delsarte linear programming bound). In particular, the
graphs G, (n, k) again give an explicit construction of a graph G on N vertices with
0 (G)/c(G) = QN'—9).
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