PACKINGS AND STEINER SYSTEMS IN POLAR SPACES

KAI-UWE SCHMIDT AND CHARLENE WEISS

AsstrACT. A finite classical polar space of rank n consists of the totally isotropic sub-
spaces of a finite vector space equipped with a nondegenerate form such that # is the
maximal dimension of such a subspace. A t-Steiner system in a finite classical po-
lar space of rank 7 is a collection Y of totally isotropic n-spaces such that each totally
isotropic t-space is contained in exactly one member of Y. Nontrivial examples are
known only for t = 1and t = n — 1. We give an almost complete classification of
such t-Steiner systems, showing that such objects can only exist in some corner cases.
This classification result arises from a more general result on packings in polar spaces.

1. INTRODUCTION

A t-Steiner system is a collection Y of n-subsets of a v-set V such that each t-subset
of V is contained in exactly one member of Y. The long-standing existence question
for t-Steiner systems has been settled recently: it was shown in [Keel4] and [GKLO16]
that, for all + < n and all sufficiently large v, a t-Steiner system exists, provided that
some natural divisibility conditions are satisfied.

It is well known that combinatorics of sets can be regarded as the limiting case g — 1
of combinatorics of vector spaces over the finite field IF,. Indeed, following [Cam74]
and [Del78], a t-Steiner system over I, is a collection Y of n-dimensional subspaces (-
spaces for short) of a v-space V over IF; such that each t-space of V is contained in
exactly one member of Y. It is remarkable that, in the nontrivial case 1 < t < n < v,
Steiner systems over IF, are only known for a single set of parameters [BEO"16], namely
for (t,n,v) = (2,3,13) and q = 2.

We may consider these objects as g-analogs of Steiner systems of type A,,_1, as V
together with the action of GL(#n,q) is of this type. We study g-analogs of Steiner
systems in finite vector spaces of types 2Aoy-1, >Aon, Bu, Cn, Dy, and 2Dn+1 (using
the notation of [Car93]). In each case, the space V' (defined over F, for 2As,_1 and
2 Apy) is equipped with a nondegenerate form and the relevant groups are U(21,4?),
U2n+1,4%), 0(2n+1,q), Sp(2n,q), O (2n,q), and O~ (2n + 2, q), respectively. The
notation is chosen such that the maximal totally isotropic subspaces of V, called genera-
tors, have dimension n (see Table 1). A collection of all totally isotropic subspaces with
respect to a given form is a finite classical polar space (or just polar space) of rank n and
we denote this space by the same symbol as the type of the underlying vector space.
A t-Steiner system in a polar space X is a collection Y of generators in X such that each
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totally isotropic t-space of V' is contained in exactly one member of Y. These objects are
sometimes called regular systems or 1-reqular systems in the literature.

A 1-Steiner system in a polar space is known as a spread, whose existence ques-
tion has been studied for decades (see [Seg65], [Dye77], [Tha81], [Kan82b], [Kan82a],
[CCKS97], for example), but is still not fully resolved (see [HT16, § 7.4] for the current
status). The only other known nontrivial t-Steiner systems in polar spaces occur for
t = n —1in D, and equal one of the two bipartite halves of D,, (see Section 2), which
are the two orbits under SO™ (21, q) acting on the generators of D,, [Tay92, Thm. 11.61].

We prove the following classification result.

Theorem 1.1. Suppose that a polar space X of rank n contains a t-Steiner system with 1 < t <
n. Then one of the following holds

(1) t =2and X =*Apy, 0r >D,,,1 for odd n,
(2) t=n—1and X =2A,, oranHforq >3,0r X = D,.

It is unknown whether t-Steiner systems exist in the remaining possibilities and we
conjecture that, if a polar space X of rank 7 contains a t-Steiner system with 1 <t < n,
thent = n —1and X = D,. The special cases (n,t) = (4,2) and (n,t) = (5,3) in
Theorem 1.1 were recently obtained in [CMPS22] and the results in the cases t =n — 1
are essentially known (see Case (C1) in Section 4). All other cases appear to be new.
In fact we prove a result on packings that is stronger than Theorem 1.1 in most cases.

An elementary counting argument shows that the size of a t-Steiner system in a polar
space necessarily equals the total number of totally isotropic t-spaces divided by the
number of t-spaces contained in a generator. Our proof of Theorem 1.1 is based on the
fact that a set Y of generators in a polar space is a t-Steiner system if and only if Y has the
correct sizeand dim UNW < t for all distinct U, W € Y. Accordingly we define a d-code
in a polar space X to be a set of generators Y of X, such thatn —dimU NW > d for all
distinct U, W € Y (here (U, W) — n — dim U N W agrees with the subspace metric used
by coding theorists). Our main result, Theorem 3.1 and Corollary 3.3, is a bound on the
size of a d-code in a polar space, which is sharp up to a constant factor in many cases.
The bound is obtained using the concept of an association scheme and the powerful
method of linear programming. It is then not hard to show that in most cases the bound
is too small for a t-Steiner system to exist, eventually leading to Theorem 1.1. Numerical
evidence suggests that in all cases remaining in Theorem 1.1 the linear programming
bound in the corresponding association scheme equals the size of the corresponding
putative Steiner system. Hence it seems that entirely new techniques are required to
deal with the remaining cases.

We organize this paper as follows. In Section 2 we recall relevant facts about asso-
ciation schemes in general and about association schemes arising from polar spaces in
particular. In Section 3 we obtain bounds on the size of d-codes and in Section 4 we
show that, in most cases, these bounds are smaller than the size of a corresponding
Steiner system. Some corner cases will be treated separately.
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2. THE ASSOCIATION SCHEMES OF POLAR SPACES

We start this section with some basic facts about association schemes. For further in-
formation, we refer to [Del73], [BI84], [BCN89], and [BBIT21]. We will then introduce
polar spaces and their associated association schemes.

A (symmetric) association scheme (X, (R;)) with n classes is a finite set X together with
n + 1 nonempty relations Ry, Ry, ..., R, such that

(A1) Ry is the identity relation and all 4 1 relations partition X x X,
(A2) each relation is symmetric, that is, if (x,y) € R;, then (y,x) € R;,
(A3) for every pair (x,y) € Ry, the number of z € X with (x,z) € R; and (z,y) € R;
is a constant pfj depending only on i, j, and k, but not on the particular choice
of (x,y).
Let (X, (R;)) be an association scheme with n classes. For each relation R;, the adjacency
matrix of the graph (X, R;) is denoted by D; (with Dy being the identity matrix). The
complex vector space spanned by the matrices Dy, Dy, ..., D, is a commutative matrix
algebra of dimension n + 1, called the Bose-Mesner algebra of the association scheme.
There exists a unique basis of minimal idempotent matrices Eo(= 1/|X|J), E1, . .., E, for
this algebra, where | denotes the all one matrix. A change of bases yields the existence
of unique real numbers P;(k) and Q(i) such that

n 1 n
D;=Y P(k)E, and E, = — \D;.
kg(,) (k)Ex an k |X|§)Qk(l)

The numbers P;(k) and Q (i) are called P-numbers and Q-numbers of the association
scheme (X, (R;)), respectively. Write v; = P;(0) and ur = Q(0), which are called
valencies and multiplicities of the association scheme, respectively. Indeed P;j(k) is an
eigenvalue of the graph (X, R;), each column of Ej is a corresponding eigenvector, and
the rank of Ey equals . In particular v; is the valency of the graph (X, R;). The P- and
Q-numbers satisfy

ukPi(k) = v;Qx(i) foralli,k=0,1,...,n (1)
1 n

-7 Pl(k)Qk(]) = 51] for all 1,] = 0, 1,. .., n, (2)
X] /=

where §;; denotes the Kronecker é-function.

An association scheme is called P-polynomial with respect to the ordering Ro, Ry, ..., Ry
if there exist polynomials f; € R[x] of degree i and distinct real numbers yo, y1, ..., Yn
such that P;(k) = fi(yx) for all i,k = 0,1,...,n. Similarly an association scheme is
called Q-polynomial with respect to the ordering Eo, E1, . .., E, if there exist polynomi-
als gx € R[x] of degree k and distinct real numbers z, z1, . . ., z, such that Qx (i) = gx(z;)
foralli,k=0,1,...,n.

Next we will introduce polar spaces. Let V be a vector space over a finite field with p
elements equipped with a nondegenerate form f. A subspace U of V is called totally
isotropic if f(u,w) = 0 for all u,w € U, or in the case of a quadratic form, if f(u) =
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0 for all u € U. A finite classical polar space with respect to a form f consists of all
totally isotropic subspaces of V. It is well known that all maximal (with respect to the
dimension) totally isotropic spaces in a polar space have the same dimension, which
is called the rank of the polar space. The maximal totally isotropic spaces are called
generators. A finite classical polar space P has the parameter e if every (n — 1)-space
in P lies in exactly p®™! + 1 generators. Up to isomorphism, there are exactly six finite
classical polar spaces of rank 1, which are listed together with their parameter e in
Table 1. We refer to [Cam92], [Tay92], [BCN89, § 9.4], [Ball5, §4.2], and [HT16,§5.1]
for further background on polar spaces.

TasLE 1. List of all six finite classical polar spaces.

name form type group dim(V) p e
Hermitian Hermitian 2A2H,1 U(2n, qz) 2n q2 —-1/2
Hermitian Hermitian 2A,, UQ2n+1,4*) 2n+1 ¢* 1/2
symplectic alternating  C, Sp(2n,q) 2n q 0
hyperbolic quadratic D, O™ (2n,q) 2n g -1

parabolic  quadratic B, O2n+1,9) 2n+1 ¢ 0
elliptic ~ quadratic 2D,,; O (2n+2,9) 2n+2 g 1

Let X consist of all generators of a polar space of rank n and define the relations
Ri={(UW)eXxX:dim(UNW)=n—i} fori=0,1,...,n. (3)

Then (X, (R;)) is an association scheme with 7 classes (see [BI84, § 3.6], [BCN89,§9.4],
[BBIT21, § 6.4], for example). It is well known that

n

X] =TT +p™). (4)

i=1
Defining the g-binomial coefficient

|:Tl] k qnfjJrl -1
q g1

j=1

for nonnegative integers n, k, the P-numbers of (X, (R;)) are given by [Sta80, (8.1)],
[Sta81, Prop. 2.4]

GRS E J [ e Q

where

oy = plEie [”] (6)
14
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are the valencies.! Note that (3) and (5) impose an ordering on Eo, E, ..., E,, which
we refer to as the standard ordering.

The P-number P;(k), given in (5), is a polynomial of degree i in p~, known as a g-
Krawtchouk polynomial. The association scheme (X, (R;)) is thus P-polynomial with
respect to the ordering Ry, Ry, ..., R,. Moreover it is well known that (X, (R;)) is also
Q-polynomial with respect to the ordering Ey, Ey, . .., E,.

We shall need the P-numbers also in a different form. We define the g-Pochhammer
symbol

(;9)0=1, (a;9)x Hl—aq
i=0

for a positive integer n and a real number a and the g-hypergeometric function ,¢s by
ai, ..., a o (a1;q) -+~ (ar;9)e (rs—r)e_(1+s—r)(l) 2"

r¥s 2| = -1 Yo

? (bl,...,bs 1 > Loy o) Y 1 (@:9)¢

The P-numbers can now be written as [Sta80, (8.1) ]

—n—e—1+k

ki
p PP
Pi(k) = v;3¢ -
0,p

w) . (7)

We close this section by noting that D), gives rise to another association scheme, called
the bipartite half of Dy, in the following way. Let X be the set of generators of D, and
define two generators in X to be equivalent if the dimension of their intersection has
the same parity as n. This induces two equivalence classes, X; and Xj, and each pair
(Xi, (Roj)o<j<|z) is a P- and Q-polynomial association scheme [BCN89, § 9.4.C], de-
noted by %Dn. Since e = —1 for Dy, this also shows that X; and X; are (n — 1)-Steiner
systems in D).

3. CODES IN POLAR SPACES

Let (X, (R;)) be a P- and Q-polynomial scheme with # classes. We say that a subset Y
of X is a d-code if no pair (x,y) € Y x Y lies in one of the relations Ry,...,R;_ 1. In
particular, if X is the set of generators in a polar space of rank 7 and R; is given in (3),
then a subset Y of X is a d-code if n —dim U NW > d for all distinct U, Win Y.

The main goal of this section is to obtain upper bounds on the size of d-codes in
the latter cases. To do so, we associate with each subset Y of X two tuples of rational
numbers. The inner distribution of Y is the tuple (Ao, Ay, ..., A,), where

(Y xY)NRy|
A= Y] .

11t should be noted that p is assumed to be odd in [Sta80] and [Sta81]. However all parameters of the
association scheme, as well as P; (k) are polynomials in p, and hence the expression for P;(k) holds for all p.
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We then have Ay = 1and Y j A; = |Y|. Note that A} = --- = A;_1 = 0if and only
if Y is a d-code. The dual distribution of Y is the tuple (Aj, A, ..., A},), where

Ap = Z Qi(i)A;. (8)
i=0

Since Qo(i) = 1, we obtain A} = |Y|. Moreover we have
A, >0 forallk=0,1,...,n (9)

(see [Del73, Thm. 3.3], for example).

To derive bounds for d-codes in polar spaces, we begin with bounds for d-codes
in 2A5,_1 and the bipartite half %Dn of D,, in Theorem 3.1. We proceed in this way
because by taking a different Q-polynomial ordering for ?A,, ; and studying iD, in-
stead of D, we can express the resulting Q-numbers by g-Hahn polynomials. This al-
lows us to treat > Ay, _1 and %Dn in a unified way. We will then use the bounds in 2 App_1
and 1D, to establish bounds for codes in the remaining polar spaces. We write

(—q,—1) for?Az
(b,c) = ¢ (4%,1/q) for 1Dy, if m is even (10)
(4%, 9) for 1D, if m is odd,
and (x); = (x; b); in what follows.

Theorem 3.1. Let X be the set of generators in > Apy, 1 or %Dm, where n = |m /2] in the case
of%Dm, and let Y be a d-code in X with 1 < d < n. Then we have

‘Y| < ‘X|(Q)d71,
(qeb™)a—1
where d is required to be odd in the case of 2 Ayp_1. For even d in ? Agy,_1, we have

_ n+d—2 _ _
|X’(¢])d_1 (bn a+2 _ 1) + qbq;i—z,ll (bn d+1 _ 1)

(geb™)a—1 (br—d+2 — 1) 4 g 2=L(pn-d+1 _ 1)’

pntd—1_1

Y] <

Moreover these bounds also hold for d-codes in association schemes with the same P- and Q-
numbers as > Aoy, 1 or %Dm.

To prove Theorem 3.1, we first write the Q-numbers of 2 Ayn_1 and %Dm as g-Hahn
polynomials. There exist different definitions for these polynomials. We will use the
definition given in [KLS10, § 14.6]. The g-Hahn polynomial of degree k in the variable
g~ * with the parameters n, A, B, C is given by

q—xl q—k/ Aqk
3(1)2 q—n’ C—lB—n

sq) =Y (a5a)q 5 9)(Ad59)e 4
(@ a)(CBq)e(q;9)
fork=0,1,...,n.
The association scheme ?A,, 1 is Q-polynomial with respect to two different order-
ings: the standard ordering Eo, Ey, ..., E, and Ey, E,, E1,E,—1,Ep, E4—p, ... [CS86]. We
continue to use P;(k) and Qi (i) to denote the P- and Q-numbers with respect to the
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standard ordering and we use P/ (k) and Q; (i) to denote the P- and Q-numbers with
respect to the second ordering. Then P;(k) is given in (5) and P/ (k) is given by [CS86]

Pl./(Zk):Pi(k) fori:O,,,,,nandk:(),l,'”,LgJ,
P/(2k+1) = P(n—k) fori=0,...,nandk=0,1,..., {”;1]

By applying the quadratic transformation for hypergeometric functions (see [KLS10,
(1.13.28) ], for example)

A%,B%,C,D
93\ 42, — ABg2, —CD

) A?,B?,C?, D? 2. 2
r«w) = 4¢3 <A2B2q,—CD,—CDq 9 w/) (11)

to P;(k) and P;(n — k) given in (7), we obtain
—i —k —2n+k—1
Pl(k) = o (=)~ (=4) % (—4) ).
0=t ( e R
Next we treat 3D,,. In this case we still denote by P;(k) and Q(i) the P- and Q-
numbers of D, and by P!(k) and Q, (i) the P- and Q-numbers of 1D,,. As in Theo-
rem 3.1, put n = |m/2|. From [CS86] we find that

P/(k) = Py(k) fori,k=0,1,...,n.

7 qz) :

In summary, the P- and Q-numbers of %Ay, 1 and %Dm are given by

Applying (11) to P,;(k) given in (7) yields

—-2i ,—2k
Pi/(k) = 021‘34)2 ( q 4 &

q—ml q—m—i-l

—2m+2k

, _ bii, bfk’ qflcflb72n+k ‘
Pi (k) = vi 3(P2 < bin, Cilbin b/ b (12)
and
) b—i, b_k, —1C—1b—2n+k
Qr(i) = pr 32 ( bfnchbfn b;b> , (13)

where the parameters b and c are stated in (10) and the remaining values are given in
Table 2. Hence in both cases Q, (i) is given by the g-Hahn polynomial of degree kin g ~".

TasLE 2. Valencies and multiplicities occurring in (12) and (13).

~

<
~
QN
¥}
—
==
K
]
BN
)
N
—
I
=

Ug /2 for k even

~

]’lnf(kfl)/Z for k odd
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Before we prove Theorem 3.1, we record the following identity whose proof is de-
ferred to the appendix.

Lemma 3.2. Let X be the set of generators in > Ay, 1 or 3 Du, where we put n = |m /2 in the
latter case. Let Q; (i) be given in (13). Then we have

e [n 7t T - ")

foralli,j=0,1,...,n.
Now we prove Theorem 3.1.

Proof of Theorem 3.1. Suppose that Y is a d-code in 2As,_q OF %Dm. Let (Ao, A1, ..., Ay)
and (A{, A}, ..., A;) be the inner and dual distribution of Y, respectively, in terms of
the orderings imposed by the P- and Q-numbers given in (12) and (13). From (8) and
Lemma 3.2 we obtain forall j =0,1,...,n,

I i —k] (geb™~ k Jn— —k (qun_k)nf‘ .
bk(n i) [n :| ]A/ A; bk n—j) [ :| el
k;:) n—jl, (@)n-j Z Z —jly  (@)n- Qi)

mgal T, a

First assume that d is odd in the case of >Ay, 1. Since A; = -+ = Az ; = 0 and
[,/ 441), = 0fori > d, we find from (14) with j = n —d + 1 that

n—d—+1
n—d+1 —k ( Cbn—k)
bk“[ }MA X[ ]A.
Z -1 (9)a—1 k= Xl 11,0

Since Ap = 1 and A, = |Y|, we obtain

n—d+1 n—k
Z bk (d-1) |: k:| (qu )d—l 14]/< — |: n :| (‘X‘ (qu )d 1 ‘Y’) (15)
Uy (9 d—1]J, (@)a—1

Recall that A} > 0. For ?Ay,_1, the sign of (qcb"*)4_1/(q)a_1 is (—1)@=D=*+1) and
the sign of [ ] , 18 (—1)d-D(n=k=d+1) " Gince d is odd, both signs are thus positive.
Hence all summands on the left-hand side of (15) are nonnegative implying

|Y| < ‘X‘(q)dfl

~ (geb)a’

as required.
Now consider 2A,,_1 for even d. Put

_ pkd—1)+d—2 (0" a1 (0")ao Kl [n—1
=t (4)a-1(q)a—2 Li—l]b{d ZL'
_ o k(d—2)4d—1 (0"~ ) o (b)) k] [n—1
N (S PR Li—zud_l]b
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Use (14) withj=n —d+1and j = n — d + 2 to obtain

n—d+2

Yo (o — v A

k=0
— bn)dfz n—1 n n—1 n pntd=2 _q
= X! ). (16
X (7)d—2 <{d—2]b[d—1L+q[d—1h[d—2hqbd2_1 (16)
Next we show that the summands on the left-hand side are nonnegative. The sign of

(7], 1s (—1)“m=0) and the sign of (b™),/(q),is (—1)™¢. Hence we have sign(x;) = (—1)*
and sign(yx) = —1, which implies that the left-hand side of (16) equals

n—d—+2

Y (1) ] + lywl) A
k=0

From

X _ bk—l (bn—k—d+2 _ 1)(bnfk+d—1 _ 1)
i (b?H*d*Z _ 1)(bnfd+1 _ 1) /
we find that |x¢| < |yk| for all k > 1. Therefore the left-hand side of (16) can be

bounded from below by (xo — yo) A}, which is also positive. Since A = |Y|, we thus
find from (16) that

- by, _ _ n+d—2 _
Xl 200 ([, + o, )

() (0ot 1 ] i1 1O a0y =1y
(b2t A L i3 — o e ), )

Y| <

We can now deduce the second inequality of the theorem after elementary manipula-
tions. This completes the proof. U

In what follows we use Theorem 3.1 to obtain bounds for d-codes in the remaining
polar spaces 2 Aow, Bu, Cp, Dy, and 2D,,.1. To do so, we write

ot = (TT0+7 ) (TT2 S0 ) et

where ¢(n,d) = 1 for odd d and

_ )n+d7271

()" =2 = 1) + g (—g) 1 = 1)
_g\n+d—2_
(=)= 2 = 1) + =2 ((—g)m 1 = 1)

e(n,d) =

for even d, and

m—1 1 ; -1 1 — q2i71 ;
(‘asa)) (Tl forevenn

m—1 ; d—1 1_q21’—1
< H(1+Q)><H 1_qm+21_1) for odd m.

i=1 i=1

p(m,d) =

Observe that, using (4), the bounds in Theorem 3.1 for 2 Ay,_1 and %Dm equal a(n,d)
and B(m, d), respectively.



10 KAI-UWE SCHMIDT AND CHARLENE WEISS

Corollary 3.3. Let X be the set of generators in a polar space of rank n and let Y be a d-code
in Xwithl <d <mn.Putd=[d/2].

(a) If X =2Ag, 1, then |Y| < a(n,d).

(b) If X =2 Aoy, then |Y| < a(n+1,d).

(¢c) If X = By or Cy, then |Y| < B(n+1,9).

(d) If X = Dy, then |Y| < 2B(n, ).

(e) If X = 2Dy, then |Y| < B(n+2,6).

Proof. The bound in (a) follows directly from Theorem 3.1 by using (4).

A d-code in D, induces J-codes in each of the two bipartite halves of D,, so it is at
most twice as large as a /-code in %Dn. Theorem 3.1 then gives (d).

In the cases of B,, and C,;, one obtains a new association scheme with the classes

Ro,RiURy,R3URy,....

This new association scheme has the same P- and Q-numbers as %DHH [IMU89]. There-
fore the size of a d-code in B, or C, is at most the upper bound for a é-code in 3Dy 11
given in Theorem 3.1, which yields (c).

To establish the remaining cases (b) and (e), note that 2D, ;1 and ?A,, arise by in-
tersecting B, ;1 and 2A2n+1, respectively, with a hyperplane. Hence ZDnH can be em-
bedded into B, .1 and 2 Ay, can be embedded into 2A2n+1. Note that B, .1 and 2A2n+1
are of rank n + 1 and each generator in 2D,.1 or 2As, becomes an n-space in By 11
or 2A2n+1 under these embeddings. In B, ;1 and 2A2n+1, every n-space is contained in
exactly p°*1 +1 = g + 1 generators. For each embedded element of Y, we choose one
of these g4 4 1 generators giving a subset Y of B,.1 or 2A2n+1. Then Y is also a d-code
and (c) implies (e) and (a) implies (b). U

We also have the following more useful bounds on «(#n,d) and B(n,d).

Lemma 3.4. For1 < d < n, we have

14 n(n—d+1) dd d
a(n,d) < {154‘7 (n—d+2) e (17)
g for even d,
and
5,(n—1)(n—2d+2)/2
B(n,d) < {gq ot for even n (18)
2qn(n=24+1) for odd n.
To prove Lemma 3.4 we use the identity
x—1 x
<— fory>x>1 (19)
y—1-y

and the following lemma.
Lemma 3.5. Let n > 1and q > 2 be integers. Then we have

n 1\ 5 = 1) _7 - 1
H<1+qi><2’ H<1+[12i><5 and E<1+q2i_l><2. (20)

i=1 i=1
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Proof. We use 1 + x < exp(x) to obtain

1(0+3) < (+2)ewlin) < () 3)

Applying (14 x) exp(x) < 3 forall x € [0, 3] yields the first inequality. Using a similar

approach gives us
Z 1 1 1 7
1+ = —— ] < = =
[0 5) <or (i) <ov(s) <5
al

q < 2
(1) <ow () <ew (3) <2

as required. U

and

We can now prove Lemma 3.4.

Proof of Lemma 3.4. For B(n,d) and even n, use (19) and (20) to obtain

n—1 1
- (H 7 <1+qi>> g1
i=1

< gq(nfl)(andJrZ)/Z‘

The bound for 3(n,d) and odd n can be obtained similarly. For a(n,d), we write

n d—1 i 1\
a(n,d) = <H(1 +q2i_1)> (H M) (—1)(”+1)(d_1)£(n,d). (21)

k) i1 g = (=1
We have
d—1
. A (@ +1)(g* 1 -1)
g4y JH e forodd )
1 g = (=) 1z (@ +1)(g* 1 -1) f d
g (—T)n 11;[1 (@ A —(—1)") (g P21 (—1)") or even a.

Using (19) and (20), we obtain for each r > 1,

ILI | (q2i+1)(q2i—1'_1) _ r (q21:+1)(q2i—1 ~1)
1 (qn+21 _ (_1)n)(qn+21—1 + (_1)n) — e (qn+21 + 1)(qn+2i—1 _ 1)

Substitute into (22) to give

‘ﬁ # _ %qfn(dfl) fOI' Odd d 23
g — nti —2)__¢"-1 g even d. (23)
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From (20) we have

l
]‘[ (1+4%71) ]—[qZZ ( o 1> < 2" (24)
i=1
Substitute (23) and (24) into (21) to obtain

L;an(n—dﬂ) for odd d
a(n,d “1_ 25
(n,d) Y2 gL (—1) (@ e(n,d) - for even d. )

For even d, we have
P (=D)"  n—dt1 —1)") — (=1)(g"—d+2 _ (—1)n
1 +(=1") = (=1)"(q (=1)")

n+d—2_ ,1)}1

(—1)(n+1)(d_1)8(1’l, d) —
(442 = (1)) + ey (0 + (1))

( n+d—2 ( 1)71)( n— d+1+( 1);1) n
_qq(dl (g2 (—1)") —(=1)
- ( n+d—2 _ ( ) )( n— d+1+(_1)n)
( n+d— 1+( ) )( n— d+2,(,1);z) + 1
qu—d—l + (_1)11
< qdfl -1 4 (26)
using (19), so that (25) gives the required bound for a(#n,d). O

We close this section by discussing the sharpness of the bounds in Corollary 3.3. For
a vector space V, let P,(V') be the set of n-spaces of V. Define a mapping

v: B — Py(F)

o {(i) o)

It is well known [BCN89, § 9.5.E] that, after an appropriate choice of the form, v(A) is
in 2A,_ if and only if A is Hermitian, v(A) is in C, if and only A is symmetric and
v(A) is in D, if and only if A is alternating, namely skew-symmetric with zero main
diagonal (as before, p = g% for >Ay, 1 and p = g otherwise). The mapping v satisfies

n —dim(v(A) Nv(B)) = rank(A — B)

forall A, B € IFj*", so in particular v is injective. Accordingly define a subset Z of IF*"
to be a d-code if rank(A — B) > d for all distinct A, B € Z. Such objects were studied
in [Sch18], [Sch15], and [DG75], for Hermitian, symmetric, and alternating matrices,
respectively.

In particular from [Sch18] and the injection v we find that, for odd d, there exists
a d-code Y in ?Ay,_1 satisfying |Y| = q”(”*d“). In view of Lemma 3.4, this shows
that the bound in Corollary 3.3 (a) for odd d is sharp up to a constant factor. Likewise
from [Sch15] we find that, for odd d, there exists a d-code Y in C, satisfying

y| = gD =d+1)/2 for even n
- qn(n—d+2)/2 for odd 7,



PACKINGS AND STEINER SYSTEMS IN POLAR SPACES 13

showing that the bound in Corollary 3.3 (b) for X = C, and odd d is sharp up to a
constant factor. Since B, and C, are isomorphic for even g (see [BBIT21, § 6.4], for
example), the same is true when X = B, and g is even. From [DG75] we find that, for
even d, there exists a d-code Y in D,, satisfying

v = g(=D(n=d+2)/2 " for even n and even g
g(n—d+1)/2 for odd n.

Since a d-code is trivially also a (d — 1)-code, this shows that the bound in Corol-
lary 3.3 (d) is sharp up to a constant factor except possibly when n is even and g is
odd. In all other cases one can obtain constructions of d-codes in a similar fashion,
showing that the remaining bounds in Corollary 3.3 are met up to a small power of g".

4. NONEXISTENCE OF STEINER SYSTEMS IN POLAR SPACES

We now prove Theorem 1.1. The proof is split into the following cases:

(Cl) t=n—1and X = 2A2n,2Dn+1 forg=2or X = 2 Asy-1, By, Cn,

(C2) X=D,withl<t<n-—1,

(C3) X=B,orC,witht =2andevennor2 <t<n-—1,

(C4) X =2D, 1 witht € {2,3}andoddnor3 <t < n—1,but(nt) & {(7,4),(8,5)},

(C5) X =2Ay,_1withl <t<n-—1,

(C6) X =2Ay, witht=2andevenn,or2 <t < n—1except for (n,t) = (6,3),

(C7) t =2and X = B, or C, forodd n > 3 or X = 2D, forevenn > 3,

(C8) X =2D,,1 witht =3 and evenn > 4,

(C9) X =2D,,1 with (n,t) = (7,4) or (8,5), or X = %Ay, with (n,t) = (6,3).

The case (C1) is essentially known [Vanl1, p. 160] and a proof is sketched below for
completeness. The cases (C2)—(C6) will follow from Theorem 3.1 and Corollary 3.3.
The cases (C7)—(C9) are some corner cases, which need special treatment.

We begin with a sketch for a proof of (C1).

Proof of (C1). By taking the elements of an (n — 1)-Steiner system in a polar space of
rank 7 that contain a fixed isotropic 1-space v and taking the quotient by v, one obtains

n (n — 2)-Steiner system in a polar space of the same type but rank n — 1. This re-
duces the existence question to 2-Steiner systems in rank 3 or 1-Steiner systems, namely
spreads, in rank 2. There are no spreads in B, for odd g, 2A4 for ¢ = 2, and 2As for
all g [HT16, § 7.4] and there are no 2-Steiner systems in ?Dy for ¢ = 2 [Pan98] and C3
for all g [Tho96], [CP03]. Since B, and C, are isomorphic if g is even (see [BBIT21,
§ 6.4], for example), there are also no 2-Steiner systems in Bj for even g. U

To prove (C2)-(C6), we recall that the number of totally isotropic f-spaces in a polar
space of rank # is

t—1
[ :| 1+pn z+e
pi=0
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(see [BCN89, Lem. 9.4.1], for example). Since every generator contains exactly [Vt’]p
subspaces of dimension t, the size of a t-Steiner system is thus given by

t—1

[Ta+p"). (27)
i=0
If Y is a t-Steiner system, then the intersection of two distinct members of Y can have
dimension at most t — 1, and so a t-Steiner system is an (n — t 4+ 1)-code. Henceforth
we write d = n — t + 1 and let B denote the corresponding bound of a d-code in Corol-
lary 3.3. We denote the size of an (n — d + 1)-Steiner system by S, hence

U

n—

s=[Ta+p"), (28)
i=0

and in particular
S 2 p%(n—d+l)(n+d+26)_ (29)
We set R = B/S and show that R < 1.

Proof of (C2). In this case we assume that X = D,;and 2 < d < n. Use Corollary 3.3 (d),
(29), and (18) to obtain

(d=2)(d—n) for even 1 and even d

5q%
R < Sq%(dfl)(dfnfz) for odd n and odd d (30)
5¢(@-D@d=n=1)  for n —d odd with & = [d/2].
If n and d have the same parity, then (30) implies R < 1, except when (n,d) = (6,4).
In the latter case, Corollary 3.3 (d) and (28) give

R—2170 .

1—¢°
If n and d have different parity, then (30) implies R < 1, except when (n,d) = (4,3)
or (n,d) = (5,4). In the latter cases, we find from Corollary 3.3 (d) and (28) that R
equals 2/(1+¢?) and 2(1 — g*)/ (1 — ¢°), respectively, giving R < 1 in both cases. This
completes the proof. O

Proof of (C3). In this case we assume that X = B,orC,and2 <d <n—lord=n—1
is odd. Use Corollary 3.3 (c¢), (29), and (18) to obtain

gq%(d(d—l)—(”“)(d_z)) for even n and even d
R - %q%(d(d“)*(”“)(d*l)) for even n and odd d
gq%(d(d—l)—”(d_z)) for odd 1 and even d
%q%(d(d“)*”(d*l)) for odd n and odd d.

It is the readily verified that R < 1, exceptif (i)d =4andn = 6,7, 0r (ii)d =3and n =
6,7,0r (ili) d = n — 2is odd, or (iv) d = n — 1is odd. For (i) and (ii), Corollary 3.3 (c)
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and (28) imply that R equals (1 + 4%)/(1 + g*) and 1/(1 + g*), respectively, giving
R < 1inboth cases. For (iii), Corollary 3.3 (c) and (28) imply that

= (1) (gt )

i=1

1 5 i %—11_[721'71
— 1—1—[]”_1<H(1+q))<1—[1—q;+i>

i=1 i=1

5 ¢
214gm1

using (19), (20), and n > 4. Similarly, for (iv), we deduce
5 19
21+q"2

which completes the proof. 0

<1,

<1,

Proof of (C4). In this case we assume that X = ?D,,;and2 <d <n—2ord =n —2
isodd ord = n —1is even, but (n,d) ¢ {(7,4),(8,4)}. Use Corollary 3.3 (e), (29),
and (18) to obtain

gq%(d(d“)*(”“)(d*z)) for even 1 and even d

§q%(d(d+1)—(”+1)(d_1)) for even n and odd d
R<{?

gq%(d(d“)*(”“)(d*z)) for odd n and even d

2@ -(n+2)(@=1)  for odd 1 and odd d.

Then R < 1, except for (i)d =3 andn = 5,6, 0r (ii)d =4and n = 9,10, or (iii) d = 6
and n = 9,10. Corollary 3.3 (e) and (28) imply that, in the respective cases, R equals
1+ (1+9)1-¢")  (1-¢)(1+79°)
1+g% 1—g" ' (1—q™)

In all cases we have R < 1, as required. O

Proof of (C5). In this case we assume that X = 2Ay,_1 with2 < d < n. Use Corol-
lary 3.3 (a), (29), and (17) to obtain

< {154q(d—1)(d—”—1) for odd d
<

%q(dfl)(dfnfl)ﬂa

Then R < 1, except for (n,d) = (5,4). In the latter case we find from Corollary 3.3 (a),
(21), (28), and (26) that

for even d.

8 3 i i
q°—1 2i-1 7+ (-1)
fpmig T e
(* =1 +1) 4
2 <1,
(@+1)(¢*—-1) — -

as required. U
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Proof of (C6). In this case we assume that X = 2Ay, with2 <d <n—1lord =n—1is
odd, where the case X = 2A,, with (n,d) = (6,4) is excluded. Use Corollary 3.3 (b),
(29), and (17) to obtain

R < {glq(d_l)(d_n_Z)—"_Zd_l for Odd d (31)

Lgiqd(dfnfl)ﬁ’“r2 for even d.

For odd d, it follows R < 1, except when (1,d) = (4, 3). In the latter case we find from
Corollary 3.3 (b) and (28) that

(@' =@+l _+q7°
R = < < 1.
(@ -1 +1) ~ £-1
If d is even, then (31) implies R < 1, except when (n,d) = (8,6) (recall that we
excluded (n,d) = (6,4)). In this case we find from Corollary 3.3 (b), (21), and (28)
that

(ﬁ 1+¢%71) ) (ﬁ qglir((—_lil)l) :11__11 €(9,6)

with
o6 S+ 1495 (gt - 1)
P+t - )
94 -14%—q"+9"+4°—q-1
P -1 qo g% —g—1
q14_1 1
©-1q
This gives
1 6 ) 4 q1_|_( 1)1
ceg (o) )
q E( ) Eq%ﬂ 1)
1 (@ -D)(@"+1)(¢ +1)
q (@ -1 +1)(g"-1)
7
39 +
q F—1 <1,
using (19), which completes the proof. g

Now it remains to prove the corner cases (C7)—(C9). In these cases we show that
the dual distribution of the Steiner system has a negative entry, which contradicts (9).
In what follows, all inner and dual distributions (in particular those in 2A2n_1) are
determined with respect to the standard orderings imposed by (3) and (5). We require
the following result on the inner and dual distributions of ¢-Steiner systems.
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Proposition 4.1. Let X be the set of generators in a polar space of rank n, let t be an integer
satisfying 1 < t < n, and suppose that Y is a t-Steiner system in X. Let (A;) and (A}) be the
inner distribution and dual distribution of Y, respectively. Then we have

t—1 i ] n t—1
Avi= L0 ) ) (T -1
j=i Hp Ul \i<
foralli=0,1,...,n—1land A} = A, =---= A =0.

To prove Proposition 4.1 we use the following counterpart of Lemma 3.2 for the Q-

numbers of the association scheme of polar spaces, for which we give a proof in the
Appendix.

Lemma 4.2. Let X be the set of generators in a polar space of rank n and let Qi (i) be the
corresponding Q-numbers given by (5) and (1). Then we have

" k(n i (kte) 0 (i n—i
Y. ph- [_]HHP Qi) = jx1[" ]
k=0 n=Jlp=a ] 1y
foralli,j=0,1,...,n

We now prove Proposition 4.1.

Proof of Proposz’tz’on 4.1. From (8) and Lemma 4.2 we find that, for all j > 0,

n— ] n g
ZA’ ”J{ ] ]‘[1+pf krey ]X\ZA,-[”.Z] : (32)
i=0 ] 1y
Since Yisan (n — t 4+ 1)-code, we have Ag = 1and A; = - -- = A,_; = 0 and therefore

obtain, by setting j = t in (32),

t —
L ] T [T+t = xi[7]
k=0 /=1 t p

From A}, = |Y| we find that

n—

oo e EETRE [’;]p(rxw—w|:1:[1t<1+p“8>).

From the expression (4) for |X| and the expression (27) for |Y|, we see that the right-
hand side is zero. Since A; > 0 by (9), we conclude A} = A}, = --- = A} = 0.
Moreover (32) simplifies to

[, Hoerem=wa (]« £ 4[7])

forj=0,1,...,t — 1. Using (4) and the expression (27) for |Y| again, we obtain

o], -, (poer )
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By the inversion formula

> -1 [] L, = -

j=i
for nonnegative integers i, k (which can be deduced from the g-binomial theorem, for
example), we obtain the desired expression for A,,_;. U

We now prove (C7)—(C9). Henceforth we denote by (A;) and (A}) the inner and
dual distribution, respectively, of a putative ¢-Steiner system Y.

Proof of (C7). We now assume thatt =2and X = B, or C,, forodd n > 3 or X = 2Dn+1
for even n > 3. We will show that A/, ; < 0 in the first case and A;, < 0 in the second
case. By (8) and (1) we have

Al _
Ay Pa®, | B®
Kk Un—1 Un

An:

By Proposition 4.1 we have

Apq =g 1te [ﬂ and A, = ("7 +1)(g" T+ 1) — [ﬂ gt — 1.
q q

From (5) and (6) we find for B, and C, that

-1
M — [n] (q—”“ — q_2”+4 [n B 1} > and L(n -1 = q_2”+2,
q q

(O 1 1 Un
and for 2D, 1 that

Py1(n) = g 22 and
Un—1 Un

Pﬂ(”) _ 5]_2"-

Here we have crucially used the assumed parity of n. For B, and C,, we then obtain

A _, =1 1 g =1 ("D )
n—1 (=gt g2 (3-1)q"3 g2 '
For n > 3, we have
qn -1 1 B an—l o 2q2n—2 + qn—l o q + 1
(@—1)g g2 (g —1)g> 2
. gl gl gn-l g4
(—1)g*2
_ 91 (@D e+
(g -1)g"3 g2

and therefore A/, ; < 0if X = B, or C,, which completes the proof in the first case.
For anH, we obtain

A, "'-1 1 (-1 (1+q4")(1+q")

PR e n i i t 2 :

Hn (g—1)q" q (9—1)q q
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For n > 2, we have

1_‘1717_1 i:q2n+1_2q2n+qn_q+l

(q—1)q" g (7 —1)g
B gl g2 pgn — g4+ 1
(g —1)g>"
_ (@' =Dg  (+g")(1+4q")
- (gD g ’
and therefore A/, < 0 in the case 2D, 1. This completes the proof. U

Proof of (C8). We now assume X = 2D, for t = 3 and even n > 4. Asin (C7) we
compute

Al (g—1)2(g+1)

s =g+ DA - ") (A =" +q (1 +q77),

from which it is readily verified that A;_l < 0, as required. O

Proof of (C9). As in (C7) we compute the following. For X = 2Dg and t = 4, we have

!
?6 =297+ 1D*(F+1) (P +q+1) <0,
6

for >Dg and t = 5, we have

/
=72 @D g (g 1) <0,
7

and for 2A;; and t = 3, we have

AI
e = 1T @HDE a4t D g kg 4 <0
In all cases we obtain the required nonexistence of ¢-Steiner systems. O

APPENDIX: IDENTITIES FOR THE (Q-NUMBERS

We now prove Lemmas 3.2 and 4.2. We will frequently use the identity
5L, =BG
j q i q i q j—i q

Proof of Lemma 4.2. Let P;(k) be as in (5) and Qi (i) be the corresponding Q-number,
determined by (2). We will prove

without specific reference.

20 i ; | R =0 ol p TTa+ prte). (34)
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By multiplying (34) with Qi (¥), taking the sum over k, and using (2), we obtain the
identity in the lemma. It remains to prove (34). Foralli,j =0,1,...,n, we have

AF e R R
Kl L Jple=tl, il L,

) 4 ]

n n—i| [n] [n—=40] [n—k , TR

(_1)€|::| [ ’ :| |::| [ :| |: :| pé(6717671)+(2)+ze_
oe;) klpy Lg 1Ll k=21, li—¢],

Interchanging the order of summation by putting m = i — ¢ gives us

i=0

y [”]."prk) :i_fwio@
.

£ B (B ) [ e

i—oL J m=0 \ /=0 ]

To evaluate the inner sum, we use the g-Chu-Vandermonde identity

el e

zZ—1

where x,y, z are integers. Applying the inversion formula (33) to (36) reveals that
X

3™ (1)t mp [x —5+yL _ pxwm){ y L.

) zZ—X

Putx =k,y =n —k—mand z = j to obtain

k ,
=0 ty J p j—k 1y

Substitute into (35) to give

i [” - Z] i (n—m—j) I:n —k— Wl:| |:1/l - k:| p(';)+m(e+l)
i —k
i=0 p m=0 J p p

n—j

(Z [”—J} ) Fm(e1)—kan >pk(nf) [’?: I’j %
14 P

Applying the g-binomial theorem

koo k=1
Lo [f] # =TT+
i=0

i=0

to the sum on the right-hand side of (37) leads to the identity (34). U
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To prove Lemma 3.2, we require some identities involving the g-Pochhammer sym-
bol. For a real number a and nonnegative integers 1, k, we have

nl @Dk k()
[kL O (=17 (38)
(% 0%)k = (4;9)k(—a; ) (39)
(4;0) % = (a;4%)k(aq; 4 )& (40)
(@ @) nk = (@ 9)n(aq"; ) (41)
(@9)n—x = (agi;lq)”]i D <_u)7kq(§)7nk+k fora # 0. (42)

These identities can be found in [KLS10], for example.

Proof of Lemma 3.2. Let P/(k) and Q, (i) be as in (12) and (13), respectively. To simplify
notation, we set a = g~ 1c~1b~2". Recall that (x); = (x;b);. We will show that

n

)y [n i l] P (k) = b+ [n } ﬂ e (43)
ioL J b n—jly (@

Multiplying (43) with Q; (¢), taking the sum over k, and using (2) we obtain the identity
in the lemma. It remains to prove (43). First we rewrite the valencies v}, given in Table 2,
such that we have a similar form for P/ (k) in both association schemes. For 2 Apy_1, We
use (38) and (39) to obtain

p_ el i e (50) 7 —)i(= (=) " —q)i
o qu (=1)'a (=4 —9)i(q; —q)i
(Vi o\ (D) Fini [T (—(=q)7" —q)i
A H_q @ -

For %Dm, we use (38) and (40) to obtain

NEl m _ i (" 9%)ila " 5 g)i
2i], (9%4%)i(4; 9%)i

r_
v; =

For even m = 2n, we have

. —2n+41. 2.
o = (~1 i 2in+2(3) [”] (q q)i
(=14 ilp  (3:9%)i

and for odd m = 2n + 1, we obtain

1

o — (_1)iqzm+2i+2(;) [”} (q
qZ
Hence, in all cases, we can write

.. g . _1b_n)-
U; —(_ 1C1b(2)+m |:TZ:| b
=0 il ()i
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Now, from the expression (12) for P/(k), we obtain

Ln—i] . &[n—i Lilnl (e, b=, bk abk |

R ol R N T 3¢2(b‘?c*%‘” hb)
_|n n—jl ()nice (€107 (07) o (b7F) o (ab"),
“H L | iL(” O T e o) B)y

From (38) we have

n—jl (b7, 0 (O it [” - ]} [” —j- g]
) ———— = (=1)"Db . ,
[ l ]b (b)e (=1) eyl i—C |,
and therefore

- by = | e [n =i (67 e(abk),
120|: j L;Pl(k) []'ngé( Vb [ 14 L(b”)g(clbn)[ St (44)

where

—j—=0] (o),
S, — o b( )+1(n 0) |:1”l ’ J :| i
¢ 1;( q) i—4 ], ()i

By interchanging the order of summation and then applying (41), we obtain

nt o N —ji—0 (c ™),
S, N ()it i (EO O (=) {” j ] il
! i;o< 7 l b (@)ive
_ i Yt (8 + ) (1) [” —f—g] (Cilb*”)z(flbfnﬁ)i‘
= iy (9)(qb*);
Using (38), this sum becomes
4 flbfn> n—~_ ) ) (bf(nfjfé)) ‘(C*1b7n+€).
S, — (— eczb(g)—ez+nz(c 4 cp2n—i—tyi i i
0= W L T,
—13—n —(n—j—20) —1p—n+t )
(N (f)—z2+ne(c b™") b ,C . g2n—j—l
= c'b'2 b; gcb .
( q) (Q)ﬁ 2¢1 qbl q

The hypergeometric function >¢; can be evaluated by using the ~Chu-Vandermonde
by”);&*wk

identity
b=k x
21 < v | (W)

x
(see [KLS10, (1.11.4)], for example), which implies that

(c7'7)o(geb™)n—j—r
(@)e(qb)n—j—e

S, = (_q)zceb(g)—zz+ne
Substitute into (44) to obtain

B[ =[],z [, S @

b (>0
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From (41) we have

(@)
and from (42) we find that
. (qeb")n—; iy =07 (D= (n—j)l+
(qeb" ) p—j—g = (q—lc—lb—2”+1+f)€(_qu ) pa)—(n=j)l+et (47)

By substituting (46) and (47) into (45) and using (38), we have

i ["‘i] Plk) = || Yo (=1)fpl (it ["—j] (b~)e(ab")e(geb")n-;
b N A PO il & ¢ )y (07~ e o2 ),
1] )y g (N0 (b

le @a—j 55 (0)e(b)e(q~ e o214,

1] (qun)n_] bi(ni])lbik/ abk b'b
] bm 3%2 bn, qflcflb72n+1+j ’ :

The hypergeometric function 3¢, on the right hand side can be computed via the g-
Pfaff-Saalschiitz formula

biil 7
3¢ < *Y

Iy

B

~

- (@ilxyz);

(see [KLS10, (1.11.9)], for example). Note that gcb" = a~'b~". Therefore, we obtain
n o b—(n—k) . pn—ky .
L") o=17] TS Tt
i—oL 1 lp Jlp (Q)n—j(b )n—j

Applying (38) to [’;]b =[" ].]h and using (38) one more time leads to the identity (43).
U

z,xyz b~

b,.b) _ (2)ily ")
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