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1. Introduction

An involution in a group G is an element g € G such that g? = 1. Involutions play an important
role in finite group theory, for example, because the centralizers of involutions must be studied in
the classification of finite simple groups [3]. The enumeration of specific types of involutions in finite
classical groups is a well-studied problem in computational group theory [10,12]. Also, the enumera-
tion of involutions in finite groups is related to the real representations of the group, and is equivalent
to computing character degree sums of real characters in certain finite classical groups [16]. As we
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will see, counting the involutions in finite classical groups is equivalent to counting non-degenerate
subspaces of the underlying finite vector spaces, the enumeration of which is a well-studied prob-
lem, see [17] for instance. The enumeration of flags of such subspaces is used in [6] to construct
number-theoretic functions which are related to certain p-adic integrals.

In this paper, we study the enumeration of involutions in special orthogonal groups defined over a
finite field of odd characteristic. Let IF; denote a finite field with q elements, where q is the power of
an odd prime, and let SO(n, F;) denote a special orthogonal group defined over the field 4. There are
different types of symmetric forms which can give distinct isomorphism classes of special orthogonal
groups, but as we explain in Sections 2 and 3 below, the number of involutions in the group is
independent of the symmetric form. The main topic we concentrate on is the following result, which
relates the number of involutions in special orthogonal groups of different sizes.

Theorem 1.1. Let q be the power of an odd prime, and let I(n) denote the number of involutions in the special
orthogonal group SO(n, Fy) (of any type). Then for any m > 1, we have

12m+3) = (¢*"2 +1)I2m + 1) + ¢*" (¢*™ — 1)I1(2m — 2).

Theorem 1.1 was first proved by Kutler and the second-named author [9], although the original
proof is by algebraic manipulation of the formulas for I(n), which are given in Corollary 2.1 below. In
this paper, we give a purely combinatorial proof of Theorem 1.1, which gives much more insight as to
why the result “should” be true, based on the combinatorics of the involutions in special orthogonal
groups over finite fields. We refer to the relationship amongst the involutions in finite special orthog-
onal groups given in Theorem 1.1 as a semi-recursion, since the odd-indexed term I(2m + 3) depends
on the previous odd-indexed term I(2m + 1), but also on an even-indexed term.

There are several ways to relate Theorem 1.1 to other results. The original motivation for looking
for such a result in [9] is that the number of involutions in the symmetric group forms a recursion,
a result which has an elementary combinatorial proof and numerous applications [1]. Also, the num-
ber of involutions in a finite special orthogonal group is equal to the number of even-dimensional
non-degenerate subspaces of the underlying vector space with a symmetric form, and so Theorem 1.1
is also a semi-recursion for the number of even-dimensional non-degenerate subspaces. The total
number of subspaces of a linear vector space over a finite field is also recursive, which is a result
studied by Goldman and Rota [2]. The combinatorial proof of this recursion, due to Nijenhuis, Solow
and Wilf [13], gives motivation for our finding a combinatorial proof of Theorem 1.1.

This paper is organized as follows. In Section 2, we give the bijection between involutions in spe-
cial orthogonal groups and even-dimensional non-degenerate subspaces, and we find formulas for the
number of involutions in the finite special orthogonal groups. In the process, we notice that several
expressions are equal. In particular, we note that the number of even-dimensional non-degenerate
subspaces in an even-dimensional vector space over F; with a symmetric form is the same as the
number of ways to partition a vector space over Fgp of half the dimension into a subspace and a
complement. This fact is the key to our proof of Theorem 1.1, and so we give a combinatorial proof of
it in Section 3. Also in Section 3, we give an argument which explains why the number of involutions
in the finite special orthogonal groups is independent of the chosen symmetric form. In Section 4, we
apply these results to give a combinatorial proof of Theorem 1.1. Finally, in Section 5, we bound the
expressions for I(n) by polynomials in g, and in the process apply the semi-recursion in Theorem 1.1.
The main application for the obtained bounds is given in Theorem 5.1, which is a universal bound
for the sum of the degrees of the irreducible characters of finite classical groups defined over a finite
field with odd characteristic.

2. Involutions in finite special orthogonal groups

For any q # 1, and integers n > k > 0, define the g-binomial coefficient, denoted (Z)q, as

(n): @ -D@ ' =D--@-1
kg~ @-D@-D@* -D-@-1
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and define (g)q = 1. The g-binomial coefficient has properties which parallel those of the classical
binomial coefficient, such as the symmetric property (Z)q = (nfk)q, and the g-Pascal identity (’,:)q =

(";1)(] +qnk (Z:})q for k > 1. The g-Pascal identity and induction imply that (’,Z)q is a polynomial in q.

We also have limg_,1 (Z)q = (k). The combinatorial interpretation of the g-binomial coefficient which

will be most important for us is in terms of finite vector spaces. In particular, if g is the power of
a prime, and Fy is a finite field with g elements, then (Z)q is exactly the number of k-dimensional
subspaces of an n-dimensional vector space over Fy. For a more detailed discussion of the properties
of g-binomial coefficients, see one of [2,7,15].

Unless otherwise stated, we now assume that q is the power of an odd prime. We are interested in
enumerating the number of involutions in special orthogonal groups over the finite field IF;. Beginning
with the general linear group GL(n, Fy), if g is an involution, we notice that g is diagonalizable and
only has eigenvalues 1 and —1, and g is completely determined by the eigenspace E. for 1, and the
eigenspace E_ for —1. Furthermore, if V =T is the underlying vector space, then E; and E_ form
a direct sum decomposition of V = E, @ E_. In particular, we have that the involutions in GL(n, Fq)
are in one-to-one correspondence with direct sum decompositions of F} into two subspaces. To count
such decompositions, we note that E can have dimension 0 through n, and once E is chosen, E_
must be a complement. If E; has dimension k, then there are exactly (Z)q ways to choose it. The

number of ways to choose E_ as a complement is exactly gc®% by [14, Lemma 3]. We use this
result several times throughout, the proof of which is a direct counting argument, and so we state it
formally here.

Lemma 2.1. If V is an n-dimensional vector space over IFg, and W is a k-dimensional subspace of V, then the
number of subspaces U of V such that U @ W =V is gk("=k),

Thus, the total number of involutions in GL(n, Fg), which we denote by I(n, q), is exactly (see also
[11, Section 1.11])

n
- n
I(n,q):qu(“_k)( ) ) (21)
k
k=0 q

We now consider vector spaces equipped with a non-degenerate bilinear form. In general, if V is
a finite dimensional vector space over a field F of characteristic not equal to 2, and B:V x V — F is
a non-degenerate bilinear form on V which is either symmetric or skew-symmetric, we denote

Gg(V)={geGL(V)|B(gv,gw)=B(v,w) forallv,w e V}.

Recall that the bilinear form B being non-degenerate means that for all v € V, B(v, w) =0 for all
w € V implies v =0. A subspace W of V is non-degenerate if the form B when restricted to W x W
is also non-degenerate. Although we are specifically interested in the case that F =F; and B is
symmetric, we have the following more general result.

Lemma 2.2. Let V be a finite dimensional vector space over a field of characteristic not 2, and let B be a
non-degenerate bilinear form on V which is either symmetric or skew-symmetric. Define T to be the set of
involutions in Gg(V), and S the set of non-degenerate subspaces of V. For an element g € T, if E_(g) is the
—1-eigenspace of g, then the map g + E_(g) is a bijection from T to S.

Proof. Let ge T. Let E;(g) and E_(g) denote the +1- and —1-eigenspaces of g, respectively. If
veE, (g) and w € E_(g), then

B(v,w)=B(gv,gw)=B(v,—w)=—B(v,w),
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and thus B(v, w) = 0. This implies we have E, (g) € E_(g)"’. Also, since V = E, (g) ® E_(g), we in
fact have E(g) = E_(g)*. Now note that since we now have E_(g) N E_(g)~ = {0}, then E_(g) is a
non-degenerate subspace of V.

Suppose that there is an element g’ € T such that E_(g) = E_(g’). But then E_(g) = E_(g)' =
E_(g)t = E,(g"), which implies g = g’. Finally, given any non-degenerate subspace W € S, we have
V=W @WH, and we may define a unique linear map gy defined by gww = w for all w € W and
gww = —w’ for all w' € W, It follows that gw € Gg(V) and gﬁ, = I. We now have that the map
g E_(g) is a bijection from T to S. O

Now consider the case that V is an n-dimensional vector space over Fy, g odd, with a non-
degenerate symmetric bilinear form B. Then Gg(V) = Og(n,Fy) is an orthogonal group over the
finite field Fg, and the special orthogonal group is SOg(n,Fq) = {g € Op(n, Fy) | det(g) = 1}. Recall
[5, Chapter 9] that under the relation of similarity, there are exactly two equivalence classes of non-
degenerate symmetric forms on V. In the case that n is odd, the two classes of forms are represented

by the symmetric matrices diag(1,—-1,1,...,1,—1,—1) and diag(1, —-1,1,...,—1, —d), where d is a
non-square in g, and when n is even, the two classes are represented by diag(1, —1,...,1,—1), and
diag(1, —1,...,1, —d), where d is a non-square in Fq. We will call these two types of forms +-type

and —-type (also called split and non-split), and the corresponding orthogonal groups will be de-
noted as O*(n,Fy) and O~ (n, Fy), respectively, and the special orthogonal groups as SO*(n, F¢) and
SO~ (n,Fg). When n=2m + 1 is odd, then we in fact have O*(n,IE‘q) =0 (n,Fy) and SO*(n,IFq) =
SO~ (n, Fy), and we will often denote the common groups as 0(2m + 1,Fy) and SO2m + 1, Fy).

We now give an expression for the number of non-degenerate subspaces in an [Fg-vector space
with a non-degenerate symmetric form. Since the following is also stated in [6, Section 4], and the
enumeration of various types of subspaces is thoroughly studied in [17], we omit the proof.

Proposition 2.1. Let V be an n-dimensional vector space over IFg, with a non-degenerate symmetric form B,
and let j be an integer, 0 < j < n.

(i) If B is a +-type symmetric form, then the number of non-degenerate subspaces of V of dimension j is

|0* (n, Fg)| |0* (n, Fg)
|0F(j, F)l - [0F(n = j,F)l ~ [07(j,F)| - 10~ (n — j, Fo)|

(ii) If B is a —-type symmetric form, then the number of non-degenerate subspaces of V of dimension j is

|0~ (n, Fg)| |0~ (n, Fg)|
07, Fg)l - 10~ (n = j, Fg)l 107 (j, Fo)| - [0T(n — j, Fg)|’

Now let A(m,k) denote the number of 2k-dimensional non-degenerate subspaces of a (2m + 1)-
dimensional Fg-vector space V with a non-degenerate symmetric form, and let B*(m, k) denote
the number of 2k-dimensional non-degenerate subspaces of a 2m-dimensional [Fg-vector space V
with a non-degenerate symmetric form of +-type, respectively. Despite the similarity in notation for
the quantity B*(m, k) and the bilinear form B, we trust that context will keep these from being
confused. Using the results above, we may now count the number of involutions in the finite spe-
cial orthogonal groups. Although the following is also computed in a slightly different way in [16],
we give one computation below to highlight the origin of the g*-binomial coefficient which ap-
pears.

Corollary 2.1. Let I(2m + 1) denote the number of involutions in the special orthogonal group SO2m+1, Fy),
It (2m) the number of involutions in the group SO (2m, Fg), and I~ (2m) the number of involutions in the
group SO~ (2m, IFy). Then:
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(i) 12m +1) =3"gLo A(m, k), where A(m, k) = g™ 170 () .
(ii) I72m) =3} BT (m, k) and I~ (2m) =3}, B~ (m, k), where B* (m, k) = B~ (m, k) = ¢~k (1)g2-
In particular, I (2m) = I~ (2m).

Proof. By Lemma 2.2, the number of involutions in a finite orthogonal group is equal to the number
of non-degenerate subspaces of the underlying space. For an involution to be in the special orthogonal
group, the element must have determinant 1, and so the —1-eigenspace must have even dimension.
To compute the number of even-dimensional non-degenerate subspaces, we apply Proposition 2.1,
and use the values for the orders of the finite orthogonal groups [5, Theorem 9.11]. We give one such
computation, and the rest are very similar.

To compute B*(m, k), for example, we use |0%(2k, Fq)| = 2¢**~D(g* + 1) [TZ] (¢* — 1). From
Proposition 2.1, we have

" B |0t (2m, Fy)| |0t (@2m, Fy)|
B (m. b = |0+ (2k, Fg)| - [0+ (2(m — k), Fy)| + [0~ 2k, Fg)| - |0~ (2(m — k), Fg)|

- 2" D" - DI @ - 1)
(244D (g = DTS (g7 = D) (g1 gm- k—l)n’” BRRCEEEY)
2™V g" — D[]S ¢
(zqk(k 1)(qk_|_1)l_[£< 11((]2' 1))(2q(m k)(m—k— 1)(qm k_|_1)l—[m k— 1q2i_1))
I et V) U R ) ( 2(q" +1) )
21_[1-:11((12" 1)1—[m k 1(q21_ 1 (q2k_1)(q2(m—k)_])

2k(m—k) [T, @ —1) _ gkm—lo (m)
1@ =D @ -1 k

=q

from the formula for the g2-binomial coefficient. O

We note that it seems to be a coincidence that I™(2m) = I~ (2m) (the common quantity will
be denoted I(2m)), and that BT (m,k) = B~(m, k), which comes from the calculations in Corol-
lary 2.1. In particular, we have that the number of 2k-dimensional non-degenerate subspaces of a
2m-dimensional vector space over Fg with a symmetric form B is the same whether B is +- or
—-type.

A seeming coincidence which is more striking is that the number of involutions I(m, g%) in the
finite general linear group GL(m, F,2), given in (2.1), is equal to the number of involutions I(2m) in
the groups SO*(2m, Fq), which comes from the q*-binomial coefficient popping up at the end of the
calculation in Corollary 2.1. In particular, the number of ways to choose a k-dimensional subspace
of an m-dimensional vector space over F,, together with an (m — k)-dimensional complementary
subspace, is equal to the number of ways to choose a 2k-dimensional non-degenerate subspace of a
2m-dimensional vector space over gy with a non-degenerate symmetric form, the common quantity
being g2km—k (r,?)qz. In the next section, we give explanations as to why these equalities are not
merely coincidental.

Just as the quantities B*(m, k) have an interpretation in terms of Fg2-linear spaces, so does the
quantity A(m, k). If U is an (m + 1)-dimensional vector space over qu with U’ a fixed m-dimensional

subspace, the number of k-dimensional subspaces of U’ is (T)qz, and the number of (m + 1 — k)-

dimensional complements of this subspace in U is g2k+1-K by Lemma 2.1. That is, the number
of ways to choose a k-dimensional subspace of U’, together with a complementary subspace in U,
is exactly A(m,k). We will prove this correspondence in a different way when we use it in our
combinatorial proof of Theorem 1.1.
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3. Correspondences between sets of involutions

As in the previous section, we let B (m, k) and B~ (m, k) denote the number of 2k-dimensional
non-degenerate subspaces of a 2n-dimensional vector space over [F; with a non-degenerate symmet-
ric form which is of +-type and —-type, respectively. These are also the number of involutions in
SOt (2m,Fq) and SO~ (2m, Fy), respectively, with a 2k-dimensional —1-eigenspace. We let B(m, k) de-
note the number of k-dimensional subspaces, together with an (m — k)-dimensional complementary
subspace, of an m-dimensional vector space over Fg. This is the number of involutions in GL(m, Fg2)
with a k-dimensional —1-eigenspace. As discussed in Corollary 2.1 and the paragraphs which fol-
lowed, we have B*(m,k) = B~ (m, k) = B(m, k), which came from directly computing each quantity.
The goal in this section is to prove these equalities in another way, without directly counting them,
so as to explain them from a more bijective point of view. So, in this section, we ignore the fact that
we have formulas for each of these quantities, and give combinatorial proofs of our results. Although
our proofs that B*(m, k) = B—(m, k) = B(m, k) in Theorems 3.1 and 3.2 are not completely bijective,
they do give a more combinatorially satisfying explanation of these equalities than the incidental
observation that their formulas are the same.

3.1 Bt(m,k) =B~ (m,k)

First, we deal with the equality BT (m, k) = B~ (m, k). We begin with a technical lemma. For any
Fq-vector space V with a symmetric form B, and any a € Fq, define Sq(V)={v eV | B(v,v) =a}.

Lemma 3.1. Let V be a 2m-dimensional Fg-vector space with symmetric form B. For any a € Fq and any non-
square d € Fy, there exists a linear automorphism of V which restricts to a bijection from Sp(V) to Sy (V).

Proof. Let v{,Va,...,V2n be a basis of V such that the representation of B relative to this basis
is diag(ay,as, ...,axn) (see [5, Theorem 4.2]). Define B’ to be another symmetric form on V such
that the representation of B’ relative to v1, va,..., Vo is diag(day, das, ..., dazn), where d is a fixed
non-square in Fg. Note that B and B’ are equivalent forms on V since

det(diag(day, day, ..., daxm)) _g2m
det(diag(ar, az. ..., am))

which is a perfect square (see [5, Corollary 4.10]). It follows that there exists a linear isomorphism
§:V — V with B'(v, w) = B(8(v), §(w)) (so § is an isometry with respect to B’ and B). If v € Sp(V),
so B(v,v) =b, then B'(v,v) =db. It follows that B(§(v),8(v)) = B'(v,v) =db, so 8§(v) € Sgpp(V).
Hence the image of § restricted to S, (V) is contained in Sy, (V). Similarly, the image of §~! restricted
to Sgp(V) is contained in Sp(V), since B(v,v) = B'(§~1(v),8 1 (v)) =db, or B(s~1(v),8 1 (v)) =b.
Both 8 and §~! are injective maps, and so § restricted to Sp(V) gives the desired bijection. O

Our proof that BT (m, k) = B=(m, k), in the end, will be an induction argument, and the main work
occurs with k=1 below.

Lemma 3.2. For any m > 1, BT (m, 1) = B~ (m, 1), given by a bijection constructed below.

Proof. Let V and W be 2m-dimensional Fq-vector spaces, with non-degenerate symmetric forms B

and B/, respectively. Let v{, vy, ..., Vo and wq, wo, ..., Wo, be bases of V and W respectively, so
that the representation of B with respect to vq,vy,..., von is diag(1,—-1,1,—1,...,1, —d) and the
representation of B’ with respect to wq, wa, ..., Wan is diag(1, —1,...,1, —1), where d is non-square

in Fy. Then B and B’ are —-type and +-type symmetric forms, respectively. We wish to construct
a bijection from the set of all 2-dimensional non-degenerate subspaces of V to the set of all 2-
dimensional non-degenerate subspaces of W.
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Let V/ = span(vy, vy, ..., Vam—1) and W’ = span(wq, wa, ..., Wap—1). The map ¢ : V' — W’ de-
fined by ¢ (v;) = w; is an isometry with respect to B and B’ restricted to V' and W', respectively. We
may expand ¢ to a linear isomorphism ¢ : V — W by defining ¢(von) = won. We define y piece-
wise in three cases. If X is a 2-dimensional non-degenerate subspace of V’, we define v (X) to be
the subspace ¢(X) of W', which must also be non-degenerate since ¢ is an isometry. Now assume
that X is a 2-dimensional non-degenerate subspace of V which is not contained in V’. It follows that
dim(XNV’)=1, and let XNV’ = span(x;). There are now two cases to consider: either B(x1,x1) # 0
or B(x1,x1)=0.

If B(x1,x1) =0, then we define ¥ (X) := @(X). Since X is non-degenerate, there exists an x’ € X
such that B(x1,x) # 0. We know then that X' and x; are linearly independent, and we may as-
sume x' = X" + vyy for some x” € V’, by replacing x' by a scalar multiple. This implies that
B(x1,X") = B(x1,x') #0. Now, @(x") = @(X") + wap, and B'(¢(x1), (x") + wam) = B (¢(x1), p(X")) =
B(x1,X") # 0. The restriction of B’ to ¢(X) can be represented by the matrix

0 B(x1,x")
B(X1 , x//) B(X”, x//)

relative to the basis ¢(x1), @(x'). Since this matrix has nonzero determinant, ¥ (X) = @(X) is non-
degenerate. Note that thus far, ¢ is injective since ¢ is.

If B(x1,%1) # 0, then consider span(x1)L N X, which is a 1-dimensional non-degenerate subspace
of X, so let x be a nonzero element in span(x;)’ N X. By replacing x by a scalar multiple, we
may assume X = Xy + Vv, for some x; € V’, and x; is uniquely determined in this way. Then X =
span(xi, X2 + vam) and B(x1, Xy + vam) = 0, which implies B(x1, x2) =0, or x2 € span(x;)®~ N V’. Note
also that B(xy, x2) #d since B(Vom, Vam) = —d and B (X 4 Vam, X2 +Vom) # 0. Since span(g(x))-NW’
is (2m — 2)-dimensional and d € Fy is a non-square, by Lemma 3.1 there exists a linear auto-
morphism 8y, of span(g(x1))= N W’ which restricts to a bijection from Si(span(¢(x1))t N W’) to
Sy(span(@(x1))- N W’). We now define v (X) as follows:

VX) = {span(w(xo,go(XzHWzm) if B(x2,x2) # 1,

T span(@(x1), 8x, (9 (x2)) + Wam) if B(x2,%2) =1.
In the first case, B'(¢(x2) + Wam, ©(X2) + Wam) # 0, since B’ (¢(x2), w2) =0, B'(Wam, Wam) = —1, and
B'(¢(x2), 9(x2)) = B(x2,X2) # 1. Since B'(¢(x1), ¢(x2) + Wam) = 0, we have ¢ (X) is non-degenerate.
In the second case, B'(8x, (¢(x2)) + Wam, 8x, (¢(x2)) + W) =d — 1 # 0 since d is a non-square, and so
we have ¢ (X) is always non-degenerate. The injectivity of i for this case follows from the linearity of
@ and éy,, and the fact that B(xy, x2) # d. Note that in the case B(xy, x2) # 1 above, we have defined
¥ (X) =@(X).

We have seen v is an injective map from 2-dimensional non-degenerate subspaces of V to
2-dimensional non-degenerate subspaces of W. To see that v is surjective, we notice that any 2-
dimensional non-degenerate subspace Y of W is either contained in W’, or Y N W’ = span(y,) for
some y1. Any Y C W' is in the image of  since ¢ is an isometry, and if B'(y1, y1) =0, then @~ (Y)
is a non-degenerate subspace of V follows from a similar argument that ¢(X) is non-degenerate
above. Finally, if B’(y1,y1) # 0, then Y = span(y1, y2 + wam) for a uniquely determined y; € W’
such that B’(y2,y2) # 1. Then y; = ¢(x3) or y; = Bw_l(yl)(w(xz)), for some x; € V as above, and
is surjective, and thus a bijection as required. O

We are now able to prove the equality of interest.
Theorem 3.1. Foranym >k > 0, BY (m, k) = B~ (m, k).

Proof. When k = 0, the only non-degenerate subspace is the trivial subspace, and so B*(m,0) =
B~ (m,0) for all m > 0. In Lemma 3.2, we proved the statement for all m > 1 when k =1, and so
we will use B(m, 1) to denote either B*(m, 1) or B=(m, 1). Now fix any k > 1, and we will prove by
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induction on m that B*(m, k) = B=(m, k) for any m > k. For the base case of m =k, the only non-
degenerate subspace of dimension 2m is the space itself, and so B+ (k, k) = B~ (k, k). Now we assume
that B*(m, k) = B~ (m, k) for some m >k, and we will use B(m, k) for either quantity when we do
not have to distinguish between the two types.

Let V be a (2m + 2)-dimensional [Fg-vector space with a non-degenerate symmetric form of
+-type. Now, choosing a 2m-dimensional non-degenerate subspace of V is equivalent to choosing
its 2-dimensional non-degenerate orthogonal complement, and thus B¥(m+1,m)=BT(m+1,1) =
B(m + 1,1), and so there are B(m + 1,1) non-degenerate subspaces of V of dimension 2m. For
each 2m-dimensional subspace V’ of V, there are B(m,k) non-degenerate subspaces of V' of di-
mension 2k, since by the inductive hypothesis, the number of these subspaces does not depend
on the type of non-degenerate subspace V’. Now we will show that each 2k-dimensional non-
degenerate subspace of V is contained in exactly B(m — k + 1,1) non-degenerate subspaces of
dimension 2m. Given a 2k-dimensional non-degenerate subspace W c V, W+ is 2(m — k + 1)-
dimensional, so there are B(m — k + 1, 1) non-degenerate subspaces of W+ of dimension 2(m — k).
For each such non-degenerate subspace U of W+, W @& U is a non-degenerate subspace of dimen-
sion 2m which contains W, and any such subspace containing W must be of this form. Therefore,
BY(m+1,k)=B@m+1,1)B(m,k)/B(m —k +1,1). By a completely parallel argument we also obtain
B=(m+1,k)=B(m+1,1)B(m,k)/B(m —k+1,1). Thus BT (m+1,k) = B~ (m+ 1, k), which completes
the induction. O

From now on, we will let B(m,k) denote both B*¥(m,k) and B~(m,k), and we let I(m) =
> i B(m, k) denote the total number of involutions in either of the groups SOt (@2m, Fg).

3.2. B(m, k) = B(m, k)

We now turn to our combinatorial proof of the equality B(m, k) = B(m,k), where B(m, k) is
the number of pairs (Uq,Uy) of subspaces of an m-dimensional Fg2-vector space W, such that
dim(Uq) =k and U; ® U, = W, so dim(Uy) =m — k, and U, is a complementary subspace to Uj.
Our argument has similar structure to the one in Section 3.1, in that the proof that B(m, k) = B(m, k)
in the end will be by induction, and the main work is in proving that B(m, 1) = B(m, 1).

Before a technical lemma, we establish some notation. In the vector space Fém“, let A, denote

the subspace of all vectors with first coordinate 0, and let A} = Fflm“ \ Xn denote the set of all
vectors with nonzero first coordinate. If V is any Fg-vector space with non-degenerate symmetric
form B, then let So(V)={v e V | B(v,v) =0} as in Lemma 3.1, and let Sp(V)* =V \ Sp(V).

Lemma 3.3. Let V be a (2m + 1)-dimensional [Fg-vector space with non-degenerate symmetric form B. Then
there exists a bijection ¢ : V — Fém“, constructed below, such that ¢ (So(V)) = &y and ¢ (So(V)*) = X

Proof. Let x1,Xx),...,Xom+1 be a basis of V such that the symmetric form B may be represented
by the matrix diag(cq,c3,...,Com+1). For any v eV, if v = ,.2;"1“ aixj, then define a linear map

y:V—>Fmby y(v)=(a1,az,...,0am).

Now consider another symmetric form on V which can be represented with respect to the basis
X1,X2, ..., Xam41 by diag(dcy, dcy, ..., dcymqr), for some fixed non-square d € IFy. Note that B'(v, w) =
dB(v,w) for any v, w € V. If we restrict B and B’ to V' =span(xy,...,Xan), then as in Lemma 3.1,
Bly: and B’|ys are equivalent forms. Thus, there exists a linear automorphism L of V' such that
B'(v,w) = B(L(v), L(w)) for all v,we V',

Fix a set J C Fy such that a € J if and only if —a ¢ J. We define the desired ¢ : V — FZ"™*! as

follows. If v e V with v = le;"l“ a;x;, then define

(B(v,v),a1,0az,...,0m) if aamy1 € J U {0},

o)== { (dB(v, V), o L(V — Gami1Xoms1)) if Gamsr & J U {0).
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It follows immediately that ¢ (So(V)) € X and ¢(So(V)*) € X Since |V | = [FZ"+!|, to check that
¢ is a bijection, it is enough to check that it is injective.

Suppose that v,w € V and ¢(v) = ¢(w), and let v =Y"2""q;x; and w = 32" b;x;. If either
am+1, bam+1 € JU{0} or axmy1, bam+1 ¢ JU{0}, then by considering the last 2m coordinates of ¢ (v) =
¢(w), we obtain a; = b; for i <2m + 1. By equating the first coordinate of ¢(v) = ¢(w), we find
a%mﬂ = b2m+1, and it follows that aym+1 = bymy1 by the definition of the set J. Thus v = w. We
now prove by contradiction that we cannot have ayn41 € J U {0} while b1 §£ J U {0}, so assume
otherwise, still under the assumption that ¢(v) = ¢(w). If L(Z 1bixi) = Z, ™ Bixi, then by the
definition of ¢ we obtain a; = 8; for i <2m+1, and so L(w') = v/, Where w' =w — bymi1Xame1 and
vV =V — aym+1X2m+1. Now we have

2m
B(v',v') =B(L(w'), L(w)) = B’ (w’, w'), which implies Za ci= Zdb ¢i. (31
i=1 i=1

Considering the first coordinate of ¢ (v) = ¢(w), we obtain sz+l azc = dem“ bzc,, which com-
bined with (3.1), gives a%mH = db%m ;- This is a contradiction, as meH # 0 since byp4+1 ¢ J U {0},
and the left side of this equation is a square, while the right side is a non-square. We now have ¢ is
injective, and thus ¢ is bijective.

Finally, since ¢ is bijective, and ¢(So(V)) € Ay and ¢(So(V)*) € X%, it follows that ¢ (So(V)) =
Xn and ¢(So(V)*) =X, O

We now fix V to be a 2m-dimensional [Fg-vector space with non-degenerate symmetric form B,
and fix W to be an m-dimensional FFg-vector space. The following is the main tool which is used to

show B(m, 1) = B(m, 1).

Lemma 34. Let o € F 2 such that F Fqla]. Define Z and J to be the following sets:

=

7:= {(x, y) | x,y €V, span(x, y) is non-degenerate and 2-dimensional},

J={(w.(@+ba)yw,U) |weW, w#0, a,beFg, b#0, UKW, U@ span(w) =W},
where U < W means that U is a subspace of W. Then there exists a bijection 0 : Z — 7, constructed below.

Proof. Before defining ¢, we fix the following. Since W is an Fp-vector space of dimension m,
then viewed as an Fg-vector space it has dimension 2m, and is thus isomorphic to V as an [Fg-
vector space. Fix an [Fg-linear isomorphism f:V — W. Next, for any x € V, we have span(x)* is
(2m — 1)-dimensional. If B(x,x) # 0, then span(x)* is non-degenerate. In this case, by Lemma 3.3,
using the notation there, there is a bijection, which we fix, ¢y : span(x)* — ]Fé""‘1 satisfying
ox(So(span(x)1)*) = A _,. For each x € V with B(x,x) =0, fix a basis wu(x)o, u(®)1, ..., w(X)2m-1
of V such that span(x)* = span(u(X)1, ..., 4(x)2m—1). Finally, for each w € W, w £ 0, fix a basis
w,v(W)1,v(W)32, ..., v(W)p_1 of W.

Given (x,y) € Z, we now define 6((x,y)) as follows, depending on whether B(x,x) = 0 or
B(x,x) #0.

If B(x, x) =0, then since span(x, y) is non-degenerate, we have B(x, y) # 0, that is, y ¢ span(x)=.
Now write y = lemo’ Yyin(x);, for y; € Fq. Then yg # 0 since y ¢ span(x)L. Now define 6((x, y)) =
(fx), (y1+ yoor) f(x), U), where

U= EBspan V(f®); + ai + yair10) f ().
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Note that U is indeed an (m — 1)-dimensional Fge -subspace of W, and f(x) ¢ U, due to the linear
independence of f(x), v(f(x)1,..., v(f(*¥)m-1, and so (f(x), (y1+ yo) f(x),U) € J.

If B(x,x) % 0, then V = span(x) @ span(x)®, and so we may write y uniquely as y =ax + z
for aeFy and z span(x)*, so B(x,z) = 0. Then since span(x, y) = span(x, z) is non-degenerate,
we must have B(z,z) # 0, and so z € span(x)*, and in particular, z € Sp(span(x)1)*. Let ¢x(z) =
(Z1,....Zm1) € XE | C Fﬁm_1, where z; # 0 by definition of X7 ,. Now define 6((x,y)) =
(f®), (a+z10) f (%), U), where

m—1
U =P span(v(fX)); + (z2i + z2it1) f ().
i=1

Then (f(x), (a + z1a) f(x), U) € J for the same reason as in the previous case.

We now establish 6 is a bijection by giving its inverse. Let (w, (a + ba)w,U) € J. Since W =
span(w) @ U, then for each i =1,...,m — 1, there are unique a;,b; € Fg such that v(w); + (a; +
bija)w € U. Since the v(w); are linearly independent, it follows that

m—1

U= @ span(v(w); + (a; + bja)w).
i=1

If B(f~(w), f~1(w)) =0, then define y, =bu(f~ ' (W))o +ap(f 1 (w)1 + X1 aipe(f 1 (w))ai +
bipt (f "V (W))2is1. If B(f~1(w), f~1(w)) # 0, then let

Zw :¢>;,11(W)((b,a1,b1,a2, b, ..., am-1,bn-1)),

and define y,, =af ~1(w) + zy. In either case, letting x,, = f~1(w), we may check that span(x,, yw)
is non-degenerate by considering the determinant of the matrix

(B(Xw,xw) B(Xw»}’w))
B(xw,yw) B(Yw.¥yw) /'

In the first case, B(xw,Xw) =0, we have y,, ¢ span(x)’, since b # 0, and the span of the vectors
W&, - w(Xw)2m—1 is span(x)L. Thus B(Xw, yw) # 0, and the determinant of the above matrix is
not zero. In the case that B(xy,xy) # 0, we compute that the determinant of the above matrix is
B(Xw, Xw)B(zw, zZw) — B(Xw, Zw)?. Also, B(zw, zw) # 0 and B(xy, zw) = 0 since z,, is in the image of
¢;M}. Thus, the determinant is nonzero in both cases, and span(xy, yw) is non-degenerate. Finally, it
follows that 8~ 1((w, (a + ba)w, U)) = (Xw, yw), and thus 6 is a bijection. O

Lemma 3.5. For any m > 1, B(m, 1) = B(m, 1).

Proof. Let Z and 7 be the sets defined in Lemma 3.4. We define equivalence relations on Z and J
as follows. Define (x,y) and (¥, y) in Z to be equivalent when span(x, y) = span(x’, y'), and define
(w, (@ + ba)w,U) and (W, (@' + b’'a)w’,U’) in J to be equivalent when span(w) = span(w’) and
U = U’. Then, each equivalence class in Z corresponds to a 2-dimensional non-degenerate subspace
of V, while each equivalence class in J corresponds to a pair (U, U1) such that U is an (m — 1)-
dimensional subspace of W, U7 is a 1-dimensional subspace of W, and U & Uy = W. In particular,
the number of equivalence classes in Z is B(m, 1), and the number of equivalence classes in J is
B(m, 1). The number of elements in each equivalence class in Z is the number of bases of a 2-
dimensional vector space over [Fg. Similarly, the number of elements in an equivalence class in J is
the number of ways to pick a nonzero Fg,-multiple of a fixed w, which is equivalent to choosing a
nonzero vector in a 2-dimensional Fg-vector space, along with a pair a, b € Fq, with b # 0, which is
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the same in number as choosing a second vector in a 2-dimensional Fg-vector space which is not a
scalar multiple of the first. That is, an equivalence class in J has the same size as an equivalence
class in Z. Since also |Z| = |J| from Lemma 3.4, then the number of equivalence classes in each set
is the same, and thus B(m, 1) = B(m,1). O

Finally, we have the following result.
Theorem 3.2. For any m > k > 0, B(m, k) = B(mn, k).

Proof. For k =0, then only non-degenerate subspace of an [Fg-vector space with a symmetric form
is the trivial subspace, and the only way to choose a 0-dimensional subspace of an IF 42 -vector space

with a complement is the trivial subspace and the subspace itself. Thus B(m, 0) = B(m, 0). Lemma 3.5
gives the statement for k = 1. We now fix k > 1, and we show by induction on m that B(m, k) =
B(m, k). For the base case, m =k, we have B(k,k) = B(k,k) by essentially the same argument that
B(m, 0) = B(m, 0). Now assume B(m, k) = B(m, k) for some m > k.

Let W be an (m + 1)-dimensional vector space over Fg.. For any vector space V over F, and any
j<n,let Cj(V) denote the set of pairs (3, )") such that } is a j-dimensional subspace of V, and )’
is a subspace of V which is a complement to ), so that J & )’ = V. The number of ways to choose
a 1-dimensional subspace X of W, with an m-dimensional complement X' C W, is B(m +1,1) =
|C1(W)|. Given such a pair (X, X") € C1(W), we say a pair of subspaces (Z, Z") € C,(W) is generated
by (X,X") if (Z,Z')=(Y,Y @& X) for some (Y,Y’) € Cx(X’). Then, each element (Y,Y’) € Cx(X")
determines a unique element in Ci(W) which is generated by (X, X’). It follows that each (X, X') €
C1(W) generates exactly |Cx(X")| = B(m, k) elements in Cp(W).

Now, given some element (Z,Z") € C(W), (Z,Z") is generated by some fixed (X, X') € C1(W)
if and only if there exists a subspace U such that Z/ =X @ U and Z ® U = X'. Thus, for a fixed
(Z,2"), any (X, U) € C1(Z') determines a unique (X, X") € C1(W) which generates (Z, Z’), and each
(X, X’) is determined by at least one such (X, U). It follows that each (Z, Z’) is generated by exactly
|C1(Z")| = B(m —k +1,1) elements in C;(W). Therefore, we have that

B(m+1,k)=B(@m+1,1)B(m,k)/B(m —k+1,1). (3.2)

Finally, we have from the proof of Theorem 3.1 that B(m+1,k) = B(m+1,1)B(m,k)/B(m —k+1, 1),
and since Bn+1,1) =B(m +1,1) and Bm —k +1,1) = Bm — k + 1,1) from Lemma 3.5, and
B(m, k) = B(m, k) from the induction hypothesis, it follows from (3.2) that B(m + 1,k) = B(m + 1, k),
as desired. O

4. Proof of the semi-recursion

In this section, we give a combinatorial proof of Theorem 1.1. As in the previous sections, we
let A(m,k) and B(m, k) denote the number of 2k-dimensional non-degenerate subspaces of a (2m +
1)-dimensional and 2m-dimensional, respectively, F;-vector space with a non-degenerate symmetric
form. We continue to prove all statements combinatorially and without using the formulas for these
quantities, and we begin by giving a relationship between A(m, k) and B(m, k).

Lemma 4.1. For any m > k > 0, we have A(m,k) = q**B(m, k). In particular, we have A(m,m) =
quB(m’ m) — q2m

Proof. For the case k = m, we have A(m,m) is the number of ways to choose a 2m-dimensional
non-degenerate subspace, which is equivalent to choosing its 1-dimensional orthogonal complement.
Now, the number of generating vectors of all 1-dimensional non-degenerate subspaces is equal to
the number of vectors x such that B(x, x) # 0, where B(-,-) is our non-degenerate symmetric form.
By Lemma 3.3, this is equal to the number of elements in IFCZI’”“ with nonzero first coordinate, of
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which there are g?™*! — g™ = ¢?™(q — 1). Since each 1-dimensional Fg-vector space has exactly g — 1

generating vectors, we have A(m,m) = qz’".

Now consider the general case, with k > 1. If V is a (2m + 1)-dimensional Fg-vector space with a
non-degenerate symmetric form, then as we just obtained, there are A(m,m) = g™ non-degenerate
subspaces of V with dimension 2m. For each 2m-dimensional non-degenerate subspace V', there are
B(m, k) non-degenerate subspaces of V' with dimension 2k. Now, given any 2k-dimensional non-
degenerate subspace W of V, we have W+ is a non-degenerate (2(m — k) + 1)-dimensional subspace
of V. There are exactly A(m — k, m — k) = q2™~® non-degenerate subspaces of W-. which are 2(m —
k)-dimensional. Given any such subspace U, W & U is a 2m-dimensional non-degenerate subspace
of V which contains W. Also, any 2m-dimensional non-degenerate subspace Y of V which contains
W may be written as Y = W @ (WL NY). So, the total number of 2k-dimensional non-degenerate
subspaces of V is exactly g2"B(m, k)/q2™K =q2*B(m, k). O

We now reduce the proof of the identity in Theorem 1.1 to another identity.

Lemma 4.2. Theorem 1.1 follows from the identity that foranym >1,m >k > 1,
Am+1,k) = A(m, k) +¢*"(¢*™ — 1)B(m — 1,k — 1) + ¢*" > A(m,m —k + 1).

Proof. Suppose that the identity is true. From Corollary 2.1, we have I2m + 1) = ZfZOA(m, k) and
12m) = Y"j'; B(m, k). Now, for any m > 1,

m+1
1@m+3)= ) A(m+1.k)=Am+1,00+A@m+1.m+1)
k=0

m
+ Y (Am. k) +¢°™(¢*" = 1)B(m — 1,k — 1) + ¢*" 2 A(m. m —k +1)).
k=1

Since A(m+1,0)=1= A(m,0), and by Lemma 41 A(m+1,m+1) =q*"2Bm+1,m+1) =¢*>"t2 =
q*™*t2A(m + 1, 0), we have

m m—1 m+1
1em+3) =Y A(m.k)+¢*"(¢*" —1) > Bm—1,k) +¢*"** Y " Am,m—k+1)
k=0 k=0 k=1

m m—1
= (@™ +1))_Am. k) +¢™(¢*" —1) > B(m—1,k)
k=0 k=0

= (™ +1)I2m + 1) +¢*™(¢*™ — 1)1(2m — 2),
which is exactly the identity in Theorem 1.1. O

The key to our proof of Theorem 1.1 is to interpret the quantities A(m, k) and B(m,k) in terms
of linear subspaces of F,.-vector spaces. We have done this for B(m, k) in Theorem 3.2, in which
we showed B(m, k) is also the number of ordered pairs (W, W’) of subspaces of an m-dimensional
IFj2-vector space V, where dimW =k and W & W’ = V. We mentioned a similar interpretation of
A(m, k) at the end of Section 2, for which we now give a proof from our current point of view.

Lemma4.3. Let V be an (m + 1)-dimensional IF > -vector space, and let V'’ be a fixed m-dimensional subspace
of V. The number of ordered pairs (U, U’) of subspaces of V such that U is a k-dimensional subspace of V'
andU @ U’ =V is A(m, k).
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Proof. By Lemma 4.1, it is enough to show that the number of such ordered pairs is q2¥B(m, k), and
by Theorem 3.2, we know that B(m, k) is the number of ordered pairs (W, W’) of subspaces of V'
such that dimW =k and W @ W’ = V’. Fix an element v € V \ V'. If v/ € V/, then (U, U’), where
U=W and U = W’ @ span(v + v’), is a pair of subspaces of V such that dimU =k and U U’ =V.
Note that for v/, v/ € V', we have W’ @ span(v + v') = W’ @ span(v + v”) if and only if v/ —v”" € W',
This implies that the number of choices for W’ @ span(v+v’) is exactly |V'|/|W’| = qZ" /q¥"—2k = g2k,
Thus, there are a total of q2¥B(m, k) = A(m, k) pairs (U, U") of subspaces of V such that dimU =k,
UsU =V,andUCV'. O

We now concentrate on the identity in Lemma 4.2 which implies Theorem 1.1. The main work in
proving the identity is in the next two lemmas.

Lemma4.4. Let X be an (m + 2)-dimensional IF ;> -vector space, V a fixed (m + 1)-dimensional subspace of X,
and V' a fixed m-dimensional subspace of V. The number of ordered pairs (U, U’) of subspaces of X such that
UcV,dimU=k U®U =X,andU ¢ V', is

@2 Am,m—k+1).

Proof. Consider the set of ordered pairs (W, W’) of subspaces of V, such that dimW =k, W @
W’ =V, and W ¢ V'. Given such a pair, as in the proof of Lemma 4.3, there are exactly g2 pairs
(U,U"), where U =W and W’ C U’, of subspaces of X such that dimU =k, U ® U’ = X, and
U ¢ V'. Thus, it is enough to show that the number of such pairs (W, W’) of subspaces of V is
g2m=k+tD Am m—k +1).

Suppose that (Y, Y’) is a pair of subspaces of V such that Y CV/, dimY=k—1,and Y®Y' =V.
We call a pair (W, W’) of subspaces of V such that dimW =k, W @ W' =V, and W ¢ V', a semi-
extension of (Y,Y) if WNV' =Y, W CY/, and dim(W NY’) =1. We now count the number of
semi-extensions of a fixed pair of such subspaces (Y,Y’) of V.

If (W, W’) is a semi-extension of (Y, Y’), then dim(W NY’)=1, and W NV’ =Y, which implies
W=WnNY)®Y.Also, Y =W & (W nNY’), where dim W’ =m — k + 1. Now, each semi-extension
(W, W’) uniquely describes the pair (W', W NY’). Conversely, each ordered pair (J, K) of subspaces
of Y/ such that dimJ=m —k+ 1, dimK =1, K ¢ V', and J ® K =Y’, determines a unique semi-
extension (Y @ K, J) of (Y, Y’). Thus, to count the number of semi-extensions of (Y,Y’), we need
to count the number of such pairs (J, K). We have dimY' =(m+1) —(k—1)=m —k + 2, and so
dim(Y'NV’)y =m—k+1, while we must choose K ¢ V’. So, the number of choices of K is the number
of 1-dimensional complements to Y’ NV’ in Y’, of which there are g2™—*+1 by Lemma 2.1. Once K
is chosen, J is a complementary subspace to K in Y’, the number of which is also q2™—*+1 again
by Lemma 2.1. This gives a total of g*™~*+1 semi-extensions of (Y, Y’).

Now, given a pair (W, W’) of subspaces of V such that dimW =k, W& W' =V, and W ¢ V/,
then to determine a pair (Y,Y’) for which (W, W’) is a semi-extension, we note Y =W NV’ is
uniquely determined. Since we must have Y/ =W’ ® (W NY’) where dim(W NY’) =1, then Y’ is
uniquely determined by the choice of a 1-dimensional subspace of W, which is a complement to Y,
since W =(WNY')®Y. There are q2("‘1) such 1-dimensional subspaces, and so (W, W’) is a semi-
extension of exactly g2*=1 pairs (Y, Y’).

Finally, the number of pairs of subspaces (Y,Y’) of V such that Y c V/, dimY =k —1, and Y &
Y' =V is A(m,k — 1) by Lemma 4.3, and there are g*™k+1 semj-extensions (W, W’) of (Y,Y’),
and a pair (W, W’) is a semi-extension of g2*~1 pairs (Y, Y’). It follows that the number of pairs of
subspaces (W, W’) of V such that dimW =k, W@ W' =V,and W ¢ V' is

A(m, k _ 1)q4(m—k+1)/q2(k—1) — q2(k—1)B(m’ k _ 1)q4(m—k+1)/q2(k—1)
= B(m,m —k + 1)g*™-k+D
=MD Am,m—k+1),
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as desired, where we have applied Lemma 4.1 twice, and the fact that B(m,k — 1) = B(m,m —
k+1). O

Lemma4.5. Let X be an (m + 2)-dimensional F > -vector space, V a fixed (m + 1)-dimensional subspace of X,
and V' a fixed m-dimensional subspace of V. The number of ordered pairs (U, U’) of subspaces of X such that
UcV,dmU=k U®U =X,andU C V', is

A(m, k) +q*™(q*" —1)B(m — 1,k — 1).

Proof. As in the proof of Theorem 3.2, we let Cy(X) denote the set of ordered pairs of subspaces
(Z,Z") of X such that dimZ =k and Z & Z’ = X, and similarly for Ci (V).

Fix a vector x € X \ V. For pairs (U, U’) € Cx(X) such that U C V’/, we consider the cases that
either x € U’ or x ¢ U’. In the case x € U’, for any pair (W, W’) € C,(V) with W C V’, there is a
unique pair (U, U’) € Ci(X) satisfying U =W c V' and W’ Cc U’, namely U’ = W’ & span(x). Since
Cr(V) has exactly A(m, k) elements, then the number of pairs (U, U’) € C¢(X) such that U Cc V' and
x e U’ is exactly A(m, k).

We now count pairs (U, U’") € Ci(X) such that U C V' and x ¢ U’. Fix a vector y € V \ V’. Consider
a nonzero vector v/ € V', and a subspace Z of V'’ such that (span(v’), Z) € C;(V’), so span(v’) @&
Z=V’'and dimZ=m—1, and let (Y, Y’) € Cx_1(Z). Now, for any w € V', take the pair of subspaces

(U,U") = (Y @span(v'), Y' @ span(y + w) @ span(x + v')).

Then we have dimU =k, U CV/,U® U’ =X, and x ¢ U’, since x+ v/ € U’ and v’ ¢ U’. Furthermore,
all pairs (U, U’) with these properties are of this form. In constructing this pair (U, U’), there are
g*™ — 1 choices for v/, g2™=D choices for Z by Lemma 2.1, B(m — 1,k — 1) ways to choose (Y,Y’),
and g*™ choices for w € V’. We now count how many of these choices produce the same pair (U, U’).

Fix (U, U’) constructed as above. Given span(v’), there are g2~ choices for Y which are com-
plements to span(v’) in U, again by Lemma 2.1. Now, given choices for Y’ and v/, we may replace
w € V'’ by any element in w + Y’ to obtain the same U’, for which there are |Y’| = ¢2™~% choices.
We now show that if we fix a choice of Y, then v/, Y/, w+ Y’, and Z are uniquely determined by
(U, U"). This is enough, since this will give that the total number of pairs (U, U’) € Cx(X) such that
UcV’ and x¢ U’ is

We have U & U’ = X, so given any v € X, define pry(v) and pry/(v) to be the unique vectors in U
and U’, respectively, so that pry(v) + pry/(v) = v. Now, considering the vector x € X \ V, we have
x+ v eU  and v/ € U, and so pry(x) = —v' and pry/(x) = x + v'. Since x is fixed, we have v/ =
—pry (x) is uniquely determined by (U, U’). Next, since Y’ = U’ N V’, then Y’ is uniquely determined
by (U,U’) as well, and since we have fixed our choice of Y, Y ® Y’ = Z is uniquely determined.
Finally, we have V' =U @ Y/, and so to show that w + Y’ is uniquely determined, we may assume
w € U and prove w is then uniquely determined by (U, U’). We have U'NV =Y’ @ span(y + w), and
V=U®U'NV).Since y=—w+(y+w) where —w e U and y+w € U' NV, we have —w = pry (y)
and y +w = pryny (¥). This implies w = —pry (y) is uniquely determined by (U, U’), as claimed. O

Finally, we have the following, which completes the proof of Theorem 1.1 by Lemma 4.2.

Lemma4.6. Foranym>1,m>k>1,

Am+1,k) = A(m, k) +q*"(¢*™ —1)B(m — 1,k — 1) + ¢*" 2 A(m,m — k + 1).
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Proof. Let X be an (m + 2)-dimensional Fg2-vector space, V a fixed (m + 1)-dimensional subspace
of X, and V’ a fixed m-dimensional subspace of V. By Lemma 4.3, A(m + 1,k) is the number of
pairs of subspaces (U, U’) of X such that U C V, dimU =k, and U @ U’ = X. Given any such pair,
we either have U Cc V/ or U ¢ V’. By Lemma 4.5, the number of pairs (U, U’) such that U Cc V' is
A(m, k) + q*>™(@*" —1)B(m — 1,k — 1), and by Lemma 4.4, the number of pairs such that U ¢ V' is
q*™+2A(m, m — k + 1), the sum of which gives the result. O

5. An application to bounding character degree sums

In sieving applications, Kowalski [8] needed to bound the sums of the degrees of the complex
irreducible characters of certain finite groups, and he obtained an explicit bound for the character
degree sum of a large class of finite reductive groups. More specifically, if G is a connected reductive
group with connected center which is defined over a finite field F; by a split Frobenius map, Kowalski
gave a bound for the character degree sum for the finite group G(IFy) in terms of the rank, dimension,
and the order of the Weyl group of G, and in terms of q [8, Proposition 5.5]. He noted that the one
factor in the bound which contained the order of the Weyl group could be dropped in several cases,
and the second-named author proved [16, Theorem 6.1] that this is true whenever G is classical and
q is odd, and without any assumption on the Frobenius map. Furthermore, it was conjectured by the
second-named author [16, Conjecture 7.1] that an even tighter bound should be true for any connected
reductive group with connected center. The purpose of this section is to prove Theorem 5.1, which
confirms this conjecture when G is classical and q is odd. The main connection with the previous
sections of this paper is that the character degree sums for various finite orthogonal groups may be
bounded by using the number of involutions, and in particular, we use Theorem 1.1 to obtain one
such bound.

We begin with a bound on the g-binomial coefficient by a polynomial in q. Note that although we
are concerned with q being a power of an odd prime in our applications, the following result, and
the next lemma, are true for any real number q > 2.

Lemma 5.1. For any q > 2 and any integers m > k > 0, we have

<m> qu(m—k—Z)(q_i_l)Zk.
k q

Proof. For k =0, the statement reduces to 1 < 1. For k=1, we have (T,?)q =1+q+---+q™ L. Then,
form=1, (})q =1<(1+1/9)2=q2(q+1)?; form=2, (f)q =14+q<A+1/9)(q+1) =q" ' (q+1)?;
and for m =3, (?)q =14q+q? < (q+ 1) Now suppose k=1 and m > 4. Since q > 2, we have

qu?: -1

. gqm—3_]<qm—2'

T4+q+-+q"*=

Thus, we have

m

<1) :‘l—‘,—q—‘,—._l’_qm*l <qm72+qm*3+qm*2+qm71
q
=q" @ +1)%

We may now assume k > 2, and our induction hypothesis is that the inequality holds for (mk_l) , for
any k <m — 1. We apply the g-Pascal identity (?)q = (m;l)q + gk (',’:j)q k > 1. We have
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m m—1 _fm-—1 ke ko (k=1 (m—k— _
( ) :( ) +qm k<k_1) <q1<(m k 3)(q+1)2k+qm I<q(k 1) (m—k 2)(q+1)2k 2
q q q

N 1 ¢
:qk(m k 3)(q+1)2k +qk(m k—2) 2(q+1)2k 2 qk(m k— 2)(q+1)2k< + (q+1)2>

2

el o 1 P
Since k > 2 and q > 2, we have qungqﬂ,and (q+1)2<q2+q q+1 Thus,

2
q 1 q
— + < + =
k" @+12 “q+1 q+1

This gives (), < qkm=k=2)(g 4 1) as desired. O

By applying Lemma 5.1, we are now able to bound I(2m), the number of involutions in the special
orthogonal groups SO* (2m, Fo).

Lemma 5.2. For any q > 2 and any m > 1, we have
m m2—2m 2 m ; ;
Z g2km=o (m) K @ +1 ifmis even,
Py k)@~ | 2g™-2m 1@+ )™ ifmis odd.

Proof. From the symmetry in k and m — k in the sum, we have

qm2/2(mn;2) +Zz(m/2) 1 2k(m k)( )q2 if m is even,

m
2k(m7k)<m> _
> g = (5.1)
(m=1)/2 _2k(m—k ; :
k=0 kg 2200, g?m ()2

if m is odd.

First consider the case that m is even. By [16, Lemma 5.1], for any ¢ > 1 and any integers m >k > 1,
we have ('}:)q L gkm=k—m+1(q 4 1)m=1 Thus, for k =m/2, we have

qm2/2 <mn/12) < qm2—2m+2 (qZ + 1)111—1 ) (52)
qZ

For any k <m/2, we apply Lemma 5.1 to obtain

g2k (m

— —k— 2k —k— 2k
k) i < qZk(m k)qZk(m k—2) (q2 + -l) — q4k(n1 k 1)(q2 + 1) . (5.3)
q

As a function of x, 4x(m — x — 1) is strictly increasing on the interval [0, (m — 1)/2], and thus for each
k<m/2—1 we have

ke C)(m—(m/2—1)— 2
q4l<(m k 1)<q4(m/2 1)(m—(m/2—1) 1):qm 2m. (5.4)
Applying inequalities (5.3) and (5.4), we have
m/2—1 m/2—1

_ _ _ + 1M1
2 2k(m—k) (1T <2 m2—2m (2 1 2k -2 m?—2m (q '
;q k) ,;q @) =2
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@+0"-1 _ @+D™ _ @+)™!
@+1D2-1 7 @+ q?

Now, . Using this, and the fact that q > 2, we obtain

m/2-1 m 2 (q2 +1)m-1 2 1
2 Z q2k(m—k) < zqm —2m72 < qm —Zm(qZ + 1)’"* ] (5.5)
k)2 q
k=0 q
Finally, by combining (5.1), (5.2), and (5.5), we have

m (m/2)—-1

Z 2oy (m) _ qm2/2< m ) ) Z 2Kk <m>

k=0 k) g m/2) g k=0 k/ g

g qm272m+2(q2 + 1)“1—1 +qm272m(q2 + l)m—l _ qm272m(q2 + 1)m’

when m is even, as desired.
Now assume that m is odd. Similar to (5.3), we have for any k < (m —1)/2,

gHkm—k=1) < q4(’"T”)(m—’”T*1—1) _ qm2—2m+1'
Combining this with Lemma 5.1, we have
_k(Mm —k— 2k 2_ 2K
qZk(m k)<k) ] <q4k(m k 1)(q2 +1) gqm 2m+1(q2+1) c’ (5.6)
q

for any k < (n— 1)/2. Now, by (5.1) and (5.6), we have for m odd,

m (m-1)/2 2 m+1
2k(m—k) (M m2—2m-+1 2 % o m2oomyr (@ +DTT -1
q ( ) <2q ¢+1)" =2 -
z; k/ g ,;0 @+1) @+1? -1
We have (q;;rl)]r:;:] < (gz(:;)r: = (qz(;“zl)m. So, finally, when m is odd,

i 2k(m—k) (M m2_omi1 @+ D" m2—2m—12 m

> a e ) <2 it (@+1)",

k=0 q

as claimed. O

Now that we have obtained a bound for I(2m), we may bound I(2m + 1) by using the semi-
recursion in Theorem 1.1. When considering that each I(n) is a polynomial in g, and that we proved
Theorem 1.1 when g is the power of an odd prime, then by continuity the semi-recursion for these
polynomials in q is true for real numbers q. So, the inequality given below in fact holds for all real
q=2.

Proposition 5.1. For any q > 2 and any integer m > 0,

m
m
P ( , ) <q"@+ D™
\ Y
k=0 q
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Proof. We will prove by induction on m that

m
pay (M 2
> g "+”(k> <q" ™M +1)",
k=0 q?

which is enough, since (g% + 1) < q(q + 1), and so q’T‘Z*’“(q2 + 1ML q'”2 (@ + 1)™. The inequality
reduces to 1 <1 when m =0, and to g% +1 < g%+ 1 when m = 1. When m = 2, the expression on the
left is equal to 1+q*(g% + 1) + g%, which is indeed less than or equal to g2(g% + 1)2. Now, we assume
that the inequality holds for some m > 2. Since the expression we are bounding is I(2m + 1), and the
expression bounded in Lemma 5.2 is I(2m), we may apply Theorem 1.1. We have, when m > 2,

12m+3) = ("2 +1)I2m + 1) + ¢*" (¢*™ — 1)I1(2m — 2).

By Lemma 5.2, since q > 2, we have for both m even and odd,

12m—2) < q(m71)272(m71)(q2 n 1)11171 _ qm274m+3 (qz + l)mil.

Applying this and the semi-recursion, we obtain
12m +3) < (@™ + 1)g™ (> +1)" + (¢®" — 1)g™ 2" 3@ + 1) (5.7)

Since m > 2, we have ¢~™+3 < g2 + 1, which gives g™ ~2™+3 < g"*~™ (g2 + 1). Combining this with
(5.7) gives

12m+3) < (@2 +1)¢" (@ +1)" + (@ = 1)g™ (g2 +1)"
— qu_m (qz + 1)m(q2m+2 + qu) _ qm2+m (q2 + 1)m+1 7
which completes the induction. O

Finally, we come to the main result of this section. Recall that for an algebraic group G over the
algebraically closed field IF‘q, the dimension of G is its dimension as an algebraic variety over IF‘q, and
its rank is the dimension of a maximal torus in G. For a more thorough discussion of the relevant
material on algebraic and classical groups over Fq, and character theory of finite groups, see [16] and
its references.

Theorem 5.1. Let q be the power of an odd prime, and let G be a connected classical group with connected
center defined over IFg, where the rank of G is r, and the dimension of G is d. Then the sum of the degrees of the
irreducible characters of the finite group G(IFq) may be bounded as follows:

Yo x(MH<q U@+,
X €lrr(G(Fg))

where Irr(G(IFy)) is the collection of irreducible complex characters of G(Fy), and x (1) is the degree of x.

Proof. The groups G(F;) which are relevant are the finite general linear group GL(n, Fy), the finite
unitary group U(n, Fp2), the finite group of symplectic similitudes GSp(2n, Fg), the finite special or-
thogonal group SO(2n + 1, ), and the connected component of the split or non-split finite group of
orthogonal similitudes GO*°(2n, Fgq). For the groups GL(n, Fg), U(n, Fg2), and GSp(2n, IFy), this bound
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on the sum of the character degrees is proved in [16, Section 7]. So, we must prove the statement for
the groups SO(2n + 1, Fg) and GO*°(2n, Fy).

If G(IFg) =S0@2n + 1,Fy), then d = 2n% +n and r =n, and the sum of the degrees of the irre-
ducible characters of SO(2n + 1,F) is exactly equal to I(2n + 1). This follows from a result of Gow
[4, Theorem 2] which states that every irreducible character of SO(2n + 1,Fy) is the character of a
representation which may be realized over the real numbers. The bound for the sum of the degrees
of the characters, then, follows exactly from Proposition 5.1, since we have

S xM=lIen+D)<q @+ 1" =g 2q+ 1)
X €lrr(G(IFg))

If G(Fy) = GO*°(2n, [Fq), then for either of these groups we have d = 22 —n+landr=n+1.1t
is shown in [16, Proof of Theorem 6.1] that for either of these groups, we have the bound

Yo x(<@-1(Ien)+¢" (q" +1)12n - 2)).
X €lrr(G(Fg))

If n is even, then by Lemma 5.2 we have

Z X(l) g (q _ 1)(qn2—2n(q2 + 1)” +qn—1 (qn + 1)2q(n—1)2—2(n—1)—1 (q2 + «1)”_])
X €lrr(G(IFg))

<@-D(E @+ D" +2¢" " g+ D7),

where we have used that g> +1<q(q+1) and ¢" +1 < q"'(qg+ 1). Now we have

Y xM<g T g+ D) - D@+ =" " g+ 1D +q-2)
X €lrr(G(Fq))

<q" Mg+ D =q 4@+ 1)

as desired. Similarly, when n is odd, we have by Lemma 5.2,

2 oo _ 129 -1
Z x(M) <(q@-1(2q" 2n 1(qz+1)n+qn 1(qn+1)q(n 1)2-2(n 1)(q2+1)n )
X €lrr(G(Fg))
<@-DEETT@HD" +¢ g+ DY)
=¢" g+ D@ - D@+ <q" g+ DM =P+ 1y,

which concludes the last case. O

Acknowledgments

The authors thank the referees for helpful comments, and for pointing out the reference [17]. Both
authors were supported by NSF grant DMS-0854849.



E Jiang, C.R. Vinroot / Finite Fields and Their Applications 17 (2011) 532-551 551

References

[1] S. Chowla, LN. Herstein, W.K. Moore, On recursions connected with symmetric groups. I, Canad. J. Math. 3 (1951) 328-334.
[2] J. Goldman, G.-C. Rota, The number of subspaces of a vector space, in: Recent Progress in Combinatorics, Proc. Third
Waterloo Conf. on Combinatorics, 1968, Academic Press, New York, 1969, pp. 75-83.
[3] D. Gorenstein, Centralizers of involutions in finite simple groups, in: Finite Simple Groups, Proc. Instructional Conf., Oxford,
1969, Academic Press, London, 1971, pp. 65-133.
[4] R. Gow, Real representations of the finite orthogonal and symplectic groups of odd characteristic, J. Algebra 96 (1) (1985)
249-274.
[5] L.C. Grove, Classical Groups and Geometric Algebra, Grad. Stud. Math., vol. 39, American Mathematical Society, Providence,
RI, 2002.
[6] B. Klopsch, C. Voll, Igusa-type functions associated to finite formed spaces and their functional equations, Trans. Amer.
Math. Soc. 361 (8) (2009) 4405-4436.
[7] V. Kac, P. Cheung, Quantum Calculus, Universitext, Springer-Verlag, New York, 2002.
[8] E. Kowalski, The Large Sieve and Its Applications. Arithmetic Geometry, Random Walks, and Discrete Groups, Cambridge
Tracts in Math., vol. 175, Cambridge University Press, Cambridge, 2008.
[9] M.B. Kutler, C.R. Vinroot, On g-analogs of recursions for the number of involutions and prime order elements in symmetric
groups, J. Integer Seq. 13 (3) (2010), Article 10.3.6, 12 pp.
[10] F. Liibeck, A.C. Niemeyer, C.E. Praeger, Finding involutions in finite Lie type groups of odd characteristic, J. Algebra 321 (11)
(2009) 3397-3417.
[11] K. Morrison, Integer sequences and matrices over finite fields, ]. Integer Seq. 9 (2) (2006), Article 06.2.1, 28 pp.
[12] A.C. Niemeyer, T. Popiel, C.E. Praeger, On proportions of pre-involutions in finite classical groups, ]. Algebra 324 (5) (2010)
1016-1043.
[13] A. Nijenhuis, A.E. Solow, H.S. Wilf, Bijective methods in the theory of finite vector spaces, ]. Combin. Theory Ser. A 37 (1)
(1984) 80-84.
[14] M.K. Srinivasan, The Eulerian generating function of g-derangements, Discrete Math. 306 (17) (2006) 2134-2140.
[15] R.P. Stanley, Enumerative Combinatorics, vol. 1, Cambridge Stud. Adv. Math., vol. 49, Cambridge University Press, Cambridge,
1997.
[16] C.R. Vinroot, Character degree sums and real representations of finite classical groups of odd characteristic, J. Algebra
Appl. 9 (4) (2010) 633-658.
[17] Z.X. Wan, Geometry of Classical Groups over Finite Fields, Studentlitteratur/Chartwell-Bratt Ltd., Lund/Bromley, 1993.



	A semi-recursion for the number of involutions in special orthogonal groups over ﬁnite ﬁelds
	Introduction
	Involutions in ﬁnite special orthogonal groups
	Correspondences between sets of involutions
	B+(m, k) = B-(m, k)
	B(m, k) = B̃(m, k)

	Proof of the semi-recursion
	An application to bounding character degree sums
	Acknowledgments
	References


