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1. Introduction

Frames are a generalization of bases of (real or complex) vector spaces, where one considers spanning sets that
satisfy certain conditions. Formally, a collection of vectors {v;};cr in a Hilbert space H with inner product
(—,—) is a frame if there exist frame constants A, B € Rs( such that

Alll* <Y~ (v, vi) > < Bllo?

iel
where || - || is the norm induced by the inner product. This set of inequalities is called the frame condition and
guarantees that {v;};c; spans H. If the set I = {1,...,n} is finite, then H is finite dimensional and the frame

{vi}ti=1,...n is called a finite frame.

A frame is called tight if A = B and Parseval if A = B = 1. Frames are extensively studied in linear algebra,
functional analysis and operator theory. They find numerous applications in signal processing where they are
used to represent signals in compact form while guaranteeing certain desired robustness properties [22].

From a computational point of view, a finite frame in R¥ is encoded by a k x n matrix ® whose columns
are the coordinates of the frame vectors {v;};=1,... . The corresponding frame is tight with frame constant A
if ®®T = A-id;, and Parseval if ®®7 = idy, where idj denotes the k x k identity matrix. This characterizes all
finite Parseval frames as the solutions of (k‘gl) quadratic equations in the entries of a k x n matrix. In particular,
it realizes the set of Parseval frames as an algebraic subvariety of the space of & X n matrices known as the
Stiefel manifold. We consider its Zariski closure St(k,n) in the space of complex k x n matrices, Matgx,(C).

Equivalently, Stiefel manifolds can be realized as collections of k£ orthonormal vectors in an n-dimensional
vector space, recorded by the rows of the matrix ®. In this setting, if k& < n, the variety St(k,n) is naturally
identified with the homogeneous space SO(n)/SO(n — k) where SO(n — k) is regarded as the stabilizer of k
fixed (complex) orthonormal vectors (see Section 2). This perspective allows for the use of powerful tools from
representation theory and classical invariant theory in the study of Stiefel manifolds.

Long-standing open problems in finite frame theory have been recently solved by understanding spaces of
frames as embedded algebraic varieties [8,25,29]. Nonetheless, one of the fundamental invariants of an embedded
variety, its degree, remains unknown for almost all spaces of frames. When n = k, the Stiefel manifold St(k,n)
coincides with the orthogonal group O(n), and its degree as a subvariety of the space of n X n matrices was
computed in [2]. The main purpose of this paper is to compute the degree of Stiefel manifolds in general.
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Theorem 1.1. Let n > k.

e Suppose n < 2k — 1 and write n = 2r or n = 2r + 1 depending on the parity. Then
degSt(k,n) = 2% - Ly,
where Ly, 5, denotes the number of collections of non-intersecting lattice paths from the points
A={(-a;,0):i=1,...,r} to B={0,b;):k=1,...,r}
with

(a1y...,ar)=(k=1,k—=2,,...,k—(n—k),2k—n—2,2k —n—4,...,n—2r),
n—k r—(n—k)
(b1,...,b)=(n—2n—4,,...,n—2r).

e Supposen > 2k — 1. Then
k+1
deg St(k,n) = 2("37).

While this theorem gives a combinatorial interpretation to the degrees of Stiefel manifolds, a bijective proof
remains elusive. Such proof amounts to establishing a bijection between intersection points of suitable linear
sections of the Stiefel manifolds and collections of non-intersecting lattice paths. This may give a simpler and
more direct proof of Theorem 1.1. Moreover, it would bolster the use of homotopy methods for studying Stiefel
manifolds and their subvarieties. Indeed, an explicit bijection immediately gives a representation of any Stiefel
manifold via a witness set, the fundamental data type in numerical algebraic geometry [3].

2. Preliminaries

2.1 Degree, Hilbert function and Hilbert polynomial

We introduce some basic notions about the degree of algebraic varieties. The material of this section is classical
and we refer to [18, Lecture 18] and [12, Section 1.1.9] for formal definitions and an exposition of the theory.
We include some basics here for the reader’s convenience and to introduce some notation and convention.

We use homogeneous coordinates g, ...,zx on the projective space PV = ]P’(ICV . The affine space AN is
identified with the affine chart {z¢ # 0} of PV and its complement H., = {x¢ = 0} is called the hyperplane at
infinity.

A wvariety is an affine or projective algebraic variety, reduced and possibly reducible. If X C A is affine,
write X for its closure in PV. We denote by Ix the defining ideal of X, which is an ideal in the polynomial ring
Clz1,...,xn] or Clzg,...,znN] depending on whether X is affine or projective. Write C[X] for the coordinate
ring of X, that is, the quotient of the polynomial ring over Ix. When X is projective (resp. affine), the natural
grading of the polynomial ring induces a grading (resp. filtration) on C[X].

If X C AN (resp. X C PV) is an irreducible variety of dimension n, the degree of X, denoted deg(X), is the
number of points of intersection of X N L where L is a generic linear space of codimension n. If X is possibly
reducible but equidimensional, then the degree of X is the sum of the degrees of its irreducible components. If
X is possibly reducible and possibly not equidimensional, then the degree of X is the degree of the union of the
components of the largest dimension. It is immediate that deg(X) = deg(X).

Fix a projective variety X of codimension ¢ and suppose Ix is generated by ¢ homogeneous polynomials
fis--., fo of degree dy,...,d. respectively. Then deg(X) = d;---d. and X is called a complete intersection.
More generally, for any variety X of codimension ¢, the ideal Ix is generated by at least ¢ homogeneous
polynomials: the product of their degrees is called the Bézout bound and always serves as an upper bound for
deg(X).

The Hilbert function of X is the function HF x : N — N, defined by HF x (t) = dim(C[X])<; or HF x (¢) =
dim C[X]; depending on whether X is affine or projective. The Hilbert function is eventually a polynomial: there
exists a univariate polynomial HP x (¢), called the Hilbert polynomial of X, with the property that HF x () =

deg(X
HPx (t) for ¢t > 0. Moreover, the degree of HPx is dim X and its leading coefficient is d,eg((X))'.
im(X)!
Given a polynomial f € C[zy,...,xy], write ffor its homogenization via zg, i.e. the unique homogeneous
polynomial in C[zy, ...,z y] with deg(f) = deg(f) such that f|,,—1 = f. If X is an affine variety and f1,..., f¢
are generators of its ideal Ix then fi,..., f, cut out a scheme in PV which is possibly not reduced; we call

this scheme the naive homogenization of X (with respect to the chosen generators). We have the following
elementary fact.
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Lemma 2.1. Let X C AV be an affine variety and let Ji,---, fo be generators of Ix. LetY C PN be the
naive homogenization of X. The irreducible components of X are irreducible components of Y and every other
irreducible component of Y is supported on Ho.

Proof. Clearly X C Y. It suffices to show that Y N {z¢ # 0} C X. But localizing the equations of Y at xq # 0,
one obtains exactly fi,..., fs, which are defining equations for X. O

Corollary 2.1. Let X C AN be an affine variety and let f1,..., f; be generators of Ix. Let Y C PN be the
naive homogenization of X. If all irreducible components of Y N H o, have dimension strictly smaller than dim X,
then deg(X) = deg(Y).

2.2 Orbits, algebraic groups and semistable points

We state the Algebraic Peter—Weyl Theorem [17, Thm. 4.2.7] in full generality for a complex semisimple
algebraic group and we describe the application to the special orthogonal group that will be needed in Section
4. Our references for this material are [14,17].

Let G be a complex semisimple algebraic group. Fix a maximal torus 7' C G and a Borel subgroup B.
Denote by A the weight lattice of G with respect to 7' and by A the cone of dominant weights with respect to
B. In other words, A = AN W where W is the principal Weyl chamber. For a dominant weight A, denote by
V) the irreducible representation with highest weight A. We point out that if G is not simply connected, then
there are dominant weights not corresponding to an irreducible representation of G. Denote by Ai the set of
integral dominant weights corresponding to the representation of G.

Fix a G-representation V' (not necessarily irreducible). Given w € V', let G, = {g € G : g- w = w} be the
stabilizer of w in G, which is a closed subgroup of G. An element w € V is called semistable (for the action of
G) if the orbit G-w C V is Zariski closed (equivalently Euclidean closed). The set G -w is naturally an abstract
algebraic variety G - w ~ G/G,,, where G/G,, denotes the set of left cosets of G, in G.

In this case, the affine coordinate ring of G - w can be written intrinsically in terms of the representation
theory of G and G,,, via the Algebraic Peter—Weyl Theorem:

ClG-w]= P a1y (1)

G
XeAG

where [V{]%» denotes the subspace of G,,-invariants in V3¥.

Our goal is to apply the Algebraic Peter—Weyl Theorem to compute the leading coefficient of the Hilbert
polynomial of Stiefel manifolds. In general, it is not immediate how the grading of the polynomial ring C[V]
descends to a filtration of C[G - w]. However, if G can be realized as a closed subgroup of the endomorphism
space of V', we have the following result.

Lemma 2.2. Let G be a semisimple algebraic group, let V be a faithful G-representation such that the image
of G in End(V) is closed. Let w € V be a semistable point. For every dominant weight A of G, the summand
e [V/\*}Gw appears in C[G - w]<; if and only if X € jCy where Cy is the convex hull of the integral weights
occurring in V.

Proof. Since V is faithful, we may regard G as a closed subvariety of End(V). Regard End(V) ~ V®dimV a5 5
G-representation with respect to the left-composition by elements of G: the integral weights occurring in V' are
the same as the integral weights occurring in End(V). The statement holds for C[G] regarded as a quotient of
C[End(V)] from the Claim in the proof of [9, Theorem 9.1].

Now, consider the linear map

End(V) =V
L +— Lw.

By linearity, the pullback map on coordinate rings C[V] — C[End(V')] preserves the grading. A consequence
is that the restricted map G — G - w defined by g + ¢ - w induces a pullback map on coordinate rings
C[G - w] — C[G] which preserves the filtration given by the grading of the polynomial ring. In particular,
C[G - w]<; is mapped to C[G]<;. This concludes the proof. O

2.3 Representation theory of SO(n) and branching rules

We briefly review some basics of the representation theory of SO(n). We refer to [14,17] for an exposition of
the theory and to [4, LaPlanche II, IV] for the explicit numerical data.

When n = 2r + 1 is odd, then SO(n) has dimension (Z) and rank r. Let eq,...,e, be the simple weights.
The fundamental weights are w; =e; +---+e; fori=1,...,r — 1 and w, = %(el + -+ +e,); in particular w,
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does not provide a representation for SO(n). The integral cone Aio(") is given by the Z,-linear combinations
of wi,...,wr—1 and 2w,. Equivalently integral linear combinations of the fundamental weights are recorded
as partitions A = (A1,...,\,) where ); is the coefficient of e; in the linear combination. In summary, the
irreducible representations of SO(2r + 1) are uniquely determined by a partition of length =, that is, an integer
sequence \; > --- > \. > 0.

When n = 2r is even, then SO(n) has dimension (g) and rank r. Let eq,...,e, be the simple weights.
The fundamental weights are w; = e; +---4+e¢; fori = 1,....,r — 2, w,_1 = %(61 +---+e—_1+e) and
Wy = %(el +---+e,_1—e,); in particular w,_; and w, do not provide representations for SO(n). The integral cone
Aio(") is given by the Z, -linear combinations of w1, ...,w,_2, wy—1 +w, and w,_1 — w,. Equivalently, integral
linear combinations of the fundamental weights are recorded as non-increasing sequences A = (A1,..., \.) with
A possibly negative. In summary, the irreducible representations of SO(2r) are uniquely determined by non-
increasing integral sequences A; >,...,> \._1 > |\

Moreover, it is immediate that for every dominant weight A for SO(n) we have V) ~ Vi as SO(n)-
representations and the identification is simply given via contraction with the quadratic form.

We describe the branching rules for the restriction of representations from SO(n) to SO(n — 1), realized as
the subgroup stabilizing a fixed hyperplane. See [17, Section 8.3].

Lemma 2.3 (Branching Rules). Let n = 2r be even. Let X\ = (A1,...,\.) be a dominant integral weight for
SO(2r). Then, as an SO(n — 1)-representation, Vy reduces to Vy = @
integral weights = (1, ..., r—1) of SO(2r — 1) such that

perT W,, where I ranges over all dominant

M > > A > o> > Xs1 > o1 > A

Let n = 2r + 1 be odd. Let A = (A1,...,\) be a dominant integral weight for SO(2r + 1). Then as an
SO(n — 1)-representation, Vy reduces to V\ = ®MEI W, where I ranges over all dominant integral weights
= (1, pr) of SO(2r) such that

M > pr > Ao > o> > Al1 > et 2> A 2> ]

2.4 Stiefel manifolds

This section is devoted to classical results about Stiefel manifolds. For & < n, define

St(k,n) = {A € Matgx,(C) : AAT =idy}.
This is an affine variety whose defining equations are the (’Hz'l) quadrics given by the entries of the symmetric
k x k matrix AAT —idy. The special orthogonal group SO(n) acts on St(k,n) by right multiplication: indeed if
A € St(k,n) and g € SO(n), we have (Ag)(Ag)T = AggT AT = Aid,, AT = id;. Note that if n = k, then St(k,n)
coincides with the orthogonal group O(n): in particular St(n,n) is reducible.

If £ < n, then the action of SO(n) on St(k,n) is transitive making St(k,n) the orbit of SO(n) under this
action: if A, B € St(k,n) then the rows of A are orthonormal as well as the rows of B; since k < n, there exists
an element g € SO(n) sending the rows of A to the rows of B. Observe that the stabilizer of A € St(k,n) under
this action is the subgroup acting as the identity on the space spanned by the rows of A: this is a conjugate of
the subgroup SO(n — k).

We deduce the following classical fact.

Lemma 2.4. Ifk < n, then St(k,n) is irreducible and isomorphic to the homogeneous space SO(n)/SO(n — k).
In particular, St(k,n) is smooth, irreducible, reduced and

dim St(k, n) = (’2‘) - (” ) k)

Thus, the codimension of St(k,n) in Matyx, is nk — ((5) — ("_k)) = (’H;), the same as the number of

2 2
quadrics defining it. As a consequence, we obtain that St(k,n) is affinely cut out by these (k;rl) quadrics.

2.5 Outline of the Proof of the Main Theorem

The proof of Theorem 1.1 is essentially divided into two parts.

The first part is purely geometric and pertains to the green entries in Table 1. We compute the degree
of St(k,n) when n > 2k — 1. In this case, the naive homogenization of St(k,n) coincides with its closure in
projective space St(k,n), so that St(k,n) is a complete intersection and its degree equals the Bézout bound.
The proof relies on a dimension argument, showing that the naive homogenization of St(k,n) does not have
additional components at infinity in this range. This is the result of Theorem 3.1 and Theorem 3.2.

ECA 1:3 (2021) Article #S2R20 4
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Table 1: Degrees of Stiefel manifolds: (light green) Theorem 3.2, (dark blue) deg(O(n)) computed in [2], (light
blue) Theorem 4.3, (dark green) base of induction for proof of Theorem 4.3

As noticed in Section 2.4, when n = k, we have St(k,n) = O(n). The degrees of the orthogonal groups were
determined in [2] and appear in Table 1 in dark blue.

The rest of the proof is aimed at determining the degrees of St(k,n) for kK + 1 < n < 2k — 2 which appear
in Table 1 as light blue. In this case, the degree of St(k,n) is determined by computing the leading coefficient
of its Hilbert polynomial. We apply a representation-theoretic argument, built on the Algebraic Peter—Weyl
Theorem, to the homogeneous space SO(n)/SO(n — k). Determining the dimensions of the summands of (1)
is difficult. Following the work of [6,7,9,19] in the setting of spherical varieties and generic orbits, we reduce
the calculation of deg St(k,n) to an integral of certain alternating functions, arising from volumes of Gelfand—
Tsetlin polytopes associated to the representations of the orthogonal group and its invariant spaces. The proof
is performed by an inductive argument which allows us to compute volumes of Gelfand—Tsetlin polytopes as
alternating polynomials in the entries of their top row, see Theorem 4.2. The base cases for induction are given
by the entries of Table 1 in dark green and the induction step moves south-east in the table. The degree formula
for the degree of St(k, n,) in this range is given in Theorem 4.3, and its expression in terms of the combinatorics
of non-intersecting lattice paths is obtained in Corollary 4.2.

3. Degree of St(k,n) for n > 2k — 1

In this section, we prove the first part of Theorem 1.1 when n > 2k — 1. Regard the space Maty«, as the open
subset of P(Matgx, @ C) and let zp be a coordinate on the direct summand C, so that Matyyx,, is regarded as
the principal open set {zg # 0} and H,, = {29 = 0} is the hyperplane at infinity.

Let St(k,n) be the closure of St(k,n) in P(Matyyx, @ C) and let

Z(k,n) = {(A, 20) € P(Matgx, ®C): AAT — 221d; = 0}
be the naive homogenization of St(k,n). Let
Zoo(k,n) = Z(k,n) N Hy = {A € PMaty,x,, : AAT = 0}.

First, we compute dim Z,(k, n) following a standard argument via an incidence correspondence over the Fano
scheme of the quadric hypersurface. This is similar to the classical argument for determinantal varieties as
in [1, I1.2].

Given a variety X C PV, denote the Fano scheme of s-planes in X is

Fo(X)={E €G(s,V):PE C X},

where G(s, V') denotes the Grassmannian of s-planes in V. Let ¢, = 23+---+22 and let Q,, = {g, = 0} C P!
be the corresponding quadric hypersurface.

Lemma 3.1. Let A € Matyy,, then
AAT =0 if and only if Im AT C Q,.
In particular, Zoo(k,n) = {A € Matgxn : Im AT € Fri4)(Qn)}-

Proof. Suppose AAT =0 and let v € Im AT, with v = AT ¢ for some ¢ € C*. Then ¢, (v) = vTv =cTAATc = 0.
Conversely, suppose ¢,(v) = 0 for every v € Im AT, so that 0 = ¢,(ATc) = ¢cT AAT ¢ for every ¢ € C¥. This
implies that the quadratic form associated to AA” is identically 0 or equivalently AA”T = 0. O
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If s <n/2, then the dimensions of the Fano schemes associated to the quadric are given by
. 1.5
dim Fs(Qp) = ns — 5(35 + s).
If s > n/2 then F4(Q,) = 0. We refer to [15, §6.1] for the proof and additional information on the geometry of
the Fano scheme.

Theorem 3.1. For every k,n, we have

L(n? +4kn —2n—8) ifn <2k—1 andn is odd
(n? 4+ 4kn — 4k —9) ifn <2k —1 and n is even
(g) — (”gk) -1 ifn>2k—1 and n is even

In particular, if n > 2k — 1, then dim Z(k,n) = dim St(k,n) — 1.

00|00

dim Z, (k,n) =

Proof. Let $pq, = min{k, [n/2]|}. For every s < 8,4, define

Vs ={(A, E) € PMatpy, X Fs(Qp) : Im AT C E}

/\

PMatyxn,
where 71, o are the natural projections on the first and second factor. The generic fiber of w5 over F is
Vg := {A € PMatyy, : Im AT C E} C PMatyx,
which is a (projective) linear space of dimension ks—1. The Theorem of the Dimension of the Fibers [27, Section

1.6.3] provides
1
dim Y, = dim F,(Q,,) + dim Y, = ns — 5(352 +8) + ks — 1.

By Lemma 3.1, Zo(k,n) = J7}" m1(Ys) and the projection 7 is generically one-to-one. This shows that
. Lo
dim Z,,(k,n) = max < ns — 5(38 +8)+ks—1:s=1,...,8maz -

Rewrite dimYs = s(n + k — % — %s) — 1. As a function of s, dim ) is increasing between 0 and %_1/2 In
particular, dim )y is increasing on 0 < s < Sy,4, Whenever n > 2k or n < 2k — 1, therefore the maximum value
(on an integer) of dim Yy in this range is attained at $,,4,. For the remaining two cases of (k, 2k —1) and (k, 2k),

one can check that the same conclusion holds. We obtain

L(n?+4kn —2n —8) ifn <2k —1 and n is odd

dim Z(k,n) =dim Y, . = g(n2 +4kn — 4k —9) ifn <2k —1 and n is even
(72’) — (”;k) -1 if n > 2k —1 and n is even
which concludes the proof. O

A consequence of Theorem 3.1 is that when n > 2k — 1, Z,,(k,n) does not contain irreducible components
of Z(k,n) of dimension as large as dim St(k,n). In fact, Z.(k,n) does not contain irreducible components of
Z(k,n) at all. As a consequence, we obtain,

Theorem 3.2. Ifn > 2k—1, then St(k,n) = Z(k,n) is a complete intersection of (k;rl) quadrics. In particular,

deg St(k,n) = 2("2).

Proof. The equations defining Z(k,n) are the entries of AAT — 221d; = 0. Since AAT — zIdy, is symmetric,

there are at most (k;'l) linearly independent equations. Therefore, every irreducible component of Z(k,n) has
codimension at most (k'gl).

Since dim St(k,n) = dimSO(n) — dimSO(n — k) = (}) — (";k), by Theorem 3.1, we have dim Z(k,n) =
(;‘) - (”gk) as well, so that codim Z(k,n) = nk — [(g) - (";k)} = (k;rl).

This shows that Z(k,n) = m and in particular it is a complete intersection of the quadrics defined by

AAT — z1dy. By Bézout’s theorem, we conclude deg Z(k,n) = deg St(k,n) = 2("3), O

ECA 1:3 (2021) Article #S2R20 6
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4. Degree of St(k,n) when n <2k —1

Theorem 3.1 shows that when k£ < n < 2k — 1, the variety Z(k,n) has components at infinity of dimension at
least as large as dim St(k,n). Therefore, deg St(k,n) is not equal to the Bézout bound in these cases.

In this range, we compute the degree by computing the leading coefficient of the Hilbert polynomial of
St(k,n) via the Algebraic Peter-Weyl Theorem. More precisely, we use

dimC[Sjt](vk, n)l<; (2)

deg St(k,n) = N! lim

J—00

where N = dim St(k,n) = (3) - (n;k)

The values of dim C[St(k,n)]<; will be computed via Lemma 2.2. Indeed, (1) provides

ClSt(k,n) = @ Vae [Vy]5Orh.
Aen$o™

The homogeneous space St(k,n) = SO(n)/SO(n — k) is embedded in Matyy,, ~ C¥ @ C", therefore the integral
weights occurring in Matyy,, are the same as the integral weights occurring in the defining SO(n)-representation
C". Since C" = V{3, the integral weights occurring in C" are all the simple weights +e;, ..., +e,, where n = 2r
or n = 2r + 1 depending on the parity. Denote by C the convex hull of +ey, ..., +e,, that is, the cross-polytope
in the weight space Ag = A ®z R. By Lemma 2.2, we deduce

Clst(k,n)]es = € Vae [R50 H. 3)

. SO(n)
AejenAS

To determine the dimensions of the direct summands, we introduce the formalism of Gelfand-Tsetlin poly-
topes.

4.1 Gelfand—Tsetlin polytopes and invariants
Definition 4.1. For m < n, define
B(m,n) = {\°W i =m, ... .n, ASO0 an integral dominant weight for SO(i)}.

The Bratteli poset is the poset structure on B(m,n) where NSO < 4SO if and only if i < j and Vysow)
appears in the decomposition of V,sou) as a SO(i)-representation.

This notion was introduced in [5]. We refer to [10] for some information on the underlying combinatorial
structure.

Lemma 4.1. Let A be a dominant integral weight for SO(n). Let m < n. Then the dimension of the space
of SO(m)-invariants dim[Vy]3°™) equals the number of chains from (0)SC0™) to ASO() in the Bratteli poset
B(m,n).

Proof. This is a direct consequence of the branching rules described in Lemma 2.3. Indeed the restriction of an
irreducible representation from SO(n) to SO(n — 1) is multiplicity free, implying that every chain from (0)3©(™)
to ASO(") gives a unique invariant and all these invariants are linearly independent. O

A useful combinatorial picture for recording chains in the Bratteli poset B(m,n) is a Gelfand—Tsetlin pattern
of shape (SO(m), SO(n)). This is a diagram of boxes placed in n—m+1 rows, indexed by integers m, ..., n. The
number of boxes in the i-th row equals the rank of SO(¢) and the left border of the diagram is an overlapping
descending staircase. The boxes are labeled by the integer coefficients of a dominant weight in terms of the
simple weights and these labels interlace along each row according to the branching rules. More precisely, the
labels have to satisfy the inequalities:

Wij | Hit1,)
— Hij 2 Hij1 = it
Hij+1
(4)
Mg
— Wi 2 Hij+1 = —Mij
Wi, j+1
()
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Hig | Hit1,5

— Wig > M1 > it sl
i g1

(6)

These inequalities ensure that a filling of the Gelfand—Tsetlin pattern corresponds to a chain in the Bratteli
poset. Conversely, any chain in the Bratteli poset will correspond to a filling.

In Figure 1, we give an example of a Gelfand-Tsetlin pattern of shape (SO(3),SO(7)). Notice that the zero
in the row corresponding to SO(4) is forced by the third inequality in (4)—(6).

n w
o O

wn
o

w
o
TN N N N N
NGRS
L2

w
o

Figure 1: A chain from A\SO() = (6,2,2) to (0)°°®) in the Bratteli poset B(3,7) given by a Gelfand-Tsetlin
pattern of shape (SO(3),SO(7))

In general, the shape of a Gelfand-Tsetlin diagram depends on the parity of n and m because the row
corresponding to SO(i) has | 5] boxes. For reference, in Figure 2, we give the shape when n = 27 + 1 and
m = 2r’ — 1 are both odd, from the weight (0) for SO(m) to the weight A for SO(n).

A1 A2 A3 Ar1 Ar SO(2r+1)
1,1 1,2 H1.3 s e Ha,r—1 M, SO(2r)
12,1 12,2 H2r—2 | H2r—1 SO(2r —1)
Ph—21 | Mk—22 s B2 1| Be—2,0 SO(2r' +1)
He—1,1 | Mk—1,2 .- k=1, =1 | Hk—1," SO(2r")
0 0 0 SO(2r' — 1)

Figure 2: Gelfand-Tsetlin pattern of shape (SO(m),SO(n)) with n, m both odd

Definition 4.2. Let n = 2r orn = 2r + 1 depending on the parity. Let A € R" be an r-tuple A = (A\1,...,\)
with Ay > - > X\ 20 ifnis odd and \y > -+- > A1 > |A\| if n is even. The Gelfand-Tsetlin polytope
GTSS&(TZ))(/\) is the set of all fillings of the Gelfand—Tsetlin pattern of shape (SO(m),SO(n)) with A in the top
row, (0) in the bottom row and filled by real numbers subject to the inequalities of (4)—(6).

When ) is a dominant integral weight for SO(n), then the integral points of the Gelfand-Tsetlin polytope
GTSS&(:L))()\) correspond to chains in the Bratteli poset and therefore via Lemma 4.1 to SO(m)-invariants in the
SO(n)-representation V.

ECA 1:3 (2021) Article #S2R20 8
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We establish the dimension of these polytopes in the range of interest.

Lemma 4.2. Fizn < 2k —1 with n = 2r or n = 2r + 1 depending on the parity. Let A\ € R" have distinct

coefficients and let GTSSS((ZLC)(/\) be the corresponding Gelfand—Tsetlin polytope. Then

r(2k —r) — (kgl) if n = 2r is even;

. SO(n) .
dim GTon - (V) = { r@k—r—1) = (5) ifn=2r+1is odd.
Proof. The dimension of the Gelfand—Tsetlin polytope equals the number of labels of the Gelfand—Tsetlin
pattern which are not forced to be 0 by the inequalities (4)—(6). Write m = n — k. Since n < 2k — 1, we have
2m+1 < n.

Suppose m is odd, so m + 1 is even and the row labeled m of the Gelfand—Tsetlin pattern has mT“ boxes.
From Figure 2, observe that all but the first label in the second row from the bottom are forced to be 0;
similarly, all but the leftmost 4 labels in the (¢ + 1)-th row from the bottom are forced to be 0 for i =1,...,m.
This gives 1 +2+4---+m = (m;l) nonzero labels in the bottom m + 1 rows of the Gelfand—Tsetlin pattern:
indeed, observe that the (m + 1)-th row from the bottom corresponds to SO(2m) and all its labels are nonzero.
Now consider the rows from 2m to n: the last row is fixed and its labels do not contribute to the dimension;
the remaining n — 2m — 1 rows contribute with a total of 2 [(}) — (mg'l)] + m labels if n = 2r is even and

2 [(;) — (mgl)] +m+r—1if n =2r +1is odd. Expanding the binomial coefficients, we obtain the result. If

m is even, the calculation is similar. O]

We point out that a result similar to Lemma 4.2 holds in the range n > 2k, that is when deg(St(k,n)) equals
the Bézout bound. However, in this case, the inequalities are more complicated and the statement is more
involved. Although in principle one can compute deg(St(k,n)) using this approach in the Bézout range, we
prefer the geometric argument of Section 3 and do not provide additional details on the representation-theoretic
approach in these cases.

We now characterize the degree of St(k,n) in terms of volumes of Gelfand-Tsetlin polytopes, where volume
means the Euclidean volume in the real dimensional space given by Lemma 4.2.

Theorem 4.1. Fix k,n withn <2k —1. Then

deg(St(k,n)) = N!/

vol (GTSC™ (A -vol (GTEC™ (\)) a,
[ ol (GIS02 ) vl (GT50( ()

where N = dim St(k, n) = (TQL) - (ngk)

Proof. From equation (3), via Lemma 4.1,

1
deg(St(k,n) = N1- lim — > (dimV3)- (dim[VA}SO("’k)) . (7)
j—o00
Aejenaso
Now, dim[V,]3°(*=%) equals the number of lattice points in GTSS&(ZI g (A). Similarly, dim Vy is the number of

invariants for the trivial group SO(1) C SO(n), therefore it equals the number of lattice points in GTSS&(S)()\).

Using Lemma 4.2, whenever \ has distinct coefficients, we obtain

N — [dim GTEST) (V) + dim GTSSS((;LZ@(A)} =

This allows us to rewrite (7) as

dim V; dim[V]SC(n=k)
deg(St(k,n)) = N!- lim Z SO)‘ . [ Alo
j—r00 dim GTE0 Y () dim GTES(™ (M)
Aejenasem J J
— N!. lim dim Vi, dim[V;,]50 8
T jooo dim GTEO Y (V) jdim GTEo M (N

1 7SO(n)
xecniasSem J

As j — oo this summation converges to an integral and the number of rescaled lattice points converges to the
volume of the Gelfand—Tsetlin polytope. We conclude

deg(St(k,n)) = N1 / vol (Gng(q;)(A)) vol (GTSnggik)(A)) dX.

cnw
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The volumes of the Gelfand—Tsetlin polytopes can be computed via straightforward integrals, using their
definitions via the inequalities (4)—(6) which explicitly determine the range of each variable:

Hi,g

inequality (4) +— 1dpsi j+1,
Mit1,5
i, 5

inequality (5) «— / ldpi 41,
— i g
i, 5

inequality (6) +— 1dpi j41-
[tit1,5]

In fact, we perform an additional reduction: for the integral associated to (5), we have [ H MLJ, ldps; j4+1 =

2 [3"*" 1dpss,j+1. This allows us to assume that the rightmost label of every row of the Gelfand-Tsetlin pattern
is nonnegative and simplifies the integral associated to (6) as well, providing \Z:ul ldp; j+1 = :+’1] ldpi j41-

After this simplification, the volume of the Gelfand-Tsetlin polytope is provided by a series of nested
integrals, where one counts twice every integral whose integration variable is the label of the rightmost box of

a row corresponding to SO(4) with ¢ even.

Example 4.1. Consider the general pattern of shape (SO(3),SO(7)):

Mo e | A SO(7)
H11 | H12 | 13 SO(6)
H2,1 | p2,2 SO(5)
H3,1 | 13,2 SO(4)

0 SO(3)

Note that the inequality (6) implies that us 2 = 0 and so there are only 6 free variables. The volume of
SO .
GTSO((g))(/\) is given by

A1 A2 A3 pH11 pHL2 pH21
/ / 2/ / / / Ldps,1dpz 2dpa 1dpn 3dpn 2dp 1
Ao A3 0 Hi,2 H1,3 H2,2

1
vol (GT5o () = 00 = X2) (e = A\t = gk s

which evaluates to

In particular, note the factor of 2 arising in the integration with respect to 1 3 between 0 and A3. We point out
that this volume is an alternating function in the A;’s, evident from the outermost two integrals. Moreover, it
is divisible by A3 (and thus A1 and Ao by the alternating property) evident from the third outermost integral.

4.2 Alternating functions and volumes of Gelfand—Tsetlin polytopes

In this section, we use an induction argument to determine the volumes of the Gelfand—Tsetlin polytopes
relevant to the calculation of deg St(k,n).

In Example 4.1, we saw that the volume of GTSS&(S?))()\) is an alternating polynomial in A. It is clear that

this is a general fact, because of the last sequence of integrals in vol (GTS&Q(A)).

We record some facts about alternating polynomials referring to [21, Ch. I]. Given an integer partition
w=(p1,..., 1), define the alternating polynomial

a,(Ar,- . M) = det [)\;-“”_l} .

We remark that our notation differs from the usual notation which uses the subscript g+ (r—1,...,1,0) instead
of u for the alternating polynomial a,,.

We record two useful results on the integration of alternating functions. The first gives the result of the
integral of a product of two alternating functions on the standard simplex.

ECA 1:3 (2021) Article #S2R20 10



Taylor Brysiewicz and Fulvio Gesmundo

Lemma 4.3. Let A, be the convex hull of the origin and the standard r — 1-simplex in R". Let = (p1,. .., ty)
and v = (v1,...,V.) be two partitions. Then

T'

/ N (VA = ol d (054w +2r =i =17,

T

where |p| =Y i and |v| =" v;.

Proof. The proof is an explicit calculation obtained by expanding the determinants defining a, () and a,(X).
Given a permutation o, write (—1)7 for its sign.

/ an(N)ay (N)dX = / > =] Abo@Fvr+2r=0()=7(@)
A’V‘ A

"o, TS, i=1
r
— Z (_1)007— </ H/\go(i)+V7(i)+2r—a(i)—7(i)d)\> .
o,7€ES, Ay =1

The integral of a monomial over a simplex is given by [23, Lemma 4.23]. Applying this to our expression gives

__1\ooT H;.:1(Mo(i) + Vr () +2r — U(Z) - T(Z))'
2 e T2 + ttoge + vy — 0 = ()
= ; I Y U [owy + vegy +2r = oi) = 7(0))!

(2 + lul + D! 2 palet

o,7€S,

r! -
ST ) [ [ A vey + 20 — i — 7))
e 2 U

','-l

=~ 0t W+ v+ 2 =i =0

O

The second result provides a formula for the integral of alternating functions in terms of the integration
bounds.

Lemma 4.4. Let w be a partition m = (n1,...,7,.). Then

M Ar 1
r 1y ooy fr)dpty - dpn = == - 00y (A1 Arg1)-
Az /)\T+1 Hl(ﬂ-j +T—j +1) ( )

Proof. Consider the determinant representation of a,(u) and notice that each variable appears only in a single
column of the corresponding matrix. By linearity, this implies that the integration can be performed directly
on the entries of the matrix:

A1 A
/ / (1, i) gt - - dpiy
A2 A

r+1
A — A _
o T e [0 e
= det : :
Mo A
N Mdpa N M dpy
1 AT =TT AT AT
= det : :
[ +r—j+1) : :
’ R D
(AT = ADTT e AT AT AT
1 : : :
- + 1 det +1 +1 1 +1 1
; — TTr T r T T
[(mj+r—j+1) AT AT SR Y VS S Gt
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R Vi
1 : : :
= det : : :
. — T T mr41
[I(mj+r—7+1) AT AT AT
1 1 1
1

B [(mj+r—j+1) A(m,0)(ALs -y Artr)-

O
Define recursively the following partitions. Let € 2k—1 = (1,...,1) and let
—
k—1
_J (Q-1n-1,0) if n is even
Hhon = { Q11+ (1,..,1) ifnis odd. (8)

A closed expression for €2, can be obtained by induction and it is given by

(k—r,...;)k—r,k—r—1,...,0) ifn=2riseven
—_————
Qe = nok . .
o (k—r,...;k—rk—r—1,...,1) ifn=2r+1is odd.
—_——
n—=k

Notice that the recursion reaches all pairs (k,n) with n < 2k — 1. For reference, Table 2 contains the first
values of Qy, .

kE\n

1,1,1,1,0
2,2,2,1,0
3,3,2,1,0
432,10

K| K| K| X K| K| K| X ¥
*| K| ¥ X K| ¥ ¥

=1 O 00| ]| O U x| W N —

Table 2: Partitions Q_,, from (8). The bases of the recursion are the dark green boxes; the recursive steps move
southeast.

Proposition 4.1. The volume of GTSSg((,ff;)l)()\) is

2
Tl.'agk,2k—l ()‘)

Hj:l J:
Proof. Let n = 2k—1. Asin the proof of Lemma 4.2, observe that only some of the labels on the Gelfand—T'setlin
pattern can be nonzero: only the i leftmost labels in the row corresponding to SO(k — 1 + i) are nonzero, for

i=1,...,2k — 2. In particular, the row corresponding to SO(2k — 2) has no labels identically equal to 0. This
shows

SO(2k—
vol (GTSO((,ffl)l)()\)> _

SO(2k—1) M A2 Akt
vol (GTSO(,H) ()\)) :A A 2/0 VOl(Thoo 1 (i1, + s pior))psi—1 - -~ iy, (9)
A

k—1

where Ty(pi1, ..., te) is the polytope defined by the same inequalities as in (4)—(6) and the triangular shape
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M1 | 2 s He—1| fee

||

Observe that dim Ty(p1, . .., me) = (5) and its volume is an alternating polynomial in the variables p1, . . ., t.
There is a unique, up to scale, alternating polynomial of degree (g) in ¢ variables and it is the Vandermonde
determinant. Therefore,

vol(Ty (i1, - -y pe)) = Keaqo,...0)(1)-

%13' This holds when ¢ = 2.

for some constant xy,. We use induction on £ to determine x, = I
i

For ¢ > 3, notice
H1 He
vol(To(p1y -y pee)) = / e / vol(Ty—1(v1, -y Ve—1))dvp—1 - -diy
H2 He

H1 He—1
= K‘,g_l/ / CL(()’W’O)(Z/l,...,Vg_l)dl/g_l---dl/1
K 2

2 14
1 1
= [,2," 7—1 ) a(anOﬁ)Oih'~'aﬂ€%

Hj:lj' )

where in the last line we used Lemma 4.4; since Hf_l(é —j) = (£—1)!, we obtain the desired value of k.
It remains to evaluate the integral in (9). From (9), we see

vol (GTSSQ((,jf;)l)(A)) =2 -vol(Ti( A, - .., Ae_1,0)).

This concludes the proof because

1
2- VOl(Tk()\17 ey Akfl, 0)) =2 <I<:_1.'UJ(07'..70)(A17 ey )\kfl, 0))
e

= A k100,00 (A, Ak1)
1 J!
2

0 (A A1)

1 J!
2

= T Wt (AL A1)
1 J:

Proposition 4.1 provides the base of the induction for the following result.

Theorem 4.2. Let n < 2k — 1 with n = 2r or n = 2r + 1 depending on its parity and let X = (A1,...,A).
Then

2k7r

[T (n)j +7 = 5)!
2k7r
= —k . Q% (>‘)
1 (k=) H;7k+1(n —2j)!
Proof. Since n < 2k — 1, there exists a nonnegative integer p such that (k,n) = ({ +p,2¢ — 1 + p). We use
induction on p. Notice that n — k = ¢ — 1 does not depend on p. When p = 0, the statement is true by
Proposition 4.1.

Notice that vol (GTS‘?&(:E k)()\)) is obtained by integrating vol (GTSSg ((::]Cl)) ()\)) in the labels of the second

(from the top) row of the Gelfand—Tsetlin pattern, see Figure 2.

ol (G138 ) = a0, )
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We consider two cases depending on the parity of p.
Let p be odd. In this case, n = 2£ — 1 + p is even and if SO(n) has rank r then SO(n — 1) has rank r — 1.
We have

A1 r—1
vol (GT§8<}>1 [\ / vol GTSS((; 11))(% .. 7Mr_1)) dptp_1 -~ dpiy
2

ok—1-(r=1) A o
- a r—1--d,
H] 1((Qk 1,n— 1) +7r— 1 7] /)\2 / Qp—1,n— 1(#’):“ 1° 1231

where we use the inductive hypothesis for p — 1 to compute vol (GTSSg(Z" 1?(;11, . ,,ur_l)).

Applying Lemma 4.4, we obtain
2k—r
12 (1) + (= 1) =)
1
1 ((Qk 1,n— 1)] (T_l)_.]+1

ol (GTE, ) -

A(Qp—1,n-1,0) ()‘)

Since n is even, we have (Q_1 n—1,0) = Qg n s0O

r—1 r—1 r
[T @—1n-1); + = 1) =) T mm1im—1)s +7 = §) = [[(Qm)s + 7 — )
=1 1 1

This concludes the proof when p is odd.
Let p be even. In this case, n = 2¢ — 1 4 p is odd, so SO(n) and SO(n — 1) have rank r. We have

A r—1
SO(n SO(n—1
vol (GTsO((z 1) /)\ / / vol GTSO((e 1))(M17-"7”’">) dpiy - - - dpi
2

ok—1— T) AL r—1
B a cod
H] 1((Qk 1,n— 1 +r 7‘] /AQ / / Qr—1,n-1 ),U 11

Similarly to the proof of Proposition 4.1, we regard the last integration bound 0 as a variable A,;; and then
evaluate it to 0. By Lemma 4.4, we deduce

vol (GTSO n) ()\)) _ gk—1-r
SO=D H;:l((Qk—l,n—l)j +7r— j)'
1
: 2. A )\r 0.
[ Q%k-1n-1)j +74+1—7) U1,0-2,0) (A A1) a0
From properties of alternating functions a(w,O)()‘la cees >\r+1)|,\7~+1:0 = a(w+(1,...,1))(>\1, ..., Ap) for every partition
m. Since n is odd, we have Q , = Qp_1 n—1 + (1,...,1). This allows us to conclude:
2. 2k—1—r 1
vol (GTSO™ () =— _ ) \
( sofe-| )> (), +7— 5 — D T )y 47— ) rmrnmat (s 1) (A)
2k—r
= T —a n ).
I ((en)j + 17— 9)! 2% (A)

This concludes the proof for even p.
The second equality in the statement of the theorem is obtained by writing €y, ,, explicitly in the denominator.
O

We record separately the instance of Theorem 4.2 when k = n — 1; by Lemma 4.1 and the discussion after
that, these are the Gelfand-Tsetlin polytopes controlling the dimension of irreducible SO(n)-representations.
Indeed, when A is a dominant integral weight for SO(n), the volume of GTSO((1))(>‘) can be recovered directly
from the Weyl dimension formula, see e.g. [9].

Corollary 4.1. Let n be a positive integer. Then

1

2" ) )

SO(n) _ e r—1r-2,. ’0)()\) if m = 2r is even

vol (GIEG ) = § Tt om0 0 R
L=+ 4(rr—1,..,1) ifn=2r+14s o0
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4.3 Degrees of Stiefel manifolds via volumes of Gelfand—Tsetlin polytopes
We have now completed all the preparatory work to determine the degree of St(k,n) when n < 2k — 1.
Theorem 4.3. Letn <2k —1. Then

deg St(k,n) = 2* det [((Q’w)i + (Qnrn)j +2r —i— J)]
7 (Qen)i +7—1d i

Proof. From Theorem 4.1 we have

deg(St(k,n)) = N /

vol (GTSC™ (A - vol (GTEC™ (\)) a,
[ vl (GTg0 () vl (GG )

and from Theorem 4.2 we write

N!2k+n7172r
[T (Qen); + 7 =) (Que1n)j + 7 — )]

deg(St(k,n)) = /me aq, ,(Naq,_, , (A)dA.

When n = 2r is even,

CAW ={(,...

Since the integrand is alternating in A, the integral over C N W is equal to % times the integral over A, and so
we may write

7)\r)|A1 Z )\2 Z e 2 >\r—1 Z |)\r|}

deg(St(k, n)) = Nt 2f ! / a0, . (Na,_, . (NdA.

T () + 1 = D) (Qu1n)j +17 =) A,
We compute this integral using Lemma 4.3:

7!
(T2 + |Qk,n| + |Qn—1,n|)

|
/ aq,, , (Nag, _, ,, (A)dA = sdet M = I et M
A, ' ' ! N!

where M is the r X r matrix with (¢, j)-th entry M, ; = (Qn)i + (Qn—1,n); +2r —i —j)L
This yields

1
T . " . det M
[ ((Qkn)j +7 = DU (Qm1,0); + 17— 5)!
Distributing the factor 1/((Q%,,); +7—7)! in the j-th column of the matrix and the factor 1/((Qp—1,); +7 —1%)!
in the i-th row provides the desired determinant when n is even.
When n = 2r + 1 is odd, the proof is essentially the same. The only difference is that

deg(St(k,n)) = 2~ .

CAW ={A1,.. ., A) AL > Ay > - >\, >0}

therefore the integral over C N W equals % times the integral over A,.. Since in this case 2r + 1 = n, the power
of 2 simplifies to 2¥ as was the case when n was odd. O

4.4 Non-intersecting lattice path interpretation

As is the case of the formula for deg(SO(n)) in [2], the result of Theorem 4.3 can be interpreted combinatorially
in terms of non-intersecting lattice paths. We recall the Lindstrom—Gessel-Viennot Lemma (see e.g. [28, Thm.
2.7.1)):

Lemma 4.5 (Lindstrom—Gessel-Viennot [16,20]). Let A = {a1,...,a,} and B = {by1,...,b.} be sets of points
in Z2. Let M; ; denote the number of paths from a; to b; in the lattice 72 using unit steps in only north and
east directions. If the only way to connect all points in A to all points in B via non-intersecting paths is by
connecting a; to b; then the number of ways to do this is given by det([M; ;)i j=1,...r)-

Example 4.2. Consider the point configurations A = {(-3,0),(-2,0),(0,0)}, and B = {(0,4),(0,2),(0,0)}.
Then the matriz M 1is given by

LK)
S ERENCIR
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T el e A
TV VvV VYV XXXXXXXXXX
TV VXX XXX XX
VvV VvV VXXV VXX
AV VIV VXXX XX
AV VNV VY

Figure 3: All non-intersecting lattice paths (green) from A = {(-3,0), (-2,0), (0,0)} to B = {(0,4), (0,2),(0,0)}

Its determinant is 44. There is only one path from As = (0,0) to Bs = (0,0) and so a collection of non-
intersecting lattice paths is uniquely determined by a pair of paths, one from Ay to By and another from As to
Bsy, not passing through (0,0).

Figure 3 displays paths from A; to By in the first row and paths from Ag to By in the first column. A green
v'indicates that the pair together with the stationary path at (0,0) forms a collection of three non-intersecting

lattice paths. Indeed, there are 44 green v'’s.

Lemma 4.6. Fiz k,n with k+1<n <2k—1. Let
A={(=( )i +7=7),0):j=1,....7}
B={0n—-2j):5=1,...,r}

The matrixz in Theorem 4.3 is the matriz in the Lindstrom—Gessel-Viennot Lemma applied to A and B.

Proof. From the point (—i,0) to (0,7) there are (H;]) paths. Notice that n —2j = (Q,-1,); + 7 — j. These
facts applied to A and B directly prove the result. O

Corollary 4.2. For k+1<n <2k -2, let Ly ,, denote the number of non-intersecting lattice paths
from A ={(=(Qn); —r+7,0)}j—1 to B={(0,n—2j)}j_,
in Z2 consisting of unit steps in north and east directions. The degree of St(k,n) is given by
deg(St(k,n)) = 2% - Ly, .

Proof. By Lemma 4.6, the matrix in Theorem 4.3 is the matrix appearing in Lemma 4.5. Apply Lemma 4.5 to
the sets of A and B to conclude. O

Example 4.3 (Degree of St(4,6)). Let k =4 and n = 6. Ezample 4.2 calculated that N(4,6) = 44. Applying
Corollary 4.2 computes the degree of St(4,6) to be

deg(St(4,6)) = 2* - 44 = 704.

5. Conclusions
The statements of Theorem 3.2 (n > 2k — 1) and Corollary 4.2 (n < 2k — 1) combine to produce the proof of
Theorem 1.1. We write it explicitly for completeness.

Proof of Theorem 1.1. The first half of Theorem 1.1 is given directly by Theorem 3.2. The second half is given
by writing €y ,, in the point configuration in Corollary 4.2 according to its expression in (4.2). O

Theorem 1.1 in the case k = n — 1 gives the following corollary.
Corollary 5.1. The degree of SO(n) is equal to the degree of St(n — 1,n).

We provide a geometric proof of this fact as well.
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5.1 A geometric argument for the result of Corollary 5.1

Consider the rational map
7 : P(Maty,xpn, ® C) -—» P(Mat(,—1)xn ® C)

sending an n X n matrix to the submatrix obtained by removing the first row. In other words, this is the
projection with center L = {(A,z) : z = 0, A®) = 0 for i > 1}, where A®) denotes the i-th row of the n x n
matrix A.

The restriction

¢ :50(n) --» P(Mat(,—1)xn ® C)

surjects onto St(n — 1,n). Since dim SO(n) = dim St(n — 1,n), ¢ is generically finite.

We show that ¢ is regular. To see this, it suffices to show that SO(n) does not intersect the center of the
projection L. Suppose (4, z) € LN SO(n). In particular, z = 0 and A is a matrix which is nonzero only in its
first row and such that AAT = 0-id,, = 0. Notice that if (4,z) € SO(n), then AAT = AT A. This guarantees
that if A is supported on a single row and AA”T = 0, then A = 0 and we conclude that SO(n) N L = ().

Moreover, ¢ is generically one-to-one. Indeed, let B € St(k,n) and consider (B,1) € St(k,n), so that
BBT =1id,,_1. The rows of B form a set of n — 1 orthonormal vectors in C"; let u be the unique vector in C*
that is orthogonal to the vectors of B, has norm equal to 1, and forms a positively oriented basis together with
the vectors of B. In particular, the matrix A obtained by placing the vector u above the matrix B is an n X n
orthogonal matrix with determinant 1, and it is the unique preimage of B via . This shows degyp = 1.

Applying iteratively [24, Thm. 5.11(a)], we conclude

deg SO(n) = deg p(SO(n)) = deg St(n — 1,n).

5.2 A final connection to the combinatorics of domino tilings

The case n = 2k — 1 appearing as the overlap of Sections 3 and 4 produces the following simple combinatorial

identity.
EEE)
I/ Vig=1,...r

Proof. When n = 2k—1, the point configuration A, B given by Lemma 4.6 has the property that the first r—j+1
steps beginning at A; must be vertical. Equivalently, the determinant of the path matrix associated with A and
B is the same as the determinant of the path matrix associated with A, B where A = {(—(r—j+1), (r—j+1)}7_;.

The new path matrix is
i
=G
I/ Vig=1,..r

We can express deg(St(k,2k — 1)) by Theorem 3.2 as 2("2") and by Theorem 4.3 as 2¥ det(P). We conclude

Corollary 5.2.

det(P) =27 . 2("3") = 2(2) = o("3"),
O]

We could only find the result of Corollary 5.2 in a comment in the sequence A006125 in OEIS [26]. The
Aztec diamond theorem states that this power of two is the number of domino tilings of the Aztec diamond of
order n. It was proved by Elkies, Kuperberg, Larsen, Propp in [13]. In [11], Eu and Fu provide a proof of the
Aztec diamond theorem using non-intersecting lattice paths, but they do not seem to use the path matrix in
Corollary 5.2.
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