DEGREE OF THE GRASSMANNIAN AS AN AFFINE VARIETY

LEK-HENG LIM AND KE YE

ABSTRACT. The degree of the Grassmannian with respect to the Pliicker embedding is well-known.
However, the Pliicker embedding, while ubiquitous in pure mathematics, is almost never used in
applied mathematics. In applied mathematics, the Grassmannian is usually embedded as projection
matrices Gr(k,R™) = {P € R"*" : PT = P = P?, tr(P) = k} or as involution matrices Gr(k, R") &
{X eR™™: X" =X, X? =1, tr(X) = 2k — n}. We will determine an explicit expression for
the degree of the Grassmannian with respect to these embeddings. In so doing, we resolved a
conjecture of Devriendt-Friedman—Sturmfels about the degree of Gr(2,R™) and in fact generalized
it to Gr(k,R™). We also proved a set theoretic variant of another conjecture of Devriendt—Friedman—
Sturmfels about the limit of Gr(k,R™) in the sense of Grobner degeneration.

1. INTRODUCTION

The standard way to embed a Grassmannian in an ambient space is the celebrated Pliicker em-
bedding, 7 : Gr(k,R™) — P(AF(R™)), span(vy,...,v,) + [v1 A --- Awg]. The Pliicker embedding
has many appealing features, e.g., its mean curvature vanishes and so its image is a minimal sub-
manifold [2, 5]; in addition it is a minuscule embedding [26]. However, there are several difficulties
if one attempts to use the image of the Pliicker embedding as a model for the Grassmannian in
applied mathematics. One issue is that while it maps subspaces to antisymmetric k-tensors, it
does so only up to scaling, i.e., the image of 7w is a projective variety. This presents a problem
as equivalence classes can be tricky to implement well in software, and is the whole reason why
one needs a model in applied mathematics for the Grassmannian that realizes abstract subspaces
as concrete objects with coordinates. Another issue is the exceedingly high dimension (Z) of the

ambient space P(AF(R")), compared to its intrinsic dimension of k(n — k). For instance, while one

might get around the first issue by further embedding P(A*(R™)) into R™ with m = ((2);1) (note
also that this is only possible over R but not over C), the high dimension m becomes a liability
when one needs to perform computations.

As a result, in areas connected to applications such as coding theory [7, 10], machine learning
[12], optimization [39, 42|, and statistics [8], the Grassmannian is typically modeled as a set of
projection matrices:

(1) Gr(k,R") = {P € S’(R") : P2 = P, tr(P) = k};
or, more recently, as a set of involution matrices [25]:
(2) Gr(k,R") = {X € S’(R") : X% = I,,, tr(X) = 2k — n}

within the vector space of real symmetric matrices S*(R"). Even without taking into account
constraints that further limit dimension, points on the Grassmannian are now realized as n X
n symmetric matrices, a far lower dimensional ambient space compared to that in the Pliicker
embedding. It is worth noting that the model in (1) is not limited to applied areas but is also
common in geometric measure theory [30] and differential geometry [34].

By “the degree of Grassmannian” in the title, we meant the degree of either (1) or (2) as defined
by Hilbert polynomials of their projective closures, which notably applies to arbitrary fields [20].
It is easy to see that (1) and (2) have the same degree but (2) is defined by simpler equations (see
Section 3). Henceforth we will adopt the model (2) but our results will apply to (1) as well.
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To determine the value of the degree of (2), it is easier to work over C and use the fact that the
degree of (2) is equal to that of its complex locus

(3) Cre(k,R") = {X € S*(C") : X% = I,,, tr(X) = 2k — n}.

This is also the approach used in [11].
However the complex locus is not the only complex geometric object that may be associated
with Gr(k,R™). Indeed the complex Grassmannian (in the involution model)

(4) Cr(k,C") = {X €¢ H}(C") : X? = I,,, tr(X) = 2k — n}

is arguably a more natural object. While (3) defines a complex affine variety in the complex vector
space of complex symmetric matrices S?(C"), (4) defines a real affine variety in the real vector
space of Hermitian matrices H?(C™).

The authors of [11] favor (3) over (4) but did not provide a rationale. In Section 3, we will
show that the former possesses a special property — (3) gives a minimal algebraic complexification,
which is unique among all complexifications if one exists. On the other hand (4) gives a nonminimal
complexification.

As our title suggests, our main goal is to establish an explicit expression for the degree of
the Grassmannian as an embedded variety, which we accomplish in Section 4. We will prove a
closed-form combinatorial formula for the degree of (3) in Theorem 4.3 and highlight some of its
consequences. Notably, Corollary 4.4 resolves [11, Conjecture 5.7] and Corollaries 4.5 and 4.6 con-
firm the numerical values in [11, Proposition 5.5] (that the authors computed with Macaulay2 and
HomotopyContinuation. jl). In Section 5, we will characterize the boundary points of the projec-
tive closure of (3) in Theorem 5.5 and thereby resolve a set-theoretic version of [11, Conjecture 5.8].

1.1. Degree for practitioners. We add a few words for computational and applied mathemati-
cians who may use the models (1) or (2) in their works but who may not be familiar with the
notion of degree of an algebraic variety [20, 18]. As the name implies, it is a notion that general-
izes the degree of a single polynomial to more than one polynomials fi,..., fx € Clz1,...,x,], or,
equivalently, to the variety cut out by these polynomials X := {z € C": fi(x) = --- = fr(z) = 0}.

Geometrically, the degree counts the number of intersection points of the variety with a generic
linear space of complementary dimension. Roughly speaking, it counts the number of solutions
of a linear system Axr = b on a variety X C C". If A € C™*™ has full rank, b € C™, and
X C C" is a variety of codimension m and degree d, then by definition there will be at most d
solutions € X. The degree of a variety is also a measure of how complicated the variety is. For
example, hypersurfaces of degree one or two are easily understood whereas degree three or higher
hypersurfaces are still mysterious [21].

The degree is an invariant of a variety but it depends on the embedding. So the notion is
especially pertinent to practitioners as algebraic varieties in applications are usually explicitly
embedded in some ambient spaces like C*, C"™*", S2(C™), A¥(C™), etc. Our results on the degree
of Grassmannian, while primarily of theoretical interest, have some practical implications. For
example, if we optimize a generic degree-p polynomial function on Gr(k,R™) in the models (1)
or (2), then the number of critical points is bounded above by p*("~*)d where d is the degree of
Grc(k,R™) in (3). For another example, the aforementioned problem of solving a system of linear
equations on a variety X C C" arises in unlabeled sensing [40] where X is a set of n! points; this
could conceivably be extended to X = Gre(k, R") C S?(C).

The last section will involve the notion of a projective closure of an affine variety. This is a
standard procedure to turn an affine variety in C" into a projective variety in P(C"*!) by adding
“points at infinity.” Taking projective closure preserves degree, a fact that is often used in the
calculation of degrees.
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2. NOTATIONS AND BACKGROUND

We write Z,. for the set of nonnegative integers and Z_ | for the set of positive integers through-
out. For easy reference, we recall three results from linear algebra, representation theory, and
combinatorics that we will need later.

2.1. Linear algebra. While a real symmetric matrix is orthogonally diagonalizable, a complex
symmetric matrix is only similar to a block diagonal matrix under conjugation by complex orthog-
onal matrices. We will use the following result from [16, p. 13].

Lemma 2.1 (Canonical form for complex symmetric matrices). Let A € S?(C"). There exists
Q € 0,(C) so that
A= Qdiag()\llql + Sl, Ce )\qum + Sm)QT,

a block diagonal matriz with diagonal blocks of the form

1 . .
Sj = =(Ig, — iJyg, )Ny, (I, +1iJg;) € S*(CY), j=1,...,m,

2 J

where I, is the q X q identity matriz and

[0 0 ... 0 1] [0 1 ... 0 0]

00 ... 1O 00 ... 00

Jo= |1 0 e 0 | €SHCY), Npi= |1 oo i) eCr

01 ... 00 00 ... 01

1 0 ... 0 0] 00 ... 0 0]
are the q X q exchange matriz and nilpotent matriz respectively. Here A1, ..., Ay, not necessarily

distinct, are eigenvalues of A, and g1 + -+ + ¢m = n.

2.2. Representation theory. Irreducible SO, (C)-modules are indexed by non-increasing sequences
A= (A1,..., ) of m = |n/2] integers such that A, > 0if n = 2m+1 and A\j—1 > |\p| if n = 2m.
Let V) be the irreducible SO,,(C)-module indexed by A. Then its dimension [17, Proposition 3.1.19]
is given by

)\i_)'\j—.Z‘F] 1 >\i+>\j+‘n_.l_] i = 2m 41,
1<i<j<m J—1t 1<i<j<m n—t—7]
(5) dimV, =
)\i—/\j—i—i-j)\i-l-)\j—l—n—i—j .
if n=2m.

1<i<j<m J—i n—i—j
Let m = [n/2] and eyg,...,e, € R™ be the standard basis vectors. Then the fundamental
weights of SO, (C) are wy,...,w, € R™ defined by

(14 -+ ¢ ifn=2m+land1<i<m-—1,
sler+ +em) if n=2m+1 and i = m,
wi=1<e+---+e ifn=2mand 1 <i<m—2,

%(61+---+em,1—em) ifn=2mandi=m—1,

e+ +em1ten) ifn=2mandi=m.
2.3. Combinatorics. The dominance partial ordering = on the set of partitions is defined by
i i
A-pu <= |A=|p| and Z)\jzz,ujforeachizl,...,m.

=1 j=1

The following expression may be found in [4, Lemma 3.2].
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Lemma 2.2. Let m,p,d € Z,, and 6 .= (m —1,...,1,0). Then

Axp.aBxrdC
| [1« I f-adiie= s niiChs
2|1, 21> 2220 1 5y 1<icy<m L(m(p+1+d(m—1)) +1)
where
1 ; P\ —N\j+d(j—i+1)/2)
Aspa=[[TOi+p+1+dm—1i)/2), Brg= J i+1)/2)
! ’1_11 1<i1<_]['<m LA = Aj +d(j —1)/2)

2
and, for X = dd, Cy 4 is the coefficient of the Jack symmetric functions J)(\d)(.r) in the expansion

2
H (2 +x;)% = Z C')“p,dJ)(\d)(a:).

1<i<j<m A>=dé
3. COMPLEX LOCUS OF THE REAL GRASSMANNIAN

A reason we favor our involution model (2) over the projection model (1) is that we find X2 = T
more convenient to handle than P? = P. Since the projection model (1) is easily seen to be a scaled
and translated copy of the involution model (2), they have the same degree. Henceforth we will
assume the form in (2). We begin by deriving its complex locus, showing that it is indeed given
by (3) as expected. To that end, we will need to determine the ideal of Gr(k, R™). Proposition 3.1
below is the involution model analogue of [11, Theorem 5.1] for the projection model; and we give
an elementary proof with classical invariant theory, avoiding the scheme theory used in [11].

Proposition 3.1. For any k,n € Z,, with k < n, let 9y, be the ideal generated by 2k —n —tr(X)
and I, — X2. Then 9y, = 9(Gr(k,R")).

Proof. Clearly 9, C 9(Gr(k,R")) C R[S*(R")]. Let V,1(R) be the Stiefel variety of k or-
thonormal frames in R™. The coordinate ring of V,, 1(R) is R[V, 1 (R)] = R[Y]/(I; — YY), where
Y = (yi) is the n x k matrix with indeterminate entries vy, i = 1,...,n, £ = 1,...,k. Since
Gr(k,R™) =V, 1(R)/ Og(R), the coordinate ring may be determined as a ring of Oy (R)-invariants,
R[Gr(k, R")] = R[V,, 1 (R)]%*®) = (R[Y]/(I, — YTY))O+®),
where the action of Ok (R) is given by
Ok(R) x (RIY]/(Ly = YTY)) = RIY]/(Iy = YY), (Q,f(Y))— f(YQ).

Let H=YYT, ie.,
k

hij = Zyieyje, 1<i<j<n.
=1
Hence the algebra (R[Y]/(I; — YTY))9+®) can be written as

(R[Y]/<Ik — YTY>)Ok(R) — R[hij 1< < ] < n]/<z hy — 1,hij — Zhighgj 1< S] < n>
=1 =1

=R[H]/(k —tr(H),H — H?).
This implies that the ideal of Gr(k,R"™) via the embedding
Jproj : Gr(k,R™) < S*(R™), V= VVT

is generated by k — tr(H) and H — H2. Here V is any representative of V in V,, x(R). Since the
involution model is obtained by composing j,o; with a translation, i.e.,

Jiny @ Gr(k,R") < S%](R"), V= 2VVT —1,,
we conclude that the ideal of i,y (Gr(k, R")) in S?(R™) is generated by 2k—n—tr(X) and I,,—X2. O
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It follows from Proposition 3.1 that the complex locus of Gr(k, R™) is given by (3), i.e., replacing
R by C in (2). By Lemma 2.1, we may write X € S?(C") as

X = Qdiag()\lfql + 51, ..., )\mIqm + Sm)QT

for some @ € O, (C) and symmetric matrices S, ..., Sy, as defined therein. Thus X? = I,, if and
onlyif m =n, ¢ =1, and \; = £1, 5; =0, j = 1,...,n. This observation leads to the following
description of Gre(k,R"™).

Lemma 3.2. Let O,(C) act on S*(C") by conjugation. Then Gre(k,R™) is the O,(C)-orbit of
diag(I, —I,—k) and we have isomorphisms

(6) Gre(k,R") = 0n(C)/(Ok(C) x On—1(C)) = 50,(C)/ S(Ox(C) x On—(C)),
where

S(Ok((C) X On_k((C)) = {(X, Y) € Ok(C) X On_k((C) : det(XY) = 1}.
It follows that the coordinate ring
(7) C[Grc(k,R™)] ~ C[SO,(C)/S(O(C) x Op,—(C))].

We will next show that the complex locus in (3) has a rather unique property. Recall that a
complexification [23] of a real manifold M is a complex manifold Mc satisfying M C M¢ and
M = {zx € Mc : 7(x) = z} for some conjugation 7, i.e., an anti-holomorphic involution such that
for every fixed point @ € Mc of 7, there is a holomorphic coordinate system (z1,...,z,) around
x with 7(21,...,2,) = (Z1,...,2Zn). A complexification M¢ is minimal if the inclusion M C M¢
is a homotopy equivalence. It is well-known that any real manifold M admits a minimal analytic
complexification [24, 41] and any compact real manifold M can be realized as the set of real points
of some algebraic variety [33]. However, the combination of these two statements is false: It is not
true that any compact real manifold admits a minimal algebraic complexification.

Although the complex locus of a compact real variety is obviously an algebraic complexification,
it is not necessarily minimal. For example, M¢ = V ((z% + 2y? — 1)(22% + y? — 1) + ¢) is a disjoint
union of four ovals in R? for small ¢ > 0 [37, Chapter 48]. Its complex locus Mg is a Riemann
surface of genus three with four points removed [22, Section 6]. Thus Mg is homotopic to the one
point union of nine circles, from which we may conclude that the inclusion M¢® < Mg is not a
homotopy equivalence. This example indicates that the homogeneous space structure of Gre(k, R™)
in Lemma 3.2 is essential below.

Proposition 3.3 (Minimal algebraic complexification). The complex locus Gre(k,R™) in (2) is a
minimal affine algebraic complezification of Gr(k,R™). The complex Grassmannian Gr(k,C") in
(4) is a non-minimal complezification of Gr(k,R™).

Proof. Recall that as Lie groups, SO, (C) is the complexification of SO, (R). By the isomorphism
(6) and the fact that S(Ox(C) x Op,—(C)) NSO, (R) = S(Ok(R) x O, (R)), the first statement is a
direct consequence of the proof of [24, Theorem 5.1]. On the other hand, the complex Grassmannian
Gr(k,C") = U(n)/(U(k) x U(n — k)), so m (Gr(k,C")) = 0. Since 71 (Gr(k,R")) = Zy, the natural
inclusion Gr(k,R") < Gr(k,C") cannot be a homotopy equivalence. O

Ultimately our main reason for the favoring the complex locus Gre(k,R™) over the complex
Grassmannian Gr(k, C") is that we are interested in the degree of the real Grassmannian Gr(k,R")
in S%(R™) and, as we will see in Section 4, this equals the degree of Gre(k, R™) in S*(C™) but bears
no relation to the degree of Gr(k,C") in H?(C™).

Another useful consequence of Lemma 3.2 is that it allows one to completely determined the
decomposition of the coordinate ring C[Grc(k, R™)], which is an SO,,(C)-module, into a direct sum
of irreducible SO,,(C)-submodules [17, Corollary 12.3.15].
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Proposition 3.4. Let k,n € Z,, with k <n/2. Then
(8) ClGrc(k,RM)] ~ D V.
>\6Ak ,n

where Ay, is generated by wi, . ..,W|, 2|, the fundamental weights of SO, (C), as follows:

spang, {2w1, ..., 2w } ifn=2m+1 and k <m —1,
A — spang, {2w1, . . ., 2Wm—1, 4w } fn=2m-+1andk=m
o spanZ+{2w1,...,2wk} fn=2m and k <m—2 or k =m,
spang, {2wi, ..., 2Wm-2, 2W;—1 + 2w} if n=2m and k =m —1,

4. DEGREE OF Gr(k,R™)

The involution model of Gr(k,R"™) is linearly isomorphic to its projection model: X = 2P —1I and
P = (I + X)/2 takes one back and forth between (1) and (2). As a result, the degree of Gr(k, R")
in the involution model is identical to that in the projection model and we have in effect resolved
[11, Conjecture 5.7], reproduced below for easy reference and formally stated as Corollary 4.4 to
our main result Theorem 4.3.

Conjecture 4.1 (Devriendt-Friedman—Sturmfels). The degree of Gr(2,R"™) in the projection model

is 2 (2:__24) .

As we noted earlier, the involution model of Gr(k,R") as defined in (2) has degree equals to
that of its complex locus Gre(k,R™) as defined in (3). Given that Gre(k,R") is a subvariety of
S%(C™), its coordinate ring C[Gre(k, R™)] is a quotient ring of the polynomial ring C[S?*(C™)]. For
any d € Z,, we will write C[Grc(k,R"™)]q for the subspace of C[Grc(k,R™)] comprising functions
that are restrictions of polynomials of degree at most d in C[S?*(C")]. We have an easy corollary of
Proposition 3.4:

Corollary 4.2 (Degree of Grassmannian as a limit). Let k,n, Ay, i be as in Proposition 3.4. Then
foranyde Z,,

(9) ClGre(k,RMa~ B Vi
)\GAkn
IA|<2d

Here if n = 2m, then |\ == A1+ -+ An_1+ |An|. The degree of Gre(k,R™) in S*(C") is therefore
given by

| -
(10) din pdlggod Z dim V)
)\EAkn
A<2d

where p = k(n — k).
Let k,n € Z,, with k < n/2. We introduce the shorthand

2k(n—k—1)
— — ifniseven and k <n/2—1,
[Ti<i<k G =) (n—7j—1) <n/
i<j<z
= — — — if n is odd,
A0 ok =\ Thcizk G- 00—~ ) ipln — 20)
i<j<ngt
ok(k—1)+1
if n = 2k.
H1<z<]<k( i)(2k — j — 1)
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We now prove our main result.

Theorem 4.3 (Degree of Grassmannian). For positive integers k < n, the degree of Gre(k,R™) in
S%(CM) is the same as that of Gre(n — k,R™) in S*(C"). For k < n/2, this value is given by

(12) Ak = akn Y A BrkCis
pYer

where 6, = (k—1,...,1,0),

T | . _ PO = A+ G —i+1)/2)
k-EI‘(n—Qk—i—l—i—/\z—i-(k—z)/Q), B)Mk'_lgggk a0

and, for X\ = 6, Cy i is the coefficient of Jack symmetric functions J>(\2) (x) in the expansion

H (i +25) = Z C’,\kJ(Q)

1<i<j<k A=6

Proof. The equality between degrees of Gre(k, R™) and Gre(n—£k,n), also found in [25, Equation 8]
and [11, Corollary 5.6], follows from the isomorphism S?(C") — S*(C"), A+ I,, — A.

Recall that if k& < n/2, a partition g = (p1,. .., ) lies in Ay, if and only if py,..., ux € 2Z,
and fig41 = -+ = [y, = 0; whereas for n = 2k, p = (p1, ..., px) lies in Ay o, if and only if pq, ..., g
are of the same parity and pq > -+ > pr—1 > |ug|. With this in mind, we consider three cases with
respect to the values of n and k.

CASE I: n =2m, k <m —1. By (5), we have

amv, = [ (=2 “J+1)<M+1) I ()=

1<icj<k T e 1<i<k J ¢ =g
k+1<j<m
2 _ 2 2
= H — R H - Hi + lower order terms
r<isip Umdn=j—4) 2o (=i —j—1)
o k+1<j<m
1 n—2k
-5 H 12 — ,u,?) { H ,ui] + lower order terms
ki< 1<i<k

where

By (10), we have

dgp =p! lim — Z dim V)

d—oo d
/\EAkn
IA|<2d
2pp| n—2k
Y
= pedm g X I ot T]
)\EAk n 1<i<j<k 1<i<k
[Al<2d

— Ii _ [ 22 3
Do doroo (2 e 1l [< ) <2d> H 2d
’ AEAL , 1<i<j<k 1<i<k
IA|<2d
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2Ppl 2 42 o
= im (ts —t t;
Sl o > T1 @ - 1 o
’ 2dteAk n 1<i<j<k
[t|<1

N QPD_;:TS! /tlél [( 1 ti>n_2k 1 (t?tg)}dt'

0<tp<-<t1<1 - “1<i<k 1<i<j<k

CASE II: n =2m + 1, k < m. The dimension formula (5) gives

amv, = [ (B=2+1) I (MH)

1<icj<m  J Tt 1<i<j<m
- Mi — My ) ( i + g ) < Hi >< i >
= 1 — < 41 1 1

1<z’1:[<k(j_Z ! 1<‘1:I‘<k n—z—j+ 1<'<1k_[' j_i+ n—z‘—j+

J EASYAS <i<k<j<m
2 9 2

- H i Hi — 1y H ’u22, H — Hi + lower order terms

1<i<j<k (=) —i-7) 15i<k ' M i<i<i<i<m (= —i-j)

2k
= E, H Mj H ,u2(m R+ '+ lower order terms,
i 1§i<j§k 1<i<k

where

Byn= ] G—dn—i-j) [] (n—20).

1<i<k 1<i<k
1<j<m

By (10) and the same calculation as in CASE I, we obtain

din = ZP' AIQ [(Ht) i I1 (t?—t?)}dt.

0<tp<-<t1<1 1<i<j<k
CAsE III: n = 2k. We recall that in this case, |u| = p1 + -+ + pgp—1 + |p|. Let
Fiop = H (J—1)(2k —j — ).
1<i<j<k

By (10), we have

o= g 2 im e 3 T
k,2k = Fy, 2k d—>oo dk

AEAL , 1<i<j<k
IAl<2d

2Kk (12)! 2 2
- %1+-~~+tk_1+tk|<1|: H (5 _tj)] dt

F
B2k <t <<t <1 i<k

2k27k+1(k2)! ) )
— R /u<1 [ H (t2 — tj)} dt.

0<t), <<t <0 "1<i<j<k

Applying Lemma 2.2 to the last integral in each of the three cases yields the required expression
n (12). O

By Theorem 4.3, it is immediate that for £ = 1, we get dy, = 27~1 which is also obtained in
[11, Corollary 5.6] via a geometric argument. For k = 2, we confirm the value conjectured in [11,
Conjecture 5.7] (and verified numerically for n < 10 therein):
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Corollary 4.4 (Degree of Gr(2,R")). For n > 3, we have

2n —4
n=2 .
Proof. For k =2, we have d, = (1,0) and A = d5 if and only if A =

1N
Ay =T(n—3)I(n—3), Bug) =

—~

1,0). Moreover,
2)
(3)
and since J((lz)) (z) = 1 + 2, we get C(19) = 1. Hence we obtain from (12) that da,, = 2"1(2n —

5/ (n—2)! =2(>"7). O

—

=
[\G][V]

For k = 3 and 4, we may also simplify the expression in (12) to obtain more explicit ones for
d3 ., and dy . They confirm the values obtained numerically for n < 10 in [11, Proposition 5.5].

Corollary 4.5 (Degrees of Gr(3,R") and Gr(4,R"™)). For n > 5, we have

ds.p = T

Forn > 7, we have

p (32n2 — 288n + 634)(2n — 13)!!(2n — 9)!! 5216
4n = .

' (n—2)(n—4)!
Proof. For k = 3, we have 63 = (2,1) and A > 63 if and only if A = (2,1) or (1,1,1). Moreover,
re)rdre 15
— _ _7 — = 2 =
A(2’1)73 = F(TL 2)F(n Q)F(n 5), B(Q}l)?g F(%) F(?)) F(%) 4\/77_a
rrrE _ 1
— 7 _ 2/ _
Aaaps =L =30 =y)Fn=4), Bawns = poypa 1) =~ oy

and since

oy @ 1o
1<g<3(:@ +25) = Jom + 570

we get Co1y =1, Ci 1) = % Hence we obtain the expression for ds,, from (12). The expression
for dy y, is similarly obtained. O

As these calculations reveal, if not for the fact that the coefficients {C 1 : A = 0} are implicitly
defined, our expression for dj, in (12) will be fully explicit, as oy, Axk, Bk are all explicitly
given. While in general there is no explicit formula for the coefficients C} j, in

[ @i+z)=Y P @),

1<i<j<k A=0p

they are trivial to compute algorithmically. As described in [29, page 326], a Jack symmetric
function J /g) (z) can be expanded as a linear combination of monomial symmetric functions using
the recursive Gram-Schmidt process, which in turn yields the values of {Cy 1 : A = &}

The expressions in Corollaries 4.4 and 4.5 is a product of factorials, double factorials, 2-powers,
and a polynomial in n. We will show that this holds true in general for dj, ,,. In fact, the first three
quantities can be determined explicitly. As in Theorem 4.3, we may assume k < n/2 without loss

of generality.
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Corollary 4.6. Let k,n € Z,, with k <n/2. Then there exists a polynomial Py of degree at most
(5Y =32k 1i/2] such that

k=1
y L [T, Y (n — 2k + 2) T2 (2(n — 2k + 25) — OL
(13) i = Ghn 21k/2](n=2k+[k/2]—1) b(n),

where ayy, is as in (11). Moreover, for any fived k € 7., the sequence (dj )2 o s completely
determined by its first (g) — Zle |i/2] terms.

Proof. The existence of the polynomial P, and the expression (13) are a direct consequence of

our proof of Theorem 4.3. If the first (’;) - Z,’f:l 1/2] terms in (di )0, are known, then the
subsequent values of Py(n) can be uniquely determined by polynomial interpolation, and thereby
determining the corresponding values of dy, ,, via (13). O

We recall from [31, Theorem 5.13] that the degree of Gr(k,R"™) in the Pliicker embedding is
(k(n = k))!
[T jG+ 1) Gtn—k—1)

Corollary 4.6 then allows us to compare dj, , with c?kn for any fixed k.

(14) . =

Proposition 4.7 (Comparison with degree of Pliicker embedding). Let k € Z, be fized. Then
d17n/d17n = 21—n’ dgm/dgm = %(n — 1)_1, and, fOT’ k> 3,

(15) dion/din = O((2/k)"n*").

Proof. The values for k = 1,2 follow from Corollary 4.4 and the discussion before it. For k£ > 3, it
follows from (11), (13), and (14) that

- nk T152 (2n — 4k + 45 — 1)!
djon /o = O J .
il Ok, (kn — k2)]

Applying Stirling’s formula gives us (15). O

Proposition 4.7 shows that for any fixed k& > 3, the degree of Gr(k,R™) in the involution model
is exponentially smaller than its degree with respect to the Pliicker embedding, i.e., dkn/c@m
decreases to 0 exponentially as n — co. The practical implication is that the involution model for
Gr(k,R™) is geometrically much simpler than the Pliicker embedding, and low-degree objects are
always preferred in computations.

5. PROJECTIVE CLOSURE OF THE (GRASSMANNIAN

Our main goal in this section is to prove a set-theoretic version of [11, Conjecture 5.8], reproduced
below for easy reference.

Conjecture 5.1 (Devriendt—Friedman—Sturmfels). In the sense of Grébner degeneration with re-
spect to the monomial order given by total degree, the limit of Gre(|n/2],R™) is {X € S*(C") :
X2 = 0}. Furthermore, the initial ideal is given by in(Fn/2)n) = (X2 tr(X)).

The notion Grobner degeneration is discussed in [3, 13, 9]. By definition, in(.$|,,/2) ) is the limit
of .9|,,/2),n With respect to the Grobner degeneration. So Conjecture 5.1 may be rephrased as
(16) Z(ln(jLn/QJ,n)) = {X € S2(Cn) P X? = O}a ln(‘gl_n/QJ,n) = <X2>tr(X)>

where Z(.9) denotes the variety defined by the ideal .%.
We will prove a set-theoretic variant of Conjecture 5.1. Instead of the limit of the ideal .9}, /3| .,

we will give the limit points of Gre([n/2], R") in P(S*(C™) @ C). Theorem 5.5 shows, among other
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things, that the set of limit points 0 Gre(|n/2),R") is exactly the conjectured Z(in(.9|, /2 ,)) in
(16), i.e.,

Thm. 5.5 Conj. 5.1

0Gre(|n/2|,R") {X eS*C"):Xx?=0} Z(in(Fn/2)n))-
In fact, Theorem 5.5 shows that the first equality holds with |n/2] replaced by any k < |n/2].

Conjecture 5.1 and Theorem 5.5 are both about the limiting behavior of Gr(k, R™) with “limit”
interpreted respectively in the sense of Grobner degeneration and in the sense of topology. In this
regard (20) in Theorem 5.5 may be viewed as a set-theoretic version of Conjecture 5.1.

More generally Theorem 5.5 gives the polynomial equations defining Gr(k,R™). Such set-
theoretic descriptions of a variety are a common step towards the (usually more difficult) ideal-
theoretic descriptions. Notable examples include the set-theoretic Salmon conjecture for o4(P3 x
P3 xP3) [27, 36, 1, 15], the set-theoretic Eisenbud—Koh-Stillman conjecture for o,.(v4(2)) [14, 38, 6],
the set-theoretic Landsberg-Weyman conjecture for 7(P™ x --- x P") [28, 35|, the set-theoretic
description of vg(Z) [32, 19], among yet other similar endeavors. Here 0,(Z2), v4(Z), and 7(2)
denote the rth secant, degree-d Veronese, and tangential variety of a smooth projective variety Z
respectively.

What we wrote in the beginning of Section 4 also applies to this section, that is, it makes no
difference whether we use the projection model (1) or the involution model (2) as they only differ
by a linear change of coordinate. So while Conjecture 5.1 was stated in [11] for the projection
model, we may use the involution model below.

We begin by introducing some notations. Let Gre(k,R") denote the projective closure of
Grc(k,R™), i.e., its closure in the projective space P(S*(C") @ C). Note that the Euclidean closure
and Zariski closure are equal in this case. The variety defined by the homogenization of the ideal
of Gre(k,R™) is

(17)  Gri(k,R") = {[X : ] e P(S*(C") @ C) : X* — #*I,, = 0, tr(X) — (2k — n)t = 0}.
Clearly, we have
Gre(k,R™) C Grit (k,R™)
and that
dGrc(k,R") = Gre(k,R") \ Gre(k,R") = {[X : t] € Grc(k,R") : t = 0}.
Let Lo denote the hyperplane at infinity, i.e.,
(18) Lo ={[X:] e P(S*(C")&C):t=0}.

Lemma 5.2. Let S =

s[4 L], For any [X : 0] € Grii(k,R") N Lo, there exist some integer
d < |n/2| and matriz Q €

=
O, (C) such that

X:Q[S%Id 8} o

Here S ® I; = diag(S,...,S) is a block diagonal matriz with d diagonal blocks.
Proof. Clearly Grit(k,R") N Lo, = {X € S*(C") : X2 = 0, tr(X) = 0}. A complex symmetric

matrix has a decomposition
X = Qdiag(MIy + S1,-. oy Ay, + Sm)Q"
for some Q € O, (C) and symmetric matrices Si,..., Sy, as in Lemma 2.1. If X2 = 0, then
0=(N\lg + 85 =XNI,, +2X 8+ 57, j=1,....,m.
A direct calculation shows that Ay =--- = \,, =0 and for each j = 1,...,m, we must have either

(i) s =1 and S; = 0, or (ii) ¢; = 2 and S; = 5[] 1;]. O

(2
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Lemma 5.3. The variety Grit(k,R™) N Lo s a union of sets Z1,.. ., Z|nj2) gwen by

(19) Zd::{[X:O]eGr@(k,R”):X:Q[S%Id 8}@,@60”(@)}, d=1,...,n/2).

Moreover, dim Z; = d(n — d) for each d=1,...,|[n/2].
Proof. From (17) and (18),
Gri(k,R") N Loo = {[X : 0] € Grf(k,R") : X* = 0}.

It follows from Lemma 5.2 that we have a disjoint union (denoted by LI henceforth)

[n/2]
Gt (k,R") NLoo = | | Z4
d=1
where Z; is the orbit of X := [S‘%Id 8] with respect to the adjoint action of O, (C). Let G be the

stabilizer group of Xj. Its Lie algebra gg is given by
do = {A S 50n<(C) :AXy = X()A}
We partition A € gg as

Arg - Ag At d+1
A : - : :
Agr - Aga  Agdm
Agr11 - Adriad Adpider

where Aij c CQXQ, Az‘,d+1 c (C2><(n—2d)’ Ad+1,j c C(n—Zd)xZ’ Ad+1,d+1 c C(n—Qd)x(n—?d)’ i,j =
1,...,d. Then AXy = XoA gives us

AijS == SAij, SAi,d—‘rl == O, Ad+1,jS == 0, i,j == 1, ceey d;

-2

It follows from the orbit-stabilizer theorem that dim Z; = dim O,,(C) — dim Gy = nd — d>. O

and therefore

Proposition 5.4. For each d = 1,...,|n/2|, we have Z4 = Z1 U --- U Zg. The set Zy is con-
nected (resp. irreducible) unless n is even and d = n/2, in which case Zg has two connected (resp.
irreducible) components.

Proof. The first statement is clear from (19). Let I, 1 == diag(1,...,1,—1) € C"*". We have the
disjoint union of cosets
0, (C) = SO, (C) U (I-1,1 SOL(C)).
This yields a decomposition Z; = Zd0 uz é where
zi= {0 eanmrx -5 " Yo geso.©f.

Z} = {[X 10] € Grit(k,R") : X = QIn-11 [S i La 8] I11Q", Q€ son((:)}.

Since SO, (C) is connected, both Z9 and Z} are connected. If 1 < d < n/2, then

I S®l; 0 I _|1S®I; 0.
TL*].,]. O O nfl,l - 0 0 )
so Z9 = Z! and Z, is connected. If n is even and d = n/2, then Z9 N Z} = @ and so Z, has

exactly two connected components. Observe also that ‘connected’ may be replaced by ‘irreducible’
throughout. O



DEGREE OF THE GRASSMANNIAN AS AN AFFINE VARIETY 13

We recall from Proposition 3.1 that .9|,,/9) , is the ideal of Grc(|n/2],R"). Since Gre(|n/2], R™)
is an irreducible affine variety, this ideal is radical and prime. However, it is speculated in [11] that
the conjectured limit (X2 tr(X)) in Conjecture 5.1 may fail to be prime. This follows immediately
from Proposition 5.4: If n is even, then

Z((X% (X)) = {X € S*(C") : X* = 0} = G (k,R") N Loo = Z1 U+~ U Zjg) = Zny2)
has two irreducible components.

Theorem 5.5 (Projective closure of the Grassmannian). Let k,n € Z,, with k < |n/2] and let
Z1y s D ny2) be as in (19). Then
Gre(k, R7) = Gre(k,R™) U Zy U --- U Zy,
OGre(k,R") = Z1U---UZp = Zy,.
In particular, we have
(20) 0 Gre(|n/2),R™) = {[X : 0] e P(S*(C") & C) : X% = 0}.
Proof. 1t suffices to show that W NLe =21 U---UZg. By Lemma 5.3, we already have
Gre(k,R")N Lo = Z1 U--- U Z\nj2)-

Since Gre(k,R™) C Grg(k,R™), we must have Gre(k,R?) N Lo € Z3 U--- U Z|py2)- Since Zg is an
O, (C)-orbit, either Zy C Gre(k,R?) N Lo or ZyN Gre(k,R?) N Log = @, for any d =1,...,[n/2].
By Lemma 5.3, dimZ; = d(n —d) > k(n — k) if n/2 > d > k. Thus Z; is not contained in
Gre(k,R*") N Ly if n/2 > d > k, from which we deduce that Gre(k,R?) N Log € Z1 U -+ - U Z,.
For the reverse inclusion, set X, = [S%Id 8] and we will construct an approximation of [Xg : 0]

by elements in Gre(k, R") C P(S*(C") @ C) for each d = 1,...,k. Let

1 e+ 1 1 € vV 2et
e = — . 5 Tg — A 9 ]‘
S 2 [ 1 —(e+ z)} [\/251 —€ ] O<es

2
Then
e(e + 21) . .
S2 =12 = =l tr(S.) = tr(T%) = 0, limS; =S, limT. =0.

Now let

Se ® 1y 0 0

Xqy(e) = 0 T: @Iy —q € S%(C™)
0 0 Vel +20) Lok

so that

21 1

Xy(e)? - e(eil)ln =0, tr(Xq(e)) — §(n —2k)\/e(e +2i) =0.

Hence we have

[Xd(a) : 5(62”2)] € Gre(k,R") C P(S*(C™) @ C)
and
as required. 0

As a consequence of Theorem 5.5, we have the following set-theoretic characterization of Gre (k, R™).
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Corollary 5.6 (Equations of projective closure). For positive integers k < n, the projective closure
of Gre(k,R™) is given by

(21) Grc(k,R") = {[X : t] € P(S*(C") & C) :
X? =21, = 0, rank(X +tI,,) < k, rank(X —tI,) <n—k}.

Proof. By Theorem 5.5, each [X : t] € Gre(k,R") must satisfy the three conditions in (21). Con-
versely, if t = 0 and [X : 0] € P(S*(C") @ C) satisfies the three conditions in (21), then setting
d = rank(X) < min{k,n — k} gives us [X : 0] € Z; C Gre(k,R?). If ¢ # 0, we may assume
t=1. If [X : 1] € P(S*(C") @ C) satisfies the three conditions in (21), then the eigenvalues of
X € S%(C") N 0,(C) must be 1 and —1 with multiplicities at least k and n — k respectively — but
this compels them to be exactly k£ and n — k. O

6. CONCLUSION

The degree and projective closure are arguably the two most fundamental properties of an
embedded variety from an algebraic geometric perspective. This article provides complete char-
acterizations for Gr(k,R"™) embedded via (1) or (2). The Grassmannian is, in addition, a smooth
manifold and (1) and (2) embed Gr(k,R") in S*(R") or O,(R). From a differential geometric
perspective, these embeddings call for a study of their second fundamental forms and condition
numbers, which we will provide in future work.
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