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Abstract

Using techniques from algebraic topology we derive linear inequalities which
relate the spectrum of a set of Hermitian matrices Aq,..., A, € C"*™ with the
spectrum of the sum A; + - - -+ A,. These extend eigenvalue inequalities due to
Freede-Thompson and Horn for sums of eigenvalues of two Hermitian matrices.

1 Introduction

Consider real n x n diagonal matrices Dy, ..., D, with diagonal elements \;(D;) >
Xo(Dy) > ... > M(Dy), L =1,...,7. In this paper we are concerned with geometric
properties of the set of possible spectrums of the matrices

{>_UDU, | U, are unitary}. (1.1)

=1

Equivalently we are interested in the following question:

Given Hermitian matrices Ay, ..., A, € €"*" each with a fixed spectrum A;(4;) >
. > M(A),Il=1,..., 7 and arbitrary else. Is it possible to find then linear inequal-
ities which describe the possible spectrum of the matrix A; +--- 4+ A7

For r = 1 this question is of course trivial. For » = 2 the question is classical and
very well studied (compare with [5, 7, 8, 9, 15, 16, 17, 18]).

An early example of an eigenvalue inequality for a sum of two Hermitian matrices
is that of Weyl [18]. A generalization of the Weyl inequalities to k-fold partial sums
of eigenvalues of Hermitian matrices A, B and A+ B is due to Freede and Thompson
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[17]. Still more general is the class of eigenvalue inequalities described by Horn [7]
for sums of two eigenvalues.

In this paper we will present a systematic geometric approach to obtain such eigen-
value inequalities. Although our main results are in the case of two matrices, where
r = 2, the approach works equally well in the case of r-fold sums A; +- - -+ A, of Her-
mitian matrices Ay, ..., A,. Our interest in this problem originates in the observation
by Thompson [15, 16] who indicates that most of the known inequalities for the case
r = 2 can be derived using methods from algebraic topology, i.e. by the Schubert
calculus of complex Grassmann manifolds. As this topological approach is described
only in a rudimentary form in [15, 16] we first present a rigorous development of the
Schubert calculus technique towards eigenvalue inequalities. We then show that it is
also possible to derive with the same method a large set of inequalities for the case
r > 2 as well.

The algebraic topology approach to solving inverse eigenvalue problems is by no
means limited to the task of finding eigenvalue inequalities for sums of Hermitian
matrices. In fact, the technique has been already successfully applied to solve an out-
standing inverse eigenvalue problem arising in control theory, i.e. the pole placement
problem for multivariable linear systems by static output feedback. For this we refer
to e.g. [2, 12].

The paper is structured as follows: In the next section the minmax principles of
Wielandt and Hersch-Zwahlen are reviewed, which characterize in geometric terms
partial sums of eigenvalues of a Hermitian matrix. In Section 3 we review the relevant
results from the Schubert calculus of Grassmann manifolds. In Section 4 we apply
the technique and state the main results. In Section 5 we show how the inequali-
ties of Weyl [18], [9] and Freede-Thompson [17] follow from the main theorem. In
the last section we describe a large set of nonzero products in the cohomology ring
H*(Gr(€"), 2Z) of the Grassmann manifold, leading to a new class of inequalities for
sums of eigenvalues of Hermitian matrices Ay, ..., A,.

2 Min-Max-Principles and Rayleigh quotients

Let A € €"*" be a complex Hermitian matrix with eigenvalues

M(A) > Aa(4) > . > Au(A). 2.1)
The classical Courant-Fischer minmax principle then asserts that (compare e.g. [1]):
Theorem 2.1 Forl <i<mn:

Ai(A) = max mi‘I/l tr(Azx™) (2.2)
im V=1 S
||]|=1
=  min max  tr(Azz”) (2.3)
dim W=n—i+1 zeW
[l]|=1



A more general version of the minmax principle is due to Wielandt [19] and Hersch-
Zwahlen [5] and characterizes partial sums of eigenvalues via flags of subspaces of C".
To state their result we first recall some basic notions and definitions from geometry:

The complex projective space CIP" is defined as the set of all one-dimensional
complex subspaces of €"*!, i.e. as the set of all complex lines passing through the
origin 0 € €™, More generally, the complez Grassmann manifold G (C™) is defined
as the set of all k-dimensional complex linear subspaces of €". In particular for £ = 1
one has the complex projective space G1(€") = CIP"'. The Grassmannian is a
smooth, compact manifold of real dimension 2k(n — k).

Equivalently, the Grassmannian G (C") may be defined as the set of all Hermitian
projection operators P : €" — C" of rank k. A Hermitian projection operator of C"
is a Hermitian matrix P € €"*" satisfying

P*=P P?=P, and rankP = k. (2.4)

For any k-dimensional complex linear subspace L C C" let P, : €C" — C" be the
uniquely determined projection operator satisfying

im(P) = L, ker(P) = L", (2.5)

where L+ denotes the orthogonal complement of L in €™ with respect of the standard
Hermitian inner product. Thus Py, is the orthogonal projection of €" onto L along
Lt If X € @* is any full rank matrix whose columns form a basis of L, then one
has

P, = X(X*X)'Xx* (2.6)

Conversely, for any full rank matrix X € €"* the operator defined by (2.6) is a
rank & Hermitian projection operator on €". Thus the map L +— Py, is a bijection of
G(€C") onto the set

{Pe@"|P*=P, P*>=P, and rankP = k}.

Given any k-dimensional linear subspace L C €" let P, : €" — " denote the
associated Hermitian projection operator. We then define

tI‘(A |L> = tI‘(PLAPL)
= tr(APL)
= tr(AX(X*X) X", (2.7)

where X € €™** is any full rank matrix whose columns form a basis of L. Note that
tr(A |1) is the trace of a Hermitian operator and therefore a real number.



Definition 2.2 The smooth map
RA : Gk(@m) — R

L — te(AlL) (28)
is called the Rayleigh quotient of A on G (C").
If £ =1 the map R4 coincides with the classical Rayleigh quotient
< Azx,z >
R =] 2.9
A(x) <T, T > ( )

The extremal principles for the partial sums of eigenvalues of a Hermitian matrix A
of Wielandt, Hersch-Zwahlen and Riddel are now stated as follows:

Theorem 2.3 (Wielandt [19]) For 1 <i; <...<ip <n:

ANy (A)+ -+ N, (4) = Vlrg@gﬂ LeI(I}’llj(I(lD”) tr(A L) (2.10)
dim V;=i; dim(LNV;)>j
T BBy LA, Uk @1

dim W=n—i;+1  dim(LNW;)>j

In particular, for & = 1, Theorem 2.3 specializes to the Courant-Fischer minmax
principle as formulated in Theorem 2.1.

Remark 2.4 It can be shown (see Bhatia [1, page 43]) that the maximal value
of (2.10) is assumed at a “partial flag of eigenspaces”, i.e. at a flag (V4,...,Vj)
having the property that

dim(V;) =4; and V; C ker(A ] — A) @ --- @ ker(\,; I — A), for j=1,... k.
We conclude this section with the following result from Hersch-Zwahlen [5]:

Theorem 2.5 Let A be a Hermitian matriz with eigenvalues A(A) > ... > A\, (A)
and a corresponding orthogonal set of eigenvectors vy, ..., v,. Denote with

Vin :=span(vy, ..., vp), m=1,...,n. (2.12)
Let 1 <14 <...<1, <n. Then one has:

Ay (A) +- A (A) = min {te(A],) [ dim(LNV,) >4, j=1,....k} (2.13)
LeG(€™) J

Thus the result of Hersch-Zwahlen just says that the sum of eigenvalues \; (A) +
-+ X\, (A) is characterized as the minimal value of the trace function tr(A |;) when
evaluated on a Schubert subvariety of G (C").
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3 Schubert Calculus

Consider again the Grassmann manifold G;(€C") consisting of k-dimensional linear
subspaces of the vector space €". Using the Pliicker embedding G (C") can be
embedded into the projective space CIPY of dimension N = WLW — 1. Under this
embedding G (C") is a projective variety described by a famous set of quadratic

relations (see e.g. [4]).

Definition 3.1 A flag F is a sequence of nested subspaces

{0fcVicWcCc...cV,=¢" (3.1)
where we assume that dimV; =i fori=1,...,n.
Let i = (41, ...,1x) denote a sequence of numbers having the property that
1< <... < <n. (3.2)

Definition 3.2 For each flag F and each multiindex ¢ define:
C(i; F) :=={W € Gx(€") | dim(W [ V;,) = s}
is called a Schubert cell and
S(is F) = (W € Gu(@) | dim(W (Vi) > s)
is called a Schubert variety.

We emphasize that the Schubert cell C(z; F) is indeed a cell, i.e. isomorphic to the
affine space €V where N := Z§:1 i;—J is the dimension of the cell C'(¢; ). (Compare
with [4].) Moreover the Zariski closure of the cell C'(i; F) is the variety S(i; F), which
is a projective algebraic subvariety of G (C").

The following results are well known and we refer e.g. to [3, 4].

Theorem 3.3 For every fixed flag F the Schubert cells C(i; F) decompose the Grass-
mann variety Gp(C") into a finite cellular CW-complex. The integral homology
Ho(Gr(€"), Z) has no torsion and is freely generated by the fundamental classes
of the Schubert varieties S(i; F) of real dimension 2m.

Consider a fixed Schubert variety S(i; F). Its homology class is independent of
the choice of the flag F and therefore depends only on the numbers iy, ... 4. We
will use the symbol (iy,...,ix) to denote this homology class. The Poincaré-dual of
the class (i1, ...,4x) will be denoted by

{p, oyt ={n—k—ir+1,n—k—is+2,...,n—ix} € H(Gx(C"), Z). (3.3)
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At this point we want to mention that our notation was already used by Schubert
(compare with the book of Fulton [3, page 271]) and is slightly different to the one
used in [4, 6]. The cohomology ring

H(Gr(@"), @ G, 2) (3.4)

has in a natural way the structure of a graded ring. From Poincaré-duality and
Theorem 3.3 it follows in particular that each graded component H*™(Gy(C"), Z) is
a free Z-module with basis the set of Schubert cocycles {1, ..., up} where n — k >
p1 > ... > > 0and Z?Zl,uj:m.

Before we describe the multiplicative structure of this ring we formulate the fol-
lowing proposition which establishes the crucial link between geometric intersection
properties of Schubert varieties and algebraic properties of the ring H*(Gy(C"), Z).
A proof of this as well as more general theorems can be found e.g. in [3, 4].

Proposition 3.4 Consider r Schubert varieties S(i;; Fp), l =1,...,r. If

r+1

[[{in—Fk—iu+1,....,n—in} #0, (3.5)
=1

then the intersection

() S 7 £ 0. (36)
=1

The multiplicative structure of H*(Gx(C"), Z) is described by the classical for-
mulas of Pieri and Giambelli. For this denote with

= {j,0,...,...,0} j=1,..n—k (3.7)

In fact o, is the j-th Chern class of the universal (classifying) bundle over G (C").
In the following we describe the formulas of Pieri and Giambelli. Giambelli’s
formula expresses a general Schubert cocycle {p1,...,ur} as a polynomial in the
special Schubert cocycle o; and Pieri’s formula expresses the product of a general
Schubert cocycle with a special Schubert cocycle.
Pieri’s formula:

{m, ...} 05 = > {v1,..., v} (3.8)

Hi—1 2V 2y
k k .
Yo vi=Q o mi)+i

Giambelli’s formula:

Uﬂl Opi+1 - Uu1+k—1
O o o :
{1, ... i} = det(oy,15-) = det r ' e . ) (3.9)
O g —k+1 ce Oy,



Note that Giambelli’s formula implies that the Chern classes o; generate the ring
H*(Gi(C"), 2).

There is a deep relationship between the ring H*(Gy(€"), Z) and the ring of
symmetric functions Z[z1, ..., 7], where S) denotes the group of permutations,
acting on k letters. To explain this relationship we consider a special set of symmetric
functions called Schur functions. (See e.g. [10, 14]). For this let p:= (1, ..., ux) and
define ,

~det [ .
e det[zF ]

Note that s, is the quotient of two alternating functions and therefore a symmetric
function, called a Schur function. As explained in detail in [10] the set of Schur
functions

s ij=1,... k. (3.10)

{sulpm >pe>...>w>0and > u=q} (3.11)

is an additive basis of the space of symmetric functions of degree ¢q. As explained
in [6, 12, 14] one has a ring epimorphism

Vo Zwy,. ]S — HY(GR(C"), 2)

3.12
Su = {Mla'-wﬂk}' ( )

The kernel of this map has as an additive basis the set of Schur functions s, with
My >n — k.

Using this epimorphism any calculation in the ring H*(Gx(C"), Z) can be for-
mally done in the ring Z[zy,...,74]%. In particular we want to mention the rule
of Littlewood and Richardson which explains how to additively expand a product of
Schur functions in terms of Schur functions:

Consider two Schur functions s, and s,. The product s,s, is a symmetric function
of degree 3" u; + Y v; and has therefore an expansion in terms of Schur functions:

SuSy =Y cﬁ’ysA. (3.13)
)

The appearing coordinates cf;’l, are usually called the Littlewood Richardson coeffi-

cients [10, 13, 14]. In order to give a combinatorial characterization of those coef-
ficients let 1 = (u1,..., ) be a partition of n representing the Schur function s,,.
In other words we assume that n —k > p; > po > ... > pp > 0 and Z?Zl i = n.
If the integer p; is repeated r;—times in the partition p, the abbreviated notation
= (ui, ..., ;') will be used. The number || := 3% | y; is sometimes called the
weight of the partition p and the numbers p; are called the parts of the partition.

It is usual to present a partition by a left based array of boxes which has exactly
1; boxes in the i—th row. Such an array is sometimes called a tableau.



Example 3.5 Two partitions with corresponding diagrams are illustrated:

]

(3,2,1) < (3271) PN

Let A = (A1, ..., \x) be a second partition. One writes A > pif \; > p;, i =1,... k.
If A > u one defines the skew tableau A/p as the tableau obtained from the tableau
A by removing the first p; boxes in the row ¢ of the tableau .

Example 3.6 A = (5,4,2,2), p=(3,2,1) then A\/p is given:

|

We are now in a position to formulate the theorem of Littlewood and Richardson.
The following formulation as well as the subsequent example can be found in the
article of Stanley [14].

Theorem 3.7 Let s, and s, be two Schur functions represented by two partitions
w,v. Then the Littlewood Richardson coefficient c;\w of s\ in the expansion of the
product 5,5, is zero unless X > . In this case the coefficient is equal to the number
of ways of inserting vy 1’s, vy 2°s, v3 3’s, ... into the skew tableau \/u subject to the
conditions:

1. The numbers are weakly increasing in each row and strictly increasing in each

column.

2. If ag,aq, ... 1s the set of numbers obtained when reading of the numbers inserted
in A/ from right to left then for any i, j the numbers of i’s among oy, aa, . . ., o
is not less than the number (i + 1)’s among the numbers aq, as, ..., ;.

The following example given in [14] illustrates the method:

Example 3.8 Let A = (5,4,2,2), p=(3,2,1) and v = (4,2,1). Then the following
skew diagrams A/p are the only ones which satisfy 1. and 2. In particular the
coefficient of s, in the expansion of the product s,s, is equal to 3.

1[1] 1]1] 1]1]
1]2 22 12




Using the Littlewood Richardson rule together with the description of the ring
H*(Gr(C"), Z) as given in (3.12) we are in a position to multiply arbitrary cocycles
in H*(G(C"), Z). The following example illustrates the procedure:

Example 3.9 Consider the elements {3,2,0} and {2,1,0} in H*(G3(C®), Z). Then

(3,2,01{2,1,0} = {5,3,0} +{5,2,1} + {4,4,0} +2{4,3,1}
+{4,2,2} + {3,3,2} (3.14)

We conclude this section with the Poincaré duality theorem of cocycles. For this
consider a cocycle {1, ..., pur}. The dual cocycle in H*(Gy(C"), Z) is defined as the
cocycle v:={n —k — py,...,n — k — p1 }. Using this notation one has:

Theorem 3.10
{pa, v, b ={n—Fk,....n—k}

Proof: Apply Theorem 3.7 of Littlewood and Richardson together with the description
of H*(G(€"), Z) induced by the representation (3.12). |

4 Main Results

In order to derive our main result we will use the following simple lemma, the trivial
proof of it is omitted.

Lemma 4.1 Suppose the eigenvalues of a Hermitian n X n matriz A are ordered as
M(A) > ... > M(A). Then for any 1 <i; < ... <1 <n one has:

k
j=1
In the following we will consider Hermitian matrices Ay,..., A, ; € C"" with

corresponding eigenvalues

MA) > .2 (A, I=1,....r+1 (4.2)
and corresponding orthogonal sets of eigenvectors vy, ..., v,. Assume that
A=A+ + A (4.3)
For each Hermitian operator A;, [ =1,...,r 4+ 1 construct a flag of eigenspaces
Fr: {0}cVycCcVycC...CVyu=0¢" (4.4)
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defined through the property:
Vi = span(vyg, ..., Upy) m=1,...,n. (4.5)

The following result, which has been first proved by Thompson [17] for the case
r = 2, establishes the crucial relationship between matrix spectral inequalities and
the Schubert calculus.

Lemma 4.2 Let Ay, ..., A, be complex Hermitian n X n matrices and denote with
Fi, ..., Fry1 the corresponding flags of eigenspaces defined by (4.5). Assume A, 11 =
A+ -+ A, and let i; = (iy, ..., 11y) be T+ 1 sequences of integers satisfying

1§ill<...<ikl§n,lzl,...ﬂ“—f-l. (46)

Suppose the intersection of the r + 1 Schubert subvarieties of G(C") is nonempty,
.e.:

S(Zl;Fl)m‘"ms@r+1;fr+1) # 0. (4.7)
Then the following matrixz eigenvalue inequalities hold:
k r k
D Ayt (A A) >N N (A (4.8)
j=1 1=1j=1
r k
Z )\ij,rJrl (Al +oot AT) S Z Z n— Z7l+1 Al (49)
=1 j=1

=1

<.

Proof: Consider L € G(C") with
r+1
Le ) S R) #0 (4.10)

=1

Then, by using the Hersch-Zwahlen extremal principle (Theorem 2.5) one has:
0 = tr(( A+ 4+ A —A441) 1) (4.11)
= Z tI(Al |L) — tl"(AT_H |L) (412)

=1

> Y minftr(Ar |1) | € S(i; 7))

=1

Fminfin(—rs 1) | L € Sliri B} (4.13)
= ZZM (A) +ZAZM1 ) (4.14)
=1 j5=1

10



Thus by Lemma 4.1 one has:

r k

DD A (A) (4.15)

=1 j=1

A\

k
Z )‘n*ij,r+1+1 (AT+1)
Jj=1

which proves (4.8). The inequality (4.9) follows from (4.8) by replacing the matrices
Ay by —A;, l=1,...,r+ 1 and using Lemma 4.1. This completes the proof. [ |

In general it will be difficult to verify the intersection property (4.7) as it assumes
the knowledge of the eigenspaces of Ay,..., A, and of A,,; = Ay +---+ A,.. By
combining Lemma 4.2 with the intersection theoretic result of Proposition 3.4 we
obtain a result with a more easily verifiable hypothesis.

Theorem 4.3 Let i; = (i1, ... ,i) be r+ 1 sequences of integers satisfying
1<ig<..<ig<n, l=1,. .. r+1. (4.16)

Let {n—k—iy+1,...,n—iy} € H*(G(C"), Z) denote the Schubert cocycle that is the
Poincaré dual of the fundamental homology class of the Schubert variety S(i;; Fy) for
l=1,...,r+1. If the (r +1)-fold product of the Schubert cocycles in H*(Gy(C"), Z)

r+1

[[{in—Fk—iu+1,....,n—in} #0, (4.17)
=1
then the eigenvalue inequality (4.8) and (4.9) holds for any set of Hermitian matrices
Aq, . A€

Proof: Immediate consequence of Lemma 4.2 and Proposition 3.4. [ |

Corollary 4.4 Let i := (ir,...,i), j == (J1,---,Jx), P == (p1,--.,Pk), be sequences
satisfying 1 <11 < ... <y <n, 1< <...<jpp<nandl1 <p <...<pp.<n. If
the triple product

{n—k—i;+1,... ,n—ig{n—k—7j1+1,... . n—je H{n—k—p1+1,...,n—pi} # 0, (4.18)

is nonzero then for any pair of complex Hermitian matrices A, B € ©™*" the following
eigenvalue inequalities hold:

S A (A4B) > S ALA) S ALB) (4.19)
SAMALBE) € Y hanA) S Aa(B). (420
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We conclude this section with a simple example.

Example 4.5 In H*(G5(C*), Z) the following nonzero products exist:

{1,0}{1,0}{2,0} = {2,2} (4.21)
{1,0}{1,0}{1,1} = {2,2} (4.22)
{1,0}{1,0}{1,0}{1,0} = 2{2,2}. (4.23)

By Theorem 4.3 and Corollary 4.4 the following eigenvalue inequalities hold for
arbitrary 4 x 4 Hermitian matrices:

M(A+ B) + M(A+ B) < M(A) + X3(A4) + \i(B) + A3(B) (4.24)
A(A+ B) 4+ A3(A+ B) < M(A)+ A3(A) + \i(B) + A3(B), (4.25)
A (A+B+C)+ A (A+B+C) < M (A)+A3(A)+A1(B)+A3(B)+M(C)+A3(C). (4.26)

5 Corollaries and Consequences

We apply the preceding results to verify some classical eigenvalue inequalities. The
first inequality is given in [18].

5.1 Weyl inequality [18]:

For any indices 1 < 4,7 < n with 1 < i+ 7 —1 < n and any Hermitian matrices
A, B € @™ one has:
Airj—1(A+ B) < Ai(A) + Ai(B). (5.1)

Proof: Here k = 1, G1(C") = CPP" ! and H*(CP" 1), Z) = Z[z]/(2") is a trun-
cated polynomial ring. Using this classical description of the cohomology ring of the
projective space, the Schubert cocycles are

{i}=2a', i=0,....,n—1. (5.2)
Let 41, 71 and p; defined by:
hh:=n—1i+1, j:=n—7+4+1, pp:=i+j—1 (5.3)
Then (4.18) reduces to
{i—1H{j—-1{n—i—j+1}={n—1}. (5.4)
But since 2"~! generates H2 ™Y (CIP" '), Z) = Z one has {n — 1} # 0. Thus the
Weyl inequality follows immediately from Corollary 4.4. [ |
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5.2 Lidskii inequality:

For 1 <a; <...<a, <n and for any Hermitian matrices A, B € C"*" one has the
matrix eigenvalue inequality:

k k k
D Aa, (A+B) <> A, (A) + D N(B). (5.5)
j=1 j=1 j=1

Proof: Consider i := (n—ap+1,...,n—a1+1), j := (n—k+1,...,n), p = (a1,...,a).

Then the product in condition (4.18) of Corollary 4.4 is given by

{ag —k,...;a1 = 1}{0,...,.0{n—k —a1 + 1,...,n — a;}. (5.6)

Since {0,...,0} =1 € H*(Gi(C"),Z) and {n —k —a; +1,...,n — a;} is Poincaré
dual to {ay — k,...,a; — 1} the above triple product is equal to {n — k,...,n — k}
and hence nonzero. This completes the proof of the Lidskii inequality. [ |

Thus both the Weyl and the Lidskii inequality are direct consequences of the
Poincaré duality of the projective space €IP"' and of the Grassmannian Gj(C")
respectively. A proof of the next inequality requires a more subtle topological argu-
ment.

5.3 Freede-Thompson inequality [17]:

Forany 1 < a3 <...<ap,<n,1<b <...<b, <nwith ay, +b, —k < n and
Hermitian matrices A, B € €™*" one has:
k

Y Aatb—o(A+B) <D Ao, (A) + Z Ao, (B). (5.7)

v=1 v=1
Proof: Consider i := (n —ap+1,....,n—a1+1),j:=n—-0by+1,...,n—0b + 1),
p:= (a1+b1—1,...,a;+b;—k). Then the product in condition (4.18) of Corollary 4.4
is given by
{ag—Fk,...;a0 —1H{bp—Fk,....b1 =1} {n—k—a;—b1+2,... ,n+k—ar—bc}. (5.8)

By assumption one has ay + by — 2k < n — k. From the Littlewood Richardson rule
it follows that the product of the first two factors is of the form:

{oe—k, ... a1 ==k, ... by =1 = {ap+bp—2k, ..., a1+b,=2}+> ¢, {A}, (5.9)
}

where c/j\W are again the Littlewood Richardson coefficients and the sum is taken over

all partitions A\, A # {ar + by — 2k,..., a1 + by — 2}. Now the result follows from

the observation that the cocycle {ay + bx — 2k, ..., a3 + by — 2} is (compare with

Theorem 3.10) dual to the cocycle {n —k —a; —b1 +2,...,n+k —a — by}, i.e. the

product (5.8) is nonzero and Theorem 4.3 applies. |
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6 Nonzero Products in H*(G(C"), Z)

It is a consequence of Theorem 4.3 that any nonzero product in H*(G(C"), Z) implies
an eigenvalue inequality of the form (4.8) and an inequality of the form (4.9). In this
section we describe a large class of nonzero products. In particular we will describe
all maximal nonzero products in H*(G2(C"), Z) and we will describe all maximal
nonzero products in H*(G(C"), Z) consisting of 3 factors. The following lemmas
prepare for those results.

Lemma 6.1 Assume p := {p1,...,pux} and v = {v1,..., v} are two cocycles in
H*(Gr(C"), Z) which are complimentary in dimension, i.e. there weights satisfy
lu| + [v| = k(n— k). Then pv # 0 if, and only if p and v are dual to each other, i.e.
v={n—k—pp,....,n—k—p}.

Proof: See also [4, p.198] for a different proof based on Poincaré-duality. From
the description of H*(Gr(C"), Z) in (3.12) it is clear that uv # 0 exactly when the
coefficient of {(n—k)*} = {n—k,...,n—k} in the expansion uv is nonzero. Applying
the rule of Littlewood and Richardson to the skew tableau (n — k)*/u one verifies
that there is only one possibility to fill this tableau with 14 1’s, 15 2s, ..., 14 k’s, and
in this case one necessarily has vy =n —k — g, ..., vg =n —k — . [ |

Lemma 6.2 Assume p; = {p1y, .-, purr}, L = 1,...,1, are cocycles with Yj_; py <
n — k. Then the following identity holds in H*(Gr(C"), Z):

{n—k—Zukl,...,n—k—Zuu}H{,uu,...,,ukl}:{n—k:,...,n—k‘}. (6.1)
=1 =1 =1

Proof: Using inductively Littlewood Richardson’s rule it follows that

H{Mu; TS {Z Mty - - - ZMM} + Zcu{m, NS (6.2)
=1 =1 =1 o

(Compare with (5.9)). Because {n—k—>"]_; g, ..., n—k—>3,_; 1} is the Poincaré
dual of the first term after the equality sign the result follows from the previous
Lemma. [ |

In the next Lemma we will identify the Schubert symbol {zy, z2} € H*(G2(C"), 2)
with zero for 1 > n — 2.

Lemma 6.3 If {ai,as},{b1, b2} are two cocycles in H*(Go(C"), Z) and

m = min{(a1 — CZQ), (b1 — bg)} (63)

then one has .
{a1, a2} {b1, 02} = Z{Ch + by —i,a9 + by + i} (6.4)

i=0
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Proof: Direct consequence of the Littlewood Richardson rule. (Compare with [13].)
|

For the following Lemma let [z] denote the largest integer smaller or equal to x.

Lemma 6.4 If {ay, a9} € H(Go(C"), 2), I =1,...,r, are r Schubert cocycles with

a11 — Qg1 2> -+ 2 A1y — Aoy (6.5)
and | ;
m = min{[§ Z(all — azl)], Z(au — agl)} (66)
=1 1=2

then there are positive nonzero integers c; such that

H{au, agy} = Z Cz{z ay — i, Z ag +1i}. (6.7)
1=1 =0  I=1 =1

In particular if Y7;_; ayy < m +n — 2 at least one summand is nonzero and therefore
the whole product is nonzero.

Proof: Let a € {2,...,r} be the largest integer with the property that
011 - a21 Z aiy — an (6-8)
1=2

Denote with m := > ,(ay; — ay). Using inductively Lemma 6.3 one sees that

H{allv a21} Z CZ{Z ay — 1 Z Qg + Z} (69)

with positive, nonzero constants ¢;. In particular if &« = r then m = m and the result is
proven. If a < rthen (a3 —a2) < Yj_y(ay—as) and therefore m = [3 31, (ay—ax)].
Multiplying inductively expression (6.9) with the factors {ay,ay}, | = a+1,...,r
one deduces also in this case, using the fact that all Littlewood Richardson coefficients
are positive, that [T_,{a1, ay} = X", ci{i, yi}, where

Zau—mgxiSZau and ZaQZgyiSZagl—l—m. (6.10)

In particular, if >°;_; a;; — m < n — 2, the product is nonzero, which completes the
proof. [ |

As a direct consequence of this Lemma we obtain a description of all maximal
nonzero products in H*(G2(C"), Z).
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Theorem 6.5 Assume {ay,ay} € H*(G2(C"), 2Z), I =1,...,r, are r cocycles with

T

> (au +ay) =2(n—2). (6.11)
=1
Then TT_{awu, ax} # 0 if, and only if
(alj — agj) < Z (all - (121), ] = 17 sy T (612)

Proof: After a possible reindexing we can assume that
a1 — ) =+ 2 A1y — A2y (6.13)

Because of assumption (6.12), m = [5Y/_;(a;; — ax)]. Because of the description
of H*(G2(€"), Z) in (3.12) it is clear that the product is nonzero if, and only if the
coefficient of {n—2,n—2} € H*"=2)(G,(C™), Z) in the product expansion is nonzero.
By the last Lemma this is the case iff Y], a;; < m+n—2. Moreover because of (6.11)
the number % >_q(a;;—ag) is an integer. But then Y°;_; ay; < m+n—2 is equivalent
to >_q (a1 + agy) < 2(n — 2) which is true by assumption (6.11). |

Remark 6.6 If Y] (ay; + ay) < 2(n — 2) then it follows from the last proof that
assumption (6.12) is still sufficient for the product [T;_;{a1;, az} to be nonzero.

Combining Theorem 6.5 with Theorem 4.3 one finally has:

Theorem 6.7 Let (iy,iy) be r + 1 pairs of integers with:

1§i1[<i21§n, lzl,...,T+1 (614)
r+1
r2n—1)+3 <> (iy +ix) (6.15)
=1
igj—iljgl—r+ Z (igl—ill), jzl,,T+1 (616)

le{l 1111 .]_1).]+1 """" 7‘+1}

Then for any set of Hermitian matrices Ay, ..., A1 € C" satisfying the relation
A1 = Ay + -+ A, the following eigenvalue inequalities hold:

)‘n*i1,r+1+1(AT+1) + )‘n*iQ,r-HJrl(ATJrl) > Z(Alu(Al) + )‘iQZ(Al>> (617>
=1
Air s (Arg1) + Nigy (A1) <D (i1 (Ar) + Ay 1 (A1) (6.18)
=1
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Proof: Denote with a;; = n — iy, — 1 and ag = n — iy. Then condition (6.15)
is equivalent to the condition Y/%!(a;; + az) < 2(n — 2) and condition (6.16) is
equivalent to inequality (6.12). By Remark 6.6 the product [T/ {n — iy — 1,1 — iy}
is nonzero and the result follows once again from Theorem 4.3. [ |

In order to illustrate the theorem in the case r = 2, let A = A;, B = Ay and let

(i1,1,921) = (n—ax+1, n—a+1), (6.19)
<7;172, 2.272) = (Tl - b2 + 1, n — bl + 1), (620)
(i13,023) = (c1,c2). (6.21)

Then we obtain

Corollary 6.8 Let 1 < a; <as <n, 1 <b <by<nandl < ¢ <cy <n satisfy
the system of linear inequalities

ap+ag+bi+by < ci+ex+3 (6.22)
a9 — a1 S b2 — bl +cy—c — 1 (623)
bg — bl S Ao — a1+ Cy — C1 — 1 (624)
Coy — C1 S as — ay + b2 — b1 — 1. (625)
Then the eigenvalue inequality
At (A4 B) + A, (A+ B) < M\, (A) + Ao, (A) + Ao, (B) + A\, (B) (6.26)

holds for any pair of Hermitian n X n matrices A, B.

We would like to remark that the assumptions in Corollary 6.8 imply the as-
sumptions in Theorem 8 of Horn [7]. In particular it is also possible to derive the
inequality (6.26) by the methods developed in [7].

In the last part of this section we describe all maximal nonzero products of
H*(G(C"), Z) consisting of 3 factors. The results are based on a description of
the Littlewood Richardson coefficients as given by Schlosser in [13].

In the following we explain his description and simultaneously adapt the notation
for our purposes.

Let po:= (p1, .., pg), v :i= (v1,...,v) and A := (Aq, ..., A\x) be partitions. We are

interested in conditions when the Littlewood Richardson coefficient ci‘w is nonzero.

A

%, as given in Theorem 3.7 and the

We will use the combinatorial description of ¢
following parameterization by Schlosser [13].
Consider the tableau A and denote with py; the number of boxes in the skew

tableau A/p with label ¢ in the h-th row. This gives us the following description for
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the tableau A:

row
1 t1 P11 A1
M2 P21 P22 A2
) } . ) (6.27)
E | e Prmi Pr2 oo Dk | Ak
| 1 va ... 1y | total

Of course not all configurations of numbers pj; will result in a filling compatible
with the rule of Littlewood and Richardson. On the other hand, as shown in [13], one
can iteratively fill the skew tableau \/pu, starting with py; and proceeding inductively
with

DPhi, h=k,...;0+1, 1=1,...,k—1,

subject to the following inequalities:

Max(h, i; (v)) < p < Min(h, i; (v), (12) (6.28)
where
k k
Max(h, i; (v)) := max{0,v; — v;_1 — Z Dji + Z Dji-1}
j=h+1 j=h—1
i1 k
Min(h, i; (v), () == min{pp—1 — pin + > (Pr—1j — Prj) Vi — > Dji}
j=1 j=h+1
and
k
Pii = Vp — thiaizlw"ak (629)
h=i+1
In this iterative scheme we assume that
vy = O, pO,j = 0, ph,O = O (630)

For our purposes the main result, which is stated in similar form in [13, Theorem 1],
is:

Theorem 6.9 Let i, v be partitions and let py; be iteratively described through (6.28)
and (6.29). Denote with

h
>\h = ,uh—l—thi, hzl,,k (631)

i=1

Then A := (A1, ..., \;) describes a tableau and the Littlewood Richardson coefficient

>\ .
Cu,u 8 nonzero.
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Corollary 6.10 Let u, v be partitions and let X satisfy the inequalities induced by the
iterative scheme (6.28) and (6.29). Then

{pH{viH{n—k—=X¢,....,n—k—X\}#0. (6.32)

Proof: The cocycle {n—k— A, ...,n—k— XA} is the Poincaré dual of the cocycle {\}
and because the Littlewood Richardson coefficient c;\w is nonzero the results follows
from Lemma 6.1. |

Corollary 6.11 Let A, B be complex Hermitian n xn matrices. Let u, v be partitions
and let X satisfy the inequalities induced by (6.28) and (6.29). Let

ap i=pr+ 1, 0, =+ k (6.33)
by =v+1,...,by =101+ k (6.34)
=M+ 1., =N+k (6.35)
Then
k k k
A (A4 B) € 30 A (A)+ 3 M (B). (636
v=1 v=1 v=1
Proof: Direct consequence of equation (6.32) and Theorem 4.3. |

Remark 6.12 The inequalities of Freede and Thompson (5.7) are in the following
way a special case of this Corollary. Choose in the iterative scheme (6.28) and (6.29)
pri = 0 for h # i and ppp = vp,. Then A = p + v and the nonzero product (6.32)
reduces to the product (5.8).
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