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ABSTRACT. Let R be a real closed field. We prove that for each fixed ¢,d > 0,
there exists an algorithm that takes as input a quantifier-free first order formula
® with atoms P = 0,P > 0,P < 0 with P € P C D[X1,..., X}]Sk, where
D is an ordered domain contained in R, and computes the ranks of the first
(¢ + 1) cohomology groups, of the symmetric semi-algebraic set defined by
®. The complexity of this algorithm (measured by the number of arithmetic
operations in D) is bounded by a polynomial in k and card(P) (for fixed d
and ¢). This result contrasts with the PSPACE-hardness of the problem of
computing just the zero-th Betti number (i.e. the number of semi-algebraically
connected components) in the general case for d > 2 (taking the ordered
domain D to be equal to Z).

The above algorithmic result is built on new representation theoretic re-
sults on the cohomology of symmetric semi-algebraic sets. We prove that the
Specht modules corresponding to partitions having long lengths cannot occur
with positive multiplicity in the isotypic decompositions of low dimensional
cohomology modules of closed semi-algebraic sets defined by symmetric poly-
nomials having small degrees. This result generalizes prior results obtained
by the authors giving restrictions on such partitions in terms of their ranks,
and is the key technical tool in the design of the algorithm mentioned in the
previous paragraph.
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1. INTRODUCTION AND MAIN RESULTS

Throughout the paper we fix a real closed field, which we will denote by R (there
is no harm in assuming R = R). We assume familiarity with the basic notions of
semi-algebraic geometry [17, 9] — especially, definitions of semi-algebraic sets, their
homology and cohomology groups and main properties.

We will use the following notation.

Notation 1 (Betti numbers). Let S C R* be any semi-algebraic set. We denote
by b;(S) = dimg H*(S,Q) (here and everywhere else in this paper without further
mention we only consider cohomology with rational coefficients and we will denote
H'(S) = H'(S,Q)). It is worth noting that the precise definition of the cohomology
groups H'(S) requires some care if the semi-algebraic set S is defined over an
arbitrary (possibly non-archimedean) real closed field. For details we refer to [9,
Chapter 7, Section 5.

The algorithmic problem of computing Betti numbers of arbitrary semi-algebraic
subsets of R¥ is a central and extremely well-studied problem in algorithmic semi-
algebraic geometry. It has many ramifications, ranging from applications in the
theory of computational complexity where it plays the role of ‘generalized counting’
in real models of computation (see [19, 15]), to robot motion planning where the
problem of computing the zero-th Betti number (that is the number of connected
components) of the free space of a robot which can be modeled as a semi-algebraic
set, is a central problem [43, 26]).

It is well-known that the Betti numbers of semi-algebraic subsets of R* satisfy
a singly exponential (in k) upper bound (see for example [9, Theorem 7.38]). The
singly exponential dependence on k of the bound is moreover unavoidable as shown
by the following (key) example.

Example 1 (Key example). Let

k d—1

(1.1) Frae= Z H(Xi )| -

i=1 \j=0
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Then, for 0 < ¢ < 1, the set of real zeros, Vg« of Fy 4. in R* consists of d* semi-
algebraically connected components — each of which is semi-algebraically homeo-
morphic to a small sphere. Thus,

bo(Var.e) = bp—1(Var.e) = d¥,
and both grow exponentially in k (for fixed d).

A common belief in algorithmic semi-algebraic geometry is that topological in-
variants satisfying a certain bound should in fact be computable by algorithms with
complexity bounded by roughly the same estimate. From this point of view one
expects that there should exist algorithms for computing the Betti numbers of semi-
algebraic sets with complexity bounded singly exponentially. Indeed, algorithms
for computing the zero-th Betti number (i.e. the number of semi-algebraically con-
nected components) of semi-algebraic sets have been investigated in depth, and
nearly optimal algorithms are known for this problem [7, 14]. An algorithm with
singly exponential complexity is known for computing the first Betti number of
semi-algebraic sets is given in [10], and then extended to the first ¢ (for any fixed
£) Betti numbers in [3]. The Euler-Poincaré characteristic, which is the alternating
sum of the Betti numbers, is easier to compute, and a singly exponential algorithm
for computing it is known [2, 8].

While many advances have been made in recent years [3, 4, 10, 20] the best algo-
rithm for computing all the Betti numbers of any given semi-algebraic set S C RF
still has doubly exponential (in k) complexity, even in the case where the degrees
of the defining polynomials are assumed to be bounded by a constant (> 2) [43].
The existence of algorithms with singly exponential complezity for computing all
the Betti numbers of a given semi-algebraic set is considered to be a major open
question in algorithmic semi-algebraic geometry (see the survey [5]).

One important reason why the problem of designing an algorithm for comput-
ing the Betti numbers of semi-algebraic sets with singly exponential complexity
is open, is that while the Betti numbers of semi-algebraic sets are bounded by a
singly exponential function, the best known algorithm for obtaining semi-algebraic
triangulation has doubly exponential complexity [43].

Remark 1 (Other models). We remark here that by the word ‘algorithm’ in the
previous paragraphs we are referring only to algorithms that work correctly for all
inputs and whose complexity is uniformly bounded i.e. bounded in terms of the
degrees and the number of input polynomials and independent of the actual coef-
ficients of the polynomials. In contrast to this, there has been very exciting recent
work where the authors have given algorithms with singly exponential complexity
for computing all the Betti numbers of semi-algebraic sets [22, 24, 23]. However, the
complexities of these algorithms depend in addition to the degrees and the number
of polynomials, also on the ‘condition number’ of the input. The condition number
can be infinite if the given input is ill-conditioned. Thus, such algorithms will fail
to produce any result on certain inputs. In this paper we will be concerned with
exact algorithms that work for all possible inputs.

From the point of view of lower bounds, the problem of computing even the num-
ber of connected components (i.e. the zero-th Betti number) of general (not nec-
essarily symmetric) semi-algebraic sets defined by polynomials of degrees bounded
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by any constant d > 2 is a PSPACE-hard problem [41], and thus unlikely to have
algorithms with polynomially bounded complexity.

In what follows, we will consider the algorithmic problem of computing the Betti
numbers of semi-algebraic sets in the presence of an additional important property
— namely symmetry.

1.1. Role of symmetry. Symmetry plays a key role in mathematics and compu-
tations — the symmetry of the roots of a general polynomial giving rise to Galois
theory, symmetry of differential equations lead to the theory of Lie groups etc. The
presence of symmetry always suggests a possibility that exploiting it one can reduce
the complexity of problems at hand — perhaps even making previously intractable
problems tractable.

The role of symmetry in the theory of computational complexity is exemplified
by the fact that the determinant polynomial det((X;;)1<i j<n) of an n x n square
matrix (X;;)1<i j<n Whose entries are the indeterminates X;; is relatively easy to
compute (i.e. belongs to the complexity class VP [21, page 12]), while the perma-
nent polynomial of the same matrix is conjecturally hard to compute. One way to
explain this dichotomy is by observing that the determinant polynomial is invariant
under the action by conjugation of a large group, namely GL,, and hence is more
‘symmetric’, compared to the permanent polynomial which has a smaller symmetry
group. The dichotomy between the computational complexities of the determinant
and the permanent polynomial is at the heart of the famous VP # VINP conjecture
of Valiant [49] (see also [21, page 14]), and the active field of geometric complexity
theory (see for instance [25]) that it has spawned.

Since the algorithmic problem of computing the Betti numbers of semi-algebraic
sets is not only a benchmark problem in algorithmic semi-algebraic geometry, but
also significant from the point of view of complexity theory in the Blum-Shub-Smale
model [15], it is very natural to try to understand the role of symmetry for this
problem.

1.1.1. Brief History. The study of efficient algorithms for computing topological
invariants of symmetric semi-algebraic sets has a shorter history than of such al-
gorithms for arbitrary semi-algebraic set. Using the so called ‘degree principle’
proved by Timofte [47] and Riener [42], one can design an algorithm for deciding
emptiness of symmetric algebraic sets in R* defined by symmetric polynomials of
degree d, having complexity k°(® (i.e. polynomial in s, k for fixed d). The algorith-
mic questions of computing the equivariant Betti numbers (i.e. the dimensions of
Hg, (S) — see the end of the paragraph for definition), and also the Euler-Poincaré
characteristics of symmetric semi-algebraic sets S C R* were considered by the
authors of the current paper. In [12], an algorithm with polynomially bounded
complexity (polynomial in k and the number of polynomials used in the definition
of S, for fixed d) was described for computing all the equivariant Betti numbers
of a closed symmetric semi-algebraic set S C R* defined by a formula involving
at most s symmetric polynomials of degree bounded by d. Since we consider co-
homology with rational coefficients and because &y is a finite group, there is an
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isomorphism H"(S/6&}) = Hg, (S), and hence this amounts to computing the Betti
numbers of the quotient. In [11], an algorithm with polynomially bounded complex-
ity (better than that of the algorithm mentioned above) was given for computing
the equivariant as well as the ordinary Euler-Poincaré characteristics of symmetric
semi-algebraic sets.

Before continuing further we introduce some useful notation.

1.1.2. Notation.

Notation 2 (Zeros). For P € R[X},..., Xz], we denote by Z(P,RF) the set of
zeros of P in R¥. More generally, for any finite set P C R[X1, ..., X}], we denote
by Z(P,R¥) the set of common zeros of P in RF.

Notation 3 (Realizations, P- and P-closed semi-algebraic sets). For any finite
family of polynomials P C R[Xq,...,X}], we call an element o € {0,1,—-1}7, a
sign condition on P. For any semi-algebraic set Z C RF, and a sign condition
o0 €{0,1,-1}7, we denote by R(c, Z) the semi-algebraic set defined by

{x € Z | sign(P(x)) = o(P), P € P},

and call it the realization of o on Z.

More generally, we call any Boolean formula ® with atoms, P =0,P < 0,P >
0, for P € P, to be a P-formula. We call the realization of ¢, namely the semi-
algebraic set

R(®) = {xeRF|®(x)}

a P-semi-algebraic set.

Finally, we call a Boolean formula without negations, and with atoms P > 0, P
0, where P € P, to be a P-closed formula, and we call the realization, R (®),
P-closed semi-algebraic set.

o IA

Notation 4 (Symmetric polynomials of bounded degrees). For all d,k > 0, we
will denote by R[X1,. .., X;]S% the subspace of the polynomial ring R[Xj, ..., Xj]
consisting of symmetric polynomials of degree at most d.

Definition 1 (Symmetric semi-algebraic sets). We say that a semi-algebraic S C
RF is symmetric if it is stable under the standard action of the symmetric group
Gy permuting coordinates.

Since we will discuss complexities of various algorithms we also make precise the
notion of complexity that we are going to use.

Definition 2 (Definition of complexity). In our algorithms we will usually take as
input polynomials with coefficients belonging to an ordered domain (say D). By
complexity of an algorithm we will mean the number of arithmetic operations and
comparisons in the domain D. Since Z is always a subring of D, this will include
operations involving integers. If D = R, then the complexity of our algorithm will
agree with the Blum-Shub-Smale notion of real number complexity [16]. In case,
D = Z, then we are able to deduce the bit-complexity of our algorithms in terms
of the bit-sizes of the coefficients of the input polynomials, and this will agree with
the classical (Turing) notion of complexity.
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1.1.3. Cohomology of the orbit space. It is clear that even in the presence of sym-
metry the Betti numbers of semi-algebraic sets can be exponentially large (cf. Ex-
ample 1). However, if in Example 1 we set ¢ = 0, and consider the orbits of the
action of the symmetric group &y on the real algebraic set Vg = Vg0 defined
in Example 1, then the number of orbits of this action equals the zero-th Betti
number of the quotient V1 /Sy. (Note that for any symmetric semi-algebraic set
S C R* the corresponding orbit space S/}, can be constructed as the image of a
polynomial map and thus is again semi-algebraic [18, 39]).

It is not too difficult to see that the orbit of a point x = (z1,...,2x) € Vg is
determined by the tuple A(x) = (A1,..., Aq), where \; = card({j | z; = i}).

Thus, the number of orbits of Vj , and thus the sum of the Betti numbers of

the quotient Vy /S equals (kﬁIl

kE+d—1
Cd'kd_1§< ji_ 1 )Scd'k‘d_17

), which satisfies the inequalities

where ¢4, Cy are constants that depend only on d.
Note that

Var = Z(Fa 0, RY),

and Fyro € R[X1,...,Xx]Sk, (cf. Eqn. (1.1)). Moreover, notice that unlike
the Betti numbers of Vg itself, the Betti numbers of the quotient, Var/Gk, are
bounded by a polynomial in k (for fixed d), and moreover the degree of this poly-
nomial is d — 1.

In fact, the following general theorem is proved in [12, Theorem 6] of which the
phenomenon exhibited above is a particular case.

Theorem 1. [12] Let S C R be a P-closed semi-algebraic set, where
P CRIXy, ..., XS5,

card(P) = s and d > 1. Then,

(1.2) b(S/6)) = dODsdEld/2=1 yr1 < d <« s,k

The following theorem which also appears in [12, Theorem 10] indicates that the
orbit-space case is markedly different from the general (non-symmetric) case from
the point of view of algorithmic complexity as well.

Theorem 2. [12] For every fized d > 0, there exists an algorithm that takes as in-
put a P-closed formula ®, where P C R[Xq,... ,Xk]g’;, and outputs b;(S/6}),0 <
i < d, where S = R(®,RF). The complexity ofithz's algorithm is bounded by
(card(P)kd)2"" .

Notice that for fixed d the complexity of the algorithm in Theorem 2 is poly-
nomial in card(P) and k. Taken together, Theorems 1 and 2 show a dramatic
reduction of complexity — both topological and algorithmic — when passing from a
symmetric variety to its orbit space.

We now return to the study of the cohomology of a symmetric semi-algebraic
set S itself — rather than its quotient.
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1.1.4. Isotypic decomposition of cohomology modules. Despite the worst case expo-
nential behavior of the Betti numbers of symmetric varieties, there is one handle
we have on them that makes their behavior tame, at least when the degrees of
the defining polynomials are held fixed. The action of the symmetric group &y
on symmetric semi-algebraic sets S C RF induces an action on the cohomology
spaces H*(S), giving H*(S) the structure of a finite dimensional &i-module (see
Definition 13 in Section 6.1). General facts from group representation theory (see
Section 6 (Appendix)) then tell us that the &x-module H*(S) admits a canonically
defined isotypic decomposition into a direct sum of sub-&y-submodules, each of
which is a multiple of certain irreducible &,-modules (see Theorem 9, Section 6.1).
The irreducible Gg-modules are well studied, and they are in bijection with the
finite set of partitions of the number £ — the module corresponding to the partition
A k will be denoted by S* in what follows, and is called the Specht module cor-
responding to A (see Definition 22 in Section 6.2 for the precise definition of these
modules).
Thus the isotypic decomposition of H*(.S) gives a direct sum decomposition

H'(S) =g, EDmin(9)s,
Ak

the non-negative integer m; »(S) is called the multiplicity of S* in H'(S).
The dimension of the Specht module S*, has a simple expression

k!
product of the hook lengths of the boxes in the Young diagram of A

dimQ S)‘ =

which is sometimes called the hook length formula. These dimensions could be ex-
ponentially big even for relatively simple partitions (say the partition (k/2, k/2) for
even k).

Thus, knowing the multiplicities m; x(S), A F k, allows one to compute the
dimension of H*(S), and thus the Betti numbers of S. However, note that the
number of partitions of k is exponentially large (due to a result of Erdés and
Lehner [30]). Thus, this method is at best of exponential complexity, unless we can
restrict a priori the number of partitions to consider (i.e. those that are allowed
to appear in the isotypic decomposition of the cohomology modules of symmetric
semi-algebraic sets that we are considering).

Remark 2. The partition (k) + k having length one plays a special role. The
corresponding Specht-module S*) is the one dimensional trivial representation of
Sy (we also denote it by 1, ), and the isotypic component of H*(S) corresponding
to the partition (k) is thus isomorphic to the fixed part H(S)®* of H(S), which in
turn is isomorphic to H(S/&},) (see [13] for details and subtleties regarding these
isomorphisms). We obtain that the multiplicity of S*) in the cohomology module
H'(S) gives the i-th Betti number, b;(S/&}). Thus, the problem of computing the
cohomology of the quotient S/& is a special case of computing a multiplicity of a
particular Specht-module in H*(S).

Before proceeding further it is useful to go back to our key example (Example 1)
and see how all this works in practice.
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Example 2 (Key example continued with d = 2). We set the degree d = 2 and € =
0 in the polynomial Fj 4. in Example 1, and denote Fj, = Fj 20 = Zle X?(XZ- —
1)27 and Vk = Vk72’0 = Z(Fk,Rk)

We now describe the isotypic decomposition of H*(V}). The details of this com-
putation appear in [13] and are omitted here.

In dimension 0 we get:

(1.3) HO(Vk) =6, @ m,S*,
pkk
L) <2
where
(1.4) m, = 2u—k+1
(1.5) = p1—po+1
< k+1

Notice that for p = (u1, pe) F k, by the hook-length formula we have,
k! (1 — po +1)
(1 + D)lpo!
Note that since dim H’(Vj,F) = 2%, we obtain as a consequence (from (1.4) and
(1.6)) the slightly non-obvious identity

(1.7) # = X Gu-mn
H1>p2>0
H1t+p2=k
Notice that Eqns. (1.3), (1.4), and (1.7) illustrate the phenomenon of how an
exponentially large dimensional cohomology group is built out of a relatively small
(i.e. polynomially bounded) number of pieces — each of which is a multiple (with
polynomially bounded multiplicity) of certain Specht modules.

(1.6) dim S*

Elpy — po + 1))
(11 4+ 1)!po!

The decomposition of the cohomology modules of a closed semi-algebraic set
S C RF defined by symmetric polynomials having degrees at most d into isotypic
components was studied in [13], where several results were proved. The first im-
portant result was a severe restriction on the partitions that are allowed to appear
in the isotypic decomposition of the cohomology — which cuts down the possibili-
ties for the allowed partitions from exponential to polynomial (for fixed d). More
precisely, it is shown in [13] that with the same hypothesis as Theorem 1,

(1.8) m;A(S) # 0 = rank(\) < 2d,

where rank(A) is the size of the largest square (also referred to as the ‘Durfee square’
of the partition) that can fit inside the Young diagram (cf. Definition 20 in Sec-
tion 6.2) of the partition A. For every fixed d, the number of partitions A of k
satisfying the condition rank(\) < 2d is polynomially bounded in k (unlike the total
number of partitions which grows exponentially).

The second key result obtained in [13] is a polynomial bound (again for fixed
d) on the multiplicities m; »(S) occurring in the isotypic decomposition of H*(S).
Taken together — the polynomiality of the number of allowed partitions, and the
polynomiality of their multiplicities — gives rise to the hope (via the ‘common belief’
alluded to before), that the Betti numbers of symmetric semi-algebraic sets defined
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by symmetric polynomials of degrees bounded by a constant, could be computed
with polynomially bounded complexity.

In summary, while the cohomology of symmetric semi-algebraic sets could be
exponentially large, mirroring those in the non-symmetric case — the representa-
tion theoretic structure of these modules is encoded in the vector of multiplici-
ties (m;,2(S))o<i<k - This reduces the topological problem of computing the Betti

AHE

numbers to the more representation-theoretic task of computing the multiplicities
m; A(S). Moreover, since these multiplicities are polynomially bounded there is
some hope that it is possible to compute them by an algorithm with polynomially
bounded complexity.

1.2. New results. The optimism expressed in the previous paragraph is not al-
together unfounded. In this paper we consider the problem of computing the first
(£ + 1) Betti numbers of a given P-semi-algebraic set S, where P is a finite subset
of R[X7,... ,Xk]gg. As a first step, using a technique developed by Gabrielov and
Vorobjov (see Section 5.2), we replace S by another semi-algebraic set S’ which
is closed and bounded and whose first (¢ + 1) Betti numbers are equal to that of
S. This new semi-algebraic set is also defined by symmetric polynomials having
degrees at most d.

We then compute the multiplicities appearing in the cohomology groups Hi(S’ )
for all 4 bounded by some fixed constant ¢, with complexity that is polynomial in s
and k (where s = card(P)) for fixed d and ¢. As a consequence, we get an algorithm
for computing the first (¢ + 1) Betti numbers of S/, and hence that of S as well,
with complexity which is polynomially bounded.

Note that as mentioned previously, the analogous algorithmic problem of com-
puting Betti numbers of general (not necessarily symmetric) semi-algebraic sets
defined by polynomials of degree bounded by any fixed constant d is a PSPACE-
hard problem for d > 2 (with the coefficients of the input polynomials belonging
to Z), and thus unlikely to admit algorithms with polynomially bounded complexity.

The algorithmic results mentioned above depend on certain new representation
theoretic results that we prove in this paper. We prove that the Specht modules
corresponding to partitions having long lengths cannot occur with positive multi-
plicity in the isotypic decompositions of small dimensional cohomology modules of
semi-algebraic sets defined by symmetric polynomials of small degree. This result
generalizes prior results on restrictions of such partitions proved in [13] (cf. (1.8))
and is the key new tool in the design of the algorithms mentioned in the previous
paragraph.

We now state our results more precisely.

1.2.1. Algorithmic results.

Theorem 3. Let D be an ordered domain contained in a real closed field R,
and let £,d > 0. There exists an algorithm with takes as input a finite set P C
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D[X;y,... ,Xk]g’;, and a P-formula ®, and computes the tuple of integers
(0o(R(®)), ..., be(R(D))).

The complexity of the algorithm, measured by the number of arithmetic operations
in D, is bounded by (skd)Qo(dH).

If D = Z, and the bit-sizes of the coefficients of the input is bounded by T, then
the bit-complezity of the algorithm is bounded by

(rskd)®”"™.

Remark 3 (Polynomiality). Note that the complexity of the algorithm in Theorem 3
is bounded by a polynomial in s and k for every fixed ¢, d.

1.2.2. New ideas. Several new ideas (compared to previous algorithms for comput-
ing Betti numbers of semi-algebraic sets) appear in the design of the algorithm cited
in Theorem 3.

The first idea is to replace the given set by a closed and bounded one defined
by symmetric polynomials satisfying the same degree bound as the input polyno-
mials, and whose cohomology groups are isomorphic to those of the given set up to
dimension ¢. The next idea is to utilize the & -module structure of the cohomol-
ogy groups of this new closed and bounded semi-algebraic set. This reduces the
problem of computing the dimensions of the cohomology groups of the original set,
to that of computing the multiplicities of the various Specht modules appearing in
the cohomology groups (up to dimension ¢) of the new set. The sought after Betti
numbers can then be recovered from these multiplicities.

In order to compute the multiplicities of the various Specht modules, we leverage
certain techniques originating in the study of cohomology groups of mirrored spaces
[29]. These techniques form the basis of the proofs of our representation theoretic
results (Theorems 4 and 5). On the algorithmic front they help us in two ways.
Firstly, (in small dimensions) it guarantees that only a polynomially bounded many
of the multiplicities to be computed can be non-zero, and this restricts the set of
partitions that enters into the computation. Secondly, it allows us to obtain a di-
mension reduction, reducing the problem of computing the multiplicities for any
given closed and bounded semi-algebraic set defined in terms of symmetric polyno-
mials of degrees bounded by d, to the problem of computing the Betti numbers of
pairs of semi-algebraic subsets, which are not symmetric any more but contained in
a much smaller (O(d + ¢)) dimensional space. For the latter problem it suffices to
use the standard algorithms mentioned previously. We refer the reader to Section
5.1 for a more detailed outline.

1.2.3. Representation-theoretic results. We now describe the representation theo-
retic results that form the underpinnings of the algorithmic results stated above.

We obtain restrictions on the Specht modules, S*, A - k, that are allowed to
appear depending on d and k, as well as the dimension (or the degree) of the co-
homology group under consideration. These restrictions are of two kinds. Firstly,
we prove that when d is fixed, the Specht modules corresponding to partitions
having long lengths cannot occur with positive multiplicity in the isotypic decom-
positions of small dimensional cohomology modules of semi-algebraic sets defined
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by symmetric polynomials of degrees bounded by d. Secondly, we prove that the
Specht modules corresponding to partitions having short lengths cannot occur with
positive multiplicity in the isotypic decompositions of the high dimensional coho-

mology modules of semi-algebraic sets defined by symmetric polynomials of degrees
bounded by d.

Notation 5. Recall that for any symmetric semi-algebraic subset S C R* and
i > 0, we denote by m; x(.S) the multiplicity of S* in the isotypic decomposition of
H'(S), i.e., m; A(S) = multgs (H*(S)). We will denote

Par,(S) = {AF & | my(S) # 0}.

We prove the following theorem. The notation used in the theorems in this
section is mostly standard and/or self-explanatory; but readers unfamiliar with
them should consult Section 6.

Theorem 4. Let dk € Z>o d > 2, and S C RF be a P-closed semi-algebraic set
with P C R[X7,... ,Xk]gg. Then, for all A\ k:
(a)
m;A(S) =0 for i <length()\) — 2d + 1,
or equivalently,

max length(\) < i+ 2d — 1,
A€Par; (S)

(b)
m;A(S) =0 fori >k —length(*\) +d +1,
or equivalently,

max length(*\) <k —i+d+ 1.
AePar; (S)
Part (a) of Theorem 4 can be read as saying that for any fixed i > 0, and S C R*
a P-semi-algebraic set with P C R[X7,... ,Xk]gg,

1 th(\) <1+2d—1 = O(d).
remax  length(}) < + (d)

Similarly, Part (b) of Theorem 4 can be read as saying that
length(*A) <i+d+1=0(d).
AP oy, 1enBHR(A) <4 (@)

The following analysis of the cohomology modules of the key example (Exam-

ple 1) shows that up to a multiplicative constant the bounds stated in Theorem 4
on length(\) and length(*\) for A € Par;(S) are tight.

Example 3 (Key example continued). For d,k € Z~g, and 0 < ¢ < 1, consider
the real algebraic set Vg 1 . defined in Example 1. Recall that for 0 < e < 1, V..
consists of d* disjoint topological spheres, each sphere infinitesimally close (as a
function of €) to one of the d* points {0,...,d — 1}* C Rk,

Thus, for 0 < ¢ < 1, dimg(H°(Vys.)) = dimg(H* (Vi) = d*, and and
Hi(Vd,;m) =0,7 # 0, k—1. We now describe the isotypic decomposition of Hi(Vk,d,S)
for0<e<1l,andi=0,k— 1.

In what follows, for A = (A1,...,Am) € 27,57, \; = k, we denote by X the
partition of k obtained by permuting the A;’s so that they are in non-increasing
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order.

It is shown in [13] that:

(1.9) H(Viae) e, @ $* e @ K(u,\) S*
A=(A1,..,2a)€2L, W N UEN
4 Ni=k

= A
(Here > denotes the partial order often referred to as the dominance order on the
set of partitions of k, and K (-,-) are the Kostka numbers. We refer the readers to
[27] for definitions).

It is clear from (1.9) that there exists A - k with length()\) = d, such that

mox(Vi,de) >0

which shows that the restriction, length(\) = O(d) (in the case ¢ = 0) in Part (a)
of Theorem 4 is tight up to a multiplicative factor.

It follows from the Sy-equivariant Poincaré duality (see for example [13, Theo-
rem 3.23]), that

(110)  H*'(Viae) Ze, &+ she @ K s
A=(A1seAa)€ZL BB A uFEN
4 Ni=k

This shows that there exists A F k with length(*\) = d, such that
My—1,A(Vi,d,e) >0

So the restriction, length(*\) = O(d) (in the case i = 0) in the Part (b) of Theorem
4 is also tight up to a multiplicative factor.

1.2.4. Role played by Vandermonde varieties. The proof of Theorem 4 stated in
the previous section depends crucially on a similar restriction theorem for a class
of symmetric semi-algebraic sets which are particularly simple to define — namely,
Vandermonde varieties. The restrictions on the &i-module structure for Vander-
monde varieties, produce via an application of an argument involving the (equivari-
ant) Leray spectral sequence, similar (slightly looser) restrictions on the cohomol-
ogy modules of arbitrary symmetric semi-algebraic sets defined by quantifier-free
formula involving qualities and inequalities of symmetric polynomials of degrees
bounded by d < k (cf. Theorem 4).

The intersections of the level sets of the first d (weighted) Newton power sums in
R* for some d < k have been called Vandermonde varieties by Arnold [1] and Given-
thal [32], who studied their topological properties in detail. In fact, if one replaces
the Newton power sums with any other set of generators of the ring of Gy-invariant
polynomials (for example the elementary symmetric polynomials), the intersection
of the level sets of the generators of degree at most d give the same class of real
varieties. (Indeed, Vandermonde varieties can be defined as level sets of the first
d generators of the invariant ring of any finite reflection group, and many results
and techniques introduced in the current paper extend to more general reflection
groups. However, the case of the symmetric group is the most important from the
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point of view of applications, and we restrict ourselves to this special case in this pa-
per.) When the weights are all equal the Vandermonde varieties are also symmetric
with respect to the standard action (by permuting coordinates) of the symmetric
group &y, and thus the cohomology groups of the Vandermonde varieties acquire
the structure of finite dimensional Sg-modules.

In their foundational work on the topic, Arnold [1], Giventhal [32] and Kostov
[34], proved that the intersection of a symmetric Vandermonde variety with the
Weyl chamber in R*, defined by the inequalities X; < --- < X} is contractible if
non-empty, which in turn implies that the quotient space of a symmetric Vander-
monde variety is contractible if non-empty.

As a first step towards proving Theorem 4 we study the &y-module structure of
the cohomology groups of symmetric Vandermonde varieties themselves (not just
their quotient space). We prove the following theorem.

Theorem 5. Let d,k € Zwo,d > 2,y = (y1,...,ya) € RY, and let Vd(j;) denote the
Vandermonde variety defined by pgk) =Y,... 7pfik) = yq, where pgk) = Zle XZJ
Then, for all A& k:
(a)

mia(Vie) =0, fori <length(\) —2d + 1,

or equivalently,

(1.11) max  length(\) < i+ 2d — 1;
XePar; (V%))
(b)
miy,\(Vd(f;)) =0 fori >k —length(*)\) + 1,
or equivalently,

max  length(*\) <k —i + 1.
AEPar; (V%))

Remark 4 (Cases d = 1,2). The case d = 1 is omitted in Theorem 5. Indeed, Part

(a) is not true as stated in the case d = 1. In this case, Vd(f;) is the hyperplane
defined by the equation

k
ZXi = Y1,
i=1

and is G-equivariantly contractible to the point % “(y1,...,y1). Hence,
i)~ e
Hz(Vd{y)) ~s, SW ifi =0,

=g, 0, otherwise

k

(recall that the Specht module S* for A equal to the trivial partition (k) is isomor-
phic to the one-dimensional trivial representation). It follows that for i = 0,
mia(ViY) =140,
but
length((k)) =1<£i4+2d—1=0+2—-1=1,
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which violates (1.11).
On the other hand, the case d = 2 already indicates that the bounds in Theorem
5 is sharp.

If d =2 and k > 3, the Vandermonde variety Vd(k)

Y

k k
ZX’L = ylaZXzQ = Y2,
=1 =1

and can be empty, a point, or semi-algebraically homeomorphic to a sphere of
dimension k — 2 (depending on whether y? — kyo is > 0,= 0, or < 0, respectively).
In the last case (i.e. when yf — kys < 0):

is the defined by the equation

H(V,E) =, S®, ifi=0,

1.12 (V) =g S ifi=k—2
k

2y
=g, 0, otherwise

(see Subsection 3.2.1 below for a proof).
It follows that for i = k — 2,k > 3 and ys > 0,

mi7,\(Vd(k)

=140 1 € Par (V)

and

max  length(\) =length(1*) =k <k —-2+2-2-1=Fk+ 1.

A€Pary 2 (Vz(,];))

1.2.5. Improvements over prior work. Theorems 4 and 5 are improvements over
prior results in [13] (Theorem 2.5, Part (1)) having similar flavor in several different
ways.

Firstly, the restrictions (cf. (1.8)) on partitions given in [13, Theorem 2.5] are in
terms of upper bounds on their ranks rather than their lengths. While the length
of a partition is an upper bound on its rank, a partition having small rank can
be arbitrarily long. For example, the partition 1¥ := (1,..., 1) has rank 1, but its
length is clearly the maximum possible, namely k.

Secondly, the restrictions in [13, Theorem 2.5] do not take into consideration
the dimension (or the degree) of the cohomology groups under consideration. In
contrast, the restrictions on the partitions A given in Theorems 4 and 5 in the
current paper, do depend in a strong manner on the dimension (or the degree) of
the cohomology group. As a result in small dimensions, we obtain that only the
partitions with a small length can appear unlike the restrictions obtained in [13],
where there were no non-trivial restriction on the length. The restriction on the
length is a key ingredient in the algorithmic result obtained in this paper.

The results of the current paper depend on:

(a) results from the cohomological study of mirrored spaces due to Davis [28] and
Solomon [45],

(b) fundamental results on Vandermonde varieties due to Arnold [1], Giventhal [32]
and Kostov [34], and

(c) a careful topological analysis of certain regular cell complexes that arise in the
process of combining these results.
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In contrast, the proofs of the results in [13] are based essentially on equivariant
Morse theory which plays no role in the current paper. The reader who is curious
about the interplay of results coming from different areas and how they combine
together in the study of Vandermonde varieties, can skip forward to Examples 3.2.1
and 3.2.2 where the examples of Vandermonde varieties of degree 2 in R*, k > 3,
and that of degree 3 in R* are worked out in full detail.

The rest of the paper is dedicated to the proofs of Theorems 3, 4, and 5.

In Section 2, we prove a few preliminary results on the Solomon decomposition
of the cohomology groups of mirrored spaces that play an important role in the
rest of the paper. We introduce all necessary background material referring the
reader to the Appendix (Section 6) for the more basic material on representation
theory of finite groups and of the symmetric groups in particular that we utilize. In
Section 3 we give outlines of the proofs of Theorems 4 and 5, and also describe two
important examples illustrating the main steps. In Section 4, we give the proofs of
Theorems 4 and 5. In Section 5 we give the proof of Theorem 3 after introducing
the necessary preliminary results.

2. SOLOMON MODULES AND MIRRORED SPACES

This section is divided into two subsections. In the first subsection (Subsec-
tion 2.1) we discuss the representation theory of the symmetric groups by viewing
them as examples of finite Coxeter groups drawing on the work of Solomon [45].
In particular, we show how to obtain the isotypic decomposition of the Solomon
modules (which are certain representations of symmetric groups that we define in
this section), and prove certain quantitative statements about them that are key to
the proofs of the main theorems of the paper. These results (namely, Propositions 2
and 3 and Corollary 1) are the only results from this section that are used later in
the paper.

Then, in Subsection 2.2 we introduce mirrored spaces and discuss a key theorem
(cf. Theorem 7) giving a formula for the cohomology of a mirrored space in terms
of certain Solomon modules. This theorem plays a central role in the proof of
Theorem 5.

2.1. Symmetric groups as Coxeter groups and properties of Solomon
modules. Recall that a Coxeter pair (W,S), consists of a group W and a set
of generators, S = {s; | i € I'}, of W each having order 2, and numbers (m; ;); jer
such that (s;s;)™4 =e.

Our main example of a Coxeter groups will be the symmetric group & con-
sidered as a Coxeter group with the set of Coxeter generators, Cox(k) = {s; =
(4,i+1) |1 <i<k—1} (here (¢,i+ 1) denotes the permutation of (1,..., %) which
exchanges i and ¢ + 1 keeping all other elements fixed).

We will need the notion of length of an element of a Coxeter group.

Notation 6 (Length of an element of W). Given Coxeter pair (W,S), with S =
{si | i € I}, and an element w = s;, - -+ s;,, € W, we call m to be the length of w
(denoted ¢(w)), if m is minimal amongst all such expressions for w.
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Example 4. If (W,S) = (&3, Cox(3)), the lengths of the various elements of &3
viewed as permutations are displayed below.
£(123) =0,
£(132) = £(213)) =1,
0(231) = €(312) = 2,
£(321) = 3.
Following the same notation as in [29], for J C Cox(k), we denote by & the
subgroup of &y generated by J, and let
A7 = Ql&}).
We will write N; = card(&y). For J C Cox(k), let
(2.1) & o= NV Y w,

wesy
(2.2) nso= NyU Y ().
wEGg

For P,@Q C Cox(k), PN Q = 0, we denote (following [45])

(2.3) Upq=A"%Epnq.

2.1.1. Algebras, tensor products and representations. Let W be a group and A =
Q[W] be the group algebra of W. A left ideal I C A is then a (left) W-module.
Now let W/, W"” be two Coxeter groups, and A" = Q[W’], A” = Q[W"] be their
group algebras. Then, the tensor product A’ ®g A” is again an algebra, where the
multiplication is defined by (o’ ® a”)- (' @ V") = a’a” @ b'b”. Moreover, A’ ®g A" is
isomorphic as an Q-algebra to A = Q[W’ x W”], where the isomorphism is given
by
w @uw' — (w,w"),w € W w" e W,

If W/, W" are subgroups of W, such that W is the (internal) direct product of
W', 'W"” then the isomorphism,

(2.4) ArgA” — A
is given by v’ @ w” — w'w”.

Finally, if I’ is a left ideal of A’, and I” a left ideal of A”, then I' ®¢ I” is a left
ideal of the algebra A’ ®g A”. If we denote by ¥’ (resp. ¥”) the W'-representation
(resp. W’ -representation) corresponding to I’ (resp. I'), then we will denote by

U KU the (W’ x W")-representation corresponding to I’ ®g I”. We will need
later the following proposition.

Proposition 1. Let k > 0, and 1 < ¢ < k—1. Let P',Q" C {s1,...,8¢-1},
P". Q" C{sq+1,---,Sk—1} such that PPNQ"' =P"NQ" =0, and

P/UQ/ = {81,...,5(1_1},
PNUQN = {Sq+17...,8k,1}.
Then,

(25) \I/plup//’Q/UQ// quXkaq qu',Q' X \I’P”,Q”'
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Proof. Let J' =P UQ" = {s1,...,84=1}, J' =P"UQ" = {s¢+1,...,8k-1}, and
J = JUJ = Cox(k) — {s,}. Observe first that the elements of &; commute
with the elements of 6", 6] = &/'&]", and 6] N &]" = {e}. Hence it follows
that Gi is isomorphic to the direct product of the subgroups Gi/ and Gg”. In
particular, every element w € & can be written uniquely as

w = w/w//
with w' € 6,{' and w” € G;CIH. Moreover,
l(w) = L(w") + L(w").

It follows from (2.3) that Wps o (resp. Wpr on) is the &) -representation (resp.
(‘Sg”—rep/rlesentation) co/r/responding to the left ideal I’ = AJ’gp,nQ, of A7 (resp.
I/l = A‘] fp//nQH of A‘] )

Moreover, there is an isomorphism of Q-algebras (see (2.4)) sy : A @gA”" —
A7 defined by w’ ® w” — w'w”. Tt suffices to prove that ¢ s carries the left
ideal I' ®g I" of A7 ®0 A7" surjectively to the left ideal I = Al Epispr grugr of
A7,

Since, I = A’&piiprngugr is spanned by the elements wépr,prngugr,w € &3
it suffices to prove that

wépruprnqugr € g (AT Epmg ®g A7 Eprngr)
for every w € &{.
Using the fact that every element w € G{U'J " can be written uniquely as w =
w' - w” with w' € G{ and w” € Gi”, with
U(w) = L(w') + £(w"),
and (2.1) and (2.2), we have

NP’NP”
N, e = &pupr,
P/UP
N /N "
NQngQ,gg,, = &ouon-
Q'uQ”
Hence,
NP’NP”N ' Non
(26) SP/UP//UQ/UQN = Q Q gp/gp//nQ/nQ//,

NP’UP” NQ/UQN

Now w can be written (uniquely) as w = w'w” with v’ € & and w" € &,
and hence

wgP’UP"nQ'UQ” = 'LU’U/’{P’UP”’UQ’UQ”

NP/NP//NQ/NQ// ’

= w w €P/€P1/’I7 /’I’] 1"
Nplup//NQ/UQN QQ
(using (2.6))
NP/NP//NQ/N 1" YT

= w w gP/T} ’§P”77 1"
NP/UP//NQIUQ// Q Q

(since elements of A7 commute with elements of A7)
¢J/ J! (NP/NP”NQ/NQ”
’ NPIUPI/ NQ/UQII

w/§P/77Q/ ® w//gp,,’r]Q//) .
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This finishes the proof. O
Notation 7 (Solomon modules). For ease of notation we will denote the repre-
sentation \Ifgz)x(k)_T,T by \Ilg,?). We will call \Ilgc) the Solomon module indexed by
T.

Remark 5. The Solomon modules \Ifg,fc ) may be understood as analogs of Specht

modules (cf. Definition 22), but defined in terms of MacMahon’s tableau [36, Vol 1,
Chapter 1, Sect IV, 129.] rather than Young’s tableau (cf. Definition 21) where the
role of partitions is replaced by that of compositions (cf. Notation 20). Unlike the

Specht modules, the representations ‘1155C ) need not be irreducible (see Example 6).
But we are able to obtain a necessary condition for a Specht module to appear
with positive multiplicity in \Ilg,f€ ) using a recursive formula due to Solomon [45,

Corollary 3.2] (cf. Proposition 3 below).

Remark 6. As remarked above the representations lllgpk ) need not be irreducible in
general. However, it is easy to see from (2.3), Notation 7 and Definition 22, that
in the following two special cases, they are indeed irreducible.

(2.7) o g, S g 16,
k ~ kY A .
(28) \II(Co)X(k) =& S(l ) =G, S1gn,.

Another easy consequence of (2.3) is
k ~ k .
(2.9) \Il(Co)x(k)fT =6, \I/(T) ® sign,.

2.1.2. Relation between Solomon modules and Specht modules. We next prove a re-
cursive formula for computing the multiplicities of Specht modules in the Solomon
modules (Proposition 2 and Corollary 1). We also prove a condition (in terms
of k and the cardinality of T') on partitions A which needs to be satisfied for
multgs (T) > 0 to hold.

(Proposition 3).

Proposition 2. Let k> 1, T C Cox(k), and
g=max{i | s; € T}

Then,
ndS e, (\If;”_{sq} < 16k7q) e, U o ul)
Proof. Let
Q= T—{sq¢}
Q= 0,
P = {s1,...,80-1} T,
P" = {sg41,---,Sk—1}

Notice that
PUQ"  ~
S, =~ G,

P//UQ//
Sy, = Gk

e’ ~ g x &,
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Claim 1.
(210) \I/plup//,Q/ %GQXGk,q \I’g/) X 16k—q'
Proof of Claim 1. Observe that it follows from the definitions of P’, P”,Q’, Q" that
qlplup//7Q/ = \I’P'UP”,Q,UQ/H
and
Vpro WWprgr=Wp o N \Ij{sq-u ----- Sp—1},0-
Now,
\IJP/UP”,Q’UQ”, gGQXGk,q \IJP/,Q' IE \IIP”,Q”

using Proposition 1. Finally, from the fact that P’ UQ’ = {s1,....s4-1}, Q" =0,
and P"” = {sq41,...,5k—1}, we have

\IIP’,Q’ gbq \I/g]/),

and
\]:l{sq+17---;3k—1}7® Sy 16197(;'
This finishes the proof of the claim. (]
Claim 2.
(2.11) indgsxgk_q\yp,up,,@, e \pgc) o wl,

Proof of Claim 2. Observe that
Vpiupru(s,,qn @ Ypupr T = \PS“? @ \Ifgﬂ
It follows directly from [45, Corollarly 3.2] that
indgsxek,q‘PP’UP”,Q/ e, Ypuprrugs,y.qr © Ypupr T
which completes the proof of the claim. O

The proposition now follows directly from Claims 1 and 2. ([

The following corollary of Proposition 2 will be useful in designing an algorithm
for computing isotypic decomposition of the Solomon modules ‘I'gf ).

Corollary 1. Let k> 1, T C Cox(k), and
g=max{i | s; € T}.
Then, for any A F k,
(2.12)
multer (W4) = multgs (indq, | (W, B, )) = multe: (87 ).

Proof. Follows directly from Proposition 2 and Schur’s Lemma (Lemma 5 in the
Appendix). |

Before proceeding further we recall a classical formula — namely Pieri’s rule.
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Notation 8. For 0 < ¢ <k, and p = (u1,...,4m) F g, we denote by S(u, k) the
set consisting of partitions A = (A1, ...) F k satisfying:

(213) )\IZMIZ)QZ/J/QEZAmZMmZ)\m+12)\m+2:O7
and
(2.14) > Ni—mw)=k—q

i>1

In other words A € S(u, k), if and only if A - k and the Young diagram correspond-
ing to A is obtained from that of u by adding k& — ¢ boxes, such that no two boxes
are added in the same column.

Example 5. For example,
S((2,1),4) ={(3,1),(2,2), (2,1, 1) }.

The significance of the set S(u, k) is encapsulated in the following lemma. With
the same notation as in Notation 8:

Lemma 1 (Pieri’s rule). (a)

S ~ A
Indgt, s,  (§"Hls, ,) e, P s
AES (j1.k)

(b) For each X € S(u, k), length(p) < length(A) < length(p) + 1.

Proof. Part (a) is just Pieri’s rule (see for instance [37, Page 109]). Part (b) is
obvious from definition of S(u, k) (cf. Notation 8). O

The following lemma in conjunction with Lemma 1 will be used in the complexity
analysis of Algorithm 1.

Lemma 2. Let k> 1,0<q <k, and ut q. Then,
card(S(u, k) < (k—pa+1) (1 = p2+1) -+ (1 = o+ 1) (pn +1) < KPR
Proof. Obvious from Eqns. (2.13) and (2.14). O

Remark 7. Corollary 1 gives us an inductive method (using double induction on
k and card(T)) for obtaining the isotypic decomposition of the Solomon modules
\Ifgc ), since the Solomon modules that appear on the right hand side of (2.12) are
either of a strictly smaller symmetric group since g < k, or the Solomon module of
S, but with respect to a smaller set of Coxeter elements (since card(T — {s;}) =
card(T) — 1 < card(T')). Moreover, the isotypic decomposition of the representa-
tion indg’;x&ciq (\I/(Y?E{Sq} X1le,_, ) can be computed from that of \Ilgli{sq} using
Part (a) of Lemma 1 (Pieri’s rule).

For the base cases notice that \ch ) is isomorphic to the trivial representation,
le, e, S®) if T =, and for k = 1, the \I!(Tl) is again the trivial representation
(the only T that can appear is the empty set).

This algorithm for computing the isotypic decomposition of \I/g,ic ) using the in-
ductive method sketched above is formally described in Algorithm 1 in Section 5,
where we analyze the complexity of this algorithm as well. We illustrate the method
here by giving an example.
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Ezample 6. Let k = 4 and T = {so}. We will use Proposition 2 to obtain the
isotypic decomposition of \Ilgfl ). In this example ¢ = 2. So applying Proposition 2
we obtain

(2.15) indS4

SoxSa

(v ®1s,) e, v 0 0.
Now using (2.7)
v =, SO,

2

vy =, SW.

Using Part (a) of Lemma 1 we get

indg! e, (VW Hle,) e, mdSl.e, (3¢ Hls,)
(2.16) v, SWaSGD g s
In conjunction, (2.15) and (2.16) implies
S™ g sB1) gy s(2:2) ~s, s® g \Ilg,fl),
whence
o) g, SBD g 532,

Note that this example also illustrates the fact that the Solomon modules need not
be irreducible.

Another important consequence of Proposition 2 that will be important for us
is a bound (in terms of the cardinality of T alone) on the lengths of the partitions
corresponding to the Specht modules that can appear in the isotypic decomposition
of \Iléic ). We deduce such a bound in the following proposition.

Proposition 3. Let k > 1, T C Cox(k). Then, for Ak,
multgx (\I'g,fc)) =0 if length()\) > card(T) + 1 or if length(*\) > k — card(T).

Remark 8. Note that the bound in Proposition 3 below is the best possible (cf.
Example 6).

Proof of Proposition 3. We first prove that
(2.17) multga (\Ilgﬁ)) # 0 = length(X\) < card(T') + 1.

The proof is by a double induction on k, and on t = card(T). Clearly, (2.17) holds
for k=1 and for all T. Also, if T =10 (i.e. t =0)

(k) ~ q(k
v = sk,

and (2.17) holds for all k£ > 1.

Now suppose that the proposition is true for all ¥’ < k, and for given k for all
t' < t and suppose that t > 0.

Observe that for p - ¢, using the fact that ¢ < k£ and the induction hypothesis
we get that
(2.18)

multg. (T8)) # 0 = length(y) < card(Q') + 1 = (card(T) — 1) + 1 = card(T).
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Using Part (a) of Lemma 1 for any u F g,
(2.19) indg’;xek_q (S"Nig,_,) = @ S* (cf. Notation 8).
AES (p,k)
Also by Part (b) of Lemma 1
(2.20) A€ S(p, k) = length(X) < length(u) + 1.
It follows from (2.18), (2.19) and (2.20), that for A F £,

(2.21)  multga (indg’;xek_q (\Ilg,) X lgqu)> # 0 = length(\) < card(T) + 1.

The claim in (2.17) now follows from (2.21), Proposition 2 and Schur’s Lemma
(Lemma 5 in the Appendix). This finishes the inductive proof of (2.17).
‘We now prove

(2.22) multgs (U) # 0 = length(*A) < k — card(T).
First observe that using (2.9)
St)\ o~ S)\ ® Slk

k ~ k k
\Ilgjc?x(k)fT = ‘I’(T)@’Sl'

It follows that
multgx (\I/g,fc)) 0 & multStA(Wékgx(k)_T) #0
= length(*)\) < card(Cox(k) — T) + 1 using (2.17)
= length(*\) < k — card(T).

O

We now introduce a geometric construction (that of a mirrored space) which will
play an important role later.

2.2. Mirrored spaces and Weyl chambers. We first recall a definition from
[29].

Definition 3 (Mirrored space). Given a Coxeter pair (W, S) (i.e. W is a Coxeter
group and S a set of reflections generating W) a space Z with a family of closed
subspaces (Zs)ses is called a mirror structure on Z [29, Chapter 5.1], and Z along
with the collection (Zy)ses is called a mirrored space over S.

Given a mirrored space, Z, (Z)scs over S, there is a classical construction (called
‘The Basic Construction’ in [29, Chapter 5]) of a space U(W, Z) with a W-action
which we define as follows.

Definition 4 (The Basic Construction [35, 48, 51, 28]). We define
(2.23) UW,Z) =W x Z/ ~

where the topology on W x Z is the product topology, with W given the discrete
topology, and the equivalence relation ~ is defined by

(w1,%) ~ (w2,y) < x =y and wi twy € WS,
with
S(x)={seS | xeZ},
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and WS®) the subgroup of W generated by S(x).
The group W acts on U(W, Z) by w;y - [(wa,2z)] = [(wrws,2)] (where [(w,z)]
denotes the equivalence class of (w,z) € W x Z under the relation ~).

For a mirrored space Z over S, the cohomology groups, H*(U(W, Z)), gets a
structure of a W-module from the W-action on U(W, Z), and H*(U(W, Z)). The
cohomology groups of U(W, Z) are studied in [29] in the case where Z is a finite
CW-complex, however in this paper we are concerned with mirrored spaces which
are semi-algebraic.

2.2.1. Semi-algebraic mirrored spaces.

Definition 5. We will call a mirrored space Z,(Zs)ses over S, to be a semi-
algebraic mirrored space over S, if Z and each Zg, s € S are semi-algebraic sets.

Remark 9. First observe that for a finite group W, and a semi-algebraic set Z,
W x Z is again a semi-algebraic set. Moreover, if Z is closed and bounded, so is
W x Z, and the quotient U (W, Z) is also semi-algebraic, since the quotient of a
semi-algebraic set by a proper semi-algebraic equivalence relation is semi-algebraic
([50, page 166]).

Note also that every closed and bounded semi-algebraic set is semi-algebraically
homeomorphic to the geometric realization over R of a finite simplicial complex
(see for example [9, Chapter 5]). More generally, if Z,(Z)scs is a semi-algebraic
mirrored space, with Z, Zs,s € S closed and bounded, then there exists a finite
simplicial complex K and subcomplexes K, C K,s € S, and a semi-algebraic
homeomorphism h : Z — |K|, which restricts to homeomorphisms Z, — |K,|,s €
S.

Moreover, for any subset T' C S, the cohomology groups of Z (resp. pairs
(Z,U,er Zs)) are isomorphic to the simplicial cohomology groups of the simplicial
complex K (resp. pairs (K, J,cr Ks)) (see [9, Chapter 6],

In view of Remark 9 the following theorem stated in [29] for finite CW-complexes
remain true for semi-algebraic mirrored space (Z, (Zs)ses) with Z, Zs, s € S closed
and bounded. We state the theorem in the special case where (W, S) = (&, Cox(k))
which is the only case of interest to us in this paper.

Theorem 6. [29, Theorem 15.4.3] Let (W, S) = (&, Cox(k)), and Z,Zs,s € S a
semi-algebraic mirrored space over S, and Z,Zs,s € S closed and bounded. Then,

H,(UW,2)) 2, PH.(Z,27) 00,
TCS

7T = UZS.

seT

where for each T C S,

2.2.2. Weyl chambers. The semi-algebraic mirrored spaces that we will be inter-
ested in are of a special type. In order to introduce them we first need a few more
definitions.

Notation 9. We denote by W(*) ¢ R¥ the cone defined by X; < X5 < --- < X,
and by W):¢ the interior of W) (i.e. the cone defined by X; < Xy < --- < X},).
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Notation 10. For k € Z>(, we denote by Comp(k) the set of integer tuples
¢
A=A A N >0, A=) N =k
i=1
Definition 6. For k € Z>g, and A = (\1,...,\¢) € Comp(k), we denote by Wy
the subset of W) defined by,

Xi==X), <X ==Xt0n < S Xatoqap1 = = Xy,
and denote by WY the subset of W) defined by
Xy == X)\l < X/\1+1 == X)\1+)\2 << XA1+“'+)\[.—1+1 ==X

We denote by Ly the subspace defined by
Xi=-=Xn, X1 ==X+ X+ = = X,
which is the linear hull of Wj.

Notation 11. For s = (i,i + 1) € Cox(k), we denote by W the face of WH)
defined by X; = X,11. More generally, for T C Cox(k), we denote:

wi? = ()W,
seT
W(k,T) _ U Wék:)
seT
We also define A\(T") € Comp(k) implicitly by the equation
(2.24) Wicr) = WiY.
Notation 12. Finally, for any semi-algebraic set Z ¢ W), T c Cox(k), we set
z" = ZnwkD),
Zr = ZnwW.

For any semi-algebraic subset S C R*, we will denote
Sy = Snwh),

and we will for convenience of notation write Sy r (respectively, S{), in place of
(Sk)T (respectively, (S)T).

Now suppose that S is a closed and bounded symmetric semi-algebraic subset
of R¥, then (using Notation 12) S € W®). Then, S) along with the tuple of
closed semi-algebraic subsets (Sgs = Sk N Ws(k))secox(k) (cf. Notation 11) is a
semi-algebraic mirrored space over Cox(k).

It follows immediately from Definition 4 that:

Proposition 4. The semi-algebraic set U(Sy, Sk) is semi-algebraically homeomor-
phic to S.

Proof. Tt is a simple exercise to verify that the map
[(w,x)] = w-x

is a semi-algebraic homeomorphism U (S, S) — S. O
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Proposition 2.2.2 in conjunction with Theorem 6 yields the following result that
we will use later in the paper. This is the only result from this subsection that we
will need in the rest of the paper.

Theorem 7. Let S be a closed and bounded symmetric semi-algebraic subset of
RF. Then,

H(S) %, @ (S5 eud.
TCCox(k)

3. OUTLINE OF OUR METHOD AND TWO IMPORTANT EXAMPLES

3.1. Outline of the proofs of Theorems 4 and 5. We first observe that sym-
metric semi-algebraic subsets S C R¥, defined in terms of equalities and inequalities
of symmetric polynomials of degree at most d, admits a map to R? (by the first
d Newton power sum polynomials restricted to S), whose fibers are Vandermonde
varieties. Moreover the action of &y keeps the fibers stable, and thus the action of
Sy on S also induces an action on the Leray spectral sequence of this map. As a
result in order to prove the vanishing of certain irreducible Gi-modules, it suffices
to prove this vanishing for Vandermonde varieties. The Vandermonde varieties are
well studied and have nice topological and geometric properties. For us the most
important property implicit in the work of Arnold, Giventhal and Kostov is that
the intersection Z of a Vandermonde variety V with a Weyl chamber W) in R*
is either a point or a regular cell of the dimension of the variety. Moreover, the
structure of the boundary of Z (in case Z is a regular cell) is well understood in
terms of the combinatorics of the faces of W*) with which Z has a non-empty
intersection.

Applying Theorem 7 to our situation we obtain that the cohomology groups
of V' are isomorphic to direct sums of tensor products of the Solomon modules
W¥)7 indexed by subsets T' C Cox(k), and the cohomology groups of the pairs
(Z,ZT), T C Cox(k), where as before

7T = U Zs.

seT

Recall now that by Proposition 3 only those Specht modules can appear in \Ilg,fc )
whose number of rows is bounded by card(T') +1 (and a similar restriction in terms
of the number of columns).

One final ingredient is the observation that in the case when Z has the expected
dimension k —d, then the intersection of Z with the various faces of W*) induces a
structure of a regular cell complex, and the boundary of Z is then semi-algebraically
homeomorphic to the (k —d— 1)-dimensional sphere, and the intersection of Z with
the various W) s € Cox(k), gives an acyclic covering of the boundary of Z having
cardinality at most k — 1. This implies via an argument using the nerve lemma and
Alexander duality that the cohomology groups Hi(Z, ZT) must vanish if i is large
compared to the cardinality of 7" and also a dual statement (cf. Proposition 6).

Putting these together we obtain our theorem on the vanishing of certain mul-
tiplicities for Vandermonde varieties (cf. Theorem 5). Theorem 4 is then a con-
sequence of Theorem 5 and an argument involving (an equivariant version of) the
Leray spectral sequence.
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Finally, the restriction result that we prove also allows us, via the Solomon-
Davis formula alluded to above, and some additional ingredients (see the outline in
Section 5.1) including certain standard algorithms from semi-algebraic geometry,
to effectively compute the Betti numbers b;(5),0 < ¢ < ¢, for any fixed ¢ with
complexity which is polynomial in the number of variables and the number of
polynomials. Here we are assuming that the degrees of the input polynomials are
also bounded by a constant.

We will now proceed to describe two important examples, whose analysis already
exposes the central ideas behind the proofs of the main theorems.

We first introduce some more notation.

Notation 13. For every m > 0, and w = (wyq,...,wg) € R’;O we denote
p‘(,{f,)m : Rk — R
k
X=(T1,..,2K) > Do wiEl,

and for every d > 0, and w € R’;O we denote by <I>E:f )d the continuous map defined
by

k ’
ol R — R
X = (l'lvu'axk) — (p\(af,)l(x)a"'7p\(;f,)d’(x))v
where d’ = min(k, d).
Finally, we denote by

v® ok R

w,d

the restriction of @557)(1 to W),

If w= 1% := (1,...,1), then we will denote by pﬁ,’f) the polynomial p&’f,)m (the
m-th Newton sum polynomial), and by @fik) (respectively, \I/gc)) the map @55}(1
(respectively, \I/E,f?d).

For every w € Rgo, d,k>0,d <k, and y € R%, we will denote by

k k) \— k Ry
v, = (@%) N (y), and 2, = () ().

w,d,y

k. : (k) (k) (k)
If w=1%:=(1,...,1), then we just denote Viay by Vg, and Z57 o

k
by 2.
We are now ready to discuss the promised examples.
3.2. Examples.

3.2.1. Example with d = 2 and k > 3. We first consider the case d = 2 for k > 3,
which has already being alluded to in Remark 4. Recall that in this case, the
Vandermonde variety Vg(fi,) is defined by the equation

k k
ZXi = yl,ZXz? = Yo,
i—1 i—1

and is empty, a point, or a semi-algebraically homeomorphic to a sphere of dimen-
sion k — 2 (depending on whether y3 — kyo is > 0,= 0, or < 0, respectively).

The first two cases are trivial. In the last case, ZQ(@ = VQ(,I;,) N WK is a closed
disk of dimension k — 2, and has a non-empty intersection with all the faces of the

Weyl chamber W), (See Figure 1 for the case k = 4, where Zéi), is one of the



COHOMOLOGY OF SYMMETRIC SEMI-ALGEBRAIC SETS 27

triangles on the two-dimensional sphere equal to V;; Notice that in this case ZQ(?;

meets all the three faces of the Weyl chamber W(*).)
It follows that in this case

(3.1) H'(Z35), 25T = Qif (4, T) = (0,0) or (k — 2, Cox(k)),

2,y

= 0 otherwise.

The &-module structure of VQ(’I;), y?—kys < 0,k > 3 stated in (1.12) in Remark 4
now follows from (3.1), (2.7), (2.8),and Theorem 7.

3.2.2. Example of V3(§,) C R*. We now study the cohomology of the symmetric Van-

- 4
dermonde varieties (curves) Vs(y)

R3.

In this case the Weyl chamber W®* < R* has three faces corresponding to
the compositions (2,1,1), (1,2,1) and (1,1,2). In terms of the Coxeter elements
s1 = (1,2), s2 = (2,3), and s3 = (3,4), these faces correspond to si, sz, and s3
respectively. In other words, using the notation introduced in (2.24),

AM{s1}) = (2,1,1),
AM{s2}) = (1,2,1),
/\({83}) = (1’1’2)'

C R*, as G4-modules, for various y = (y1,%2,%3) €

Also, note that
A{s1,82}) = (3,1),
AM{s1,83}) = (2,2),
A{s2,s3}) = (1,3).
We first need a preliminary calculation. Observe that
md vl =g, sWasEy

&, \I/((;l) ® \I/ﬁ)l} (using Proposition 3).

|4

From this we deduce that
(3.2) L2 SUNE=TOR s C O
and using (2.9) that,

(4) ~ 2,1,1
(3.3) Ve )y Zes S

Returning to the study of topology of the curve V3(§,), there are five different
cases possible depending on the configuration of the curve V3(f;) inside W& . Recall

(cf. Notation 13) that we denote Zék; = Vg(i,) nw,

Case 1. The Vandermonde variety ‘/2(2/1 vs) is empty: in this case Z?Ei), = (), and
4 4
HO(V4y) = H(V3y) =o0.

Case 2. The Vandermonde variety Vz(al v2) is singular and V3(§,) is non-empty: in
this case, Zéi), is a point which must necessarily belong to the face labeled

by (4) of W&, Thus, Z:E:l)), belongs to all non-zero faces of W) and v,
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Case 3.
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2,(y1,y2)"

is a minimum value of p§4) on VW (This preceding fact follows from

1,(y1)"
Theorem 8 stated later.)
In this case (using Notation 12)

H(25. 255") = Q T =0,

¥
HO(Z?(,%}),,Z&)’,T)) = 0, otherwise.

This implies that
4 ~ 4
HO(V:,’(’ )) =G, \I/é) )
N—(‘54 164 (USing (2‘))

It follows that bO(VB(f;)) =1 (using the Eqn. (6.2)). Clearly, Hl(V3(§,)) =
0 in this case.

The Vandermonde variety ‘/2(21 v2) is non-empty and non-singular. Lets
fix y1,y2 such that V2(2;1 v2) is non-empty and non-singular. In this case,
2(721 Lv2) is a sphere which is depicted in Figure 1.

The hyperplanes (shown in grey) in Figure 1 cutting out the 4! = 24
triangles on the sphere are the walls of the various Weyl chambers. Notice
that there are 14 vertices in the arrangement of great circles on the sphere,
8 of them incident on 3 circles and the remaining 6 incident on 2 circles.
There are several sub-cases to consider. The (non-empty) sub-cases are
depicted in Figures 2,3,4 and 5 (VB(,? is shown in blue).

It follows from Theorem 8 that there exist,

a(y1,y2), (Y1, y2), c(y1,42) € R,
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FIGURE 5. Vandermonde variety V3(§,) in Case 3e.

giving a partition of R into points and open intervals (more precisely, three
points and four open intervals) such that the Vandermonde variety V3(7y)
can be characterized topologically by which element of the partition ys

belongs to.
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FIGURE 6. Vandermonde variety V3(f§,) in Case 3f.

3a. y3 € (—o00,a(y1,y2)): In this case, VES,) = {;

3b. y3 = a(y1,y2): In this case, V3(§,) is non-empty and singular, and co-

incides with 4 of the 8 vertices of degree 6, and Z:,(f)), is a point which

must necessarily belong to the face labeled by (3,1) (cf. Theorem 8).
In this case

4 4,7
H(Z{y 4. 255" = 0
if
T == {52}3 {53}3 {521 83}7 {817 52, 83}

(since in these cases Z?Ei), = Zéi’,T))v and

4 4,T)\ ~
HO(Z5y, 2557) = Q

in the case
T= @, {81}.
This implies that
9 A 4 4
H(GY) e W) @ ¥,
~s, lg, ®S®Y (using (2.7) and (3.2)).
It follows that
bo(Vas) =1+3=14
(using (6.2) to derive dimg(S®V) = 3). Clearly, H'(V}})) = 0 in this

case.
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3c. ys3 € (a(y1,y2),b(y1,y2)): In this case Vg(é,) is a non-singular curve, and

3d.

Zéfl; intersects the faces labeled by (1,1,2) and (1,2,1) corresponding
to Coxeter elements s3 and sy respectively.

In this case,
HO(ZY, Z D) =0

3,y
if
T - {52}3 {53}3 {52) 83}7 {81752783}
and (4) »(4,T)
4 4T\ ~
HO(ZB,y7Z3,y ) = Q
if

T=0,{s1}.
This implies that
07y~ (4) (4)
H (V3,y) =6, ‘I’@ & ‘I’{sl}
~s, le, ®S®Y (using (2.7) and (3.2)).

In dimension one we have,

H'(zY, Zz{+D) =0

2y 3y
if
T =0,{s1}{s2}: {s3}, {51, 83} {51, 52}
and
H'(Z5y, X5y ) = Q
if

T = {827 83}7 {817 52, 83}
This implies that

1,4y ~ (4) (4)
H (‘/37)’) =6, \11{52,83} ©® \11{81,82,83}
~s, S*U!@sign, (using (3.3) and (2.8)).
It follows that

bo(Vay) =1+3 =14,

and
bi(Vad)=3+1=4.

ys = b(y1,y2): In this case, the Vandermonde variety V3(§,) is of dimen-
sion 1 but has singularities, and Zéi), intersects the faces labeled by
(2,2) and (1,2,1) (the intersection with the face labeled (1,2,1) are
the singular points of V;i,)) Thus, Zg()i), intersects the faces labeled by
Coxeter elements s1, so and ss.
In this case,
4 4,7

H(Z4y, Ziy ') = 0
if
T= {81}7 {82}7 {83}7 {Sla 83}; {817 82}7 {SQa 33}7 {817 52, 83},
and

H'(Zsy, Z5%") = Q

y?
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if
T=0.
This implies that

9\~ 4
B e, W)
S, ley-

In dimension one we have,

"' (2, z5") =0,

3,y
if
T=0, {Sl}v {32}a {53}7 {517 S3}a
and
' (Zsy. 25" = Q.
if

T = {s1,52}, {52, 83}, {51, 52, 83}
This implies that

Hl(Vs(,?) =6, ‘I’E{?l,m} ® ‘I’?{?z,s_g} ® ‘1’({2,52,53}
~s, 28*! @ sign, (using (3.3) and (2.8)).
It follows that
bo(Vy) = 1,
and
bi(Viy)=2-3+1=T.
This last equation can be verified directly by hand noting that Vg(f;)
has the structure of a connected graph containing 6 vertices (the (;")
singular points consisting of the orbit of the point Z;gi), N W2,2)), and
the degree of each vertex is 4. Thus the graph has 12 edges, and hence
(Vi) = 6
= bo(Vay) = bi(Vay)
= 1- b1(V3(,§)),
and thus,
bi(Vay) =T.
y3 € (b(y1,y2), c(y1,y2)): In this case, V3(f§,) is a non-singular curve, and
Z?(:l; intersects the faces labeled by (2,1,1) and (1,2, 1) corresponding
to Coxeter elements s; and ss respectively. The isotypic decomposition

of H*(VB(’?) in this case is identical to the Case (3c) and is omitted.
ys = c(y1,y2): In this case, V3(§,) is non-empty and singular, and coin-
cides with other 4 (compared to Case (3b)) of the 8 vertices of degree
6. In this case, Zéi), is a point which must necessarily belong to the
face labeled by (1,3). The isotypic decomposition of H*(V;fi,)) in this
case is identical to the Case (3b) and is omitted.

y3 € (c(y1,y2),00): In this case, VB(i,) is again empty.
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Notice, that the Specht module S(32) does not appear with positive multiplicity
in H*(Vg(i,)), y € R? in the above analysis. Using an equivariant Leray spectral se-
quence argument (cf. proof of Theorem 4) we can deduce from this fact the following
‘toy’ theorem (which is not directly deducible from the statement of Theorem 4):

Theorem. If S C R* is a P-semi-algebraic set, for P C R[Xq, ... ,X4]§§, then
mi,(2,2)(S) =0.
Proof. See proof of Theorem 4 and the preceding remark. ([

Remark 10. Note that it follows from the analysis in Example 3.2.2 that

max length(\) = 2,
yER3 AeParg(V4iy)
max length(A\) = 4,

yER3 AePary (VA1)

while the Part (a) of Theorem 5 provides the upper bounds:

max length(\) < 042-3—-1=5,
yGRS,)\EParO(V;,‘Ly))
max length(A\) < 14+2-3—-1=6.

yER3 AePary (V43)

We now return to the proofs of the main theorems.

4. PROOFS OF THEOREMS 4 AND 5

We first need a few preliminary results.

4.1. Preliminary Results. We start by recalling a standard definition.

Definition 7. We say that a semi-algebraic set S C R* is a semi-algebraic reg-
ular cell of dimension p, if the pair (S5,S) is semi-algebraically homeomorphic to

(B,(0,1), B,(0,1)) where B,(0,1) denotes the unit ball in RP.

Remark 11 (Monotonicity and regularity of semi-algebraic sets). We will prove in
Proposition 5 that the intersections of weighted Vandermonde varieties with the
interior of W) is a semi-algebraic regular cell of dimension k — d, if the dimension
of the variety is equal to k —d, and this property will play an important role later in
the paper (see Lemma 3 and Proposition 6). To prove that a given semi-algebraic
set is a semi-algebraic regular cell is often not easy. In order to overcome this
difficulty, a stronger notion, that of a monotone cell, was introduced in [6]. The
property that a semi-algebraic set is a monotone cell is much easier to check. We
do not reproduce the definition of a monotone cell here but refer the reader to
[6, Theorem 9] for one of the several equivalent definitions which is the easiest to
check for the sets Z\(;f,)d,y' Finally, the main result (Theorem 6) in [6] states that a
semi-algebraic set which is a monotone cell is a semi-algebraic regular cell, which
is what we will use in the proof of Proposition 5.

The following proposition which has been referred to before, and which describes
the topological structure of the intersection of a general Vandermonde variety with
a Weyl chamber, is a key topological ingredient in our proofs.
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Proposition 5. For every w € RE, d,k > 0,d < k, and y € RY, Z™ s either

w,d,y
empty, a point, or semi-algebraically homeomorphic a semi-algebraic reqular cell of

dimension k — d.

Proof. Suppose that Z‘(f )d y 1s not empty. Let x € Z‘(: )d y and suppose that x is a
regular point of the intersection of the Vandermonde variety Vi 4, with the linear

subspace Ly (i.e. the linear hull of the face W,) for some A € Comp(k). Then, x
is a regular point of Vi 4y, and x € z®) y N W(k),o,

w,d,
# Zuuy
NW().o then by the above observation and
AW = {x}.

since any neighborhood

We next prove that if Z (k)

w,d,y
Indeed, if x € Z\t), . but x & Z4)

w,d,y

[1, Theorem 5|, x € WY, with length(\) < d, and moreover Z‘(f’)d,y

NW() o then Z‘(,f)dy must be a point.

Moreover, in this case x must be an isolated point of Z‘(:’ )dAy,
of x in Z‘(j, )d7y, unless equal to just x itself, will contain some regular point x’

of the intersection of Zv(f,)d,y with Ly, with A < X, and this would imply that

x € Z‘(:’)d’y NW&).o. But on the other hand we know that Z‘(f,)d’y is contractible

[34, Theorem 1.1]. This proves that in this case Z\(:,)d,y = {x}, and hence if Z‘(f’)(i’y #+

Z‘E\ﬁzty nWke, Z\(,f,)d’y is a point.
So we might suppose that
(41) Z\(I:'C,)d,y = Z‘(Ai)d,y N W(k:),o.

In this case Z‘(,f;)d,y N WE-2 £ and using [I, Theorem 5] Z‘Ef’)d’y N Wk g
non-singular of dimension k& — d. Now using [34, Corollary 2.2], and [6, Theorem

9] we deduce that Z‘(:) )d,y N W) is a monotone cell (see [6] for the definition of

a monotone cell). This implies using [6, Theorem 13] that Z‘(ﬂﬁ)d’y N Wk is a
regular cell. In conjunction with (4.1) this implies that Z‘(’f’ )(i,y is semi-algebraically
homeomorphic to the closure of a regular cell, and the boundary of Z‘(:, )d)y is semi-
algebraically homeomorphic to the sphere Sh—d-1, O

Remark 12. Using Proposition 5 again on the intersection of Zy, 4 with the faces
of W) we get that if Zw,d.k is not empty or a point, then its boundary is a regular
cell complex (homeomorphic to S¥7471).

Definition 8. Let X be a closed and bounded semi-algebraic set and C be a finite
set of closed semi-algebraic subsets of X. We say that C = (C});er, where I is a
finite set, is a closed Leray cover of X if C satisfies:

(a) X =U;er Cis

(b) for each subset J C I, ) e C; is empty or semi-algebraically contractible.
We say that C is a reqular closed Leray cover if in addition for each subset J C I,
N e C; is empty or the closure of a regular semi-algebraic cell.

Notation 14 (Nerve complex associated to a closed Leray cover). Given a closed
Leray cover C = (C;);e; with I = [1, N], we will denote by N(C) the simplicial
complex, whose set of p-dimensional simplices are given by

Np(c>:{(a0,...,ap)|1§a0<...<ap§N’Caoﬁ...ﬂCap#@}.
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Sy e

FIGURE 7. Schematic depiction of the sets S and S Je

We need the following technical lemma in the proof of Proposition 6 which plays
an important role in the proof of Theorem 5.

Lemma 3. Let (P,;)icr, and (Q;) e be finite tuples of polynomials in R[ X1, ..., Xy],
and S C R¥ a basic closed semi-algebraic set defined by

A& =0n A\ (@;>0),
icl jeJ

such that the closure S of S is defined by
A@: =0 N\(@Q;>0).
il jeJ

Moreover, suppose that the pair (S, S) is semi-algebraically homeomorphic to

(By(0,1), Bp(0, 1))

(recall that B,(0,1) denotes the unit ball in RP).
Then for all J' C J, and all sufficiently small € > 0, the semi-algebraic set Sy .
(see Figure 7) defined by

/\(Pi:())/\ /\(Qng) /\ (Q; >0)

iel jeJ’ jeJ—J!

is semi-algebraically contractible.

Proof. Let S’,S” be the semi-algebraic subsets of S defined by

/\(Pi:())/\ /\(Qj>0) /\ (Qj >0),

iel jeJ’ jeJ—J!

and

respectively.



COHOMOLOGY OF SYMMETRIC SEMI-ALGEBRAIC SETS 37

Observe that
S'=5-9",
and
S"c S -5
Let ¢ : S x [0,1] — S be the homeomorphic image of the standard retraction of
B,(0,1) to 0 (i.e. (x,t) — (1 —1t)x).

Since S” is contained in the boundary of S, we can restrict the retraction ¢ to
S’ = §—5" and obtain that S’ is also semi-algebraically contractible. It now follows
from the the local conic structure theorem for semi-algebraic sets [17, Theorem
9.3.6] that for all small enough ¢ > 0 that S’ and S . are semi-algebraically
homotopy equivalent, and hence S . is also semi-algebraically contractible. (]

Proposition 6. Let 2 < d < k, y € R, V = V¥ dim(V) = k —d, K =

dy’
VN Usecongy WA T = {s € Cox(k) | VWP # 0} Let J C I, and K7 =

VN Uses W Then:

1. K is semi-algebraically homeomorphic to the S¥=471.

The tuple C = (Vs =V N Ws(k))sel is a reqular closed Leray cover of K.
. HY(K’) =0 fori > card(J).

. HY(K’)=0 for0<i<card(J) —d—1.

CHY(K7) = Q if card(J) > d + 1.

U B Lo o

Proof. Parts (1) and (2) are immediate from Proposition 5, since each intersection

of the various V; are semi-algebraically homeomorphic to some Z‘(,f, ),y for some p,

0 <p <k, and w € Z% (using the notation from Proposition 5), and is thus
empty, a point, or semi-algebraically homeomorphic to a regular cell of dimension
.

It follows from the nerve lemma that H*(K7) = H*(N(C”7)), where C7 = (V)se -
Since N (C’) is a simplicial complex with card(.J) vertices, H' (N (C’)) = 0 for
i > card(J). This proves Part (3).

We now prove Parts (4) and (5). We can assume that J # ) which implies that
K7 #£ (), since otherwise the claim is obviously true.

For s = (i,i 4+ 1) € Cox(k), let Ps denote the polynomial X, — X,.

Then, for each s € I, V; is the intersection with V of the semi-algebraic set
defined by

(Ps:O)/\ /\ (Ps'ZO)
s'€Cox(k)—{s}

For € > 0, denote by K/ the union of V; ., s € J, where V; . is the intersection
with K of the open semi-algebraic set defined by

(—e< Py <e)A /\ (Psr > —¢).
s’€Cox(k)—{s}

Then, using the local conic structure theorem for semi-algebraic sets [17, Theo-
rem 9.3.6], for all small enough ¢ > 0, K/ is semi-algebraically homotopy equivalent
to K’ and K — K/ is closed and semi-algebraically homotopy equivalent to K — K.

We now claim that for all small enough & > 0, (Vy — KZ)ses_ 7 is a closed Leray
cover of K — K. Let J' C I —J, and consider (., (Vs — K). Then, there exists
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J" C J such that
set defined by

N\ Pe=0)A N (Ps>e)A A (P, >0).

seJ’ seJ” se€Cox(k)—(J'UJ")

ses (Ve = K is the intersection with V' of the semi-algebraic

It follows from Lemma 3 and the above description that for all € > 0 small enough,
Ny (Vs — K is either empty or semi-algebraically contractible, and hence (V; —
KZ)ser—y is a closed Leray cover of K — K7. Using the same argument involving
the nerve complex as in the previous paragraph we obtain that

H (K - K)=0

for ¢ > card(I) — card(J). However, by Alexander duality (see for example [46,
page 296]) we have that

(4.2) H(K')~H(K))~H,_;,_(K - K/).

Let n = k —d — 1. Tt follows from Part (3) and (4.2) that H'(K”7) = 0 for
n—1i—12>card(l) — card(J) or equivalently for i < n — card(I) + card(J) — 1.

Since, card(I) < n + d, it follows that H'(K”) = 0 for 0 < i < card(J) —d — 1.
Parts (4) and (5) of the proposition follows. O

4.2. Proofs of Theorems 4 and 5.

Proof of Theorem 5. Let V = Vd(f;). We first prove Part (a). From Proposition 5
we have that V is either empty, or a finite union of points, or of dimension k — d.
If V is empty there is nothing to prove. Suppose that V is not empty.

Using Theorem 7 we have that

(4.3) H(V)= @ H (V) o .
TCCox(k)
Since we have from Proposition 3 that
multgs (U) = 0 if length(X) > card(T) + 1,
we might as well also assume that
length(\) < card(T) + 1,

or that
card(T') > length(\) — 1.
It thus suffices to prove that H*(V, V,.I') = 0, for all pairs (i,7) satisfying:
it < length(\) —2d + 1,
card(T') > length(\) —1,
for which it suffices to prove that H'(V4, V,I) = 0 for all (i, T) satisfying
(4.4) i <card(T) —2d+ 2 < card(T) > i+ 2d — 2.

We now fix the pair (i,T) satisfying (4.4), and treat the cases i =0, ¢ = 1, and
1 > 1 separately.
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Case i = 0: In this case, if Vi # 0, H*(Vy, Vi) # 0 if and only if V;I' = 0. If Vj, # 0,
it must meet a d-dimensional face of the W) which is incident on k — d of the
k — 1 codimension one faces, Ws(k), s € Cox(k), of W) This implies that

VI =0 = card(T) < d— 1.
Since, for d > 1, 2d — 2 > d — 1, it follows that
card(T) >i+2d—2=2d 2= card(T) >d— 1=V, #0=H'(V},V;l) =0.

This completes the proof of Part (a) in the case i = 0.

Now suppose that ¢ > 0. Let for s € Cox(k), Vs = V' N W We denote
(following the notation in Proposition 6)

I = {seCox(k) |V, # 0},

Jr = TnNI,

K = (JV,
sel

Kt = U V., = VkT'
seJr

Using Parts (1) and (2) of Proposition 6, K is semi-algebraically homeomorphic
to 8™, with n =k —d—1, C = (Vi)ser, is a regular closed Leray cover of K (cf.
Definition 8).

It follows from [1, Theorem 7] that the maximum and minimum of p((ili)l is ob-

tained on Vj, in two distinct d-dimensional faces of W(¥). Moreover, each of these
two distinct d-dimensional faces are incident on exactly k—d codimension one faces,
Ws(k), s € Cox(k), of W*), We thus have

(4.5) k—d+1<card() <k—1=n+d.

Clearly, card(Jr) = card(T' N I) < card(T).
On the other hand,

card(Jr) = card(T'NI)
= card(T) + card(I) — card(T'U I)
> card(T) + card(I) — card(Cox(k))
> card(T) 4 card(J) — (k — 1)
> card(T) + (k —d+1) — (k — 1) (using inequality (4.5))
(

Il
o
0
=
a.

(4.6) T)—d+2.

Case i = 1: We only need to consider the case i = 1 < card(T) — 2d + 2. We
distinguish the following two cases:

e If T'= (), then since d > 1, the inequality i = 1 < card(T") — 2d + 2 cannot
hold.
e If T #0,and i =1 < card(T) — 2d + 2, then

card(Jp) > card(T) —d+2>2d—1—-d+2=d+1,
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and it follows from Part (5) of Proposition 6 that HO(V,') = H(K/7) =~
Q. In this case the restriction homomorphism H°(V;) — H°(V,I') is an
isomorphism which implies that H*(V4, vI)y=o.

Case i > 1: In this case, we can assume that dim(V) = k — d. Otherwise, V is
zero-dimensional and H*(V) = 0 for ¢ > 0.
From the exactness of the long exact sequence,

s HOY VD) S H (VL VD) - B (V) — - -

of the pair (Vi, ViI') and the fact that H'(V;) = 0 for i > 1, it suffices to prove
that H~H(V,7) = 0 for 1 < i < card(T) — 2d + 2 or equivalently H’ (V') = 0 for
1<j<card(T)—2d+1.
Applying Parts (3) and (4) of Proposition 6, noting that K/7 =V, we obtain
W (K77) = (V) = 0
for 0 < j < card(T) — 2d + 1. This completes the proof for the case i > 1.
This completes the proof of Part (a).

We now prove Part (b). First assume that dim(V) =k — d.
Since we have from Proposition 3 that

multgs (U) = 0 if length(*A) > k — card(T),
we might as well also assume that
length(*\) < k — card(T),
or that
card(T) < k — length(*\).
It thus suffices to prove that H'(Vj, V') =0, for all pairs (i,T) satisfying:
k —length(*)\) + 1,
k — length(*)),

>
card(T) <
for which it suffices to prove that H'(V4, V,.I') = 0 for all (i, T) satisfying
i > card(T) + 1.
From the exactness of the long exact sequence,

s BTNV 5 B (Vi V) = H (V) — -

of the pair (Vi, V;I') and the fact that H'(V;) = 0 for i > 1, it suffices to prove that
H~Y(V,I') = 0 for i > card(T) + 1 or equivalently H? (V') = 0 for j > card(T).

It follows from Part (3) of Proposition 6, that H’(V,I) = H/(K’T) = 0 for
j > card(T).

If dim(V') = 0, we only need to consider the case i = 0. In this case, we need to
show that for A F k satisfying

length(*\) > k + 1,

mo¢x(V) = 0. But since length(*\) < k, this case does not occur. This completes
the proof of Part (b). O
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Proof of Theorem 4. First observe that by the local conic structure theorem for

semi-algebraic sets [17, Theorem 9.3.6], there exists R > 0, such that the inclusion
SN Bk(0,R) — S is a semi-algebraic homeomorphism. Moreover, since S and

By (0, R) are both symmetric, the above inclusion is G-equivariant. Hence,

(4.7) H*(S N Bk(0,R)) =g, H*(9).
Note that Bg(0, R) is defined by the symmetric inequality

2
Y X7 -R<0
=1

of degree 2. This, in view of the isomorphism in (4.7), we can assume without loss
of generality (after replacing S by SN B (0, R) and P be PU{Y7_, X2 — R}) that
the given semi-algebraic set S is closed and bounded.

Since S is a P-semi-algebraic set, and P C R[ X1, ... 7Xk]§27 it follows from the
fundamental theorem of symmetric polynomials, that B

S = (@)1 (@ (9)).

Let f = CIDEik)| s and observe that f is a proper map. We have a spectral sequence
(the Leray spectral sequence of the map f), converging to H?7%(S), whose E>-term
is given by
Equ = Hp(Ta qu*(QS))v
where T'= f(5), and Qg denotes the constant sheaf on S.
Using the proper base change theorem (see for example [33, §3, Theorem 6.2])
we obtain that for y € T',

(4.8) RIf.(Qs)y = HI(V,Y),Q),

and this gives R?f,(Qg) the structure of a sheaf of Gi-modules. Moreover, since
the action of & on S leaves the fibers of the map f : S — T invariant, the action
of & on EY'? is given by its action on the sheaf R?f,(Qg).

Now, H"(S) is isomorphic as an Gi-module to a (Sg-equivariant) subquotient

of
@ e
ptg=n
Using Theorem 5, we have that

mi,,\(Vd(’I;)) =0, for i <length(\) —2d + 1.
This implies using (4.8) that,
multga (EP"™P) = 0, for n — p <length(\) — 2d + 1,
(4.9) or equivalently for n < length(\) — 2d + p + 1.

From the fact that H?7%(S) is a (&g-equivariant) subquotient of @ _, EYY, and
(4.9), we obtain that

miA(S) = 0 for n <length(\) —2d + 1.

This proves Part (a).
In order to prove Part (b), recall first that Theorem 5 implies that

p+q

(4.10) mia(ViY) =0, for i > k — length(*A) + 1.
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Using (4.8) and (4.10) we obtain that,
multgy (E5"7P) = 0, for n —p >k — length(*A\) + 1
(4.11) or equivalently for n > p + k — length(*)\) + 1.

Now observe that since dim(7") < d, E¥? = 0 for p > d. Applying this to (4.11),
we get that

multgx (E2"7P) = 0, for n >k + d — length(*\) + 1.
This completes the proof of Part (b). O

5. PROOF OF THEOREM 3

In this section we prove Theorem 3 by describing an algorithm for efficiently
computing the first £ + 1 Betti numbers of any given symmetric semi-algebraic
subset of R* defined by symmetric polynomials of degrees bounded by d, having
complexity bounded by a polynomial in k (for fixed d and /).

We first outline our method.

5.1. Outline of the proof of Theorem 3. We first use a construction due to
Gabrielov and Vorobjov discussed in Section 5.2 below to reduce to the situation
where the given symmetric semi-algebraic set is closed and bounded. We then use
Theorem 7 to decompose the task of computing b;(S) = dimg H*(S) into two parts:
(A) computing the dimensions of H'(Sk, SY);
(B) computing the isotypic decompositions of the modules \Ifgc ) for various
subsets T' C Cox(k). Notice that using Theorem 4, in order to compute
b;(S) for i < £, we need to compute isotypic decompositions of \Ifgc ) with
card(T) < £+2d — 1.

We first describe an algorithm (cf. Algorithm 1) for computing the isotypic
decomposition of \pgf ), which has complexity polynomially bounded in k if card(T")
is bounded by ¢ + 2d — 1 (considering ¢ and d to be fixed). The key ingredient
for this algorithm is Corollary 1 which allows a recursive scheme to be used for
computing the decomposition. The fact that we need to consider only subsets T' of
small cardinality (using Theorem 4) is key in keeping the complexity bounded by
a polynomial. This accomplishes task (B).

We next address task (A). We first prove that that the cohomology groups of
the pair (S, ST) are isomorphic to those of another semi-algebraic pair (.S ,(CT), ST
(cf. Proposition 9). Proposition 9 is the key mathematical result behind our al-

gorithm. The advantage of the pair (S,(CT),SA']?) over the original pair (Sk,S}) is
that S,iT)7 Sf’z are subsets of an O(d+¢)-dimensional space (unlike Sy, S7 which are

subsets of W) ¢ R¥). Moreover, a semi-algebraic description of (S,(fT),Sg) can
be computed efficiently (i.e. with polynomially bounded complexity) from that of
the pair (Sk, S7) using a slightly modified version of efficient quantifier elimination
algorithm over reals (cf. Algorithm 2). The number and the degrees of the polyno-

mials appearing in the description of (S’,(CT), 5’? ) are bounded by a polynomial in k

(for fixed d and ¢). Finally, we compute the Betti numbers of the pair (S,iT), ,SA'};F )
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using effective algorithms for computing semi-algebraic triangulations (cf. Algo-
rithm 3). We exploit the fact that this is now a constant (i.e. O(d+¥)) dimensional
problem, and we can use algorithms which have doubly exponential complexity in
the number of variables without affecting the overall polynomial complexity of our
algorithm.

5.2. Replacing an arbitrary semi-algebraic set by a closed and bounded
one. We recall a fundamental construction due to Gabrielov and Vorobjov [31]
which allows us to reduce to the case when the given symmetric semi-algebraic set
is closed and bounded.

We first need some preliminaries. We recall some basic facts about real closed
fields and real closed extensions.

5.2.1. Real closed extensions and Puiseuz series. We will need some properties of
Puiseux series with coefficients in a real closed field. We refer the reader to [9] for
further details.

Notation 15. For R a real closed field we denote by R (¢) the real closed field of al-
gebraic Puiseux series in € with coefficients in R. We use the notation R (e1,...,&m)
to denote the real closed field R (g1) (e2) - - - {(€;n). Note that in the unique ordering
of the field R {e1,...,e6m), 0 < é&pm K emo1 € - K &1 < 1.

Let P C R[X1,...,Xk], S be a P-semi-algebraic set defined by a P-formula ®.

Without loss of generality we can suppose that
P=q; V.-V Oy,
where for 1 <i < N,
o= N @=00A N\ P>00A A (P<0),
PcPio PcP;i PcP; 1

where P; o, P;i1,Pi,—1 is a partition of the set P.

For &,6 > 0 we denote
Oies= N\ (P-e<O)A(P+e>0)n A (P-ds>0A A (P+5<0),

PeP;o PeP; 1 PeP;, -1

and
N
q)e,é = /\ (I)i,a,6~
=1

Gabrielov and Vorobjov [31] proved the following theorem. *

Theorem. [31, Theorem 1.10] Let P C R[X7,...,Xk] and S = R(®), where ® is
a P-formula. For 0 <m <k, let

(5.1) = \/ o | AXT+-+ X7 —1<0),
0<j<m

and let S], = R(:I;m) C R{e,e0,00, - ,am,5m>k. Then,
H'(S) = H'(S},)

IThe theorem in [31] is not stated using the language of non-archimedean extensions and
Puiseux series but it is easy to translate it into the form stated here.
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for0<i<m.

Remark 13. Observe that S/, is a bounded ﬁm—closed semi-algebraic set, where

Po=|J | {Pe,PEaiuled X2-1}.

PeP 0<i<m i

Moreover, if P C R[X},... ,Xk]g’},d > 2, then

Pm C R<€,€0,50,...,Em,5m>[X1,...,Xk]gs,

and card(P,,) = 4m - card(P) + 1.
In our algorithmic application (cf. Algorithm 3 below) we will replace the given
semi-algebraic set S C R* by the closed and bounded semi-algebraic set S 11 C

R{e,€0,00,.--s€0+1, 5@+1>k. By the preceding theorem the first £+ 1 Betti numbers
of S and S, are equal. Moreover, the number of infinitesimals appearing in the
definition of ), is bounded by O(£). The number of infinitesimals used to make
the deformation from S to S;,, is important for analyzing the complexity of our
algorithms. In our algorithms, we will extend the given ring of coefficients to a
polynomial ring in these infinitesimals. As a result each arithmetic operation in
this larger ring needs several operations to be performed in the original ring — and
this added cost enters as a multiplicative factor in the complexity upper bounds
(see proof of Proposition 11).

5.3. Computing the isotypic decomposition of \Ilg,fc). We now describe more
precisely our algorithm for computing the multiplicities of various Specht modules

in the representations \Ilgc ),

Algorithm 1 (Computing isotypic decomposition of \115? ))

Input:
An integer k € Zsg, and T C Cox(k).
Output:
(A) The set Par(k, T) = {\ F k | multg () # 0};
(B) multgA(\I/g{C)) for each A € Par(k,T).
Procedure:
if T'= 0 then
Output Par(k,T) = {(k)}, and multsw)(\llg?)) =1 and terminate.
else
if £ =2 then
output Par(k,T) = {(1,1)}, and multga,1 (\Ilgc)) =1 and terminate.
end if
end if
for A k,length()\) < card(T)+1 do
my < 0.
end for

,_.
e
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11: Pr« 0.

12: g+ max{j | s; € T}

13: Q' T — {54}

14: P+ {81,...,8q_1} —T.

15: P + {8q+1, ey Sk—l}-

16: Using a recursive call to Algorithm 1 with input ¢ and @', compute Par(q, Q")
and multgu (\Ilg,)) for each p € Par(q,Q").

17: for p € Par(q, Q') do

18: for A\ € S(u, k) do (cf. Notation 8)

19: Pr «+ PruU{A}.

20: my + my + multg. (\118,))
21: end for

22: end for

23: Using a recursive call to Algorithm 1 with input k¥ and P’, compute Par(k, Q")
and multgx (\Ifgf,)) for each A € Par(k, Q).

24: for A\ € Par(k,Q’) do
(k)

25: my < my — multgx (V))).
26: if my = 0 then

27: PT<—PT\{)\}

28: end if

29: end for

30: Output Par(k,T") = Pp, and for each A € Par(k, T'), output multgs (\Iléf)) =my.

Proof of correctness of Algorithm 1. The correctness of the algorithm follows from
Corollary 1, and Lemma 1. |

Complexity Analysis of Algorithm 1. Let F(k,n) denote the maximum of the com-
plexity of the algorithm over all inputs (k,T), where card(T) = n. Then, F(k,n) is
also an upper bound on the cardinality of the set Par(k,T) produced in the output
of the algorithm. First consider the recursive call to the algorithm in Line 16. The
complexity of computing Par(q, Q') as well as the cardinality of the set Par(q, Q")
is bounded by F(q,n—1) < F(k—1,n—1). Also observe that for each p belonging
to the output Par(q, Q') of this recursive call length(y) < card(Q’) + 1 < n, which
is a consequence of Proposition 3. The cardinality of the set S(u, k) is bounded by
O(k'ereth(r)y = O(k™) (using Lemma 2). The complexity of computing S(u, k) is
also bounded by k(). Thus the total cost of the ‘for’ loop in Line 17 is bounded
by k" F(k —1,n—1) for a large enough constant C' > 0. The cost of the recursive
call in Line 23 is bounded by F(k,n — 1), and the cost of the ‘for’ loop in Line 24
is bounded by CF(k,n — 1) for a large enough constant C' > 0. Thus the function
F(k,n) satisfies the following inequalities for large enough constants C,C’" > 0:

F(k,0) < C,

F(2,-) < C,

F(k,n) < k°"F(k—1,n—1)4CF(k,n—1)
< k9"F(k,n—1).
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It follows from the above inequalities that there exists some constant C” > 0
such that ,
F(k,n) <k ™.

Thus the complexity of Algorithm 1 is bounded by fO(card(T)?) O

We summarize the above in the following proposition.

Proposition 7. Algorithm 1 is correct and has complexity, measured by the number
of arithmetic operations in 7, bounded by fOcard(T)?) Moreover, the cardinality of
the set Par(k,T) output is also bounded by kOcrd(T)*).

Proof. Follows from the proof of correctness and the complexity analysis of Algo-
rithm 1 given previously. ]

5.4. The pair (S,(CT), ,SA’,?) and its properties. In this section we define the pair
(S’,(CT), S,{), and prove its key property.

Notation 16. For any finite set 7' and s € T, we denote by Ar C R”, the standard
simplex in R”. In other words, A is the convex hull of the points (e,)ser, where
e, is defined by m(es) = 654 where for each t € T, 7y : RT — R is the projection
map on to the ¢-th coordinate. For T C T, we denote by Az, the convex hull of
the points (es)ser, and call A the face of Ar corresponding to the subset T”.

Definition 9. Let k € Z>o, and A, p € Comp(k). We denote, A < p, if Wy C W,,.
It is clear that < is a partial order on Comp(k) making Comp(k) into a poset.

In the following paragraph we introduce notation two denote certain special
subsets of Comp(k). Their significance will be clear from the proposition that
follows immediately.

Notation 17. For A = (Aq,...,A¢) € Comp(k), we denote length(\) = ¢, and for
k,d € Z>q, we denote

CompMax(k,d) = {A=(A,...,Aq) € Comp(k) | Aey1 =1,0<i<d/2},
CompMin(k,d) = {A=(A1,...,Aq) € Comp(k) | A2; =1,0 <4 <d/2}.
We denote by
wi =

AeComp(k,d)

We state the following important theorem due to Arnold [1] which has been
referred to in Example 3.2.2. It plays a key role in the proof of Proposition 8
below. Since we refer the reader to [12] for the proof of Proposition 8, we do not
use Theorem 8 subsequently in this paper.

Theorem 8. [1, Theorems 5, 6 and 7|
For every w € Rgo, d,k >0, d = min(k,d), and y € RY the function p‘(,fy)dﬂ

has exactly one local mazimum on (\I/if?d)_l(y), which furthermore depends contin-

wously on'y.

Moreover, a point x € wayﬂW(k) is a local maximum if and only if x € W/(\k) for
some \ € CompMax(k,d’). Similarly, a point x € Vg y "W is a local minimum
if and only if x € W)(\k) for some A € CompMin(k,d’).
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(Note that as already noted in [12] there is a slight inaccuracy in [1, Theorem 7]
in that the word minimum should be replaced by the word maximum and vice versa.
A correct statement and a more detailed proof can be found in [38] (Proposition

8).)

We need some more notation.
Notation 18. For A = (A1, ..., \;) € Comp(k), we denote by ¢ : W — W) the
embedding that takes (y1,...,%.) € W to the point (y1,..., Y1, Yes-- -, Ye)-
N—— ——
Al )\E
Notation 19. For T' C Cox(k) and d > 0, we denote:

k length(A (T
Wé,; = L (VBRI

Definition 10. For any semi-algebraic set S C R¥, ' C Cox(k), and d > 0, we set
Sy = Snwh),
Ska = SNWH,
st = wkIhing,
Ser = WS,
Skra = SNWE,

Proposition 8. Let 1 < d, and P C R[Xqy,... ,Xk}gc’}, S C RF, a P-closed and
bounded semi-algebraic set, and w € R];o- Then the following holds.

1. The map \Ilif)d restricted to Sy q is a semi-algebraic homeomorphism on to its
image, and

2. 00 (Ska) = T (Se).

Proof. Both parts follow from the weighted version of Part (1) of Proposition 9 in
[12]. O

We have the following corollary of Proposition 8 that we will need. With the
same hypothesis as in Proposition 8:

Corollary 2. For each subset T C Cox(k), \Ilglk) restricted to Sk T4 15 a semi-
algebraic homeomorphism on to its image, and

U (Skr) = 8 (Skra).

Proof. Let ¢ = length(\(T)), and S} = L;(lT)(ShT) (cf. Notation 18). Then,

Skr.d = i) (St,a);
and
‘I’Ezk)|sk,T = W&E()T),d °© L;(lT)'
The corollary now follows from Proposition 8, and the fact that ty(r) is a semi-
algebraic homeomorphism on to its image. O

Now, let 1 < d, and P C R[Xl,...,Xk]gfl, S C R*, a P-closed and bounded
semi-algebraic set, and T C Cox(k).
We define:
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Definition 11.
S<T> v (8) x Ap c R4 x R7,
and

= U v (S 1) xAT/CS(T).
T'CT

The key property of the pair (S,(fT), szp ) defined above that will be used later is
the following.
Using the definitions given above we have:

Proposition 9.
H (S, ST) = H* (S, ST).
Before proving Proposition 9 we recall the notion of the blow-up complex of a

collection of closed and bounded semi-algebraic subsets of RY.

Definition 12 (Blow-up complex). Given a finite family A = (A, )acr of closed
and bounded semi-algebraic subsets of RV, we denote

A =TJArxAa,/~,
JcI
where for J C I, A; = [\, Aa, and A is the face of the standard simplex
Ar c Rf (ie. Ay = {(70)acr € A | V(o & J)xo = 0}, and ~ is the obvious
identification.

It is an easy consequence of the Vietoris-Begle theorem (see for example [46,
page 344]) that (using the same notation as in Definition 12) the map

m:Bl(A) - A= UAa,ﬂ'((E;t) =z,

is a homotopy equivalence.

Moreover, if B = (Bg)acr is another family of closed and bounded semi-algebraic
sets, such that for each o € I, A, C By, then there is an obvious inclusion Bl(A) —
Bl(A), and we have a commutative diagram,

BI(A) — BI(B)

lﬂ' l‘ﬂ' ’
A={,A. — B=, Ba
where the horizontal arrows are inclusions. This gives a map between the pairs

(BI(B),Bl(A)) — (B,A). (In particular, note that if B, = B for all a € I,
BI(B) = B x Ay.)

Lemma 4. The induced homomorphism
H*(B,A) — H*(BI(B),Bl(A))
is an isomorphism.

Proof. The lemma is a consequence of the ‘five-lemma’;, and the fact that the in-
duced homomorphisms, 7* : H*(A4) — H*(B1(A)),H*(B) — H*(Bl(B)) are isomor-
phisms. (I
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Proof of Proposition 9. Let A = (Sk (s})ser, and B = (Sk)ser. Then, using
Lemma 4 and noting that SkT = U,er Sk.1s}, we have that

H*(Sk, S{) = H*(BI(B), BI(A)).

Moreover, observe that for T C T C T, we have a commutative diagram

where the horizontal arrows are inclusions.
This allows us to define a map, BI(B) — S,(CT), by

[(3t)] = (25 (2);1),

where [(z;t)] denotes the equivalence class of (z;¢) € S X Ar under the equivalence
relation ~ in the definition of BI(B) (cf. Definition 12). It is easy to verify that

this map is well-defined and also that it restricts to a map BI(A) — SF.
Hence, we have a induced map of pairs

(5.2) (BI(B), BI(A)) - (5, 5T).

The fibers of the maps Bl(B) — S,ET), Bl(A) — 5'\,?, defined above are weighted
Vandermonde varieties inside Weyl chambers and are thus contractible using Propo-

sition 5. Hence, the induced homomorphisms, H*(S,(CT)) — H*(BI(B)), H*(§z) —
H*(BI(.A) are isomorphisms.
Using the ‘five lemma’ we obtain that the homomorphism,

(8", ST) — H*(BI(B), BI(A))

induced by the map in (5.2) is an isomorphism. This proves the proposition. O

5.5. Algorithm for computing a semi-algebraic description of the pair

(S,(fT), ST). We now describe an efficient algorithm which takes as input the semi-
algebraic description of a symmetric semi-algebraic subset S C R, which uses
symmetric polynomials of degree at most d, and produces semi-algebraic descrip-

tions of S,iT) and SA',EF
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Algorithm 2 (Computing semi-algebraic descriptions of (S,gT), ,SA',? )

Input:
(A) Integers k,d >0, d < k;
(B) a finite set P C D[X7,... 7Xk]§§§
(C) a P-closed formula, ® such that R(®) = S;
(D) T C Cox(k).

Output:
(A) An ordered domain D contained in a real closed field R;
(B) A finite family of polynomials Q@ C D[(Y})ser, Z1, - - -, Zdl;

(C) Q formulas, @,(CT) and ®T, such that R(CDI(CT)) = S,(CT) and R(®%) = ST.
Procedure:
1: for A € CompMax(k,d) do
2: Using the algorithm from [12, Corollary 6] applied to the family P, the
formula ® A A\; <, <, 1(Xi < Xi41), and the linear equations defining

the subspace L) containing the face W), and the polynomial map @((ik),

obtain a family of polynomials formula Q) C R[Z1,...,Zy], and Qx-

formula @y, such that R(®,) = \Ilglk)(S NWy).
3: end for

40— (LerYs —1=0) AN yer(Ys 2 0).
5: Q{3 ser Ys = LU Uer{Ys} U Usecompmax(e,a) @A

6: (I)l(eT) < O A VecompMax(i,a) Pr-

7. for T C T do

8: for ;1 € CompMax(length(A(7”)),d) do

9: Using the algorithm from [12, Corollary 6] applied to the family
P, the formula ® A A\, ;(X; < X,41), the linear equations

defining the subspace the face LM(W/(\length(T/))), and the polyno-

mial map @Eik), obtain a family of polynomials formula Qs , C

R[Zl, ceey Zd], and QT/VIL—formula (I)T’,/u such that R((I)T/,“) =
(Pfik) (S A L (W;(Llcngth(T )))

10: end for

L1 (I)]%T' = \/,U,ECOmpMax(length()\(T’)),d) (I)T'all« A (ZSET’ Yo -1 = 0) A
/\seTfT’(YS = O)

12: end for

13:

5 au |/ U o,

T'CT peCompMax(length(A(T7)),d)

T
14: (I)k < VT’CT ‘I)]“T/.

Proposition 10. Algorithm 2 is correct and its complexity, measured by the number
of arithmetic operations in the domain D, is bounded by

(Skd)O(dJrcard(T)) )

Moreover, card(Q) < (skd)C@+eard(T) and the degrees of the polynomials in Q
are bounded by dO(d+eard(T))
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Proof. Tt follow from Proposition 8 and [12, Corollary 6], that the first order formu-
las @, A € CompMax(k,d), computed in Line 2 of Algorithm 2 have the property
that

R \ @y | = o (5).
AeCompMax(k,d)

It now follows from the definition of S ,(CT) (cf. Definition 11), that the formula CIJI(CT)
computed in Line 6 in Algorithm 2 satisfies

R(®) = S

Similarly, it follows from Corollary 2, and [12, Corollary 6], that the first order
formulas @7, u € CompMax(length(A(T")),d) computed in Line 9 of Algorithm
2 have the property that,

R V Sriy | = @ (Skrva).
peCompMax(length(A(T)),d)

It now follows from the definition of 51;} (cf. Definition 11), that the formula 52
computed in Line 14 of Algorithm 2 satisfies

R(®Y) = S -

This completes the proof of the correctness of Algorithm 2. The complexity
upper bound is a consequence of the complexity bound in [12, Corollary 6], and the
following:

(i) the number of iterations of the ‘for’ loop in Line 1 is bounded by
card(CompMax(k, d)) < k@,
(ii) the number of iterations of the for’ loop in Line 7 bounded by

ZCard(T) .

and,
(iii) the number of iterations of the ‘for’ loop in Line 8is bounded by

card(CompMax(length(T"), d)) < k9@,

O

5.6. Algorithm for computing the the Betti numbers of symmetric semi-
algebraic sets. We are now in a position to describe our algorithm for computing
the first (¢ 4+ 1) Betti numbers of symmetric semi-algebraic sets which will finally
prove Theorem 3.
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Algorithm 3 (Computing the first £+ 1 cohomology groups of a symmetric semi-
algebraic set)

Input:
(A) An ordered domain D contained in a real closed field R;
(B) Integers k,d,¢ >0, ¢,d < k;
(C) a finite set P C D[X1,. .., Xx|Sk;
(D) a P-formula ®. -
Output:
The integers by (R(®)), ..., be(R(P)).
Procedure:
1: ¢« (I)g+1 (Cf Eqn. (51))
2: DD = D[E,Em (50, vy 011, (54+1].
3: R+ R ' =Rle,e0,00,.-,8041,0041)-

4: for T' C Cox(k),card(T) < ¢ +2d — 1 do
5: ComEE’Ee using Algorithm 2, the family of polynomials @ and the formulas
<I>§€T) and fl)f.

6: Compute a semi-algebraic triangulation hp : |Kp| — R(<I>,(€T)), such that

h;l(R(@,gT)) = |K}|, K} is a sub-complex of Ky, as in the proof of
Theorem 5.43 [9].

7: Compute b; (R(@,&T)), CI:;;/F) = b;(Kr, K;) for 0 < i < £ (using for example the

Gauss-Jordan elimination algorithm from elementary linear algebra).
8: Compute using Algorithm 1, the set Par(k,T).
9: for A € Par(k,T) do

10 my, 7  multgx (\ch))
11: end for
12: end for

13: for 0 < i< /¢ do
14: for A € Par(k),length()\) <i+2d —1 do

15: mgx < 0.
16: end for
17: for T' C Cox(k),card(T) <i+2d — 1 do
18: for A € Par(k,T") do
19: MG\ <= My + bZ(R(CI)gT)), R(@g)) CMAT-
20: end for
21: end for
22:
bz(R((I))) — Z mg\ - dimQ S)‘,

A€Par(k),length(X)<i+2d—1
calculating dimg S* using Eqn. (6.2).
23: end for

Proposition 11. Algorithm 3 is correct and has complexity, measured by the num-
ber of arithmetic operations in the domain D, bounded by (skd)Qo(dH).
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If D = Z, and the bit-sizes of the coefficients of the input is bounded by T, then
the bit-complexity of Algorithm 3 is bounded by
(Tskd)

20(d+0)

Proof. First observe that the formula <5¢+1 inLine lisa .ﬁgﬂ-closed formula, where
Pyy1 C Dle, e, 00, - - - 7Ee+1,5e+1]2§7

and S = R(®y41) is closed and bounded.
Moreover, using Remark 13, we have that

(5.3) bi(R(®)) = b;(S5),0 <i < L.
It follows from Proposition 10, that the pair of formulas (@;T), 52 ) computed in
Line 5 of Algorithm 3 has the property that,

(R@®T), R(@T)) = (57, ST).

It follows from Proposition 9, that
(8", ST) = H* (S, 5,

and it follows from Theorem 5.43 in [9], that the numbers bi(S,iT), S‘E) = b;(Sk, SF)
are computed correctly in Line 7 of Algorithm 3 (for 0 <14 < /).
It follows from Theorem 7 that,

(5.4) bi(S) = > bi(Sk,ST) dim Wy,
T CCox(k)

It follows from (4.4) that the sum on the right hand side of Eqn. (5.4) needs to
be taken only over those T' C Cox(k), satisfying card(T) < i+ 2d — 1, i.e.

b;(S) = > bi(Sk, ST - dim WL,

TCCox(k),card(T)<i42d—2

The correctness of the algorithm now follows from Proposition 7 and (5.3).

In order to analyze the complexity, first notice that in Line 2, the ordered do-
main D is replaced by the ordered domain D' = Dle, 0,00, - -,€0+1,9¢0+1]. Each
subsequent arithmetic operation takes place in the larger domain

D' = D[53507603 s €41, 624-1]'

Since the number of arithmetic operations in D needed for computing the sum and
the product of two polynomials in D’ of degrees bounded by D is at most D) and
the degrees of the polynomials in D’ that show up in the intermediate computations
are well controlled, it suffices to bound the number of arithmetic operations in the
new ring D’.

The number of iterations of the ‘for’ loop in Line 4 is bounded by (zf271172) =

kC+0 n each iteration, notice that the semi-algebraic sets S ,(CT), §Zw C Reard(T)
R4, and thus the number of variables in the calls to the triangulation algorithm in
Line 6 equals card(T) +d < ({+2d — 1) +d = O(¢ + d). The number of arithmetic
operations in D’ in each iteration is thus bounded by

(¢sdk)

90(d+0)
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from the complexity bounds in Propositions 7, 10, and the complexity of the trian-
gulation algorithm.

Since, the degrees of the polynomials appearing in the computations are bounded
by dQO(dH), it follows that the number of arithmetic operations in D is also bounded
by

90(d+0)

(Lsdk)

It follows from Proposition 7, that the number of iterations of the ‘for’ loop in

Line 9 is bounded by EOd+0?) Also, the number of iterations of the ‘for’ loop

in Line 14 is bounded by k°(4+9 using the trivial upper bound on the number of

partitions of k of length bounded by ¢+ 2d — 1 and the number of iterations of the

‘for’ loop in Line 17 is bounded by (Z-fQ_dl—Q) = kOW+0  Thus, the complexity of
the whole algorithm is bounded by

(Lsdk)

The bit bound on the complexity follows in a standard manner by keeping track
of the bit-lengths ofthe integers occuring in the intermediate computations and
using standard algorithms for arithmetic over integers. We omit the details. ([l

90 (d+0)

Proof of Theorem 3. The theorem follows directly from Proposition 11. O

6. APPENDIX

This section is divided into two subsections. The first subsection consists of
fairly standard material on representation theory of finite groups, and in the second
subsection we discuss the representation theory of the symmetric groups. We chose
to include this in order to make the paper reasonably self-contained. A standard
reference for this material for this material is Serre’s classic book [44]. However, in
Serre’s book the field of scalars is taken (in most parts) to be algebraically closed.
Since we consider representations over Q, we refer the reader to the book [40] for
the basic results listed below.

6.1. A quick digest of representation theory of finite groups. In this paper
we only consider group representations over the field Q. So all vector spaces in the
following are finite dimensional Q-vector spaces and all groups are finite.

Definition 13 (Representations of a group G). A representation of a group G is a
group homomorphism p : G — GL(V) for some vector space V. The representation
p induces a left action of the group G on the vector space V', by g-v = p(g)(v),v € V,
making V into a left G-module. We will use the language of representations and
modules interchangeably.

We call dimg V' the dimension of the representation p .

Definition 14 (Morphism of representations). Given two representations p; : G —
GL(V1),p2 : G — GL(V4), a homomorphism T : Vi — V4, is a morphism of G-
modules (or equivalently, an intertwining operator) if it satisfies,

p2(g) o T(v1) =T o pr(g)(v1),

for all g € G,v, € V1.
The representations p1, po are equivalent if there exists a morphism of G-modules
T : Vi — V5 which is an isomorphism.

Two canonically defined examples will play an important role.
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(A) The one dimensional representation, corresponding to the constant homo-
morphism G — Idy, where V is a one-dimensional vector space is called
the trivial representation of G (denoted 1g).

(B) Let A = Q[G] denote the group algebra of G. Then, A has a natural
structure of a left G-module. The corresponding representation is called the
regular representation of G. The dimension of the regular representation of
G is clearly equal to the order of the group G.

Definition 15 (Direct sums and tensor products of representations - @ -, - ®-,-X-).
Given two representations p1 : G — Vi, p0 : G — Vs
(A) One defines the representation p1 @ps : G — GL(V1®Va) by (p1Bp2)(9)(v1®
v2) = p1(g)(v1) ® p2(g)(v2).
(B) Similarly the representation p; ® p2 : G — GL(V4 ®q V2) is defined by
(P1 ® p2)(g)(v1 ® v2) = p1(g)(v1) ® p2(g)(v2).
Given two representations p; : Gi — GL(V1),p2 : G2 — GL(V3), we define a
representation p; X ps 1 G1 X G2 = GL(V] ®g V2) of the direct product group
G1 X G2 by

(p1 X p2)(g1, 92) (11 ®v2) = p1(g1)(v1) @ p2(g2)(v2).
Definition 16 (Irreducible representations). A representation p : G — GL(V)
is irreducible if V' does not contain a non-zero proper sub-representation (i.e. a
non-zero proper subspace W C V which is closed under p(g) for every g € G).

Lemma 5 (Schur’s Lemma). [40, Corollary on page 151] Let p1 : G — Vi,p2 : G —
Vo be two irreducible representations, and T : Vi — Vo an intertwining operator.
Then T is either 0 or an isomorphism.

Definition 17. Let o be an isomorphism class of irreducible representations of a
finite group G and let M be a finite-dimensional G-module. Let M“ denote the sum
of all submodules of M isomorphic to a. We call M to be the isotypic ccomponent
of M of type a.

With the same notation as in Definition 17:

Theorem 9 (Isotypic decomposition). [40, Theorem, Section 2.3] The isotypic
components give a direct sum decomposition of M.

Moreover, Lemma 5 (Schur’s Lemma) implies the following.

Theorem 10. Suppose that M and N are two finite dimensional G-module, «
an isomorphism class of irreducible G-modules and f : M — N a morphism of
G-modules. Then, there is a commutative diagram of G-module homomorphisms

M—' N

| ]

M* —— N¢
where the vertical arrows are canonical projections.
Finally, with the same hypothesis as Definition 17:

Proposition 12. [40, Section 2.1, Corollaries 1,2] Each M® is (non-canonically)
isomorphic to the direct sum of m,, copies of the irreducible representation of type
a for some mgy > 0.



56 SAUGATA BASU AND CORDIAN RIENER

Definition 18 (Multiplicity). We will call the non-negative integer m, that ap-
pears in Proposition 12 to be the multiplicity of o in M, and denote

Mo = multy, (M).
It follows from Theorem 10 that mult, (M) is well defined.

It is obvious that a representation of a group G restricts to a representation of
any subgroup of G. It is less obvious how to lift a representation of a subgroup of
G to a representation of G itself. There is in fact a canonically defined lift which is
referred to as the induced representation. The notion of induced representations is
used in Lemma 1 in the paper.

The construction of the induced representation is best stated in the language of
modules. Let H C G be a subgroup of GG, and let p : H — V be a representation
of H. Then V is naturally a left Q[H]-module and Q[G] a right Q[H]-module.

Definition 19 (Induced representation). We denote by indgV the left G-module
Q[G] ®qim V (called the induced representation of V on G).

6.2. Representation theory of symmetric groups. In this paper we are con-
cerned with the representations of the symmetric groups & and certain subgroups
of the symmetric groups. We state below the main definitions and results related
to this very classical topic.

Notation 20 (Partitions and compositions). We denote by Par(k) the set of par-
titions of k, where each partition A € Par(k) (also denoted A F k) is a tuple
()\1,)\2,...,)\3), with Ay > X >---> X >1,and A\ + Ao+ -+ Xp = k. We call
¢ the length of the partition A, and denote length(X) = ¢.

A tuple (A1, Aa, ..., Ap), with Ay + Ao + -+ + Ay = k& (but not necessarily non-
increasing) will be called a composition, and we still call ¢ the length of the com-
position A, and denote length(\) = ¢. The set of of all compositions of k will be
denoted by Comp(k).

Notation 21 (Transpose of a partition). For a partition A = (A1,...,A¢) F k, we
will denote by *A the transpose of . More precisely, ‘A = (*A1,...,")\;), where
EX; =card({i | \; > j}), and £ = \y.

Definition 20 (Young diagrams). Partitions are often identified with Young dia-
grams. We follow the English convention and associate the partition A = (A1, Ag,...)

with the Young diagram with its i-th row consisting of A; boxes. Thus, the Young
diagram corresponding to the partition A = (3,2) is

)

the Young diagram associated to its transpose, ‘A = (2,2,1), is

(note that the Young diagram of *\ is obtained by reflecting the Young diagram of
A about its diagonal). Thus, for any partition \, length()) (respectively length(*)))
equals the number of rows (respectively columns) of the Young diagram of X\ (re-
spectively ‘).
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Definition 21 (Young’s tableau). A tableau on a given Young diagram correspond-
ing to a partition A F k is a filling of its squares with 1,..., k (with no repetitions).

The representation theory of the symmetric groups, &y, is a classical subject (see
for example [27] for details) and it is well known that the irreducible representations
(Specht modules) of &, are indexed by partitions of k.

These are defined as follows.

Definition 22 (Specht modules). Let A = Q[Sg] be the group algebra of &y.
Then A is a Q-vector space of dimension k! and left multiplication by elements of
S makes A into a Sg-module (usually referred to as the regular representation of
the group &y).

For A\ F k, fix a tableau T on the Young diagram of A\. Let Py C &y be the set
of permutations that stabilizes the rows of the tableau T, and similarly Q) C Gk
be the set of permutations that fixes the columns of 7.

Let
a) = Zw,
we Py
by = Zsign(w)w7
wEQ N
(61) C\ = a,\b)\.

Then the left ideal Acy of A is an irreducible &;-module, and we denote it S* (the
Specht module corresponding to A). It is easy to check that for A = (k), S is
isomorphic to the one-dimensional trivial representation which we will also denote
by lg,, and for A = (1,...,1) (often denoted by 1*), the Specht module s s
isomorphic to the one-dimensional sign representation which we will also denote by
sign,.

Definition 23 (Hook lengths). Let B(A) denote the set of boxes in the Young
diagram (cf. Definition 20) corresponding to a partition A - k. For a box b € B()\),
the length of the hook of b, denoted hy, is the number of boxes strictly to the right
and below b plus 1.

The following classical formula (due to Frobenius) gives the dimension of the
representation S* in terms of the hook lengths of the partition \.

(6.2) dimg $* i
. 1mQ = —_.
HbeB(,\) hy
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