.. CORE Metadata, citation and similar papers at core.ac.uk

Journal of Combinatorial Theory, Series B 100 (2010) 485-492

Contents lists available at ScienceDirect

Journal of Combinatorial Theory,
Series B

www.elsevier.com/locate/jctb

On the half-plane property and the Tutte group of a matroid

Petter Brindén®!, Rafael S. Gonzalez D’Leén P

@ Department of Mathematics, Stockholm University, SE-106 91 Stockholm, Sweden
b Department of Mathematics, University of Miami, Coral Gables, FL 33124, USA

ARTICLE INFO ABSTRACT
Article history: A multivariate polynomial is stable if it is non-vanishing whenever
Received 11 June 2009 all variables have positive imaginary parts. A matroid has the weak

Available online 10 April 2010 half-plane property (WHPP) if there exists a stable polynomial with

support equal to the set of bases of the matroid. If the polynomial

K ds: . K .

Nf:tv:girds can be chosen with all of its non-zero coefficients equal to one
Tutte group then the matroid has the half-plane property (HPP). We describe
Stable polynomial a systematic method that allows us to reduce the WHPP to the HPP
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WHPP and that a binary matroid has the WHPP if and only if it is
regular. We also prove that Tg and Rg fail to have the WHPP.
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1. Introduction and main results

For undefined matroid-terminology we refer to [6]. The multivariate spanning tree polynomial,
Tc(z), of a connected graph G = (V, E) enjoys two analytical properties corresponding to physi-
cal characteristics of the electrical network determined by G and the edge weights (conductances)
Z=(Ze)ecE:

(1) Unique solvability when conductances have positive real parts: T¢(z) # 0 whenever Re(z,) > 0 for all
eck;
(2) Rayleigh monotonicity: Let e, f € E. Then
Tc(z) 09T¢(2) 3T (2)
0ze azf 0zedzy

=Tc(2)

whenever z;, > 0 for all k € E.
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Recently efforts have been made to generalize these characteristics to the level of generality of ma-
troids, and to investigate which matroids satisfy the corresponding properties; see [1-3,7,8].

Let E be a finite set and let z= (z.)ecr be a vector of variables labeled by the elements of E. Let
further H C C be an open half-plane with boundary containing the origin. A polynomial P(z) with
complex coefficients is H-stable if P(z) # 0 whenever z, € H for all e € E. If H is the open upper
half-plane we simply say that P is stable. The support of P(z) = Y ,cne a(@) [ ocr z‘:(e) is the set
supp(P) = {a € NE: a(a) # 0}. Choe, Oxley, Sokal and Wagner proved in [2] that if a polynomial

P@) =) a($)z’ €Clz]. wherez® =] ]z.

SCE eeS
[S|=r

is stable, then the support of P is the set of bases of a matroid of rank r; see also [1]. Note that
a homogeneous polynomial is Hg-stable for one half-plane Hq if and only if it is H-stable for all
half-planes. Hence property (1) alone implies the matroid structure of graphs. A matroid with ground
set E and with set of bases BB has the half-plane property (HPP) if its basis generating polynomial

Ps)=) 7

BeB

is stable. It has the weak half-plane property if there is a weight function a: B — C\ {0} such that the
polynomial

Z a(B)z?

BeB

is stable. These properties were introduced in [2], and it is a challenging problem to determine
whether a given matroid has the HPP, or the WHPP, or neither. In [2] it was proved that +/1-matroids
are HPP-matroids. Moreover

Proposition 1.1. (See [2].) A binary matroid has the half-plane property if and only if it is regular.
Proposition 1.2. (See [3].) No finite projective geometry has the half-plane property.

All matroids representable over C have the weak half-plane property [2], but prior to this work
the only non-WHPP matroids known were the Fano matroid F7, its dual F; and the matroids that
have them as minors. That F; does not have the WHPP was proved in [1], and stability is preserved
under taking duals and minors; see [2].

Our main results are the following.

Theorem 1.3. No projective geometry has the weak half-plane property.

This is a common generalization of [1, Theorem 6.6] which says that F; is not a WHPP-matroid,
and Proposition 1.2.

Theorem 1.4. A binary matroid has the weak half-plane property if and only if it is regular.

The method of proof is to reduce the degrees of freedom of the choice of the weights (a(B))gen
by using relations on the coefficients of a stable polynomial derived in [1, Lemma 6.1]. The number of
free variables after this reduction turns out to be the free rank of the Tutte group (based on the set
of bases of a matroid), introduced by Dress and Wenzel [4].
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2. Reducing the number of free variables

Let 3 be the set of bases of a matroid. We say that By, By, B3, B4 € B form a degenerate quadrangle
if

(B1,B2, B3, Bs) = (SU (i, k}, SU{i, €}, SU{j. €}, SU{j.k})

for some set S with i, j,k, £ ¢ S, and at most one of S U {i, j} and S U {k, £} is a basis.

Theorem 2.1. (See [1].) Suppose that B is the set of bases of a matroid and that there is a weight function
a:B— C\{0}suchthat P(z) =) 3.5 a(B)zB is stable. If B1, By, B3, B4 € B form a degenerate quadrangle,
then

a(B1)a(B3) = a(Bz)a(By). (21)

Let 3 be the set of bases of a matroid M and suppose that we want to determine if M has the
WHPP. Hence we seek a weight function a: B— C\ {0} such that P(z2) =) ;. a(B)zB is stable. In [2,
Theorem 6.1] Choe et al. proved that all non-zero coefficients of a homogeneous stable polynomial
have the same phase. Hence, without loss of generality, we assume from now on that all weights
are positive reals. Define v : B — R by v(B) =log(a(B)). By Theorem 2.1 we get a system of linear
equations

V(B1) +V(B3) —v(B2) —v(Bg) =0
for all degenerate quadrangles B1, By, B3, B4. (2.2)

Let V o¢ denote the linear subspace of R defined by the system of equations (2.2).
The following lemma is an immediate consequence of the homogeneity of (2.2).

Lemma 2.2. Let (Ve )ecr be a vector of real numbers. Then the vector v € RB defined by v(B) = Y ecp Ve, for
all B € B, is a solution to (2.2).

Let W be the subspace of V r consisting of all solutions as in Lemma 2.2.

Theorem 2.3. Let M be a matroid. If dim(W »4) = dim(V a4), then M has the weak half-plane property if
and only if it has the half-plane property.

Proof. Suppose that M has the WHPP and that (v(B))pep € RB is such that 3", ze"®z8 is stable.
Then v € Vo4 by Theorem 2.1. Since dim(W ) = dim(V o) we have in fact W o4 = V o4. Thus there
is a vector (ve)eck € RE such that v(B) = > ecp Ve for all B € B. Make the change of variable z; —
zj/e"i for all j € E. This change of variables preserves the stability of the polynomial and the support.
Moreover the coefficients of the new polynomial are zeros and ones. 0O

Since the dimension of the solution in Lemma 2.2 is at most n, we immediately know that if
dim(V o) > n we cannot apply Theorem 2.3 for M. This is a good start to identify candidates for the
above reduction. Table 1 shows some matroids for which dim(V ) has been computed. The matroids
for which dim(V o) =n are highlighted.

To derive a simple formula for dim(W x,) we find it convenient to express connectedness in terms
of the bases of the matroid. The following elementary lemma is probably well known.

Lemma 2.4. Let M be a matroid. For a non-empty subset S C E the following are equivalent:
(i) S is aconnected component;

(ii) S is maximal with respect to the property that for each pair e, f € S there are By, By € B such that
B1 A By ={e, f}
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Table 1
Dimension of V o4 for some matroids.
Matroid n=|E| dim(Vr) |B]
M(Kz) 6 6 16
w3 6 8 17
F7 (Fano) 7 7 28
F (non-Fano) 7 8 29
F;~ 7 10 30
F3 7 13 31
F* 7 17 32
F° 7 22 33
F;® 7 28 34
Us 7 7 35 35
M(K4) +e 7 13 31
W3 +e 7 17 32
Vg 8 18 63
w4 8 24 52
Sg 8 8 48
Ts 8 8 59
AG(3,2) 8 8 56
AG(3,2) 8 9 57
Rg 8 10 58
Fg 8 10 58
Qs 8 11 59
Lg 8 17 62
AG(2,3) 9 9 72
Rg 9 9 69
Pappus 9 16 75
nP (non-Pappus) 9 17 76
Non-Desargues 10 27 111
PG(2,3) 13 13 234

Proof. Since the lemma for the case of S being a loop is trivial, it is enough to prove that for
any e, f € E there exists a circuit C containing {e, f} if and only if there are Bq, B, € B such that
B1 A By ={e, f}. Assume first that for e, f there is a circuit C 2 {e, f}. Since C \ {e} is independent
there is a basis B such that C \ {e} € B. Now, B U {e} contains a unique circuit C(e, B) and since
C € BU {e} we have in fact C(e, B) = C. However, B\ {f} U {e} contains no circuit. Hence it is a basis
and BA (B\ {f}U{e}) ={e, f}.

Assume that for e, f € E there are By, B, € B such that B;y A B, ={e, f}. Then By =T U {e} and
B, =TU{f} for some T C E. Now By U{f} =B, U{e} =T U /e, f}. Hence C(f,By) =C(e,By)=C
and {e, f}SC. O

Corollary 2.5. For a matroid M the following are equivalent:

(i) M is connected;
(ii) For any paire, f € E there exist B1, By € I8 such that By A By = {e, f}.

Lemma 2.6. Let M be a matroid with z connected components. Then dim(W ) =n — z+ 1, wheren = |E|.

Proof. Let ¢ : RE — RB be the linear operator defined by

#((ve)eet) = (Z ve> BeB3

ecB

To identify the kernel of ¢ assume that ) ,_; ve =0 for all B € B. Suppose that e, f € E belong to
the same non-loop connected component of M. Then, by Lemma 2.4, there are bases B1 and B, such
that By A B, ={e, f}. Hence By =S U {e} and By =S U{f} for some set SCE and ) .. Vi + Ve =
Y tes Ve +vf =0. Thus v, = vy whenever e and f are in the same connected component of M.
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Express M as M = M1 ®---® M, where the M;’s are the connected components of M. It follows
that (ve)ece € ker(¢) if and only if ve = v whenever e and f are in the same connected component
of M and all coordinates of ¢ ((ve)ecg) are equal to

rank(M1)[v]1 + - - - 4+ rank(M;)[v]; =0,

where [v]; denotes the common value of v for all e in ground set of M. Hence dim(ker(¢)) =z—1
and thus dim(¢p(RE)) =n—z+1. O

It is easy to see that a matroid has the HPP (or the WHPP) if and only if all its connected compo-
nents have the HPP (or the WHPP).

Corollary 2.7. Let M be a connected matroid on n elements. Then dim(W ) = n.

From Table 1, Theorem 2.3, Corollary 2.7 and the corresponding results for the HPP in [2] we
deduce that the matroids F7, AG(3,2), Ss, Tg, PG(2,3) and Rg (see Fig. 1) fail to have the weak
half-plane property.

3. The Tutte group of a matroid

To apply Theorem 2.3 and prove Theorems 1.3 and 1.4 we need to compute dim(V r4). To do
this we will make use of the Tutte group of a matroid. This group and other related groups were
introduced by Dress and Wenzel [4] and further studied in a series of papers. We will only state the
definitions and results concerning the Tutte group that are essential for our purposes.

Definition 3.1. Let M be a matroid of rank r with set of bases 8. Let further ]Fff,l denote the free
abelian group generated by the symbol & and the symbols X, . ) where (bq,...,by) is any r-tuple

such that {bq,...,b;} € B. Let Kff/( be the subgroup of ]ng\/1 generated by all the elements of the form:

(T1) €2;

i,2},{b1,...,br—2,j,2},{b1,...,br—2, j,k}) form a degenerate quadrangle.
The Tutte group based on BB, T8, is defined as the quotient
Ty = FR /KRy

There is a subgroup of ’H‘ff/l which is of particular interest for us. This is the inner Tutte group, 11‘(/?/)1.
Since the definition of T(/?/)t is not important for our purposes we refer to [4].

Proposition 3.2. (See [4].) Let M be a matroid of rank r with ground set of size n, and with z connected
components. Then

TR, =TV @ 2"+,

Recall that the (free) rank, ro(G), of a finitely generated abelian group G is defined as the unique
number r € N for which G = Tor(G) @ Z", where Tor(G) is the torsion group of G. Equivalently, ro(G) is
the dimension of the real vector space Hom(G,R) ={¢: G — (R, +): ¢ is a group homomorphism}.

Theorem 3.3. Let M be a finite matroid with z connected components and ground set of size n. Then

dim(V m) = ro(T54) = dim(W n0) +1o(T5)) =n —z+ 1 +ro(T)).
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PG(2,3) AG(3,2)
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Proof. Any homomorphism in Hom(TB,,R) is identified with a unique homomorphism ¢ €
Hom(Ff/l, R) for which ¢>(Kff4) = (0). By (T1) we have ¢(g2) = 2¢(g) = 0, from which it follows that
#(¢) = 0. From (T2) it now follows that ¢ (X,....b,)) = ¢ X(b,()....byy)) Whenever {by,...,br} € B
and 7 is any permutation in S;. Hence ¢ does not depend on the ordering of the bases so the only
non-trivial restrictions on ¢ are those enforced by the degenerate quadrangles (T3). It follows that
Hom(TZ  R) = V m which by Proposition 3.2 verifies the theorem. O

Corollary 3.4. Let M be a matroid. If ng/)( is a torsion group then M has the half-plane property if and only
if it has the weak half-plane property.

Proof. Combine Theorem 2.3, Lemma 2.6 and Theorem 3.3. O
The inner Tutte group is known to be a torsion group for all matroids in two important families:
Proposition 3.5. (See [5].) Let M be the projective geometry M = PG(r — 1, q). Then ’]I‘(/(\)/)1 = GF(q) \ {0}.

Proposition 3.6. (See [9].) If M is binary then

©) ~ { {0} if the Fano matroid or its dual is a minor of M,
M7\ 222  otherwise.

Now Theorems 1.3 and 1.4 follow from Corollary 3.4 and Propositions 1.1 and 1.2.
4. Further directions

The results in this paper are restricted to the matroids for which the inner Tutte group is a tor-
sion group i.e., dim(V () = dim(W,). It would be interesting to see the techniques in this paper
developed to the case when rg (T(/?/)l) is small but not necessarily zero.

Example 4.1. Consider the non-Fano matroid F; in Fig. 1, which is a relaxation of the Fano ma-
troid F7. The non-Fano matroid is representable over C by the matrix

1100011
A=(0 1110 0 1],
0001111

and the polynomial det(AZAT), where Z = diag(z1, ..., z7), is stable and its support is F;; see [2].
In fact

det(AZAT) = Pp(F,)(2) + 4222426,
where Pg(p,)(2) is the basis generating polynomial of F;. From Table 1 we see that dim(VF;) =

dim(WF;) + 1. This implies that, modulo scalings of the variables, any stable polynomial with sup-
port F will be of the form

P5(Fy) (2) + 1222426,

where [ is a positive real number. However [2, Example 11.5] shows that such a polynomial is stable
only if u = 4. Hence, up to scaling of the variables, this is the only realization of F; as a WHPP-
matroid.

It is desirable to know how the weak half-plane property behaves under relaxations. We offer the
following conjecture.
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Conjecture 4.2. Suppose that M has the weak half-plane property. Then so does any relaxation of M.

If this conjecture is true then, for example, the non-Pappus matroid will have the WHPP since the
Pappus matroid does.
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