View metadata, citation and similar papers at core.ac.uk

On: 08 April 2015, At: 03:29
Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer
House, 37-41 Mortimer Street, London W1T 3JH, UK

Journal of Nonlinear Mathematical Physics

WNONLINEAR Publication details, including instructions for authors and subscription information:

http://www.tandfonline.com/loi/tnmp20

MATHEMATICAI
PHYSICS
| sei——

On deformation and classification of V-systems

— V. Schreiber® & A.P. Veselov®
] ey e ey e # Department of Mathematical Sciences, Loughborough University Loughborough LE11
3TU, UK

® Moscow State University, Moscow 119899, Russia
Published online: 14 Oct 2014.

Sye— =

@ CrossMark

Click for updates

To cite this article: V. Schreiber & A.P. Veselov (2014) On deformation and classification of v-systems, Journal of
Nonlinear Mathematical Physics, 21:4, 543-583, DOI: 10.1080/14029251.2014.975528

To link to this article: http://dx.doi.org/10.1080/14029251.2014.975528

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content™) contained
in the publications on our platform. Taylor & Francis, our agents, and our licensors make no representations
or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the Content.
Versions of published Taylor & Francis and Routledge Open articles and Taylor & Francis and Routledge

Open Select articles posted to institutional or subject repositories or any other third-party website are
without warranty from Taylor & Francis of any kind, either expressed or implied, including, but not limited to,
warranties of merchantability, fitness for a particular purpose, or non-infringement. Any opinions and views
expressed in this article are the opinions and views of the authors, and are not the views of or endorsed by
Taylor & Francis. The accuracy of the Content should not be relied upon and should be independently verified
with primary sources of information. Taylor & Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or howsoever caused
arising directly or indirectly in connection with, in relation to or arising out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Terms & Conditions of access
and use can be found at http://www.tandfonline.com/page/terms-and-conditions

It is essential that you check the license status of any given Open and Open Select article to
confirm conditions of access and use.

-
brought to you by i CORE

provided by Loughborough University Institutional Repository



https://core.ac.uk/display/288377682?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1080/14029251.2014.975528&domain=pdf&date_stamp=2014-10-14
http://www.tandfonline.com/loi/tnmp20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/14029251.2014.975528
http://dx.doi.org/10.1080/14029251.2014.975528
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Loughborough University] at 03:29 08 April 2015

Journal of Nonlinear Mathematical Physics, Vol. 21, No. 4 (December 2014), 543-583

On deformation and classification of V-systems

V. Schreiber

Department of Mathematical Sciences, Loughborough University
Loughborough LE11 3TU, UK
V.Schreiber @ gmx.com

A.P. Veselov

Department of Mathematical Sciences, Loughborough University
Loughborough LE11 3TU, UK
and Moscow State University, Moscow 119899, Russia
A.P.Veselov@lboro.ac.uk

Received 6 May 2014

Accepted 31 July 2014

The V-systems are special finite sets of covectors which appeared in the theory of the generalized Witten-
Dijkgraaf-Verlinde-Verlinde (WDVV) equations. Several families of V-systems are known, but their classifica-
tion is an open problem. We derive the relations describing the infinitesimal deformations of \VV-systems and use
them to study the classification problem for V-systems in dimension three. We discuss also possible matroidal
structures of V-systems in relation with projective geometry and give the catalogue of all known irreducible
rank three V-systems.

Keywords: Root systems; V-systems; WDV'V equation.

1. Introduction

The V-systems are special finite sets of covectors introduced in [19, 20]. The motivation came
from the study of certain special solutions of the generalized Witten-Dijkgraaf-Verlinde-Verlinde
(WDVYV) equations, playing an important role in 2D topological field theory and N =2 SUSY
Yang-Mills theory [2,10].

Let V be areal vector space and .«# C V* be a finite set of vectors in the dual space V* (covectors)
spanning V*. To such a set one can associate the following canonical form G, on V:

G (x,y) = Zda(xm(y),

where x,y € V, which establishes the isomorphism
Qy:V V"

The inverse (p;}{1 () we denote as . The system & is called V-system if the following relations

Y B(a)BY=va’ (1.1

Bellne
(called V-conditions) are satisfied for any & € .o/ and any two-dimensional plane I1 C V* containing
« and some v, which may depend on IT and ¢. If IT contains more than two covectors, then v does
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not depend on o € IT and the corresponding two forms G, and

Gyxy) =Y axal)
acllng

are proportional on the plane ITY C V (see [19,20]). If IT contains only two covectors from 7, say
o and 3, then we must have

Gy(a’,BY)=0.

The V-conditions are equivalent to the flatness of the corresponding Knizhnik—Zamolodchikov-type
V-connection

Vo=04+K ) Mocv®oc.
o <O£,x>

The examples of V-systems include all two-dimensional systems, Coxeter configurations and
so-called deformed root systems [11, 17, 19], but the full classification is an open problem. The
main results in this direction can be found in [1, 4-6, 9]. In particular, in [5] it was shown that
the class of V-systems is closed under the operation of restriction, which gives a powerful tool to
construct new examples of \-systems.

The most comprehensive list of known V-systems together with their geometric properties can
be found in [4, 5]. The main purpose of this paper is to present some arguments in favour of the
completeness of this list in dimension three by studying the infinitesimal deformations of \VV-systems.

We start with a brief review of the general notions from the theory of matroids [13], which
provides a natural framework for the problem of classification of V-systems. A matroidal approach
in this context was also used by Lechtenfeld et al in [9].

Then we study the infinitesimal deformations of the V-systems of given matroidal type and
derive the corresponding linearised V-conditions. This allows us to show that the isolated 3D V-
systems listed in [4] are indeed isolated.

The main question which still remains open is what are possible matroidal structures of V-
systems. We discuss this in the context of the projective geometry using the analysis of the known
V-systems.

In the last section we study the property of the corresponding v-function on the flats of matroid
and state the uniqueness conjecture, saying that the matroid and function v on its flats uniquely
determine the corresponding V-system.

In the Appendix we give the catalogue of all known V-systems in dimension three together with
the corresponding matroids and v-functions.

2. Vector Configurations and Matroids

The combinatorial structure of the vector configurations can be described using the notion of
matroid. The theory of matroids was introduced by Whitney in 1935, who was looking for an
abstract notion generalising the linear dependence in the vector space.

We review some standard notions from this theory following mainly Oxley [13].

A matroid M is a pair (X, .#), where X is a finite set and .7 is a collection of subsets S of X
(called the independent sets of M) such that:

e .7 is non-empty
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e Forany Se .7, any S C Sonehas § € .7.
o IfA,Bc .¥,|A|=|B|+1then dx € A\ B such that BU{x} € .¥.

The rank of the matroid M is defined as r (M) = max;c #{| I |}. More generally, the rank of the
subset § C X is defined as r (S) = maxjes{| I |: I C S}.
A direct sum of matroids M, = (X1,.#;) and M, = (X3,.#>) is defined as

MM, = (X] UXQ,{I] UbL: NI € 4.1 € fz})

A matroid is called connected if it can not be represented as a direct sum.

The most important class of matroids for us consists of vector matroids. Let A be a real r X n
matrix, X = {1,2,...,n} be the set of column labels of A, and .# be the collection of subsets S of
X, for which the columns labelled by S are linearly independent over R. Then (X,.#) is a matroid,
which is called rank r vector matroid and denoted by M[A].

The following operations on matrix A do not affect the corresponding vector matroid M[A] :

1. Elementary operations with the rows,
2. Multiplication of a column by a non-zero number.

Two matrices A and A’ representing the same matroid M are said to be projectively equivalent
representations of M if A’ can be obtained from A by a sequence of these operations. Equivalently,
one can say that A" = CAD, where C is an invertible r X r matrix, and D is a diagonal n x n matrix
with non-zero diagonal entries.

Alternatively, one can define the linear dependence matroid on the set X as a family %, of
minimal dependent subsets C of X (called circuits) through the following axioms:

e The empty set is not a circuit.

e No curcuit is contained in another circuit.

e If C1,C; € 4 are two circuits sharing an element e € X, then (C; UCy) \ e is a circuit or
contains a circuit.

The rank of a circuit is defined as the dimension of the vector space spanned by its vectors.
Circuits spanning the same d-dimensional subspace can be united in so-called d-flats. A set F C X
is a flat of the matroid M if

r(FU{x})=r(F)+1

for all x € X \ F, where r(F) is the rank of the flat F. The matroid can be labelled by listing all
d-flats.

As an example consider the positive roots of the Bz-type system. The corresponding matrix
(with the first row giving the labelling) is

2 3456 789
1 0011100
-11100010
00 -111-1001

1
1
1

Here matroid M is defined on the set X = {1,2,3,4,5,6,7,8,9}, with 2-flats
{(4,1,6),(6,2,3),(4,5,2),(1,5,3)}
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and
{(3,4,8,9),(1,2,7,8),(5,6,7,9)}

with three and four elements respectively. Together with the 3-flat X this gives the complete list of
flats.
Graphically on the projective plane we have

Fig. 1. Graphic representation of B3-matroid: lines correspond to rank-2 flats

A matroid is called simple if it does not contain one- or two-element circuits. For vector matroids
this means that no two vectors are proportional.

Number of matroids up to isomorphism grows very rapidly with n = |X|. The following table
summarises the results for rank 3-matroids for small n (see [12]).

n (3]/4][5]6] 7 [ 8] 9 [ 10 [ 11 | 12
all matroids [ 1[4 [ 13 [38 [ 108 [ 325 | 1275 [ 10037 | 298491 | 31899134
simple matroids | 1 [2 ] 4 | 9 [ 23 | 68 [ 383 | 5249 | 232928 | 28872972

Vector matroids build the class of realisable matroids. The problem of finding a criterion for
realisability is known to be NP-hard [14].

Let M be a rank r vector matroid. We say that matroid M is projectively rigid if the space of all
its rank r vector realisations

AM)={A:M=MI[A]}/ ~

modulo projective equivalence is discrete and strongly projectively rigid if it consists of only one
point (which means that modulo projective equivalence M has a unique vector realisation).

Let G be a finite Coxeter group, which is a finite group generated by the hyperplane reflections in
a Euclidean space. We say that matroid M is of Coxeter type if it describes the vector configuration
of the normals to the corresponding reflection hyperplanes (one for each hyperplane) for such a
group. For rank three Coxeter matroids we have the following result.

Theorem 1. The matroids of Coxeter types As and B3 are strongly projectively rigid. The matroid
of type H3 is projectively rigid with precisely two projectively non-equivalent vector realisations.
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Proof. Let us prove this first for B3 case. Since the images aj,az,as,as of the elements 1,2,3
and 4 in the projective plane form a projective basis it is enough to prove that the remaining
as,ag,a7,as,as can be constructed uniquely. From the matroid structure we can see that x5 must
be an intersection point of the lines (2-flats) a;a3 and aa4. We denote this as

as = (a1a3) A (axay)
using the general lattice theory notation. Similarly we have

ag = (a2a3) A (a1a4), ar; = (alag) A (a5a6),

ag = (alag) A (a3a4), ag = (a36l4) AN (a5a6).

Similarly one can prove the rigidity in A3 case (see Fig. 2). In both these cases the space of realisa-
tions modulo projective equivalence consists of only one point.

Fig. 2. Graphic representation of A3-matroid

The H3 case is more interesting. Fig. 3 shows the graphic representation of the system H3 in the
real projective plane RP?.

Recall that on the projective line RP! any three points can be mapped into any other three via
the action of the group PGL(2,RR). For four distinct points p1, p2, p3, ps on the projective line RP!
with homogeneous coordinates [x;,y;] there is a projective invariant, namely cross-ratio defined as

(x1y3 - x3y1) (X2y4 - x4y2)
(x1y4 —x4y1) (x2y3 —x3y2)

(PI,P2§P3,P4) =
If none of the y; is zero the cross-ratio can be expressed in terms of the ratios z; = ;‘4 as follows:

(z1 —23) (22— 24)
(z1—2) (2 —23)

(21,22:23,24) =

Since any projection from a point in the projective plane preserves the cross-ratio of four points we
have the equalities

(ag,as;a9,a3) = (aa,a7;a10,a3) = (as,ae;as,a3),
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(as,as;a9,a3) = (a7,a11;a10,a3) = (as,as;ag,az).

Using elementary manipulations with cross-ratios one can show that that these equalities imply
that x = (ag,as;ay,a3) satisfies the equation

¥—x—1=0

S

with two solutions x; = HT\E and xy = 1%

If we fix the positions of the four points ay4,as,as, a7 forming a projective basis in RP? we can
first reconstruct

a) = (a5a4) VAN (a6a7), a) = (a5a7) VAN (a6a4), az = (a5a6) A (a7a4).

Then using the knowledge of x = (ag, as;a9,a3) we can reconstruct ag and all the remaining points
as

ais = (ara9) A (asas), aip = (arae) A (azag), aio = (azag) A (azas),
a3 = (agas) A (agaz), ag = (axa13) A(azas), ais = (axa13) N (asas),

ay = (agag) A (03614).

Thus we have shown that modulo projective group we have only two different vector realisations of
matroid Hs. O

Fig. 3. Graphic representation of Hz-matroid

Remark. The existence of two projectively non-equivalent realisations is related to the existence
of a symmetry of matroid M(H3), which can not be realised geometrically, see [3]. These two
realisations are related by re-ordering of the vectors and thus give rise to the equivalent \V-systems.
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3. Classification Problem for V-Systems of Given Matroidal Type

For any V-system </ C V* one can consider the corresponding matroid M (<), which encodes a
combinatorial structure of .27. Conversely, having a matroid M one can look for V-system realisa-
tions </ of M with given combinatorial structure M (o) = M.

Let 2" (M) be the set of all such realisations modulo group G = GL(V*) of linear automor-
phisms of V*.

If vector matroid M = M(A) is strongly projectively rigid then all its vector realisations modulo
G have the form A’ = AD, or in terms of the columns a;,i = 1,...,n of A,

!/ . ~_l
a;=xia;, 1=1,...,n

with arbitrary non-zero parameters x;. The V-conditions form a system of nonlinear algebraic rela-
tions on the parameters x; € R\ 0 and define Z" (M) as an open set of a real algebraic variety.

For a generic vector matroid this set is actually empty. For example, for n vectors a; in R? in
general position the V-conditions imply that these vectors must be pairwise orthogonal, which is
impossible if n > 3.

In the case when the space Z"(M) is known to be non-empty (for example, for all vector
matroids M of Coxeter type) we have the question of how to describe this space effectively.

For the case of matroid of Coxeter type A3 the answer is known [1]. The positive roots of Az
systemare e; —e;, 1 <i< j <4, wheree;,i=1,...,41is an orthonormal basis in R*.

Since matroid A3 is strongly projectively rigid it is enough to consider the system

o = {pij(ei—ej), 1 <i< j<4}. 3.1

Theorem 2. [1] The system (3.1) satisfies the \/-conditions if and only if the parameters satisfy the
relations

HioU34 = U324 = 14 H23.

All the corresponding \/-systems can be parametrized as

As(c) = {,/c,-cj(e[—ej),l <i<j< 4}7
with arbitrary positive real cy, .. . ,cq.
Without loss of generality, we may choose ¢4 = 1 and consider the restriction of the system

onto the hyperplane x4 = 0. This gives the following parametrisation of the space Z"(M(A3)) by
positive real ¢y, cz,c3 as

pe) — { Ve =), 15i< <3
CcC)=
: Jaei, i=1,2,3.

Consider now the case B, corresponding to the following configuration of vectors in R3

eite;, 1<i<j<3,
B3 = )
e; i=1,...,3.
Co-published by Atlantis Press and Taylor & Francis
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The following 4-parametric family of V-systems of Bz-type was found in [1]:

4/C,'Cj(€i:t€j), 1<j<i<3

B(c.y) =
(C Y) 2C,‘(C,'+}/)€i, 1<i<3

(3.2)

with arbitrary positive ¢y, c¢p,c3 and y such that ¢;+7y > O foralli = 1,2, 3.

Theorem 3. Formula (3.2) gives all rank 3 \/-systems of matroid type Bs.

Proof. The proof is by direct computations, but we present here the details to show the algebraic
nature of V-conditions in this example.

Since B3 matroid is strongly projectively rigid, we can assume that the corresponding V-system
has the form

Otij(el-—l—ej), 1<i<j<3
o = &ij(e,-—ej), 1<j<i<3
Biei, 1<i<3,
where all the parameters can be assumed without loss of generality to be positive.

To write down all V-conditions consider all two-dimensional planes containing at least two
vectors vi, v, € ..
There are 3 different types of such planes II:

1. <ep,eptes >, <epegte; >, <es el e >,

2. <ey,ep,e1 ey >, <ep,ez, e ez > < ex,ezepte; >,

3. <ey1—ex,ep—e3, e —e3 >, < ej—ep,erteze]+ez >,
<ey—e3,e1t+e3,e1+e>,<e—e3,entez,e1+er>.

The corresponding form G has the matrix

2~ 2 =2
a13+a12+a13+a12+[31 Oy — Oy a123—g123

G= 0‘12 O‘lz a2%+a12+a23+a12+ﬁ2 ) 2“23:20‘23~2 ,

oy — Oy 033 — 033 053 + Q5 + O3 + Qs + B

In case 1. the V-conditions are just the orthogonality conditions G(a",B") = 0 for the corre-
sponding two covectors ¢ and f in the plane IT. We obtain the system

2(055 05+ G530y + O3 Oy — O3 0y — O3 03 — O 033) — O3 B3 + O3 B3 — oy B5 + 6, By = 0
2(055 05+ 0530y + O3 0y — 05307 — 053075 — O 03) — 033 BF + 033 B7 — 0y B3 + o, By = 0
2(055 05 — 05505 — 0530, — O3 0y + 05307, + O3 0y) — 033 BF + 053 B7 — a3 B5 + a3 B3 = 0
2(0550y + 053 0Ly + O Oy — 053075 — 05307y — Q3 0Fy) — O3 B3 + O3 B3 + oy B — &, By = 0
2030, + 03 035 + O, 03, — 05307y — Q3 0y — 053073) — 033 BT + 033 B + 0, B — &, B3 = 0
2030, + O3 035+ 0, 03, — 05305 — Oy Ol — 053075 — 033 B + 033 B7 + a3 B5 — s B = 0,
which can be reduced to
2 ~2 \2

(0t + 0y) (055 + 0y + 05 + Oy + B3 — (alzﬁég;gg;%zﬁﬁlq) =0

(—afs +afy) (053 + of, + 035 + oy + B3 — (a123+oggﬁag;%122+ﬁlz)) =0

(=03 +053) (0 + oy + Oy + O3 + B — oy ) )=0.

(o3 +0g33+07;+055+B7)
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Note that the second factors in all equations are ratios of principal minors of matrix G and thus
must be positive, since the form G is positive definite. This implies that ¢;; = @;;, which reduces
the matrix G to

2(0s +ay) + B 0 0
G= 0 2(055+ o) + 7 0
0 0 2(055 +ay) + B3

In cases 2. and 3. we fix for each plane IT a basis v, v, € &/ NII. The corresponding dual plane
I1" is spanned by v{ and vy and the V-condition implies the proportionality of the restrictions of the
forms G and Gyy onto IT". In our case this proportionality turns out to be equivalent to the following
system of equations:

202, _ 202, -0
2(“%3*“2122”[522 2(a223+a£23)+ﬂ32

204, _ 203 -0
2oy +ap)+BE 203 +af)+BE

2043 2003 =0

2(ofs o) +BY  2(adytad) BT
Introducing new parameters ¢;, i = 1,2,3 and y by

2 2
Ot,'jOtik ﬁ3 —263
Ci = ) Y= .

Ok 2c3

we can see that these relations imply
2 2
o; =cicj, B =2ci(ci+7y),

which leads to the parametrisation (3.2). [

For larger matroids the direct analysis of the V-conditions is very difficult, so we consider a
simpler problem about infinitesimal deformations of V-systems.

4. Deformations of V-Systems

Let o = {a} C V* be a V-system realisation of matroid M. Consider its smooth scaling deforma-
tion </ (t) of the form

(1) ={04}, o =U(t)a, ue(0)=1. 4.1)

For projectively rigid matroids M one can always reduce any deformation to such a form.
Let &y = [14(0). We are going to derive the conditions on &, which can be considered as
linearised \/-conditions for such deformations.
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Let

Gi(x,y) 1= Gy (x,y) = %Oﬂz(x)%(y)

with Gy = G = G (t) and consider its derivative

Gi(x,y) = Z Gy (x) 0oy (y) + Z 0 (x) 0 (¥),

acd ace

which at t = 0 gives Gy(x,y) = 2X, where

X=) aa(x)a().

acd

Consider now the V-conditions.
For any two-dimensional plane containing only two covectors we have

Gt(atvaﬁzv) =0.
Differentiating it in  we have
G B) +G(¢&y' . B) +Gle” . B) =0,

vV d (yV
where here and below by ¢," we mean . (a,").

(4.2)

To find G(¢&,’, B,) note that by definition of o, G,(e,’,v) = oy(v) for any fixed vector v € V.

Differentiating this with respect to r we have
G,(0 V) + G, (¢ ,v) = o4 (v)
which for r = 0 gives
2X (o, v) + G(¢ ,v) = Eqax(v).
Thus we have
G(oy ,v) = Eqa(v) —2X (", v).

and thus

G(0g,B") = Ear(B) —2X (", B") = —2X (", B")

since a(B") = G(a”, ") = 0 by the V-conditions.

Substituting this into (4.2) we have the first linearised V-condition: for o, B being the only two

covectors in a plane IT we have

X(a¥,8Y)=0.

(4.3)

Let now IT be a two-dimensional plane containing more than two covectors from % (and hence
from 7. Then from the \V-conditions there exists v = v(IT) € R such that for any o € [IN.e/,v €V
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we have
G(aV,v) =vG(a’,v), (4.4)

where G (x,y) = G'L (x,y) = Y gerine @(x)t(y) (see [5]). Now assuming that <7 depends on ¢ as
above and differentiating with respect to ¢ at t = 0 we have as before for any o, 8 € &/ N11

GMa¥, ) +G" (0", BY)+G (oY, BY) =VG(a”,BY)+VvG(a”,BY)+ VG (&, BY) +VvG(a’, BY).

But from (4.4) we have G(&",B") = vG(&Y,BY) and G (a",BY) = vG(a¥,BY). Since G =
2XT where

X"xy)= Y &eaxa(y),

acllng

we have
22XV, BY) =vG(a',BY)+2vX(a’,BY),
or, eventually
2xT—vx)((a¥,BY) = vG(a’,BY). (4.5)

Since this is true for all o, B € ITN <7 we have the second linearised \-condition: for any plane IT
containing more than two covectors from <7 we have

XT_vX ~G v, (4.6)

where the sign ~ means proportionality.
Thus we have proved

Theorem 4. The deformations of V-systems of the form (4.1) are described by the linear V-
conditions (4.3), (4.6). For projectively rigid matroidal types this describes all infinitesimal defor-
mations of a given V-system.

Case by case check of the V-systems from the Appendix leads to the following

Theorem 5. All rank three vector matroids corresponding to known irreducible 3D V-systems are
projectively rigid. The Hz matroid is the only one, which is not strongly projectively rigid.

Let us show that the largest known case (Hyg,A) is strongly projectively rigid. We will use the
labelling of the points shown at the last figure of the paper. Fix the positions of the four points
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6,25,27,30 forming a projective basis in RP%. After this all the remaining points can be recon-
structed uniquely as follows:

31 =(25,30)A(6,27), 29 =(25,27)A(6,30), 12=(6,25)A(27,30),
9=(30,27)A(29,31), 17=(25,21)A(6,30), 28=(17,27)A(12,25),
4=(28,31)A(12,30), 24=(17,27)A(25,30), 3=/(25,30)A(28,29),
23 =(3,28)A(27,31), 11=(27,31)A(28,30), 19=(3,9)A(4,8),
1=(25,30)A(11,12), 16=(7,11)A(1,19), 20=(16,25)A (4,8),
7=(1,4)A(25,27), 21=(25,17)A(7,11), 10=(7,31)A(4,25),
26 =(7,31)A(4,16), 14=(4,16)A(11,31), 18=(21,31)A(28,25),
22=(7,31)A(3,28), 15=(7,31)A(24,28), 2=(15,19)A(10,11),

5=(24,28)A(21,31), 13=(7,25)A(12,24), 8=(1,12)A(10,16).

A direct computation shows that in case of the classical systems A3 and Bj3 the linear system
(4.2),(4.5) has corank four in agreement with the results of the previous section.

The analysis of the linearised V-conditions for the families Ds(t,s), F3(f), G3(t) and
(AB4(t),A1)12 shows that these families of \V-systems can not be extended.

Consider, for example, the family of V-systems Dj3(z,s) from [5] with

11 1 1 0 0 V2s+1—1
—t+1
A=|1-1-11 v2,/=4 0 0
1-11 -1 0  2,/=tt 0

with real parameters s,7 such that [s —¢| < 1, s+¢ > 1. Matrices G and X have the form

20(s+t+1) 0 0
G— 0 2(s+1+1) 0
0 6 2sie+1)
Ei+E+E+E+2E(s+1—1) E1—&—&+& E-&E+E&-¢&
X= E—&—E&+& Ei+ &+ &+ &+ e 2g E+&—&—&
E-&+&-& E+&h—&-& Ei+ &+ &+ &+ 2t g

For the three covectors o, 0, 07 the first linearised V-conditions X (Otiv, (x]\/) =0,i,j=15,6,7
are equivalent to

Si+&—-6-8=0,

Co-published by Atlantis Press and Taylor & Francis
Copyright: the authors
554



Downloaded by [Loughborough University] at 03:29 08 April 2015

On deformation and classification of V-systems

E1—&—8&+8 =0,

§i—&+8& -8 =0,
which imply that §; = &, = & = &;.

For the planes with more than two covectors we have the linear system

(s+1)(Ei(s+t+1)+E(s+1—3)+1(&(25+3) +Ea(25 — 1) = 2(s(E5+ &) + &5 + &7))
1 (—(E3+ & —2E5)) — s(s(&3 + &4 — 286) + & — 384 +2(& + &7)) +2&7) =0,

(s+1)((s=1)(E— &1 +5(86—84)) +1(Ea+8& — &5 — & +5(8+ 84— &5 — &)
+12 (=& +&5)) =0,

(s+D)e(s(E1—Ea+E+384—2(8&5+8)) + 81 +38+8— 8 —2(&+ &) + (s +1)
(& —3&+285) + (57— 1)(—&als— 1) — &u(s — 1) +2&s —2&7) =0,

s+ D& +s(E+E&—E—&)+&—E—&)+ ("= 1)(&+s(&— &) — &)
+(s+1)*(=(&—&5)) =0,

(7 4+ 1) (=2 (s(G1 + 8 = 2(&s +G6)) + 63 (35 +2) = 2(85 + &7)) +5(—s(G1 +286) + &
+&Bs = 1) +2(&+&7)) —&is+&s(t =3) + (1 = 1)°) +12(& —2&5) +& — 28 =0,

(t+1)(t (&2 +s(83+8— 8 — &)+ — & — &)+ (s — 1) (&2 +5(& — &)
— &) +17(&5— &) =0,

(1) (G (st =3)+ (1= 1)%) —1(s(&a + & —2(E5 +&6)) +&a(3s +2) —2(& + &)

—5(s(&—3&+286) + &+ & — & —2(E+ &) + 17 (& — 2&5) + &4 —2&7) =0,

(E+1)(t(E +5(8+8— & — &)+ 8 — & — &)+ (s —1)(& +5(8 — &)
— &) +17(&5— &) =0,

(s+Dt(&i(s—3) —s(&+38+ 8 —2(&+86)) — &+ 8 — & +2(&+&7))
+ (7= 1) (Gi(s— 1)+ & (s — 1) = 2865+ 2&7) + (s + 1)i* (—(& — 38 +285))

0,

(54 )61 +5(83+8a =& — &) + &1 — &5 — &) + (s* = 1) (&1 + (86 — &)
=&+ (s+ 1) (—(8 - &5)) =0,
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(s+0)(#(S1(25+3) + 6225 — 1) + G4 — 2(s(85 + &) + &5 + 7)) +5(—s5(&1 + &2 — 2&6)
+8 =28 +&) +12(— (&1 + 8~ 2&5)) — Eis +3&s + &3 (s +1 +1) =384 +287) =0,

(s+0)((sE+E&—E—&)+ & +E&—E&— &)+ (E— &)+ (s— 1) (s(& — &)
+8&—¢&)) =0.

A check with Mathematica shows that the co-rank of the total system is three for every admis-
sible values of s and ¢. The free parameters correspond to two deformation parameters s and ¢ and
the uniform scaling of the system.

This approach with the use of Mathematica (see the programme in Appendix B to [15]) allows
us to prove that the isolated examples of V-systems from the list [5] are indeed isolated.

Theorem 6. There are no non-trivial deformations of the V-systems (E7,A% X Ap), (Eg,Ay X Az),
(Es,A3 x A1), (Es,A3 x Ay), (Es,A? x A3), (Es,A1 X A4), (Ha,Ay) and Hs.

5. Matroidal Structure of V-Systems and Projective Geometry

The main part of the classification problem is to characterise the corresponding class of possible
matroids. This question was addressed by Lechtenfeld et al in [9]. They developed a Mathematica
program, which generates simple and connected matroids of a given size of the ground set X. If
a generated matroid has a vector representation, they have checked first if the orthogonality V-
conditions are possible to satisfy before verification of the V-conditions for the non-trivial planes
(all 2-flats). For matroids with n < 10 elements the orthogonality conditions are strong enough to
identify all matroids corresponding to V-systems in dimensions three. All the identified V-systems
turned out to be part of the list in [4].

For larger matroids this approach seems unworkable because of the unreasonably large computer
time required. This means that we need a more conceptual approach, which is still missing.

In this section we collect some partial observations based on the analysis of the known 3D
V-systems and projective geometry.

We start with the notion of extension and degeneration for VV-systems.

Let o7 ,9%5 C V* be two V-systems. If .5 C .@7] we call & an extension of <.

Let V-system &/ = o depend on the parameter z. Assume that for some # = 7y one or more
of the covectors o € .o, vanishes. In that case the system ./ = tl Ln%sz{ (¢) is called degeneration of

</ (t). A reverse process we will call regeneration.
In the tables below we give the list of all extensions and degenerations for known three-
dimensional V-systems from the catalogue in the Appendix.

Table 1. Extensions of known 3D V-systems.

’ V-system ‘ Extension ‘ The added covectors
Aj F5(t) {1,2,3,10,11,12,13}
Aj (AB4(Z‘),A1)2 {1,2,3, 10}
(Es,A3) | (Es,A} x A) {3,4,5,6,9,14,15,16,17}
G3(3) | (Es,A3 x Ar) {1,2,10,11,12,13}
H; (Hy,A}) {4,5,6,7,20,21,22,23,24,25,26,27,28,29,30}
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Table 2. Degenerations of known 3D V-systems.

’ V-system ‘ Degeneration ‘ The vanishing covectors ‘
F(1) gzzlﬁ(t)ﬁJB3(\/§) {11,12,13,14}
F5(t) tli;ﬁi@(t)wDﬂl,l) {8,9,10,11,12,13}
Bs(c,c,c;y) 5%33(6,6,0;'}’)~A3 {1,2,3}
(AB4(1),A1)2 IZL”SO(AB4(t)’A1)2ND3(1’1) {5,7,9}

(AB4(Z‘),A1)2

lim (AB4(r), A1)z ~ B3(V2)

{10}

(AB4(Z‘),A1)1

lil’)’ll (AB4(t),A1)1 ~ (E&A?)
=75

{3}

%(AB4(I‘),A1)1

Lim (AB4(t),A1)1 ~ B3(v2)

{5,6}

Gi(1) fi”; Gs(1) ~ (Es,A7) {4,5,6}

Ds(t,s) t_}ll&ﬁl)D3(t,s) ~ Az {5}
By(crez,e5,7) | lim Bs(cr,e2,3,7) ~ (Es,A3) {1}
By(cr,e2,¢3,7) | | Lim _ Bs(cr,e2,¢3,7) ~ D3(1,1) {1,2}

More relations between V-realisable matroids can be seen using projective geometry, in partic-
ular projective duality. We will demonstrate this on few examples.

We start with the matroid of the V-system of type A3. In projective geometry (see e.g. [8]) it is
known as the simplest configuration (6,43) consisting of four lines with three points on each line and
two lines passing through every point. Its projective dual is a complete quadrangle (436,) consisting
of four points, no three of which are collinear and six lines connecting each pair of points (see figure
4). If we extend the dual configuration by adding the remaining three points of intersections of lines
(the points marked white in the graphic), we come to the projective configuration of seven points
and six lines, corresponding to the matroid of the V-system of type Ds.

~A-A

Fig. 4. The projective configuration of A3 type, its dual and the extended configuration corresponding to V-system of type
D;.

We can proceed the construction by taking the dual of the new obtained configuration and
extending it by adding the missing points of intersections of lines. The result is the configuration of
nine points and seven lines realisable as B3-type V-system (see figure 5).
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AA -

Fig. 5. D3 configuration, its projective dual and the extended configuration of matroidal type B3.

The next step of the construction is demonstrated in figure 6. The dual configuration was
obtained from the configuration D3 by adding all missing lines passing through any pair of points.
Applying Desargue’s theorem to two marked triangles we see that the white marked points of the
extended configuration are collinear. The new configuration of 10 points and 10 lines is self-dual
and corresponds to the \V-system of type (AB4(1),A}), (see system 9.6 in the Appendix).

Fig. 6. Bs-configuration and its schematic extended projective dual, corresponding to V-system of type (ABy4(t),A1 ).
Due to Desargue’s theorem the three added (white) points are collinear.

One can check that the adding of three intersection points with red lines and three lines connect-
ing them pairwise leads to the configuration of F3 type (see system 9.10). However, if we add also
the three intersection points with dotted line then we come to the configuration which can be shown
to be not V-realisable.

Although this relation with projective configurations and theorems in projective geometry looks
quite promising, we see that the extension procedure is not straightforward and does not guarantee
the V-realisability of the resulting configuration.

We conclude with the following conjecture about 2-flats with precisely four points. Recall that
four points A, B,C, D on a projective line form a harmonic range if the cross-ratio (A,B;C,D) = —1.
The corresponding pencil of four lines on a plane is called harmonic bundle. The B3 configuration
provides a geometric way to construct harmonic ranges: on Fig. 1 the points 3,4,9,8 always form a
harmonic range. Note that the covectors 8 and 9 are orthogonal and determine the bisectors for the
lines corresponding to covectors 3 and 4. Case by case check of the known 3D V-systems suggests
that the same is true in general.
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Conjecture 1. Let o/ be a \/-system and Il C V* be two-dimensional plane containing exactly
four covectors o; € o7, i =1,...,4, then the corresponding four lines form a harmonic bundle with
two orthogonals.

6. v-Function, Uniqueness and Rigidity Conjectures

Let M be a matroid and .7 be its V-system realisation. Such a realisation defines the v-function on
the 2-flats of M, where v is the coefficient in the V-conditions (1.1) corresponding to the plane I1
representing the flat.

Conjecture 2. (Uniqueness Conjecture) An irreducible \/-system <f is uniquely determined mod-
ulo linear group GL(V*) by its matroid M and the corresponding v-function on its flats.

A weaker version of the conjecture is

Conjecture 3. (Rigidity Conjecture) An irreducible \V-system <7 is locally uniquely determined by
its matroid M and the corresponding v-function on its flats.

If the function v is fixed under deformation then v = 0 and the corresponding V-conditions are
X(a/,") =0 ©.1)

for o, B be the only two covectors in the plane, and
XT_yX =0 (6.2)

for any plane I1 containing more than two covectors from o7
Conjecturally this should imply that X = ¢G corresponding to the global scaling of the system.
Case by case check from the list in the Appendix leads to the following

Theorem 7. Both conjectures are true for all known \/-systems in dimension three.

We have also the following conjecture based on the analysis of the list of extensions of V-
systems from the previous section.

Conjecture 4. (Extension Conjecture) For any irreducible V-system and its extension the values
of the v-functions on the corresponding flats are proportional.

One can check that this is true for all known cases. For example, for the extension H3 C (Hs, A1)
we have the set of values

{3/10,1/2} =3 x {1/10,1/6}.

Now we present some results about v-functions for V-systems.
First we give the following, more direct geometric way to compute V(IT). The form G, on V
defines the scalar product on V* and thus the norm ||, o € V*.

Theorem 8. For every plane I1 C V* containing more than two covectors & from a \-system </

vih== Y |af (6.3)
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Proof. From the V-conditions (1.1) we have

Y o'®o|p=vIDI |y .
ocllng

Taking the trace of both sides gives (6.3). ]

Let .o C V* be a \V-system generating V* and consider the set %, of 2-flats in the corresponding
matroid, which the same as the set of 2D planes I1 C V* containing more than two covectors from
o

We say that the set of weights xp1, I1 € .%, is admissible if for each a € &7

X1 = 1. (64)

e.Z o€l

Theorem 9. For every admissible set of weights we have

Y xov() =2 (6.5)

)
Me.%,, 2
where n is the dimension of V.

Proof. We have

Y Bep=3Y( Y mB'®B= ) wm ) B'®B.

Beo/ Peo NeZ,:Bell Ne#, Belna

From the V-condition

), B'@p=v()~,

Bellng

where Py is the orthogonal projector onto IT". Taking trace and using the fact that Y e BY®pB =
1d we obtain (6.5). O

We call (6.5) the universal relation for values of function v.

For the V-system of type A3 the universal relation completely describes the set of all possible
functions v. Indeed, one can easily see from Fig. 2 that x;y = 1/2 is the only admissible weight
system, which leads to the universal relation

Y, v =s.

€7,

This gives us three free parameters, which are exactly three parameters of deformation.

However, in general universal relations are not strong enough to describe possible v-functions.
Moreover, a V-system .2/ may not have admissible weights xy at all. For instance, this is the case
for the V-system of D3(¢)-type (this is however the only exception among known 3D V-systems).

The list of all known V-systems in dimension three with the corresponding v-functions is given
in the Appendix.
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7. Concluding Remarks

Although the problem of classification of V-systems seems to be very hard, in dimension three
it does not look hopeless. As we have seen, matroid theory provides a natural framework for the
problem of classification of V-systems. For a given matroidal structure the V-conditions define a
set of algebraic relations on the vector realisations. In case when matroid is strongly projectively
rigid we have one free parameter for each vector, which makes possible the full classification of
V-systems with small number of vectors.

The main problem is to describe all possible matroidal types, which we believe form a finite
list in any dimension. The results of Lechtenfeld et al [9] show that the direct computer approach is
probably unrealistic for V-systems with more than 10 covectors, while we have already in dimension
three an example with 31 covectors (system (Hy, A1), see 7.16 in the Appendix). In dimension three
we have an intriguing relation with the theory of configurations on the projective plane and with the
theorems in projective geometry, which also suggests that the final list should be finite.

In the theory of matroids and graphs many families have been proved to be closed under taking
minors, thus giving a possibility to reduce the problem of classification to the identification of the
forbidden minors. We hope that a similar approach could be fruitful for classification of V-systems.

Another result from matroid theory, which could be relevant, is Seymour’s decomposition theo-
rem [18], which states that all regular matroids can be build up in a simple way as sums of certain
type of graphic matroids, their duals, and one special matroid on 10 elements. Our analysis of degen-
erations and extensions of V-systems suggests a possibility of a similar result for the V-realisable
matroids.
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9. Appendix. Catalogue of all Known Real 3-Dimensional \/-Systems

Each 3D V-system 7 is presented below by the matrix with columns giving the covectors of the
system (the first row is simply the labelling of the covectors). We give the graphical representation
of the corresponding matroid with the list of orthogonal pairs, 2-flats, the form G and the values
of v-function. The ordering of the list is according to the number of covectors in the system. The
parameters are assumed to be chosen in such a way that all the covectors are real and non-zero.

Below is a schematic way to present all known V-systems in dimension three taken from [5].
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B,(¥;c) Afc)
(E, A)
(E, D,)
n (AB,(1), A),
R (E,AxA,)
D.(t,s) s

B,\2
E.A (E, A) 3
&R i F(t)
(Es A E.A)
(E7,A1XA3)2 (EG,A31)
(AB,(t), A),
Gy(t)
2 2 2

.(E7,A1XA2) ° (EB’A2XA1) .(ES,A1XA3) o (H4, A1)
o(E, AxA,) e AxA) o ANA,) o H,

Fig. 7. The map of all known 3-dimensional V-systems from [5].

We use here the notations from [4, 5]. In particular, for a Coxeter group G and its parabolic
subgroup H (G,H) denotes the corresponding V-system given by the restriction procedure [4].
When the type of the subgroup does not fix the subgroup up to a conjugation the index 1 or 2 is
used to distinguish them.

The V-systems of type AB4, G3 and D3 are related to the exceptional generalised root systems
AB(1,3),G(1,2) and D(2,1,A) appeared in the theory of basic classical Lie superalgebras [16,17].
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9.1. V-systems Asz(cy,ca,c3)

1 2 3 4 5 6
of — ver 000 —\/ciep —y/cic3 0
o 0 e O cico 0 —\/crc3
0 0 3 O V€13 L/cac3
2
4
1 3
6
Cl(l +62+C3) —ci1cp —C1c3
G= —C1C2 C2(1—|—C1—|—C3) —ChC3
—cC1c3 —CC3 C3(1 “+ 1 —1—62)

) ={(176)7 (275)7 (374)}

(1,2,4) v;=1ate
- (1,3,5) v, =1pta
(2,3,6) v =1tata
(4,5,6), va= 1, c=c1tcata.
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9.2. V-system Ds(t,s)

12 3 4 5 6 7
11 11 0 0 2(s+r—1)
o = 1-1-11 2(s—tt+1) 0 0
111 -1 0 2A—st]) 0
3
5
7
1 6 4
100
G=2(1+s+1)|010
00!

52 :{(5’6)’ (5’7)’ (6’7)}

(1,2,7),(3,4,7) V31 = st

145+t
f3= (17375)7(27475) V3 = 1_1:;?_[
(1,4,6),(2,3,6) Vi3 = 11+—.iv_~[H
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9.3. V-system (Eq,A3)

[12 3 45 6 7 8]

o= 1222/62-22 =20

11 V6

2-2 0 % 5-—1—13;
1 1 6

00 0 J 1 1 1 4]
7

’

NS 5

1200
G=4|1030
001

) ={(1,5), (274)7 (477)7 (576)}

N
1l
—
—
-
=)
N—
S
[
W 1l—

(6,3,7),(8,1,7),(1,2,3),(8,6,2) v3,

7y ={(8,4,3,5) vy =12
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9.4. \/-systems of B3(c1,c2,¢3,7)

[ 1 2 3
o = 2¢ci(c1+7) 0 0
0 2co (62 + Y) 0

| 0 2c3(c3+7)

C1 00
G=2c1+c2+c3+y) |02 O
0 003

S ={(1,4),(1,7),(2,5),(2,8),(3,6),(3,9)}
Four 3-point lines:

3 ={(4,5,9),(4,6,8),(5,6,7),(7,8,9)}, v3 = 2(7%*1)
Three 4-point lines:

j4 ={(1727679)7(1737578)7(2737477)}7 v4j = ;:_;{Elc)la j:17273
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9.5. V-system (Eg,A3)

M1 2 3 45 6 7 8 9107
o = | V2 V2 2v/30V2 V22 V200
_0 0 0077 5= 711_

24 00
G=1]0120
004

S ={(1,7),(1,8),(2,5),(2,6),(5,6),(7,8) }

\= (10,2,7),(4,6,7),(9,8,2),(1,5,10),(4,5,8),(9,1,6), V31:i2
(4797 10)7 V32 =

B— =

S4={(4,1,2,3),(9,5,3,7),(6,3,8,10)} , v4 =

Co-published by Atlantis Press and Taylor & Francis
Copyright: the authors
568



Downloaded by [Loughborough University] at 03:29 08 April 2015

9.6. V-system (AB4(t),A1)2

On deformation and classification of V-systems

1 2 34 5 6 7 8 9 10
1 1 /2
of = V20 01 VAT 41 VarZ41 0 0 A/ (241)
—_1 1t
0 v2 01 =0 01 o N
1 1 1 V2

0 0 v20 0

T Varr+1 1 VT \/(;2+1)

6(1+2%)

=T

14+2¢2 2 12
2 1422 2
12 2 1427

A ={(1,9),(2,7),(3,5),(5,10),(7,10),(9,10) }

(178710)7<276710)7(374710) V31 =
S5 = (4,6,9),(4,7,8),(5,6,8) V32 =
(5’779) V33 =

1-+412
3(14212)

34412
6(14+22)

_1
2(1+2:%)

Iy = {(172a475)7 (1>3a6a7)a (2a37879)}7 V4 = %
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9.7. V-system (AB4(t),A1):

1 2 3 4 5 6 7

o — | V2022 +0) 0 0

0 2\/2(12+1) 0 V220

1241

8 9

V2 V2 V2 V2 ot
0 2t -2t 2t =2t

0 0 222D 0 2 -tv2 1 1

10 11 |

t t

—t —t

1+2:2 0 0

G=6 0 2442 0
2+24
0 0 ’1+t§

S ={(2,3),(3,4),(3,5),(4,9),(4,11),(5,8),(5,10) }
(4,6,10),(4,7,8),(5,6,11),(5,7,9)  va1 = HH,

7y =1 (1,8,11),(1,9,10) vy = 5t
(3.8.10),(3,9,11) V3 =
((2,6,8,9),(2,7,10,11) vy =2

Sy =4 (1,2,4,5) Ve = 5
(1,3,6,7) Vas = 3(11142[:2)
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9.8. V-system G;(t)

1 2 3 4 5 6 7 89101112137
o | V2FT 0 2041 (2 203 /2 011 00 11

0 V2+1v2r+1—y/2 /222 /2L 000 1 1 11

0 0 0 0 0 0 31-11-11-1

4(1+21)2(142t) 0
G=|2(1+20)4(1+2r) 0
0 0 302+

S ={(4,7),(4,12),(4,13),(5,7),(5,10),(5,11),(6,7),(6,8),(6,9) }

[(2,9,13),(2,8,12),(3,8,11),(1,11,13),(1,10,12),(3,9,10)  v3; =
>714,8,10),(6,11,12),(6,10,13),(5,9,12),(5,8,13), (4,9, 11) vs» =

S4 ={(2,7,10,11),(1,7.8.9),3,7,12,13)} ,v4 = 3%

F5={(1,2,3,4,5,6)}.ve = 15
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9.9. V-system (E;,A? x A;)

1 2 3 4 56 7 8 9 10 11 12

1 1 11 3 3 3

w=|VEVE2 0000k b Vil
3 3 3 3 3 3 3
V3-V302vE0 055 3 5 y/1-y3

1 1 1 1 3 3 3

[0 000 g % HVEVE

200
G=9 060]
001
4 ={(1,8),(1,9),(2,6),(2,7),(3,5),(4,5),(6,11),(7,10),(8,13),(9,12)}
(5,9,8), (7,5,6) V31 =
(10,3,12),(11,13,3)

3

5
(5]
|

) (6,3,8),(7,9,3)
(6,1,12),(10,2,8),(7,13,1),(11,9,2)

55
A [\

Il Il
W= ;‘Ln ;‘\, Nell ]

Nel[V NN

4,2,3,1)
S5={(11,7,4,8,12),(6,10,13,9,4)} ,vs = 2

=
[38)
|

{(5,13,2,12),(11,5,10,1) Vil
Sy = :
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9.10. V-system F;(t)

1 2 3 456789 10 11 12 13

o = | VarZ+2 0 0 111100 tV2tv2 tvV2 tV/2
0 VA42+2 0 1-100 1 1 tvV2-1tv2 tvV2 —1tV2
0 0 V42420 0 1—11-1tv2 tvV2 —t\V2 —tﬁ_

G = (6+120%)1

S ={(4,11),(4,13),(5,10),(5,12),(6,13),(7,10),(7,11),(8,11),(8,12),(9,10),(9,13) }

rf3 :{(47679)7(47778)7(57678)7(57779)7 V31 = ﬁ
2(1+4¢2
(1,2,4,5),(1,3,6,7),(2,3,8,9), vy = )
71 ={ (1,8,10,13),(1,9,11,12),(2,6,10,11), (2,7, 12, 13),
2
(3,4,10,12),(3,5,11,13), Vi = 55
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9.11. Coxeter \/-system H;

123456 7 8 9 10111213 14 15
g_|29001-11 1 ¢ —¢9¢ 0 9> 97 —¢% ¢
0200 ¢ 9 —¢ ¢ —979* 97> 1 —1 1 1
0 0209°¢>¢> —¢> 1 1 —11 -9 ¢ ¢ ¢

G =103+ V5)1

] (12).(13).(2.3).(4.8).(4,12),(5.10),(5.13), (6. 11),
) (6,14),(7,9),(7,15),(8,12),(9,15),(10,13), (11, 14).

(1,8,10),(1,9,11),(2,4,6),(2,5,7),(3,12,15),
3 =
(37 137 14)7 (4797 13)7 (57117 12)7 (67 107 15)7 (7787 14) V31 = %

{(1,4,5, 14,15),(1,6,7,12,13),(2,8,11,13,15),(2,9,10,12,14),
5 sy

(3,4,7,10,11),(3,5,6,8,9) Vs

D=
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9.12. V-system (Eg,A| X As)

1 2 3 4 5 6 7 8 910 11 12
o = V10 VIO V2 V2 0 0 2 0 1-1 V5 —/5
VIO—V10 0 0 V5 V10 02V102 § —35 35
[0 0 VAvEVEVIBo 0 L1 £
13 14 15 16 |
V10 —V/10 0 0
VIO VIO _ 5 3V/10
2 2 V2 2
VIO V10 1 V10
2 2 2 2 ]

200
G=30|050
001
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4 ={(1,10),(2,9),(3,8), (3, 10), (3, 14),(4,8),(4,9), (4,13),(6,7), (6,9), (6, 10),
(7,15),(7,16),(13,15),(14,15)}
(5,10,11),(5,9,12),(7,11,12)
(7,9,10)
(3,16,11),(4,5,1),(4,16,12),(3,5,2),(11,15,1),(2,15,12) v33 =
(4,10,15),(3,9,15),(3,4,7)

Sy =1(17,2,8,1),(12,8,10,14),(14,16,9,1),(13,16,10,2),(13,5,14,7),(13,9,8,11) },
V4 =

<
N
Il

3=
1

5
(3]
|
Gl Gls 3= gl=

S
=
Il

2
5

J5={(15,8,16,5,6),(12,1,13,3,6),(11,2,14,4,6)},vs = 3

9.13. V-system (E3,A; X A3)

1 2 34 5 6 7 8 910 11 12 13
7= |23 2300 V3 /¥ 2v3 0 33 3336
2v/3-2v/322 0 0 0 2v62-22 -2 0

15 1 1 6
0 0 2-2v3/B o0 0L 11
14 15 16 17 ]
3 3
VI
243 =24/3 2V/3 —2/3
3 3
f - V3
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300
G=30]|040
001

S, ={(1,10),(2,9),(3,7),(3,10),(3,15),(4,7),(4,9), (4, 14),
(5,11),(5,12),(9,11),(9,17),(10,12),(10,16), (11,15), (12,14)}

{(5,9,15),(5,10,14),(7,9,14),(7,10,15)} Vi = &
S3=4 {(3,14,17),(4,12,13),(4,15,16),(7,11,16),(7,12,17),(8,11,12),
(1,4,5),(1,11,14),(2,3,5),(2,12,15),(3,4,8),(3,11,13)} Vi = &
I4
] (8,9,10,13) Var = 15
_{(1,2,7,8),(1,13,15,17),(2,13,14,16),(5,6,7,13),(5,8,16,17),(6,8,14,15) Vap = 2

S6={(1,3,6,9,12,16),(2,4,6,10,11,17)}, vs = 2

9.14. V-system (Eg,A? x A3)

[1 234567 8 910 11

S

Z=12200222 0 0% £
2-2220 0 02/1002v2 —2v2 —

002-22-20 0 2% —¥2
14 15 16 17 ]

SEECEIS
EISN

)

’G
7

svg.

W’
N
%‘

f

)
o
I

=
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100
G=30|040
001

S ={(1,9),(1,11),(1,12),(2,9),(2,10),(2,13),(3,7), (3, 12),
(3,13),(4,7),(4,10), (4,11),(5,11),(5,13),(6,10), (6,12)}

(7,10,11),(7,12,13),(9,10,13),(9,11,12) V3 =1

)(9,15,16),(9,14,17),(7,16,17),(7,14,15) Vi =
>7) (1,10,15),(1,13,16), (2, 11,14), (2,12, 17),(3,10, 17),

(3,11,16),(4,12,15), (4,13, 14) Vi3 = 5

j“ {(1’2’ 78)7(1735671I)7(17I7571;)7(273’5’15)’(2’I767 15)7(37|’87E)7(576’ )g)}’
2
V1 =

J6={(6,8,11,13,15,17),(5,8,10,12,14,16) },ve = 3

9.15. V-system (Eg,A3 x A;)

(1234 5 6 7 8 9 10 11 1213 14 15

g =1v3301 V3 0 V60 0 +v6 vV33 1 +V3 0
V303—-1 0 V3 0+v6 0 vV6 V332 0 3
|0 330 —vV/3-v3 0 0 6V23V64V3 6 3 3333
16 17 18 19 ]

.2 4v6 0 V6
1 0 V66
3 2v62v6 V6 |
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100
G=30|020
003

5 =1(1,9),(1,15),(1,17),(2,9),(2,14),(2,16), (3,7), (3, 11),
(3,13),(4,7),(4,10), (4,12),(5,11),(5,12),(6,10), (6,13), (10, 15), (11,17), (12, 16),

(13,14),(14,19),(15,19),(16,18),(17,18) }
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(3,15,18),(3,16,19), (4, 14,18),(4,17,19),(7,14,17),(7,15,16) vy = &
(7,13,11),(2,12,18),(2,13,19),(1,10,19),(1,11,18),(7,10,12) vz, =

QN —

(1,2,7,8),(8,10,13,18),(8,11,12,19) v3 = %
(3,4,8,9),(5,8,14,15),(6,8,16,17) vy =2

(9,12,13,15,17),(9,10,11,14,16),(2,4,6,11,15),
(2,3,5,10,17),(1,4,5,13 16),(1,3,6,12,14) vs =12

={(5,6,7,9,18,19)},v =
9.16. \-system (Eg,A3 x A)

(1234 5 6 7 8 9 10 11 1213 14 15

d=1v3301 V3 0 vV60 0 vV6 V331 +V3 0 -
V303-1 0 V3 0+v6 0 v6 V332 0 V3
|0 330 —vV/3-v3 0 0 6V23vV64V3 6 3 3333
16 17 18 19 ]
.2 V6 0 V6
1 0 V66
32\f62\f6\f6_
19
8
6 1
2 17 5

w
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213
G=30|123
3312

S =A{(1,17),(1,18),(4,9),(4,10),(4,19),(5,8),(5,10),(6,7),(6,10),(7,11),(7,13),

(8,11),(8,16),(9,13),(9,16),(13,17),(14,18),(14,19),(15,17),(15,19),(16,18) }

(1,2,6),(1,3,5),(2,11,15),(3,11,14),(5,12,15),(6,12,14)  v3; =%
S5 =4 (7,12,18),(8,12,17),(3,10,17),(3,7,19),(2,10,18),(2,8,19) vz = =
(1,13,15),(1,14,16), (4,5,6), (4,14,15),(5,11,16),(6,11,13) v33 =1
. _J(1L4.7.8).(4,11,17,18).(5.13,18,19),(6,16,17.19),
*71(7,10,15,16), (8,10,13,14) Vg = &
] (2,3,4,12,13,16); Vol = 2
7\ (2,5,7,9,14,17),(1,9,10,11,12,19),(3,6,8,9,15,18) vgy =2
9.17. V-system (Hy,A)
(1234 5 6 7 89 10 111213 14 1516
o= 1002 L2 L2 244 a abb b b L.
0015 =% %5 —5b-bb -b;y-—353;3a
17 18 19 20 21 22 23 24 25 26 27

A2 Tav2av2 0 0 bV2 V2 VBV5 VBVS L
b —b—bbvV2 —bvV2av2 av2 0 0 2aVbV5 —2a\Vb\V5
—aa —a 0 0 bV2-bV2avV2-av2 0O 0

28 29 30 31

0 0 2av/bV5 —2a\/bV5
VbVS Vb5 0 0
2av/ b5 —2aV/ b5 VbVS Vb5

with a = 155 and p = =145,
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19

1018 6 14

28

\\‘\

21927152 222612 5 23

G=1

Nz
={(1,222), (1,23),(1,28),(1,29),(2,24),(2,25),(2,30),(2,31),(3,20), (3,21), (3,26), (3,27),

(4,11),(4,13),(4,18),(5,10),(5,12),(5,19),(6,9),(6,15),(6,16),(7,8),(7,14),(7,17),(8,25),
(8,29),(8,27),(9,25),(9,26),(9,28),(10,24),(10,27),(10,28),(11,24),(11,26),(11,29),
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(12,29),(12,31),(13,20),(13,28), (13,31), (14.21), (14,28), (12,21), (14,30), (15, 20),
(15,29),(15,30), (16,23),(16,27), (16,31),(17,22),(17,26),
(17,31),(18,22),(18,27),(18,30), (19.23),(19.26), (19,30)}
(1(1,4,7),(1,5,6),(2,4,5),(2,6,7),(3,4,6),(3,5,7), (4,10,25),
(4,15,21),(4,17,23),(5,11,25),(17,21,25), (8,21,22), (18,20, 24),
(16,20,25),(19,21,24), (5,14,20), (5,16,22), (6,8,24), (6, 13,21),

3 =4 (6,19,22),(7,9,24),(7,12,20), (7,18,23),(9,20,23),(10,21,23),

(11,20,22),(12,23,24),(13,22,24), (14,22,25),(15,23,25)} vii = &
{(1,16,19),(1,17,18),(2,8,9),(2,10,11),(3,12,14), (3,13,15),
_ 1
| (8,14,17),(11,13,18),(9,15,16),(10,12,19)} Vi = b
5 ={(1,8,11,12,15),(1,9,10,13,14),(2,12,13,16,17), (2, 14,15,18, 19),
(3,8,10,16,18),(3,9,11,17,19)} Vs =

S ={(1,2,20,21,26,27),(1,3,24,25,30,31),(2,3,22,23,28,29), (4,8, 19,20,28,31),
(5,8,13,23,26,30), (5,9, 18,21,29,31), (5,15,17,24,27,28), (6, 10,17,20, 29, 30),
(6,11,14,23,27,31), (6,12, 18,25,26,28), (4,9, 12,22,27,30), (4,14, 16,24,26,29),
(7,10,15,22,26,31),(7,11,16,21,28,30), (7, 13,19,25,27,29)} Ve =
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