MODULAR REPRESENTATION THEORY OF BIB
DESIGNS
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ABSTRACT. Our aim is to study the modular representation the-
ory of coherent configurations. Let p be a prime. We consider
structures of modular adjacency algebras of coherent configura-
tions obtained from combinatorial designs. The structures of stan-
dard modules of modular adjacency algebras provide more infor-
mation than p-ranks of incidence matrices of combinatorial designs.

1. INTRODUCTION

In this paper, we shall provide an interpretation of the p-ranks of
the incidence matrices of symmetric balanced incomplete block (BIB)
designs and quasi-symmetric Steiner BIB designs with modular repre-
sentation theory of coherent configurations.

Some researchers have studied the p-ranks of incidence matrices of
combinatorial designs [6, 10, 20]. The p-ranks of incidence matrices
of combinatorial designs help us to classify combinatorial designs with
the same parameters.

On the other hand, we can construct coherent configurations from
some combinatorial designs. Each coherent configuration is accompa-
nied by an algebra. It is called an adjacency algebra. Consequently,
we can consider the structures of adjacency algebras of coherent con-
figurations obtained from combinatorial designs. An adjacency algebra
of a coherent configuration over a field of characteristic zero is always
semisimple. This case was studied by Higman [14, 15] and some re-
searchers studied [7, 8, 16, 21, 24]. The semisimplicity of adjacency al-
gebras of coherent configurations over positive characteristic fields was
studied [23]. An adjacency algebra of a coherent configuration over a
field of positive characteristic is called a modular adjacency algebra.
They are not always semisimple. They have not been sufficiently stud-
ied. The first author and Yoshikawa have considered the structures of
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the standard modules of the modular adjacency algebras of a special
coherent configuration, and showed that structures of standard mod-
ules of modular adjacency algebras provided more information than
p-ranks [12].

In this paper, we consider symmetric BIB designs and quasi-symmetric
Steiner BIB designs. We determine the structure of modular adjacency
algebras of coherent configurations obtained from these BIB designs
over a field of characteristic 2, because 2-ranks of incidence matrices of
combinatorial designs play an important role in their classification [6].
We consider the structures of their standard modules. We show that
the structures of standard modules determine the 2-ranks of incidence
matrices of the designs.

We organize this paper in the following way. In Section 2, we provide
definitions of coherent configurations and BIB designs. We discuss a
method to determine irreducible representations of coherent configu-
rations in Section 3 and 4. These are applied in Section 5 and 6 to
determine the structure of the standard modules of the modular adja-
cency algebra of coherent configurations obtained from symmetric BIB
designs and quasi-symmetric Steiner BIB designs, respectively.

2. COHERENT CONFIGURATIONS AND BIB DESIGNS

Let X be a finite nonempty set, S a set of nonempty binary relations
on X so that X x X =[], 5 is a disjoint union of X x X. The pair
(X, S) is called a coherent configuration if the following three axioms

hold.

(C1) Thereisasubset {Aq,...,A,} of Ssuch that U, A; = {(z, z) |
re X},
(C2) it s € S, then s* = {(y,z) | (x,y) € s} € S,
(C3) for s,t,u € S and (z, y) € u, a non-negative integer pi, =
t{z € Z | (z, 2) €s, (2, y) €t} is independent of the choice
of x and y.
We put X; = {z € X | (z,z) € A;} (1 = 1,...,q9) and call X; a
fiber. A coherent configuration (X, .S) is said to be homogeneous if ¢ =
1. A homogeneous coherent configuration is also called an association
scheme in a sense of [2] and [25]. Let (X, S) be a coherent configuration
with fibers X1, ..., X,. We denote by Matx(Z) the ring of matrices over
7 whose rows and columns are indexed by X. For s € S, we denote by
os the adjacency matriz of s, namely

(02)ey = {1 (x,y) € s,

0 otherwise.
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By the definition of the coherent configuration, ZS = @®scsZo, is a
subalgebra of Matx(Z) under the usual matrix multiplication. For a
commutative ring R with unity, we can define RS = R ®z ZS and call
this R-algebra the adjacency algebra of (X,S) over R. We often use
the notation o, for the corresponding element in RS. For s € S, there
is a unique pair (¢,7) such that oa,0,0a, = 05 Subsets S7 = {s €
S| oa,050a;, = 05} of S give a partition of S like S = J; |, S, The
sub-configuration (X;, S%) is homogeneous and RS = @,cgi: Ro, is a
subalgebra of RS (with non-common identity).

We consider incidence structures (Xi, Xo, F) consisting of disjoint
sets X; and X5, whose elements are called points and blocks respec-
tively, and a subset F of the Cartesian product X; x X5, whose ele-
ments are called flags. A point w and a block B are incident if (w, B) is
a flag. The incidence matrix N of the structure will have rows indexed
by the points and columns by the blocks, namely

(N)os = {1 (w,B) € F(C X3 x Xy),

0 otherwise.

A balanced incomplete block design (BIB design) [4, 5] with parameters
v, b, r, £, X is an arrangement of v points X; into b blocks X5 such
that:

(D1) each block is incident with £ points (we assume that with ¢ < v),
(D2) each point is incident with r blocks, and
(D3) two points are incident with A blocks.

A BIB deign with A = 1 is said to be Steiner system.
Among parameters v, b, r, £, \, there are the following relations:

vr =bk, AN(v—1)=r(k—1) and b > v.

A BIB design is said to be symmetric if
(D4) any two blocks are incident with a constant number p of points

or it is said to be quasi-symmetric if

’

(D4) the number of points in the intersection of two blocks takes two
values i and v.

Associated with a symmetric BIB design (X7, X3, F) is the configura-
tion Cs = (X, {s;}ier) over I = {1,...,8} defined by X = X;UX, (XN
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Xy =10) and
si={(z,2) | v € X1}, so={(z,2) |z € Xp}, 53 =X,% — 51,
sp=Xo? — 89, 855 =F, 56 =X, x Xy — F,
st=1s5"={(y,2) | (x,y) € s5},
ss = 56" = {(y,2) | (x,y) € sg} (See [16]) .

Similarly, associated with a quasi-symmetric BIB design (X, Xs, F)
is the configuration C,s = (X, {s;}ier) over I = {1,...,9} defined by
X :X1UX2 (leXz ZQ)) and

s1={(z,z) |z € Xq}, s2 ={(z,2) |z € Xo}, s3= X% — s,

sa={(z,y) € X3 |tz Ny) = p}, s5 = {(x,9) € X3 |4z Ny) = v},

SﬁZF, 87:X1 XXQ_.F,

ss=s¢" ={(y,2) | (z,y) € s5}, s9=s7"={(y,2) | (z,y) € s7}.
We will provide tables of multiplications of algebras obtained by these
configurations. Consequently, we can prove that Cs, C,s are coher-
ent configurations of type (2,2;2), (2,2;3), respectively. On the other
hand, coherent configurations of type (2,2;2) and (2,2;3) are equiva-
lent to complementary pairs of symmetric and quasi-symmetric designs,
respectively. The types of coherent configurations were considered in
[15] for the first time. The block graph ' of BIB design is the graph with
the blocks as vertices, to being adjacent if and only if they are incident
with y common points. Since Cs and C,s are coherent, the block graph
of symmetric BIB design is the complete graph with v vertices and the
block graph of quasi-symmetric BIB design is a strongly regular graph.

In this paper, we consider coherent configurations obtained from

symmetric BIB designs and quasi-symmetric Steiner BIB designs with

(1,v) = (1,0).

3. IRREDUCIBLE REPRESENTATIONS OF COHERENT
CONFIGURATIONS

Higman gave a method to compute irreducible ordinary characters of
a coherent configuration by characters of its fibers [14]. We generalize
them to modular representations. We consider more general situation.
In this article, modules are finitely generated right modules.

Let F' be an algebraically closed field, and let A be a finite dimen-
sional F-algebra with unity. We denote by pi(A) the set of primitive
idempotents of A. For e, f € pi(A), we define e ~, f if eA = fA as
right A-modules. Then this is an equivalence relation on pi(A). We
denote by [e]4 the equivalence class containing e and by pi(A4) the set
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of equivalence classes. It is well-known that there is a bijection between
pi(A) and the set of representatives of isomorphism classes of simple
right A-modules IRR(A) by [e]a — eA/eRad(A) where Rad(A) is the
Jacobson radical of A.

Suppose that 14 = >"7 | ¢; is an orthogonal idempotent decomposi-
tion, namely e? = ¢ and g;; = 0 (i # j). We put AY = ¢;Ae;. Thereby
A= @” Al AT AR A% and AU AR = 0 if j # k. In particular,
A% is a subalgebra of A with non-common identity.

An idempotent e of A% is primitive in A” if and only if so is in A.
For e, f € pi(A"), e ~4u f if and only if e ~4 f (see [19, 22]). This
means that we can define a map ®; : pi(A%) — pi(A) by [e]ai — [e]a
and this map is injective. We also define @ : [ J%_, pi(A”) — pi(A) by
O ([e] gii) = P;([e] 4i¢). Then P is surjective.

We define a subalgebra E of A by E = @Y | A" and consider the re-
striction of a simple A-module to E. In the subalgebra F, ¢; is a central
idempotent. For each A-module V, the restriction V]g = @}, Ve,
is a direct sum of A”-modules. Let V = eA/eRad(A) be a simple
right A-module. Since Rad(e;Ag;) = ¢;Rad(A)e;, V]g is semisimple.
We suppose that [e]4 € ®(pi(A#)). There exists f € pi(A%) such
that [f]a = [e]a. Then Ve, contains fA"/fRad(A") = fE/fRad(FE)
as a direct summand. Let g; = ;5”:1 e;; be a primitive decomposi-
tion of g; in A%. Consequently, we get a primitive decomposition of
lay=>"7 > €;in Aand B. We claim that the number of idem-
potents equivalent to e is the dimension of the corresponding simple
module. Therefore, we can see that Vig = @ pcq-1() fE£/[Rad(E).

Proposition 3.1. In the above situation, there is a surjection

q
o' : | JIRR(A") — IRR(A)

i=1
such that the restriction <I>’IRR( i) 15 injective. Moreover, the restriction
18

Vi @ w

Wed—1(V)

for Ve IRR(A).

We claim that ®([e]) = ®([f]) if and only if eAf does not contained
in Rad(4) for [¢], [f] € UL, pi(A7).

Now we consider a coherent configuration (X, .S) with fibers X; (i =
1,...,q). We have a partition S = Ji_, J]_, SV of the set of relations

S. We denote by F'S the adjacency algebra of (X,S) over F' and by
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F S the subspace of F'S spanned by adjacency matrices of relations
in S¥. Let & be the identity element of F'S”. Then 1lps = Y 7 &
is an orthogonal decomposition of 1pg. We can apply the arguments
above. By Proposition 3.1, the restriction of a simple F'S-module to the
subalgebra @?_, F/S™ is a sum of simple F'S"-modules. In [14], Higman
provided the same arguments for ordinary representations. Let V' be a
simple F'S-module and P(V) be the projective cover of V. We define
the multiplicity my of V by my = dimp Hompg(P(V), FX), where FF.X
is the standard module of (X,S). The multiplicity my is the number
of V' as simple constituents of FX. We can see FX|p= @}, FX;,
where B = @7, FS" and FX, is the standard module of the sub-
configuration (X;, S®). We have the following proposition.

Proposition 3.2. The map in Proposition 3.1 preserves the multiplic-
ities.

4. DECOMPOSITION AND CARTAN MATRICES

We introduce decomposition and Cartan matrices of algebras as in
representation theory of finite groups. We only summarize the ar-
guments. For more details, see [22]. Let p be a prime number and
(K, R, F) a p-modular system. Namely, R is a complete discrete val-
uation ring with the maximal ideal 7R, K is the quotient field of R
of characteristic 0, and F' is the residue field R/7 R of characteristic p.
We assume that K and F' are large enough (splitting fields for algebras
considered there).

Let (X, S) be a coherent configuration, and let M be a K S-module.
Then there exists an R-form M of M, that is an R-free RS-module such
that K @ g M = M [22, 11, Section 1]. Then M* = M /7M is an F'S-
module. Remark that M* is not uniquely determined but composition
factors are determined. For F'S-modules V' and W, we write V < W
if their composition factors are the same.

Let M be a simple K.S-module. We consider the composition factors
of M* and write M* > @VGIRR(FS) Onr,vV. The number d,, v is called
the decomposition number. We define a matrix D = (0n7,v ) iRR(KS)xIRR(FS)
and call this the decomposition matriz.

For a simple F'S-module V', There is a primitive idempotent ey
of F'S such that ey 'S = P(V) and ey FS/eyRad(FS) = V. For
V, W € IRR(FS), we define the Cartan invariant &w by P(V) <
@WGIRR(FS) fv}wW. Note that £V,W = dlmp HOHIFS(GvFS, ewFS) =
dimp ey F'Sey. We define a matrix C' = (§V,W)IRR(FS)x1RR(Fs) and call
this the Cartan matriz.
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The next theorem is a generalization of [22, III, Theorem 6.8] and
the proof is exactly the same as the proof.

Theorem 4.1. For the decomposition and Cartan matrices of adja-
cency algebra of (X, S), we have C ="'DD. In particular, the Cartan
matrix 1S symmetric.

5. SYMMETRIC BIB DESIGNS

In the rest of this paper, we assume that (K, R, F) is a 2-modular
system. We see that prime fields are splitting field of our algebra. For
this reason, we can choose an arbitrary field of characteristic 2 for 2-
modular system. We construct a coherent configuration of type (2, 2;2)
by a symmetric BIB design.

In this section, we assume that (X, X, F) be a symmetric BIB de-
sign with parameters v, b, r, £, A and consider the coherent configuration
Cs = (X, {si}icr) over I ={1,...,8} obtained from (X1, X5, F).

Proposition 5.1. [15, 9.1] C; is coherent.

Proof. We now write out explicitly tables of multiplications of adja-
cency matrices except zeros. Due to the condition (D4), we can assume
that

v=>b r=>=
o1 | o I % | %
01 || 91 03 05 J6
o3| o3| (w—=1)o1+ (v—2)o3 (l—1)o5+tlos | (v—"L)os5+ (v—L—1)og
o7 || o7 (6—1)0’7+€0’S log + Aoy (f—/\)0'4
og || os | (v—"~0)o7r+ (v—~€—1)og (£ —Noy (v—"0oa+ (v =204+ N)oy

TABLE 1
| o2 | o4 I or | os
o9 || 02 04 o7 08
o4 ||og| (w=1)og+ (v—2)oy ({—1Dor+log| (v—"L)o7r+ (v—C—1)os
05 05 (5—1)0'54-60'6 50'1+>\0'3 (ﬁ—)\)dg
o6 || o6 | (v—"~)os+ (v—L€—1)og (£ —Nos (v—="~)o1+ (v—20+ N)os

TABLE 2

These tables show that the configuration Cs is a coherent configura-
tion of type (2,2;2). O
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5.1. Types of adjacency algebras of C,. The coefficients of linear
combinations in Table 1 and 2 are polynomials of v(= b),¢(= r) and
A. If their parameters are equal in modulo 2 for some designs, algebras
corresponding these designs are isomorphic over a field of characteristic
2. We give a list of possible parameters in characteristic 2.

Lemma 5.2. There are six types of parameters in characteristic 2:

Type | v(=0b) L(=1) X|example (v,l,\)
i 0 0 0](16,6,2)
o o1 0 0 (41,16,6)
|1 0 1](45,12,3)
v oo 1 0](36,15,6)
Vool 1 0](19,9,4)
vi |1 1 1](157,3)

Proof. Since symmetric BIB designs with parameters v, ¢, A hold
AMv—1)=0(-1),

the symmetric BIB design with parameters (v, ¢, \) = (0,0,1) or (0,1, 1)

(mod 2) is non-existent. We can find other designs in [5]. O

5.2. Character tables in characteristic zero. We consider the char-
acter table of the coherent configuration. Since (X, ) and (X5, 5?2)
are complete graphs, their character tables are

‘ oy 03 ‘ multiplicity ‘ 0y 04 ‘ multiplicity
1 v—-1 1 , 1 v—-1 1
1 -1 v—1 1 -1 v—1

Hence the character table of the coherent configuration correspond-
ing a symmetric BIB design with parameters v, ¢, A is

oy Oy ‘ multiplicity
1 v—-1 1
1 -1 v—1

N
1 v-1
Note that character values of o; (i = 5,6, 7,8) are zeros and we omit

them.

Before we determine the structures of adjacency algebras and stan-
dard modules in characteristic 2 for six types of coherent configurations
obtained from symmetric BIB designs with parameters v, ¢, A\, we give
the Frame number of symmetric BIB design. If two does not divide this
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number, the algebra obtained from this design is semisimple. Hence
the structures of modular adjacency algebras and modules are same as
the algebra over a field of characteristic zero.

Proposition 5.3. [23] Let Cs be a coherent configuration correspond-
ing a symmetric BIB design with parameters v, ¢, \. Then the Frame
number of Cy is ) )
v (v —0)*L
Fr(Cy) = RSV

5.3. Type I : (v,{,\) = (0,0,0) (mod 2). We suppose (v,l,\) =
(0,0,0) (mod 2). An example of parameters of this type is a BIB
design with parameters (v, ¢, \) = (16,6, 2). Since Fr(Cs) = 2%, F'S is
not semisimple. By computation, we have

e dimp Rad(F'S) = 6 with the basis o1 + 03, 09 + 04, 05, 06, 07, 03,

e dimp Rad?*(FS) = 0.
We determine the 2-modular character table. The modular character
table of (X1, S1) and (X5, S??) are

| 01 o3 | multiplicity | 05 04 | multiplicity
1 -1 v ’ 1 1] v '

Since F'S is not local but basic, the character table of the coherent
configuration is

‘ o1 O3 H 09 04 ‘ multiplicity
Uj1 —-140 0 v
Vio 0 1 -1 v

We put the simple modules U and V. The decomposition and Cartan

matrices are
(11 o (2 2
p(1 )cmmo-(22).

We can choose primitive idempotents ey = o1 + 06 + 07 and ey =
09+ 06 + 07. Put ay = 01 + 03, as = 05, a3 = 0g, g = 07, a5 = 0y
and ag = 09 + 04. We have the following theorem.

Theorem 5.4. The adjacency algebra of Type I is isomorphic to

FQ/({aicy | 1<1i,5 <6}),
where FQ is a path algebra, Q) is the following quiver.
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There are two simple modules U and V' with dimp U = dimpV =1
and the Loewy structure of the projective covers are as follows:

P(U):{VgU}’P(V):[UgV}‘

It is difficult to determine the structure of the standard module and
we could not do it.

5.4. Type II : (v,¢,\) = (1,0,0) (mod 2). We suppose (v,¢,\) =
(1,0,0) (mod 2). An example of parameters of this type is a symmetric
BIB design with parameters (v,f,\) = (41,16,6). Since Fr(Cs) =
24.32.415, FS is not semisimple. By computation, we have

e dimp Rad(F'S) = 2 with the basis o5, o7.

e dimp Rad*(FS) = 0.

We determine the 2-modular character table. The modular character

table of (X, S1) and (X5, 5?2) are

‘ o1 O3 ‘ multiplicity ‘ 09 04 ‘ multiplicity
1 0 1 , 1 0 1
1 1 v—1 1 1 v—1

The character table of the coherent configuration is

‘ o1 O3 H o9 04 ‘ multiplicity
Uvi1 01 0 1
Vii 110 0 v—1
Wwi0 01 1 v—1

We choose the simple modules U, V' and W. The decomposition and
Cartan matrices are

100
D:((l) (f ?),C:tDD: 011
01 1

We can choose primitive idempotents e;; = 01+ 09+ 03+ 04, ey = 03
and ey = o04. Let us put @« = 05 and = o;7. Then we have the
following theorem.

Theorem 5.5. The adjacency algebra of Type Il is isomorphic to

My(F) & FQ/(aB, Ba)
where F'Q) is a path algebra, Q) is the following quiver.

v
Q:o_, —o
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There are three simple modules U, V and W with dimp U = 2, dimp V =
dimp W =1 and the Loewy structure of the projective covers are as fol-
lows:
V w
Pw) =101, P0) = || Py =[]

The algebra is of finite representation type (see [1, 3]). The structure
of the standard module is completely determined. We can write
v]

FX=UloalVlon | "

vvv} @hl[W]@hQ[

for some non-negative g, gs, hy and hs.
By my = my = v — 1, we have
(1) g1+9g2+thy=v—1,
(2) gothi+hy=v—-1,
go = rank(a) = rank(os), he = rank() = rank(oz). Since i = o7,
g2 = hyo. We put w = rank(cs),

FX%[U]@(U—QM—U[V]@U’D{// ‘14//]

5.5. Type III : (v,¢,\) = (1,0,1) (mod 2). We suppose (v,l,\) =

(1,0,1) (mod 2). Each algebra of this type is always semisimple be-
cause the numerator of Fr(Cs) = v%(v — £)?X?/(¢ — 1)* is odd.

5.6. Type IV : (v,,\) = (0,1,0) (mod 2). We suppose (v,{,\) =
(0,1,0) (mod 2). This algebra F'S is not basic algebra. Using direct
computing, we have the table of multiplication of these matrices except
Zeros:

]@(U—Qw—l)[W]@w{

Lo1 o3|l o5 | o6 | | o2 |04 | o7 |os |
(o5} g1 | 03 05 | O¢6 02 092 | 04 g7 | 08
03 (/03|01 096 |05 y 04|04 |02 08|07
a7 g7 | 08 g2 | 04 (%1 05 | Og g1 | 03
08 || 08 | 07 || 04 | O2 06 || 96 | 05 || 03 | 01

These tables show that the adjacency algebra of C, is isomorphic
to an adjacency algebra of a thin coherent configuration [13]. The
adjacency algebra of this thin coherent configuration is generated by
block matrices

I O O O I' O O O
Ul'_>00702'_>01703'_>00704'_>O[/a

|_>OI HOI’ '_>OO '_>OO
Os 00706 0070-7 10708 [/07
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|10 100 , 101
where [ = 0 J,O— [0 O}’I = [1 ol The fiber scheme of

this thin coherent configuration is corresponding to the cyclic group Zs
because the fiber scheme generated o; and o3 (or o5 and g4). We know
the following theorem due to [13, Theorem 3.5].

Theorem 5.6. The adjacency algebra of Type IV is isomorphic to
My(FZz) = My(Flz]/(2%)).

By Theorem 5.6, the module category of F'S is Morita equivalent
to the module category of F[z]/(x?). Hence we know there are two
isomorphic classes of indecomposable modules and dimg Rad(F'S) = 4.
We know the fact that o + 03, 02+ 04, 05+ 06 and o7+ o5 are the basis
of Rad(F'S) and dimg(FX)Rad(F'S) = 2 by computation. According
to these facts, we know the structure of the standard module F.X.

FX =V, @ (v -2V,
where dimp Vp = 4 and dimpg V] = 2.

5.7. Type V : (v,,\) = (1,1,0) (mod 2). We suppose (v,l,\) =
(1,1,0) (mod 2). We assume that F'S is not semisimple. F'r(Cs) must
be divided by 2. This means ordy(v — £) > ords(v — 1) where ordy(a) is
a 2-adic valuation of an integer a. Since ordy(A) > 0 and ords(v—1) =
ords(l — 1), the in-equation leads contradict to A(v — 1) = ¢(¢ — 1).
Hence F'S is always semisimple.

5.8. Type VI : (v,l,\) = (1,1,1) (mod 2). We suppose (v,{,\) =
(1,1,1) (mod 2). Examples of parameters of this type are 2-(15,7,3)
designs. Since Fr(C,) = 2*-3%.5% FS is not semisimple. By compu-
tation, we have
e dimp Rad(F'S) = 2 with the basis og, s,
e dimp Rad?*(FS) = 0.
We determine the 2-modular character table. The modular character

table of (X1, S1!) and (X5, S??) are

‘ o1 O3 ‘ multiplicity ‘ o9 Oy ‘ multiplicity
1 0 1 , 1 0 1
1 1 v—1 1 1 v—1

The character table of the coherent configuration is
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‘ o1 O3 H 09 04 ‘ multiplicity
vi1 01 0 1
Vil 110 0 v—1
Wwilo0 01 1 v—1

We choose the simple modules U, V' and W. The decomposition and
Cartan matrices are

100
D:(é ? ?),C:tDD: 01 1
01 1

We can choose primitive idempotents ey = 01 + 03 + 07 + 03, ey =
09 + o7 and ey = 03 + 0g3. Put a = 0 and 5 = 0g. Then we have the
following theorem.

Theorem 5.7. The adjacency algebra of Type VI is isomorphic to

Ms(F) & FQ/(aB, Ba)
where FQ is a path algebra, ) is the following quiver.

Q:o_, >
There are three simple modules U, V and W with dimp U = 2, dimp V =
dimp W =1 and the Loewy structure of the projective covers are as fol-
lows:

O

Pw) =11, P = || Pov = [V

This algebra is finite representation type. The structure of the stan-
dard module is completely determined. We can wire
Vv w
Fx=UlealVlon | emwion|]
for some non-negative g1, g2, hy and hs.
By my = my = v — 1, we have

(3) g1 +g2+hy=v—1,
(4) g2+hi +hy=v—1,

g2 = rank(«a) = rank(og) = rank(os)—1, he = rank(f) = rank(os).
Since o = g, go = ha. We put w = rank(og),

w

FX%[U]@(U—%—D[V]@wV 1%

]@(v—Qw—l)[W]@w{W]
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Example 5.8. We give a list of parameters for 5 isomorphism classes
of 2-(15,7,3) designs. By Theorem 5.7, structures are determined by
one parameter rank(og). The usual 2-rank is rank(os).

¢ | number in [5, p.33] || g1 = b1 | g2 = h | rank(c
1 Nol 6 4 5
1 No.2 4 5 6
1 No.3 2 6 7
2 No.4, 5 0 7 8

6. QUASI-SYMMETRIC BIB DESIGNS

In this section, we assume that (X;, Xo, F) is a quasi-symmetric BIB
design with parameters v,b,r, £ and A = 1.

6.1. Types of adjacency algebras of C,. By [4, Proposition 5.2,
the block graph of this design is an (n, k, a, ¢)-strongly regular graph.
We obtain expressions for the parameters of this graph in terms of the
designs parameters v and ¢:

B v(v—1)
(5) n=>b= W=
B (v —10)
N e =
(7) a:(r—l)—l—(é—l)z:%g;_ljt(ﬁ—l){
(8) c=12

The eigenvalues of the adjacency matrix of this strongly regular graph
are k and

a—ct/(a—c)2—4k—c)
2

Note that a — ¢ = 6 + 7. If the block graph is not a conference graph,
then it is known that 6 and 7 are rational integers. Suppose that the
block graph is a conference graph. Then (n, k,a,c¢) = (n,(n—1)/2, (n—
1)/4,(n—>5)/4) |9, Corollary 10.22]. By a = ¢+ 1, we have v = 2¢* — 1.
By the above equation (5), we have n = 4¢% + 5. Since ¢ must be an
integer, (v,¢) = (7,2). In this case, eigenvalues are rational integers.
Hence we can consider # and 7 are always rational integers.

Now, we consider the coherent configuration Cys = (X, {s;}ier) over
I ={1,...,9} obtained from (X, Xo, F).

0, 7=

Proposition 6.1. [15, 9.1] C,s is coherent.



MODULAR COHERENT CONFIGURATION OF BIBD 15

Proof. Using direct computing, we have tables of multiplications of
adjacency matrices except zeros.

Lol os || o6 | o7 |
o1 || 01 o3 O¢ a7
(vt
ol
§)’r1 (é— E)OrG
Dog  +
o3 || 03 | ZWH+ || zw Gw
G
2)_’_ 60'7 f—
3 a7
@G e,
os || o8 zwl)‘rszw—i— zw)\) &
+ Ay +
Lo Lo
(01
(UW 5)02
6)08 (6% ?;]__
o9 || o9 ZW?_ _zwl)j%vv%—F
- A)dy
£— £0'5
1)ar +
9 (U*
25)05

TABLE 3
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lo2| oo | o5 || os | o9 |
o) o) g4 05 gg g9
kGQ (k% (ki
a— (r— r+
+
o4 || o4 zvva<742\7vl)(71 zvvl)a8 zvvl)a8
Y + +
2 (ki log (k—
5 f2>"'5 E)O’g
(0
L
1)oh ](gb:
(k- + 1)o
a—+ (b4 8
+
o5 || o ZW1)74ZWa_ ZW(T_ zw(b—
o 2k)w4 l)og N
(k+ +
£2 05 (b— k+
/—
2k 1)
24 79
52)J5
o
o6 || 06 zWi)TGng;?ral +o3| (r—1)o3
50'7
(0
L
(kt+ 1o (b—
74 r)o1
+
o7 || o7 zwl)jﬁzw(b— zw(r_ zw+
+ 1)0’3 (b—
(kt+ " 2r+
O)ar z:j 1)os
1oy
TABLE 4

These tables show that the configuration Cy is a coherent configu-
ration of type (2,2;3) O

We remark that all coefficients are polynomials of v, £, b, r, k, a. Hence
if they are equal in modulo 2 for this designs, then the algebras are
isomorphic over a field of characteristic 2. We give a list of possible
parameters in characteristic 2.

Lemma 6.2. There are six types of parameters in characteristic 2:
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Type|v £ b r n k a c|example (v,0)
1 00010000 (164
2 o011 1000 (284
3 /100 0O0O0T10 (25,4)
4 /10101010 (37,4
5 111000101 9,3)
6 (1 1111011 (15,3)

Proof. We suppose (v,£) = (0,0) (mod 2). Since any BIB design with
parameters v, b, r, £, A holds

v—1
-1
parameter r must be odd. Hence the parameters k£ and a should be
even due to (6) and (7), respectively. The parameter b is either even or
odd. We assumed (v, /) = (0,1) (mod 2). It contradict to an integral
condition for r in (9). Similarly, we have the other cases. O

(9) r

6.2. Character tables in characteristic zero. We consider the char-
acter table of the coherent configuration. Since (X7, S'!) is the com-
plete graph with v vertices and (Xs, S??) is a strongly regular graph
with the parameters (n,k,a,c), their character tables are as follows
(see [9, Chapter 10]).

‘ . ‘ multiplicity ‘ 0y 0Oy o5 ‘ multiplicity
1 k b—Fk—-1 1
1 v—1 1 )
1 0 —0—1 My
1 -1 v—1
1 = —-7-1 m,

Since |S| = 9 and by Proposition 3.1, the degrees of irreducible
characters of the coherent configuration must be 2,2 and 1. This means
that my or m., is equal to v — 1. Thus we can suppose my = v — 1.

Hence we obtain the character table of the coherent configuration
corresponding a quasi-symmetric BIB design with the parameters v, b, r, £, A
as follows.

‘ o1 O3 ‘ o9 04 o ‘ multiplicity
1 v—-1|1 k b—-k-1 1
1 -1 /1 6 —-60-1 v—1
0 0 1 » —7-1 b—wv

Note that character values of o; (i = 6,7,8,9) are zeros and we omit
them.
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JFrom the next subsection, we will determine the structures of adja-
cency algebras and standard modules over a field of characteristic 2 for
six types of coherent configurations obtained by quasi-symmetric BIB
designs with parameters v,b,7, ¢ and A = 1 . The decomposition and
Cartan matrices are not necessary to compute the structures but they
help our computations. We note that the usual 2-rank of the incidence
matrix N of this design is equal to the 2-rank of 0. By [10, Theorem
2.1], the 2-rank of N is never less than v — 1 for Type 3,4 and 5.

6.3. Type 1: (v,4,b) = (0,0,0) (mod 2). We suppose (v,¢,b) = (0,0,0)
(mod 2). An example of parameters of this type is (v, ¢) = (16,4). By
computation, we have

e dimp Rad(F'S) = 7 with the basis o1 + 03, 03 + 03, 04, 06, 0s,
09,
e dimp Rad*(FS) = 4 with the basis oy + 03, 04, 06 + 07, 05 + 09,
and
e Rad*(FS) = 0.
We determine the 2-modular character table. Since o4 is in the Jacob-

son radical of F'S, # = 7 = 0 (mod 2). Hence the modular character
tables of (X1, S™) and (X5, S*) are

| 01 o3 | multiplicity | 05 04 05 | multiplicity
|1 1] v ’ |1 0 1] b ‘

Since v # b, the character table of the coherent configuration is

We put the simple modules U and V. The decomposition and Cartan
matrices are

11
B (22
D= 11,C_DD_G:3.

We can choose primitive idempotents ey = o7 and e, = g5. We put
a = og, = 0g and 7 = g9 + 05. By direct computation, we have the
following theorem.

Theorem 6.3. The adjacency algebra of Type 1 is isomorphic to
FQ/(v*, L),
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where F'Q is a path algebra, () is the following quiver and L is an ideal
generated by paths of positive length.

. /_a -
Q: o \5> o
There are two simple modules U and V' with dimpU = dimpV =1
and the Loewy structure of the projective covers are as follows:

U Vv
PU)=|V |, PV)=|UV
VU VU

It is difficult to determine the structure of the standard module and
we could not do that.

6.4. Type 2: (v,¢,b) = (0,0,1) (mod 2). Wesuppose (v,¢,b) = (0,0,1)
(mod 2). An example of parameters of this type is (v, ¢) = (28,4) and
2-ranks have been considered, for example, in [20]. By computation,
we have

e dimp Rad(F'S) = 6 with the basis oy + 03, 04, 06, 07, 08, 09,
e dimp Radz(FS) = 2 with the basis o1 + 03, 04, and
e dimp Rad®*(FS) = 0.
Since o4 is in the Jacobson radical, the eigenvalues of o, are zeros. By

the similar arguments as in Type 1, we obtain the modular character
table.

‘ o1 O3 H 09 04 Os ‘ multiplicity
Ul1 170 0 0 v
Vio 01 0 0 1
wWilo 01 0 1 b—1

The decomposition and Cartan matrices are

1 00 211
D=|101],C=DD=1[110
0 01 1 0 2

We can choose primitive idempotents ey = o1, ey = 09 + 04 + 05 and
ew = os+05. We put ay = o+ 07, ag = 0g+09g, sz = 07 and oy = 0.
Then we have the following theorem.

Theorem 6.4. The adjacency algebra of Type 2 is isomorphic to

FQ/(OtzOéh QpOly, O30, (43, L3)>
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where @) is the following quiver and L is an ideal generated by paths of
positive length.

Q: o — BT M=
. ~— yy——  ~—qg—

There are three simple modules U, V and W with dimp U = dimp V =
dimp W = 1 and the Loewy structure of the projective covers are as
follows:

U . W
PU)= |V W ,P(V):{U},P(U): U
U W

It is difficult to determine the structure of the standard modules and
we could not do that.

Example 6.5. In a web page [18], we can find a list of BIB (28,4, 1)
designs (see also [17]). According to this list, 2-ranks are 19, 21, 22,
23, 24, 25, 26, and 27. The values of w; = rank(o7) and we = rank(oy)
are

(wy,ws) =(19,12), (21, 14), (21, 16), (22, 16), (22, 18), (23, 18), (23, 20),
(24, 20), (24,22), (25, 22), (25, 24), (26, 24), (27, 26).

For these examples, we can see that rank(cg) = rank(o7). Since w;
and wy are determined by the structure of the standard module, the
structure of the standard module contains more information than the
2-ranks.

6.5. Type 3: (v,¢,b) = (1,0,0) (mod 2). We suppose (v
(mod 2). An example of parameters of this type is (v, {)
computation, we have

e dimp Rad(F'S) = 3 with the basis oy + 04 + 05, 06 + 07, 08 + 09,
e dimp Rad*(FS) = 1 with the basis oy + 04 + 05, and
e Rad*(FS) = 0.
By two equations k 4+ 0(v — 1) +7(b—v) =0 and a —c = 6 + 7 for
6 and 7, the modular character table of (X7, S!) and (X5, 5??) are

,0,0) = (1,0,0)
= (25,4). By

| 01 o3 | multiplicity | 03 04 05 | multiplicity
1 0 1 , 1 0 1] b—uv+i
1 1 v—1 1 1 0 v—1

Since dimp Rad(F'S) = 3, we have the modular character table of
the coherent configuration.
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‘ o1 03 H 09 04 Os ‘ multiplicity
vji1 00 0 O 1
Vio o001 0 1| b—v+1
wil 101 1 0 v—1

We put the simple modules U,V and W. The decomposition and
Cartan matrices are

110 110
D=|001],C="DD={(1 20
010 001

There are two block ideals B; and By. We put the simple modules U and
V in By and W in By. The block ideal B, is simple and isomorphic to the
matrix algebra Ms(F'). We can choose ey = 01 + 03 and ey = g9 + 0y.
We put a = 0g+07 and 8 = 0g+09. Then af = 0 and fa = g9+04+05.

Theorem 6.6. The adjacency algebra of Type 3 is isomorphic to

FQ/(af) & My(F),

where Q) is the following quiver.

0
Qo5 o

There are three simple modules U, V and W with dimp U = dimp V =

1, dimp W = 2 and the Loewy structure of the projective covers are as
follows:

P(U) = M . pvy=|U|, Pow) =],
V
The algebra is finite representation type. Since my = 1, the structure
of the standard module is completely determined.

Theorem 6.7. The standard module has the following indecomposable
decomposition.

v
FX2|U|@@®-—v-—1)V]e@-1[W.
1%

By [10, Theorem 2.1 (ii)], the 2-rank of the incidence matrix is v — 1.
In fact, og has rank 1 only on W.

6.6. Type 4: (v,¢,b) = (1,0,1) (mod 2). We suppose (v,4,b) = (1,0,1)
(mod 2). An example of parameters of this type is (v,¢) = (37,4). By
computation, the adjacency algebra is semisimple. The structures of
standard modules are completely determined by v and ¢. By [10, The-
orem 2.1 (ii)], the 2-rank of the incidence matrix is v — 1.



22 AKIHIDE HANAKI, YASUAKI MIYAZAKI, AND OSAMU SHIMABUKURO

6.7. Type5: (v,4,b) = (1,1,0) (mod 2). We suppose (v,¢,b) = (1,1,0)
(mod 2). An example of this type is (v,f) = (9,3). By computation,
we have

e dimp Rad(F'S) = 3 with the basis 03 + 04 + 05, 06 + 07, 05 + 09,

o dimp Radz(FS) = 1 with the basis 0y + 04 + 05, and

e Rad*(FS) = 0.
This case is quite similar to the case of Type 3. The modular character
table is as follows.

‘ o1 O3 H Oy 04 Os ‘ multiplicity
uvij1 00 0 0 1
Vio 0|1 1 0| b—v+1
wWi1lt 11 0 1 v—1

We put the simple modules U,V and W. The decomposition and
Cartan matrices are

1 10 1 10
D=1001]),C=DD=1[1 20
010 001

We can choose ey = 01 + 03, ey = 09 + 04 and ey = 03 + 05. We put
a = 0¢ + o7 and f = gg + 09. Then we have the following theorem.

Theorem 6.8. The adjacency algebra of Type 5 is isomorphic to
FQ/(af) & My(F),

where Q) is the following quiver.

0
Q:o_, o

There are three simple modules U, V and W with dimp U = dimp V =

1, dimp W = 2 and the Loewy structure of the projective covers are as
follows:

P(U) = m , P(V) = g , P(W) = [W].

Theorem 6.9. The standard module has the following indecomposable
decomposition.

V
FX2|U|®b—v-—1[V]®(v-—1)[W].
V
Since o = (06 + 07) + 07, rank(og) = rank(og + o7) + rank(o7) =
1 4 rank(o7). Hence g + o7 has rank 1 on P(V) and o7 has rank 1 on
W. We have rank(og) = v in this case.
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6.8. Type6: (v,/,b) = (1,1,1) (mod 2). We suppose (v,¢,b) = (1,1,1)
(mod 2). An example of parameters of this type is (v, ¢) = (15,3). By
computation, we have

e dimp Rad(F'S) = 3 with the basis o5, 07, 09,

e dimp Rad?(FS) = 1 with the basis o3, and

e Rad’*(FS) = 0.
We can determine the modular character table as well as other types
of parameters in Lemma 6.2.

‘ o1 03 H 09 04 Os ‘ multiplicity
vij1 01 0 0 1
Vii 10 0 1 v—1
Wilo o1 1 0 b—1

We put the simple modules U,V and W. The decomposition and
Cartan matrices are

1 00 1 00
D=|011],C=DD=1[0 11
0 01 01 2

The block ideal containing U is isomorphic to My(F'). We can choose
ey = o3 and ey = 04+ 05. We put a = o7 and 8 = g9. Then aff =0
and fa = os.

Theorem 6.10. The adjacency algebra of Type 6 is isomorphic to
My(F) & FQ/(aB),

where Q) is the following quiver.

— O

Q: oo

There are three simple modules U, V and W with dimpU = 2,
dimpV = dimpW = 1 and the Loewy structure of the projective
covers are as follows:

v w
Pw) =[], P = || POV = | v
w
Since the algebra is finite representation type and my = 1, we can

determine the structure of the standard module of Type 6.
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Theorem 6.11. The standard module has the following indecomposable
decomposition.

FX>[Ul®g[V]g W] hy [W1] hs W] hs g :

where parameters satisfy

(10) v—1=g1+ g2+ ha + hs,
(11) b—1292+h1+h2+2h3,
(12) g2 = ha.

Proof. Since my = v — 1 and my = b — 1, we have equations (10)
and (11). By g2 + hg = rank(o7) = rank(og) = hs + hs, we have the
equation (12). O

Since rank(og) = rank(og+o07)+rank(o;) = 1+rank(o7), the usual 2-
rank of the incidence matrix of the design is rank(og) = 1+¢g2+hs. The
values g; and h; are determined by ranks of some adjacency matrices.
For example, we put w; = rank(a) = rank(o7) and wy = rank(fa) =
rank(os). Then

(91,92, h1, ha, hs) = (v —1—2w; +wq, w1 —wa, b— 1 — 2wy, w1 —wa, wy).

Example 6.12. We give a list of parameters for 80 isomorphism classes
of quasi-symmetric BIB design with parameters v = 15, { = 3 and
A = 1, the Steiner triple systems on 15 points. In Theorem 6.11, the
structure is determined by two parameters rank(o7) and rank(os).

f | number in [5, p.30] || g1 | g2 | h1 | h2 | hs || rank(o7) | rank(os) || rank(og)
1 No.1 0414|416 10 6 11
1 No.2 0|3 ]12] 3 | 8 11 8 12
5 No3 -7 021101 |10 12 10 13
15 No.8 —22 01|81 1]12 13 12 14
o8 No.23 — 80 0|06 |0 14 14 14 15
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