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ABSTRACT. In this paper we investigate the algebraic structure of digroups. We
find a Lagrange-style correspondence between digroups and subdigroups. We
also show how to construct a digroup containing any given number of identities
whose order is any multiple of that number. Then, all digroups with inverse sets
of prime order are classified. Additionally, the terms subdigroup, commutant,
trivial digroup, idempotency class, are defined with basic results proven with
regard to each term. Finally, various structural propositions are proven which
may be useful in future digroup research.

1. INTRODUCTION

Since 2004, the notion of a digroup has been considered by Felipe [3], Kinyon [4],
Phillips [12], Crompton and Scalici [2], and Liu [6]. Digroups were introduced to
provide a partial solution to the Coquecigrue problem of generalizing Lie’s Third
Theorem for Leibniz Algebras, originally proposed in [7]. Kinyon’s [4] definition of
a digroup is as follows:

Definition 1.1. A digroup is a set G with two binary operations, = and 4, a
unary operation ' and a nullary operation 1, which satisfies:

G1. (G, F) and (G, H) are both semigroups
G2. (zFy)dz=at (y-2)

G3. xd(ykz)=ax-(y-z2)

Gj (xdy)Fz=(xFy k=2

Go. lFrx=x=x41

G6. zFat=1=a'4z

Phillips [12] proved that G2,G3, and G4 could be replaced with G2*:
G2*xbk(zHdz)=(xka)dz

The axiomatization was then shown to be equivalent to the following by Cromp-
ton and Scalici [2]:

G1* (G, F) and (G, ) are both semi-Moufang, or
zk((yF2)Fa)=(xFy)F (zF ) and
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4 ((ydz2)dx)=(rdy) (24 x)
G2 (zFy)dz=aF (y2)
Gh.ltox=z=241
G6.zFat=1=c""142

It is possible that this axiomatization can still be simplified. For instance, Phillips
[12] did not use G1 to prove G2 from G2*, G5, and G6. Thus, Crompton could have
replaced G2 by G2* and still have derived G1 from G1*, making the axiomatization
G1*, G2*, G5, G6 equivalent to Kinyon’s [4]. The software program PROVER9 [9]
was used to prove that the following two relations are equivalent to semi-Moufang
in the axiomatization of digroups:

Semi-Extra: zt (yF (zFz))=((zFy)F 2)F 2z and
r4yd(Ezdr)=((zdy)d2)dx

Semi-Bol: rE((yF2)Fa)=(xky)F(zF ),
x4 ((ydz)dx)=(xdy) d(z 1),
(zFx)Fy)Fz=zF((z+y)Fx), and
(zdz)dy)dz =2z ((z Hy) dx)

However, replacing G'1 with either of these would be even more unwieldly, and we
only present them as an example of other directions to go with the axiomatization.
For our purposes in this paper, we shall use Phillips’ definition. Namely,

Definition 1.2. A digroup is a set G with two binary operations, = and -, a
unary operation ' and a nullary operation 1, which satisfies:

G1. (G, F) and (G, H) are both semigroups

G2*zF(xHdz2)=(rFax)dz

Go. lFrx=x=2x-1

G6. zFart=1=a"14z

In the digroup, 1 is called a bar unit and z7! is the inverse of x with respect

to 1. It must be noted that a digroup can have multiple elements that act as bar
units, but must always have at least one. An identity is an element e € G such
that ez =2 =2 Hdeand v - 27! = e = 23" 42 for all z € G but 2" is not
necessarily equal to x;l. If they are equal for all z € G, e is a bar unit. We shall
call o~ ! the right inverse of z and x]l the left inverse of x.

It should be noted that Liu [6] uses a slightly different definition of digroup, in
which none of the identities is necessarily a bar unit. Liu’s G6 is as follows:

G6y: for all z € G, there exists z~', 23" € G such that 27" 4z =1=aF 27"

For an example of a Cayley table that is a digroup under Lius definition, but not
for Definition 1.2, see http://persweb.wabash.edu/facstaff/phillipj/research.html.

Next we define a trivial digroup as one which is composed entirely of identities:
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F1O0O 1 2 n 410 1 2 n
oo 1 2 n 0j]0 0 O 0
170 1 2 n 171 1 1 1
210 1 2 n 212 2 2 2
n| |0 1 2 ... n nin n n .. n

We note that there is one such digroup of each order n € N, and that every element
of a trivial digroup acts as a bar unit.

The next lemma requires a definition of right and left group. Given a semigroup
(G,F), we say (G,F) is a right group if G contains a left identity e € G and a right
inverse ! for each x € G. Left group is defined in a similar fashion. If (G,+, )
forms a digroup, then (G,F) forms a right group and (G, ) forms a left group.

Lemma 1.3. Let (G,F) be a right group. We define the set of identities E = {e €
Gle bz =z for all x € G} and the set of inverses J = {z~ |z € G} with respect to
any bar unit. It has been proven (e.g. [4]) that

(1) J is a group

(2) G=JFE=(JxE,F)

(3) A digroup is a group < b+ = —< the bar unit is the only identity.
(4) x-1= (") foralzeG

B) (zHYy™H =z forallz € G

6) (zFy) =y a7 foralz, ye G

(7) 1=z if and only if G is a group.

Corollary 1.4. |G| = |J| - |E|

Proof. Follows directly from (2). O
Corollary 1.5. Let G be a digroup. If |G| = p where p prime, then G is either the
cyclic group 7, or a trivial digroup.

Proof. By 1.4 |E)| ’ |G|. Since |G| is prime |E| = |G| or |E| = 1. If |E| = 1 we know

from 1.3 that G is a group. Since |G| is prime, this means that G is a cyclic group.
If |E| = |G/, then G is the trivial digroup of order |G| by definition. O

In Section 3, statements corresponding to (1),(4),(5),(6), and (7) are proven to
hold with respect to any identity in G.

Definition 1.6. We call a subset H of a digroup G a subdigroup if H has the
structure of a digroup under the operations of G.
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This definition varies slightly from the one given in [3] in that it removes the
condition that the bar unit of H must be the same bar unit in G. Thus, Felipe’s
subdigroup test needs to be modified appropriately:

Theorem 1.7. H is a subdigroup of G if and only if H contains a bar unit e, and
for all f, g, 1, m, n € H the elements fFe, g7t 1, and m 4 n~! are in H.

Proof. By adding the condition that H must contain a bar unit, the proof follows
from Theorem 3.3 found in [3]. O

Felipe’s definition of subdigroups and his test for subdigroups are such that ev-
erything Felipe proves to be a subdigroup is also a subdigroup under definition 1.6.
We will, however, use Felipes definition of normal subdigroup (assuming subdigroup
is defined according to definition 1.6):

Definition 1.8. A subdigroup, H of digroup G is called a normal subdigroup if
and only ifa™' x4 a € H for alla € G and any x € H.

2. COMMUTANT

In [3], Felipe defined the commutant, or center, of a digroup as Z(G) = {z €
Glgtk x=x g for all g € G} and proved it was a subdigroup. However, there are
other possible definitions for a commutant that can be considered:

Cl={zxeGlgkx=xF gforall g € G}
C2={xeGlgdx=x-gforall g € G}
C3={reGlgdz=atgforall g e G}
Ci={reGlgrz=ax-gforall ge G} = Z(G)

Problem 2.1. [t is still open to define the centralizer of an element in a digroup
and prove it is a subdigroup.

C1 and C2 are only subdigroups when G is a group because 1 € C'1 if and only if
12 =at 1=z, thus by Lemma 1.3 (7), G must be a group. A similar argument
can be made for C2. Also, any union or intersection of C'l and C2 is insufficient as
they only form subdigroups when G is a group. Thus, C'1 and C'2 do not represent
proper generalizations of the center of a group as they do not necessarily form sub-
digroups of G.

Thus, we are left to consider C'3. Using PROVERY [9], it was proven that:

Proposition 2.2. C3 is a normal subdigroup of digroup G, where 1 is a bar unit
of G. We must show that:

(1) C3 contains a bar unit.

(2) zeC3 =z €C3.
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3)zeC3 =zxF1€e€C3.
(4) z,y€e C3 = 7'y e C3.
(5) x,ye C3 = x4y~ € C3.

6) r€C3 = ((¢g'Fxz)dg)€C3 forallg e .
Proof. In this proof we shall also make use of the fact that if 1 is a bar unit, then
1 € C4; proven in [3]. Let z € C3.

(H)1lkz=z=2x41=1€C3.

(2) Since z € C3, x b y=y Az forallyc G=at (a=b) 'L (a-4b) 4z 'L

a-(b-x) @ a4 (x = 0) for all a, b € G. If we let b = 27!, this equation

becomes a = x t (a 4 z71).

We know from Lemma 1.3 that (¢7')™ =ck1 = ¢ ' F (¢ 1) =1 by the

definition of inverse. Therefore ¢! F ((cF 1) F d) ‘2 (¢ 1 (cF 1)) Fd =
l-kd=dforalle deQ@G.

Sincca=atF (adx ), 2 Fa=2"'F(zF (ad27!) =a- 27! by the
above equation with ¢ = z and d = a + =%, This proves 2! € CS3.

(3) Sincez € O3,z F 1) F g D ar(QFg=arFg 2 g4az=(g41) A

& g1 (1-x) (@ g 1 (x F1). Therefore, z -1 € C3.

(4) Let A, Be€ C3. Then Az =x-4Aand Bt x=x 4 Bforallz € G. Note
that by (2) above, A 'Fx =24 A 'and B!z =24 B !forallz € G.

At B ks @At Br2) @ B2 441D @B A

A (BH4A™ @ (A~!' - B) which proves (A~!'+ B) € C3.
(5) A, Be(C3 = Arz=ax-4Aand BFax=z-Bforal z € G.

A4B Yk @ AarB b2 @ Ar @48 ) D Uk 4B D

(@44) 48 L 2 4 (A4 B) proving A 4B~ € C3.

(G2)

(6) Ac(C3 = Az =x4A.

Suppose not, i.e. b - (a7t = A) H4a) # ((a=' - A) 4 a) + b. Note that
(@' FAH4)Fb D @ A @k D at k(A @k ) D
(kb)) H44) D @ ar) 44D AR (@ F (arb) D

Ara)F@rb) @ Aar (@it (@rb) DAk (@i (@-ar
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D) L AR (@ F@FD))F)=AF1Fb C AFbby Lemma 1.3
andb—|((a‘ll—A)—|a)(G:2)b—|((a‘1l—A)l—a) Dy 4@ (A ))(G‘"’)
bdat4(Ara) © b4t 4@-4) Db (@ HGHA) b
(AF (@ Ha) @o44a4 @ 4a) 'L (0 )—|a’1—|a 2 (AFb) A
ot +q'? Al—(b—|a—1—|a) DA Fa) @ Ar ((bH1) A
(—1m)) FoH404@ Fa) DL A0 (@ Fa)F1) D

- (b (a 1|—(al—1)))(04AI—(b—!(a*1I—(1—|a)))(G:2)Al—(b—|((a*1l—
1)—|a)) @ Al—(b—|((1—|a‘1)—|a))(G:DAI—(b—|(1—|(a‘1—|a)))(G:G)AI—
(b1 1) = M, a contradiction!

Therefore, ((a™'F A) Hda)Fb=b4((a"'F A) Ha).
U

Since C'3 and C'4 are normal subdigroups and are non-equivalent (for a digroup in
which C3 # (4, see D4(6,7Z5) in Section 6), both are candidates for the commutant
of a digroup.

Felipe [3] defines an abelian digroup G as one in which x 4y = y F z for all
x,y € G. Note that in any abelian digroup G, C3 = C4 = G. Also, E C C3.

Many open problems still exist with regard to this aspect of digroups, and some
are listed below.

Problem 2.3. Find a correspondence for the class equation from group theory.

Problem 2.4. Define Nilpotency for digroups by taking the quotient structure of a
digroup with C3 or C4 using the method from [3].

Problem 2.5. Do a comparative analysis of the two commutant definitions and
find out which s better. Or, alternately, find a new definition based on C3 and C4
that encapsulates the best qualities of both.

3. SUBDIGROUPS

In previous literature (e.g. [3], [4]), the set of inverses, J, was specifically the set
of inverses with respect to the defined bar unit, 1. The following results rely upon
the set of inverses with respect to any identity, e. We define J. = {h_ s h- 1=
e}, where h € G, e € E, and G is a digroup. The notation, h[l denotes the inverse
of h under F with respect to e. We will use similar notation for . It is important to
note that the identity h_ 1 is taken with respect to is not specified in the notation,
but should be clear in the given context. Also, h_~ ! does not necessarily equal h]l,
or in other words, an element of a digroup can have a different inverse under each

operation with respect to the same identity. However, if the identity is also a bar
unit, then oot = A3 and J& = J.
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The following Lemma shows that many of the results of Lemma 1.3 hold with
respect to any arbitrary identity.

Lemma 3.1. Let (G,F) be a right group. Let J. be defined as above with e € E.

Let v,y € G. Assume all inverses are with respect to e.

(1) for every x € G, there exists an x_*

(2) b e=(z)"

(5) x e =z if and only if G is a group
6) J.=JFe={ake|lacJ}
(7) J- = J, as groups under

(8) The sets J. for all e € E partition G

Proof. (1) Since G = J - E, let z = at €, for some a € J and ¢’ € E. Then,
(abe)F(atrFe)=abk (Fal)Fe=(atal)Fe=1Fe¢=ce.
Therefore, a=' e =z

(2) ae=ak (a7 F (277 = ek (o7 )T = (a7 )"
(3) Note that (v Fy)Fy ' Fasl =e thus yo' ot = (v Fy)t
4) (e ) =(eke)t =ela =27, by (1) and (2).

(5) (=) Assume e; € GG, and let x = e, then e; = e. Therefore, e is the only
identity in G, thus e must be a bar unit, and then by Lemma 1.3 (3), G is
a group. (<) Trivial.

(6) Let a F e € JF e. Since a € J, and J is a group under I, there ex-
ists a b € J such that b - a = 1. Thus, bF (a Fe) = (bF a)F e
= 1F e = e. This means that a - e = b,fl € Jo. Now, let z € J L
Thus, there exists a y € G such that y - x = e. Since G = J + FE,
y=dada F e and x = a’ F €', for some a’,a” € J and ¢’ € E. So,
e=ykFor=((drFe)F (@ Fe)=dF(Fd)Fe =(@HFad)kFe".
Sincee=1Fe,dFad"=1and e’ =e. Thus,z=a"Feec JkFe.

(7) Consider ¢ : J. — J defined by ¢(a I €) = a, for every a € J. Clearly, ¢ is
bijective. To show that ¢ is a group homomorphism, consider ¢((a; F €) -
(agtFe))=d((arFax)Fe)=arbay=0¢(a; Fe)k @dlaz b e).
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(8) This follows from the observation that G = J  E is partitioned into J
e=J forallec€E.
O

Lemma 3.2. Let (G,F,) be a digroup, then g = J° = J" for all g € G and for
alle € E.

Proof. (C) Takea € Jand g=d'F € € G. Then, gk (ake)=(dFa)Fee JkF
e. (D) Takeate€ Jheandg=da' e €G. Then, gt (((d) ' Fa)ke)=(dF
() *Fa)Fe=1F(ake)=atle.

0

This result also holds for the corresponding - statement: J;' 4 g = J*.
Lemma 3.3. Given a digroup G, all nonempty subsets of E form a subdigroup.

Proof. A subset of G composed entirely of identities forms a trivial subdigroup in
which all elements act as bar units. 0

Theorem 3.4. Let (G,F,) be a digroup. Consider any nonempty subset S of E
such that S = {ey, e, ...,e,}, and there exists an e; € S that is a bar unit. Let H
_ g+ + ' Tk + Fo_
=Jo UJ,U...UJ, then H forms a subdigroup of G if J. UJ. U...UJ. =
JoUJ UL Ul

Proof. According to Theorem 1.7, we must show there exists a bar unit e € H and
that for all f, g, [, m, n € H, the elements f F e, ¢! F [, and m - n~! are
contained in H. Clearly, e; € H. Now we must show that for each z € H, 27! with
respect to e; is also in H. By Lemma 3.2, we know x J; = J;. Since e; € J;,
then 27! € J; C H. Now we consider closure: ft e € f J; = J;; we know
l e J; for some k such that 1 <k <n,thus gt 1€ J;C C H; and similarly, we
know m € J; for some 7 such that 1 <r <n, thus m 4n=! € J; C H. Thus, H

is a subdigroup of G. U

Corollary 3.5. The subset, K, of G defined as K = J., U J., U ... U J.,, where
e;j € S 1s a bar unit for all j, 1 < j < m, forms a subdigroup of G

Proof. By definition of bar unit, Je: = J:j for all ¢ such that 1 < 57 < m. Thus, K
= H as defined in Theorem 3.4 for some S, making K a subdigroup of G. U

According to Corollary 3.5, we can form z;n:l Zl subdigroups of G where m

is the number of bar units in GG, simply by finding the union of the inverse sets with
respect to any number of the bar units. However, Theorem 3.4 indicates that there
are more subdigroups that can be formed from identities that are not necessarily
bar units, provided they satisfy the additional property given to H. Additionally,
by Lemma 3.2, 2" — 1 trivial subdigroups can be formed where n is the number of
identities in G.

An observation that can be made from Theorem 3.4, is that the inverse sets
determine, to a large extent, what subdigroups can be found in a given digroup. In
sections 5 and 6, it is demonstrated that the structure of any given digroup can be
understood by examining the structure of its set of inverses with respect to a bar
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unit. This is helpful because the set of inverses with respect to a bar unit forms a
group.
We now prove a generalization of Lagrange’s Theorem.

Theorem 3.6. Let G be a digroup, and H C G a subdigroup of G. Define Jg as
the set of inverses in H with respect to a bar unit in H, and Ey and Eg as the
set of identities in H and G, respectively. Let Jg be the set of inverses in G with

respect to the same bar unit as Jy. If |EH|‘|EC;| then |H|||G]|.

Proof. Since Jy C Jg, and Jy and Jg form groups, then by Lagrange’s Theorem
for groups, |JH|‘|J(;|. By Corollary 1.4, |G| = |Jg| - |Eg| = n-m - |Jg| - |Eu| =

n-m-|H|, where n,m € N. Thus, |H|‘|G| O

In the case that H is a group, then |Ey| = 1 by Lemma 1.3 (3), thus by Theorem
3.6, |H| ‘ |G|. This shows that Theorem 3.6 provides an appropriate generalization

of Lagrange’s Theorem for groups. It is not the case, however, that the order of
any given subdigroup will necessarily divide the order of the parent digroup.

Problem 3.7. It is still open to find a correspondence for the Cauchy Theorem
from group theory. The next step after this would be to consider correspondences
for the Sylow Theorems.

4. ORDER AND IDEMPOTENCY

In [6], finding a generalization for the order of an element in a digroup is left as
an open problem. We provide a definition here:

Definition 4.1. Let G be a digroup. If n is the order of an element x € G, then
n 1s the least possible number of times x occurs in the expansion x = x - x b+ ...
x =a =e for somee € E.

If order is defined according to -, this definition would be identical to 4.1. The
problem with this definition is that the order of all elements will be bounded by
|Jg| for reasons that will become clear in Section ??, rather than ranging through
the possible divisors of |G| as is the case in group theory. A generalization of order,
which holds for every element is Idempotency:

Definition 4.2. The Idempotency class (I-class) of an element x is the natural
number n such that x™ = 2™ = 2" = x and " # z for all 1 < i < n. The I-class of
any identity element is 2. Let o(x) be the order of x, and I(x) be the I-class of .

Proposition 4.3. Let x be an arbitrary element in G where |G| = n.
(1) Every element on the diagonal is 1 = I(x) =3 for all x # 1.
(2) zf =1=2%=1 for all k <n.
(3) The mazimum order of an element is n.
(4) The mazimum I-class of an element is n + 1.
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(5) I(z) —1=o(x) & G is a finite group.

Proof. Let x be an arbitrary element in G where |G| = n.

(1) If every element on the diagonal is 1, z = 2 = 1 for all  which implies that
xhxhkz=1Fx=ux, sothat I(z) =3 for all z # 1.

(2 akzr =1 4z =1

(3) Suppose not. Then z? # 1,23 # 1,...,2""! # 1. By the Pigeonhole Prin-
ciple, 2! = 2™ for some [,m < n + 1, which implies a cycle exists in which
none of the powers is 1. This implies that the order is infinite.

(4) This is a corollary of (3)

(5) (<) G is finite, so all elements have finite order, so 2" = 1 = 2" =z
trivially.
(=) 2™ =z and 2" = 1, so we know that 2" "' F 2zl =z o7l =1 =
™ = 2" 1. Therefore, since I is associative, x - 1 = 1, which tells us G is
a group by Remark 3.2 from [3].

U

In group theory, the order of an element x € G divides |G|. The following theorem
is the generalization of this concept to digroups with Idempotency.

Theorem 4.4. For any element x of digroup G, I(z) — 1||G|.

The proof of this theorem is delayed until the concepts it relies on are introduced
in Section 5.

Problem 4.5. With this concept of order, the next step is to consider the structure
of cyclic digroups and theorems related to them.

Problem 4.6. [t is also still open to define orbits and stabilizers in digroups and
prove a correspondence of the Orbit-Stabilizer Theorem.

5. CLASSIFICATION OF (G,b)

Theorem 5.1. For any group H of order n, and for any m € N there exists a
digroup G such that the order of G is m-n and the inverse set J of G is isomorphic
to H.

Proof. Let H ={1,2,...,n}, with binary operation o and identity 1. Let £ = {1 =
e1,€,...,em}. Let G = H x E. Clearly, G has m - n elements. Let H: G x G — G
be defined by (i1,e;,) F (i2,€;,) = (i1 0i2,e;,). Let 4: G x G — G be defined by
(i1, €j,) = (i, e5,) = (i1 0142, €;,). First, we will show that G satisfies the four digroup
axioms.

(1) Every element has an inverse with respect to (1,e7) :
(i,e) F (7l er) = (ioi™er) = (Lier) = (it od,en) = (' 1) 4 (4, ¢5)
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(2) (1,e1) is a bar unit:
(Le) (i, e5) = (Lod,e5) = (i,e5) = (io1,¢5) = (i,¢5) (1, e1)

(3) Associativity:

(i1, €5,) = (2, €5)] = (43, €55) = (i1 04a,€5) b= (i3, €55) = ((i1 0 i2) 03, €5) =
(i1 0 (ig 043), €5) = (i1, ¢j,) I (dg 043, €55) = (i, €5) = [(d2, €5) = (i3, €55)]

[(il?e]l) (1236]2)] (i3vej3) = (il © i2’6j1) B (i37€j3) = ((21 © i2> Oi3v€j1) =
(110 (12 013),€5,) = (i1, €5) 1 (iz01ds,€5) = (i1, €5) 7 [(2, €5,) 7 (i3, €55)]

(4) Axiom G2*:

(i1, €,) b (i1, e5)]  (i2,€5,) = (i1 01, 5,) (izy%) = ((i101d1) 0y, e5) =
(410 (i1 014g),€,) = (i1, €j,) | (i1 049, €5) = (in,€5) = [(i1, €5,)  (d2, €5,)]

Next, we will show that J = H.
(1) J ={(i,ex) |1 i <n}

(C) Assume (7,e;) F (i,ex) = (1,e1). Then, (' oi,ex) = (1,€1), and e, =
€1.

(2) (i7he5) F (i,e1) = (iThoid,en) = (1,e1)
(2) J=2H

Consider ¢ : J — H defined by ¢((i,e1)) = i. Clearly, ¢ is bijective. To
show that ¢ preserves the groups’ operations:

o((i1,e1) F (2, 1)) = ¢((i1 04, €1)) = 1 iy = ¢((i1,€1)) 0 P((i2, €1))
|

Definition 5.2. Two digroups G, with operations b and -, and G, with operations
H and -, are (digroup) isomorphic if there exists a bijective function f : G — G’
that preserves the operations of G; that is, f(xz ty) = f(x)F f(y) and f(x Hy) =
f(x) f(y), for all z,y € G. If only the first of these holds, G and G’ are said to be
F-isomorphic, and similarly for 4-isomorphisms.

Theorem 5.3. Two digroups (G,F, ) and (G',+', ) with non-isomorphic inverse
sets must be non-isomorphic.

Proof. Assume G = ('. Let 1 be the bar unit of G. Let ¢ be a digroup isomorphism
from G onto G'. Forany r € G, 1Fax=x=x 4 1and ¢(1 F ) = ¢(x) = ¢p(z - 1).
So, p(DHé(z) = ¢(x) = ¢(x)¢(1). Similarly, ¢(x = 27") = ¢(1) = ¢z~ + x)
and ¢(x)H(z1) = ¢(1) = ¢(z )4 p(x). Thus, ¢(1) is the bar unit of G'. Let J
and J' be the inverse sets of G and G’, respectively. Now, we will show that ¢
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restricted to J is a group isomorphism between J and J'. Let a € J. Then, there
exists an b € G such that b - a = 1. So, ¢(b)F¢(a) = ¢(1). Thus, ¢(a) € J'.
Similarly, if ¢(a) € J', then a € J. This shows that ¢ restricted to J maps into J’
and is bijective (since ¢ itself is injective). Since ¢ preserves the operation F of G,
which is the group operation of J, it also preserves that operation for J. Therefore,
J=J. O

Theorem 5.4. Two digroups of the same order with isomorphic inverse sets must
be F-isomorphic.

Proof. Let (G,F,-) and (G',',) be digroups of the same order whose inverse
sets J and J', respectively, are isomorphic. Let ¢ : J — J’ be an isomorphism.
Let £ = {ey,e9,....,e,} and E' = {ei/,ed, ..., e’} be the sets of identities of G
and G’, respectively, with e; and e;’ as the bar units of those respective digroups.
Note that since the digoups have the same order and their inverse sets also have
the same order (since they are isomorphic), the sets of identities must have the
same order, which we assumed is n. Now, consider the function ® : G — G’
defined by ®(a; - ;) = ¢(a;)F'e;/, where the elements of J are enumerated a;, as,
wery Q. Clearly, @ is bijective. To show that & preserves the operation F for G,
consider CI)((ajl + 62'1) - (a’]é + eiz)) = (I)((ajl - aj2) + 62'2) = ¢(aj1 = ajz)kleizl =
(d(aj e, )W (d(aj,)Hey,') = ®(aj, e, )F P(aj, F ey,). Therefore, G and G’ are
F-isomorphic. O

Theorem 5.5. The number of distinct --structures of digroups of ordern is X;—;g(m;),
where the m; are the factors of n, and g(m) is the number of groups of order m.

Proof. Consider all digroups of order n. It is known that all of those digroups’
inverse sets must be groups of orders that divide n. From Theorem 5.1, we know
that all such groups can be realized as the inverse set of some digroup of order
n. Then, from Theorem 5.3, we know that there are at least ) ._, g(m;) distinct
digroups of order n, corresponding to each possible group that could be an inverse
set. Finally, Theorem 5.4 insures this lower bound on the number of digroups of
order n is actually an equality, when considering the distinct F-structures. O

Of course, the question still remains of how many digroups of order n there are.
It is known how many distinct F-structures there can be of such digroups, but there
are examples of digroups that are F-isomorphic and —-isomorphic, but not digroup
isomorphic. In the next section, we examine this issue in further detail, and obtain
some preliminary results.

Now, consider any digroup G of order mn that has J = {aj,as,...,a,} as its
inverse set and F = {ey, ..., e,,} has its set of identities. Rearrange the rows and
columns of the Cayley table of - for G in such a way that the first row and the
first column (that is, the row and column that list the multiplicands) are in the
following order: a; F ey,as F eq,...;a, F e1,a1 F e a0 - eo,..;a, Foeg,.ar
€my Qo | €y ..oy an €. (see the following table).



AN INVESTIGATION INTO THE STRUCTURE OF DIGROUPS 13

[ agbFe abe -+ a,bFe |- |larbe, asbe, -+ a,Fen
a1|—61
CL2|_€1

(JFEJ)F e (JFEJ)Femn

an F e

a1 F e
as Fen,

(JFJ)Feg (JFEJ)Femn

an - em

The columns are grouped according to their inverse sets and the first n rows
are all distinct, with the next n rows repeating the first, in exact order, and so
on, until the last n rows, which are the first n repeated in exact order. Thus,
once the first n rows are determined, the entire Cayley table will be determined by
just rewriting the first n rows m — 1 more times. The first n rows and columns
correspond to J (since they form the inverse set of e;, which is the actual inverse
set of G). Thus, the top-left n x n square of the Cayley table is just the Cayley
table for J. Since (a;, F e1) F (a;, F e;) = (a;, F a;,) F ej, the next n x n square
(since we are now only considering the first n rows) is just (J F J) I ey, and so on,
until the last n x n sqaure is just (J = J) b e, where (J F J) - e; means that the
element in the kj-th row and ko-th column of (J = J) F e; is (ax, F ag,) F e;. This
means that since the first row is just the identity row, however the elements of J
are permuted in each new row is exactly how the elements of every n X n square
will be permuted. Thus, from J alone, the entire Cayley table is determined up
to isomorphism. This construction is the main idea behind the proof of Theorem
5.4. As noted above, while a similar construction can be done with the 4 Cayley
table of a digroup of order mn, so that two such digroups with J as their inverse
sets will be both F-isomorphic and —-isomorphic, there is no guarantee that the
digroups will be digroup isomorphic. This problem arises because the partitioning
of the digroups into J = E and E 4 J may not yield the same partitions since the
identities are not necessarily bar units.

As an example of the above construction, consider the following F Cayley table of
a digroup of order 6 :
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F10O 112 3[4 5
01 013 2|5 4
110 112 314 5
2|11 0(3 2|5 4
310 112 3|4 5
411 013 2|5 4
5|10 1(2 3|4 5

Now consider the Cayley tables of the partitions {0,1},{2,3},{4,5}:

| |
Notice how these tables correspond to Z,. Every digroup generated using MACE4
has a = -structure that can be arranged in this form. The digroup whose 4 Cayley
table can be arranged in the same way with the same partitions we call the Prin-
cipal Digroup. The above example with the same 4 Cayley table would be called
the principal digroup of order 6 based upon Zs. The notation D;(n, J) can be used
to represent digroups where ¢ = 1 corresponds to the principal digroup, n = |G/,
and J corresponds to the basis group, or the set of inverses. The above example
would be represented D;(6,Z,). The following table generated by MACE4 [9] shows
this classification for all the digroups up to order 15. The ISOFILTER function

ensured that only non-isomorphic structures were considered.

Note that with this notion of digroups based upon groups we can prove Theorem
4.4:

Proof. We know

— O T
O = O
—_ O =
OJ[\.')T
N Wl N
W DN W
U | T
B~ ot s
U | Ot

(1) I(x) — 1 =o(xz) < H is a finite group from (5) above.
(2) o(x)(|H| for all z € H.

3) 1H1)G].

From these, we can see that o(x)|H = (I(x) —1)|H = (I(z) —1)||G|.
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Table 1: Digroups up to order 15
Order |J| Name
2 2 7o
trivial
Ls
trivial
Z4, Zg X Zg
D1(47 ZQ)
trivial
Zs
trivial
Zﬁ, D3
D, (6, Z3)
D1(6, Zs), Do(6, Zs)
trivial
L7
trivial
Lig, Ty X Ly, Ly X Ly X Ly, Dy, Q
D1<8, Z4), D1(8, ZQ X ZQ)
D1 (8, Zs), Do(8, Zs)
trivial
Zg, Zg X Zg
D1(9, Z3)
trivial
Z0, Ds
Dl(lO, Z5)
D1(10, ZQ), Dg(lo, Zg), D3<10, ZQ)
trivial
7y
trivial
2127 Ly X ZG, A4, D6, T
D 1(12, Zg), D1(12, D3)
(12 Z4) (12 Zg X Zg) D2(12, Z4), D2(12, ZQ X Zg)
D (12, Z3), Do(12, Z3)
D1 (12, Zs), Do(12, Zs), D3(12, Zs)
trivial
23
trivial
Ly, Dy
D, (14, Z7)
D1(14, Zs), Do(14, Zs), D3(14, Zs), Dy(14, Z5)
trivial
L3
D; (15, Zs)
D1 (15, Z3), Do(15, Zs3)

trivial

3

4

—H WO FHF NP IR NWOOY RO DN RFEWR

10

—_
e}

— N Ot

11

—_
—_

12

HN W OG-

13

—_
= w

14

[a—
s

N

15

—_
ot

— W Ot
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6. THE CLASSIFICATION OF D;(n,J)

There are some digroups, however, which do not qualify as Principal Digroups
because the partitioning of the -4 Cayley table for those digroups do not correspond
to the F partitions. However, since every structural property of the - Cayley table
holds for the 4 Cayley table and since the inverse sets for the two tables must be
isomorphic, the entire - Cayley table is uniquely determined by how the digroup
partitions into its inverse sets for all of its identities. Therefore, determining which
permutations of the partitions of - yield distinct digroup structures completes the
classification of D;(n,J) for all 7.

Lemma 6.1. Consider an arbitrary digroup (G,F,), with. Let ~ indicate the
grouping of two elements within the same = partition. Notice that ~ is an equiva-
lence relation. If x,c € G and x ~ ¢, then (x - z) ~ (z F ¢).

Proof. Assume x ~ c¢. Then, there exists some z € G such that z 4 z = ¢. So,
xk(r-Hz)=xtcalso, (tFx)d4z=a-c Thus, by G2*, (zF2z) ~ (zt¢). O

Lemma 6.2. If |J | = p, and a; = e ~ e then the partition is equal to the set of
inverses J.

Proof. Let a; - e~e. a;Fe~e=a?ke~a;Feoralt e~ e Therefore by
induction, assume af e ~e. akFe~afle = a?kF e~ a e Therefore
att ~e.

OJ

Theorem 6.3. Consider a digroup (G,F, ) with |G | = n. The number of digroups
with |E | =2 is ezactly
n_q
Lp J +1
p

Proof. Consider the digroup axiom z - (x 4 2) = (z - x) 4 2. Let J = Z,,. Consider
aibe; ~ex aite; ~ep = (aiFa)be, ~abej, ~(a0a)k e ~alt e,
where o indicates the binary operation of Z,.

We know that each partition should have order p therefore these two elements
must be with another element, one of which must be an identity. By Lemma 6.2
we know that it cannot be either e;, or ej,, therefore it must be e;,. Therefore,
a?be; ~ait e, =alte, ~alte;,, and a; Fej, ~ej, = albej, ~a; b e,
Creating a table the pattern becomes apparent.

Partition

-1 =

1 a; e €9 al” Foes afll—e4 - allke,

2 p— 3

2 a; e a;Fey es3 a;, ey a; = e,

3 adte albFey  aitbes ey - af ke,

4 alte albey alkes a;bey al e,
p—1 p—2 p—3

p e1 a; Fe a “Fes a; "Fes -0 a;jle,
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Therefore every partition is linked p ways, and a permutation in the partitions
would have to have order p. This means the total number of permutations available
will correspond to the number of partitions, %, minus 1 for the partition containing
the bar unit, divided by p for the p-wise linking:

DA = |2

J + 1, where |J| =p
U

It is clear that it does not matter which p partitions are changed as long as p are
changed. Consider the previous table only with @; = ¢;, the grouping of p different
partitions together. Simply permute, or relabling these all of the elements in this
table by (a; a;)(€; e;), this gives the first table, therefore the digroup structures
are isomorphic. Since we are only considering non-isomorphic structures we only
consider the first.

Note that Corollary 1.5 on digroups of prime order follows trivially from Theorem
6.3. It is natural to consider digroups of order p? and p - ¢ where p, ¢ prime:

Corollary 6.4. There are only four digroups of order p*: the trivial digroup, D; (p?,
Ly, and the groups Zy2 and Zy, X L.

Proof. Let G be a digroup of order p? and FE its identity set. The only possible
decompositions of p? are p?- 1, p-p, and 1-p?. Therefore, we only have to consider
the cases where |E| =1, p, or p?.

(1) If |E| = 1, then the digroup is a group and it is known that it must be either
L2 OF Lipy X .

p
2

(2) If |E| = p, then Theorem 6.3 tells us there is only {le +1= V;IJ +1=1

p
digroup of order p?. We label this digroup D;(p?, Z,).
(3) If |E| = p?, then the digroup is trivial.
0

Corollary 6.5. Let G be a digroup. If |G| = p-q where p,q prime and p > q, then

there are only L%J + 2 non-trivial non-group possibilities for G.

Proof. Let G be a digroup of order p- ¢ and FE its identity set. Let p > ¢ without
loss of generality. The only possible decompositions of p-q are (p-q)-1,p-q, q¢-p,
and 1- (p-q). Therefore, we only have to consider the cases where |E| = 1,p, q, or
p-q.
(1) If |[E] =1, G is a group.
p-q
(2) If |E| = p, then Theorem 6.3 tells us there are only {T

q q

1 digroups of order p - ¢. In this case, G = Dy(p- ¢, Z,).

(3) If |E| = ¢, then Theorem 6.3 tells us there is only L L J +1= {EJ +1

p

digroups of order p - q.
(4) If |[E| =p-q, G is trivial.
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7. CONCLUSION

While an analogue of Lie’s Third Theorem for Leibniz Algebra has yet to be
found it has been conjectured by some that the answer still lies within the structure
of digroups. Our hopes is that a more detailed structural analysis of digroups can
help to point out possibilities for finding that answer.
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