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Abstract: We present a comprehensive generalization of the Zassenhaus Lemma, the Scherier Refinement Theorem, and
the Jordan-Holder Theorem, extending their applicability to both crossed modules and 2— crossed modules. It is discov-
ered that the previously established normality conditions are insufficient for forming quotient objects of 2— subcrossed
modules, as demonstrated through an illustrative example, and these conditions are rigorously revised to allow these
generalizations. These new conditions now yield results that are categorically accurate. Additionally, the study has led

to the derivation of several supplementary results, including isomorphism theorems for 2— crossed modules.
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1. Introduction and preliminaries

Crossed modules, in conjunction with their topological background, constitute structures that are algebraically
widespread and significant. One of the most notable reasons for their algebraic importance is the fact that any
group G can be analyzed through the crossed modules (7, G, d) that can be established on it. This situation
has some similarities with the intimate connection between modules and rings, as it was stated in [22] that to
study rings without some reference to modules is inconceivable.

First introduced by Whitehead [23, 24], crossed modules are structures that model the homotopy 2-type,
just as homotopy 1-types can be classified by groups. While crossed modules can be studied within the framework
of homotopy theory, which is the origin of the concept, they can also be studied with categorical or pure algebraic
approaches. In fact, Lue and Norrie have addressed crossed modules from the axiomatic algebraic perspective
and have shown in their studies that many concepts in group theory surprisingly correspond to similar concepts
in crossed modules, which have sufficiently well-behaved properties [13, 19]. This made it possible to develop
an interesting and comprehensive algebraic theory of crossed modules, which directly generalizes the theory of
groups in many aspects.

Crossed modules, which are one of the best-known structures of higher-dimensional group theory, among
others [1, 2, 4-10, 14-17] and which have many naturally equivalent structures as Cat—1 groups, simplicial
groups, strict 2—groups, have many equivalent definitions using different mathematical tools. For the purpose

of this study, we prefer to give the axiomatic definition, which is the most common in the literature.
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A crossed module is a triple (T, G, ), where T is a G—group (i.e. the group G acts on the group T' by
automorphisms) and 0 : T — G is a G—equivariant group homomorphism satisfying the Peiffer rule. More
explicitly O fulfills the properties

CM1) d(g>t) = gotg™!

CM2) d(s) >t = sts™!
for all s,t € T and g € G, where gt stands for the action of the element ¢ on t.

Crossed modules generalize both the notion of a group and the notion of a normal subgroup of a group.
Indeed any group G can naturally be identified with both the crossed modules (1, G, inc) and (G, G, id), where
in the latter the crossed module G acts on itself by conjugation, and these identifications specify two fully
faithful functors from the category of groups &t to the category of crossed modules X9t00. On the other hand,
any normal subgroup N of a group G naturally gives rise to the crossed module (N, G, inc), where G acts on N
by conjugation, and as a crossed module (7, G, 9) is sometimes called a G— crossed module, a normal subgroup
of G defines a G—crossed module, making it possible to interpret G—crossed modules as generalizations of
normal subgroups of G.

In internal viewpoint, it is also possible to define subobjects and subobjects normal subobjects in X900
Consider two crossed modules (T, G,0) and (S, H,9"). We call (S, H,d") a subcrossed module of (T,G,d) if
S and H are subgroups of T' and G, respectively, 0’ is the restriction of d and also the action of H on S
is inherited from the action of G on T'. For practical purposes, we often denote also the restriction of @ by 0
again. The situation, where (S, H,d) is a subcrossed module of (T, G, d) is denoted by (S, H,9) < (T,G,0).
In this case, the normality of (S, H,9) in (T,G,0) is defined by the conditions

i) H is a normal subgroup of G,

ii) gpse S forall ge g and s € S,

iii) (h>t)t~te S forall he H and t €T,
and denoted by (S, H,0) < (T,G,0).

If (S,H,0) < (T,G,0), then by definition we have H < G. Additionally, it is easly seen that also S < T'.
Thus, it is possible to form a crossed module (1'/S,G/H,d), where 9(tS) = 0(t)H and G/H acts on T/S by

the formula (gH) > (tS) = (¢>¢)S. This is called the quotient crossed module of (T, G,9) by (S, H,d) and is

(1,G,9)
(S,H,0) *

denoted by

A crossed module homomorphism from a crossed module (T, G, ) to a crossed module (T7,G’,d') is a
pair (0,0) of group homomorphisms 6 : T — T’ 0 : G — G’, such that ¢0 = 9’0 and 6(g>t) = a(g) > 6(t)
for all ¢ € G and t € T. Therefore, a crossed module homomorphism can be summarized by the following

commutative diagrams.

T 9 G GxT > T

0 o (0,0) 2]

T . G’ G'xT T
o N
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Such a crossed module homomorphism defines a normal subcrossed module (ker 8, ker o, 9) of (T, G, d)
and a subcrossed module (im6,imao,d) of (T',G’,9"). While the former is called the kernel of the crossed
module homomorphism (6, 0), the latter is called the image of (6, 0).

It is worth noting that there is a close relationship between the concepts of a normal subcrossed module
and the kernel of a crossed module homomorphism. Namely, as we stated in the previous paragraph, the
kernel of a crossed module homomorphism (0,0) : (T,G,0) — (T7,G’,d’) is a normal subcrossed module of
(T, G,0) and conversely, any normal subcrossed module (S, H,9) of (T,G,0) gives rise to a crossed module
homomorphism (0,,04) : (T,G,0) — (T/S,G/H,d) defined as 6,(t) = tS, o4(g9) = gH , whose kernel is equal
to (S, H,d).

As a significant result of the discussion above, it can be stated that normal subcrossed modules of a
crossed module (T, G, ) are exactly the kernels of crossed module homomorphisms originating from (7', G, 9).
This provides us an important criterion for defining normal objects. Extending this approach from the category
of crossed modules to the category of 2—crossed modules is the reason why we need to revise the definition of
the normal 2—subcrossed module in the literature. Indeed, a counterexample is also presented in this article to
illustrate that the present definition may not always be sufficient to construct a well-defined quotient 2— crossed
module. For more details, see Example 2.

In the context of high-dimensional group theory 2— crossed modules, which are first introduced by Con-
duché in [3], model 3—groups, just as crossed modules model 2—groups [18]. Some fundamental definitions
regarding 2— crossed modules are given in Section 3. Despite their seemingly complex structure, it is quite in-
teresting to encounter examples of 2— crossed modules in natural sciences, for instance in axion electrodynamics
in the framework of particle physics [11].

Isomorphism theorems are well-known major results of group theory. As crossed modules generalize the
group theory, the question arises whether if one can generalize isomorphism theorems to crossed modules. The
answer is positive, and in fact the isomorphism theorems for crossed modules have really been well established
and found their places in the literature. Relevant results can be found collectively in [19]. One way to further
generalize these theorems is to investigate the validity of the results for 2—crossed modules. A part of the
current work involves identifying the structures that correctly describe the quotient objects of the 2—crossed
modules, and then to prove the generalizations of the isomorphism theorems.

Some of the important mathematical results that are somewhat related to isomorphism theorems are the
Zassenhaus lemma, the Schreier refinement theorem, and the Jordan—Holder theorem. The Zassenhaus lemma
is also known as the butterfly lemma in the literature, and this nomenclature is based on the shape of the
Hasse diagram for the lattice of subgroups involved in the lemma, given by Lang [12]. The Schreier refinement
theorem is an important result on refinements of subnormal series of subgroups of a group, whose proof depends
on the Zassenhaus lemma. The Jordan-Hélder theorem, on the other hand, is an important result that can be
qualified as a fundamental theorem for the composition series of groups. Some of the results of this article are
generalizations of the above lemmas and theorems, which play an important role in group theory, both in the

theory of crossed modules and in the theory of 2—crossed modules.
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2. The case of crossed modules
Lemma 1 Consider two subcrossed modules (S, H,9) and (R, K, ) of a crossed module (T, G,d) and (P, N, d),
and let (Q,M,d) be normal subcrossed modules of (S, H,d) and (R, K, ), respectively. Then

(P,N,0)((S,H,0)N(Q, M,9))

s a normal subcrossed module of

(P,N,0)((S,H,0) N (R, K,9))

and

(Q,M,9)((P,N,0)N (R, K,0))

s a normal subcrossed module of

(Q,M,0)((S, H,9) N (R, K,0)).

Moreover,

(PaNua)«S?H’a) N (RvKaa)) ~ (QvMaa)((SvHva) n (RvK’a))

(P,N,0)((S,H,0)n(Q,M,d)) (Q,M,d)((P,N,0)n(R,K,d))

Proof From the definitions of the intersection of two subcrossed modules, the product of a subcrossed module

and a normal subcrossed module, and the quotient crossed module, we must show that

P(SNR) N(HNK) =2\ _ (QSNR) MHNK)
(P(sm@’N(HmM)’ 1)‘<Q<PmR>’M<NmK>’ )

For this purpose, we consider the crossed module

(S,H,0)N (R, K,0) B SAR HNK _
((P,N,0)N (R, K,0))((S, H,0)N(Q,M,d)) ((POR)(SWQ)’ (NNEK)(HNM) )

It is known from the group theory that the functions

p. P(SNR) SAR
CPSNQ) T (PNR)I(SNQ)
L NHNK) HNK

"NEHNM) | (NNEK)(HnM)

given by 0(ptP(SNQ)) = t(PNR)(SNQ) and o(ngN(HNM)) = g(NNK)(HNM) are group isomorphisms
[21].

Then for each ptP(SNQ) € §§§QS§>

o0, (ptP(SNQ)) = o (d(pt)N(H N M)) = o (3pdtN(H N M))

= (NNK)HNM)=3(HPNR)(SNQ)) =d0(ptP(SNQ))

and for each ngN(H N M) € x((ggﬁ)),

0(ngN(H N M)>ptP(SNQ)) =6((ng>pt)P(SNQ))
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=0((ngvept)(g>t)~ (g t)P(SNQ))
0((ngep)(ne(g>t))(get) " Hgrt)P(SNQ))
0((W (9> 1) P(SN Q) = (g t)(PNR)(SNQ)
gINNK)YHNM)>t(PNR)(SNQ)

o (ngN(H N M)) > 6((ptP(S N Q))

which proves that (6, 0) is a crossed module isomorphism.

Q(SNR) M(HNK) 77\ ~ SNR HNK . ..
SPRR)” M(NQK),[?Q) =] ((PQR?(SOQ) (NmK)r(]Hmea) is similarly seen from the

symmetry. O

The isomorphism (

Definition 1 [19] A normal series (series of length n) of a crossed module (T,G,d) consists of subcrossed
modules (T;,G;,0), i =0,...,n, such that, (T;,G;,0) I (T;—1,G;i-1,0) fori=1,..,n and

1=T, Th-1 T To=T

1=G, Grn-1 G Go=G

In this case, the quotient crossed modules

(To, Go, ) (T1,G1,01)  (Th-1,Gn-1,0n-1)
(T1,G1,01)" (T>,G2,02)" 7 (Tn,Gy,0p)

are called factor crossed modules of (T, G, 0).

Definition 2 Given two normal series

1=T, Ty T To=T

and
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1= Tim, T, T ﬂo =T
o
=G, ———Gi,_, Gi, Gi, =G
of a crossed module (T,G,0). If ioc =0, iy, =n and ix_1 < ig for each k=1,--- ,m, then the former series

is said to be a refinement of the latter.

Definition 3 A crossed module (T,G,0) is called simple if its only normal subcrossed modules are (1,1,1)
and (T,G,0).

Definition 4 A normal series of crossed modules, of which all nontrivial factor crossed modules are simple, is

called composition series.

Definition 5 Two normal series of a crossed module (T,G,0) are said to be equivalent if for each factor the
crossed module corresponding to one of the normal series is isomorphic to some factor crossed modules in the

other normal series.

Theorem 1 (Scherier refinement theorem for crossed modules) Consider two normal series

1=25, Sh_1 St So=T
o
1=H, H,_1 H, Hy=G
and
1=R, Ry_1 Ry Ry=T
0
1=K,, K1 Ky Ko=G

of a crossed module (T,G,0). Then these normal series have equivalent refinements.
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Proof We define T;; = S;41(Si N R;), Gij = Hixa(H;NK;) forall 0 <i<n—1and 0<j<m. Then
(T35, Gij, 0i5) are subcrossed modules of (T, G, 0), since (Sit1,Hit1,0:41) is normal in (S;, H;, 0;) where 0;;
is the restriction of 0. Note that

Tio = Si+1(SiNRy) = Si41 (S NT) = S;418: = S;

Tim = Si+1(Si N Ry) = Sipa(SiN1) = Sl = Si
and Gy = H;, G4, = H;41, similarly. Thus, we obtain a refinement

1=8,=Tun-1ym = —=>Tn-10 = Sn-1 =Tn—2ym = =T =51 =Tom =+ —=Too =5 =T

1=H, =Gu-1ym > > Gu-10 = Hoo1 = Gngym > -+ > Gio = H1 = Gom > -+ > Goo = Hy = G.

of the first normal series by the second. Similarly, we obtain a refinement of the second normal series by
constructing the crossed module T}, = R;1(R;NS;), G';; = K;11(K;NH;). By Lemma 1, we have isomorphisms

(SH»lvHH»hOH»l)((SHHuat)m(RJvKJ*DJ)) ~ <R7+1aKj+l’aJ+l>((RJ:Kaﬂaﬁm(siaHuai))
(Siv1,Hit1,0i41) ((Sth 0)N(R; 41,541 «3j+1>) (Rj+1,K;+1,95+1) ((Rj K5,0;)0(Si1, Hipr ,3z+1))

as desired. O

Theorem 2 (Jordan-Holder theorem for crossed modules) All composition series of a crossed module

are equivalent and have the same minimal length.

Proof This is a direct consequence of the Scherier Refinement Theorem for crossed modules and the definition

of a composition series. O

Example 1 Let G be an abelian group given by a composition series of minimal length n, that is

1=G, Gn-1 G1 Go =G.

Then it is routine to check that the crossed module (1,G,inc) also has a composition series of minimal length
n:

1=1 1 1 1=1

inc
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However, the minimal length of a composite series of the abelian crossed module (G,G,id) is 2n, since

1= Gn Gn—l Gn—l o Gl GO Go =G
id
1= Gn Gn Gn—l ce G1 G1 Go =G

is a composition series of (G, G, id). Note that this is not always true for a nonabelian group G, since (N, G, inc)
need not be a normal subcrossed module of (G,G,id) where N I G, if [G,G] is not contained in N .

3. The case of 2—crossed modules
Definition 6 A 2— chain complex of groups consists of groups S, L, M and group homomorphisms 01 : L —
M, d:5— L

02

s L o

M

such that im0s C kerdy . If in addition imds < L and im0y < M, then it is called a normal 2— complex of
groups.

Definition 7 A normal 2— complex of groups

5 % L o M

with a mapping

{,}:LxL S

and the action of M on S, L, and M, where the action of M on itself is given by conjugation, is called a

2— crossed module if the following conditions hold, where m>1 and m©> s denote action of m € M onl € L

and s € S, respectively, and [ > s is defined to be equal to {5'23, l}s,

1. 01 and Oy are M — equivariant, that is

Z) 81(ml>l) = mb@l(l)

it) Oa(m>s) = mp Oa(s)

2. 82{[1, l2} = (81l1 l>l2) (lllzilllil)

3. {(9281, 6282} = [82, 51]

4. 0) {lls, 1} = (Ol o {lo, 1) {11, L1l "}
ZZ) {l, lllg} = {l, ll}((llllil) > {l, lg})
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5. {l, 5‘25} = (81l1>5) (ll>s*1)
6. mp> {ll, ZQ} = {ml>ll, ml>lg}
for all s,s1,s0 € S, l,l1,lo € L and m € M.

YA 2—crossed module

82 61

S L M

is sometimes denoted by (S, L, M, d2,01) or (S, L, M) shortly, when no risk of confusion is present.
Here the curly bracket { , } is named Peiffer lifting.

As shown in [3], the notation !> s introduced in the definition gives an action of L on S, keeping in

mind that {dys, [}~ = das> {02571, [}. On the other hand, L also acts on S via ;. Note that the general
I>s#0i>s

where the action on the left hand side is the action given by {02s, [}s and the one on the right hand side is
derived from the action of M on S via 9;. Although we use the same notation for both actions, this will not

cause confusion since the context clarifies it.
It is easy to verify that the condition (5) can be given equivalently
(5") {1, Op5}{Das, 1} = (011> 5)s™ "
using the definition of the action of L on S.
Given a 2—crossed module

5 % L o M

we have a crossed module

S

with the action > s = {0zs, I}s and two precrossed modules

L % M

and

IS 0102

where the latter has trivial boundary map 0102 = 1.
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Definition 8 Consider two 2— crossed modules

and

A homomorphism
®:(S,L,M,0,0,) — (T,K,N,0,)

is a triple ® = («, 8,7) of group homomorphisms

a:S—T

8:L—K

y: M — N

making the diagram
s 02 L o M
a B vy
T K N
28 2

commuting (88 = By, 701 = 8,8) and having the properties
a(mo s) = 7(m) > als)
Blm > 1) = ~(m) > B(1)
ofL,U'} = {8(1), B(I')}.

If each of o, B, and 7y is an isomorphism of groups, then ® is said to be a 2— crossed module isomorphism.

YA homomorphism
®:(S,L,M, 0,0,) — (T,K,N,0,)

also preserves both actions of L on S since
a(l>s) = a({0ss,1}s) = {805, Blras = {Byas, BlYas = B(1) > a(s)

and
a(01l>s) = voil>as = 016(1) > afs).

Also, if @ = (a,8,7) is a 2—crossed module homomorphism, then
(aaﬁ) : (S7Laa2) — (T7K7aé)

is a crossed module homomorphism.
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Definition 9 Let
82 81

be a 2— crossed module. If also

T 9; i

is a 2— crossed module with T C S, K C L, N C M with 8] = O1|kx, 0y = Oa|r and restricted actions
and Peiffer lifting, then (T, K, N,0%,07) is said to be a 2— subcrossed module of (S, L, M,0s,0,). This case is
denoted by (T, K,N) < (S,L,M).

Definition 10 [20] Consider a 2— subcrossed module (T, K,N) of a 2— crossed module

s— % %

If
1. KL and N4 M

2. mpke K, mpteT
3. (npl)l7teK, (nps)sTteT

4. {k 1} {Lk} eT

forallse S, leL,meM,teT, ke K, and n € N, then (T,K,N) is said to be a normal 2— subcrossed
module of (S, L, M) and this is denoted by (T, K,N) < (S,L,M).

Note that, from the condition (4), we also have [>t € T and (k>s)steT forle L, teT, ke K
and s € S. Indeed, if (T, K, N) is a normal 2—subcrossed module of (S, L, M, ds,01) then forall le L, t € T,
k€ K and s € S, we have
Ist={0ot i}t eT,

(ko> s)s™t = {0s,k}ss ' = {0s,k} €T
and also
oivteT, (01kvs)s teT.
In addition, T < S since

sts™t = Oy(s)>t € T.

As a consequence of these arguments, (T, K) is a normal subcrossed module of (S, L), if (T, K, N) is a normal
2—subcrossed module of (S, L, M, ds,01).

Note that the definition of normality given here is somewhat different from the one given in [20]. In
addition to the definition given there, we add conditions on Peiffer lifting of a quotient 2— crossed module. See
Lemma 2 and Example 2.
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Definition 11 /20] Consider a 2— crossed module homomorphism

Q= (04557’7) : (SaL7M7627al) — (TvKaNaaéaai)
The kernel of ® is defined by ker® = (kera,ker(, kery) and the image of ® is defined by im®P =
(ima, im B, im=~).

It is known that ker ® is a normal 2—subcrossed module of (S, L, M) in the sense of the definition given in [20],
and also im ® is a 2—subcrossed module of (T, K, N). The normality of ker ® in the sense of the definition

given here is also seen by showing that
{k,1},{l,k} € kerax

for all k € ker 8 and [ € L. Indeed,
ofk, 1} ={B(k), 8(1)} = {1, ()}
={0(1),p()}1 =1lr1 =1,

ofl, k} = {B(1), B(k)} = {B(1), 1}{B(1), 02(1)}
= (@801 (BOP1Y) =1-1=1

gives {k, 1}, {l,k} € kera.

Definition 12 [20] Let (S,L,M,02,01) be a 2— crossed module and (T,K,N) be a normal 2— subcrossed
module of (S,L,M). Then the quotient 2— crossed module % is given by the quintuble (% %, %,872, 871)
where Oy, Oy and Peiffer lifting are given by

0o (sT) = Oa(s) K

DK) = ()N

{l1K7 lQK} = {lh ZQ}T7

and the actions of % on % and % are given by

mN©>sT = (mb>s)T
mN>IK = (mp>)K.

Proposition 1 Let (S, L, M,02,01) be a 2— crossed module and (T, K, N) be a normal 2— subcrossed module
of (S,L,M). Then, the triple Q@ = (q1,4q2,4q3) given by qi(s) = sT, q2(l) =K, q3(m) =mN forall s€ S,
leL and m € M gives a 2— crossed module homomorphism from (S, L, M,0s,0,) to (%, %, %,872, 371) and
kernel of Q is equal to (T,K,N).

Proof It is known that q;, q2, and qs are group homomorphisms, namely canonical mappings. The other

conditions are easily seen from the following equations, for all s€ S, le L, me M.
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D21 (s) = 0o(sT) = Da(s) K = q202(5)
Dqe(l) = D1 (1K) = 91 ()N = q301 (1)
{aa(lh), qe(l2)} = {LL K, K} = {l1, 12}T = a1 ({l1,12})
qs(m) > qi(s) = mN > sT = (mvs)T = qi(m b s)
q3(m) > qa(l) = mN > IK = (m> 1)K = qz(m>1).
As a result of group theoretical identities, we also have
ker Q = (ker q, ker o, ker q3) = (T, K, N).

O
The additional requirements on normality that {k,l}, {l,k} € T for k € K, | € L are needed to ensure the
well-definedness of quotient Peiffer lifting. In fact, these are necessary and sufficient conditions for the Peiffer

lifting to be well-defined as seen in the following Lemma.

Lemma 2 Consider a 2— crossed module (S, L, M,02,01) and a 2— subcrossed module (T, K,N) of (S,L, M),
which satisfies all conditions of normality definition in [20]. Then the Peiffer lifting of the quotient is well-defined
if and only if {k,1}, {L,k} €T forallke K, 1€ L.

Proof Let {k,I}, {l,k} € T forall k € K and | € L. Assume that [; K = loK in L/K. Then l1ly"" € K.
Observing that

{I2, {1, 371 = {lo, }{ul5 Mo, 1} 1
= {I2, 1} (01 11z ) o {12, 11 (5™ 205 B
= {lo, {1l ", LU Y (00 (Ll ) o {la, 137
= (I, DIz 05 (1) o {l2 1) (I, 1)) e, 1)
we see {lo,}{l1,1}71 € T, hence {I1K,IK} = {I2K,IK} and from
(L0 Hu b = () e {L I )AL L}
= e Ye (L H e T e L))
= (7YY o {1,177 )
we have {1,011} ~{,lo} € T so that {IK,l; K} = {IK,lK}. For the converse, we have {l1,1}{ls, 1}~ {l, L} }{l,l,}~* €
T if l11;' € K. Then for all k € K and [ € L, since k = k1~ € K,
{k, 1} = {k, 131 = {k,}{1, 1}t €T,

{LEY ={l,k}1 = {l,k}{1,1} L e T.
O
As a result of Proposition 1, Lemma 2, and the discussion following Definition 11, the following corollary is

immediately seen, which further emphasizes that the given definition of normality is categorically correct.
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Corollary 1 Let (S,L,M,02,01) be a 2— crossed module and (T, K, N) be a 2— subcrossed module of (S, L, M) .The
necessary and sufficient condition for (T, K, N) to be normal is that there exists a 2— crossed module homomor-
phism @ : (S, L, M,02,01) — (S, L', M',84,07), where (S',L',M’,84,0}) is an arbitrary 2— crossed module,
such that ker® = (T,K,N).

The following example illustrates that there are 2—subcrossed modules that are not normal but satisfy all
normality conditions except the Peiffer lifting condition. Therefore, the the Peiffer lifting condition is essential

for an accurate definition of normality for 2— subcrossed modules.

Example 2 Consider the multiplicative groups T = M = N = {1}, S={-1,1}, K ={-1,1,i,—i} and L =
{1,4,4,k,—1,—i,—4,—k}, as subgroups of multiplicative group of nonzero quaternions. Then S — L — M and
T — K — N are 2— crossed modules with the homomorphisms given as inclusions and trivial homomorphisms,

all actions of M = N are trivial, and both Peiffer liftings are inverse commutator, that is
{l1, 1o} = Lol 151!

{k1, ko} = kokiky 'kt

Thus I>s = {0s,1}s = 10sl710sts = Isl 1s7ts = Isl™1 and similarly k>t = ktk=! are actions by conjugation.
It is routine to check that (S,L,M) and (T,K,N) are 2— crossed modules and (T, K,N) is a 2— subcrossed
module of (S,L,M).

(T, K, N) satisfies the first three conditions in Definition 10. In fact,

1. N < M trivially, and observing that jij—' = —i, kik™! = —i in particular, guides the normality of K

in L.
2. 1vzeK,1v1e€T andlvl1eT forleM, ze K,1e€T,lelL.

S (At =1€eK, Ivs)st =1€T, p1)17t =212l =1€T and (2> (-1))(-1)"" =
2(=1)z"Y(-1)=1€T forle N,leL,s€S, 2e K and 1,-1€ S.

However, note that the condition (4) is not satisfied since
{i,5} = jij~ti " = ji(=j)(=i) = jiji = (=k)(=k) =k = 1 ¢ T.
In this circumstance, if we try to form the quotient (S/T7 L/K, M/N) , then
kK = {kla kl? k(_l)a k(_l)} = {k7j7 _ka _J}
hence jK = kK . However,

(KK} = {.5}T = jjj 'y 'T =1T =T = {1}

{ij kK} = {.77 k}T = kjk_lj_lT = kj(_k)(_])T
= kjkjT = (=i)(=i)T = (-1)T = {-1}

so that {jK,jK} # {jK,kK}, which is a matter of being not well-defined.
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Theorem 3 [20] Consider a 2— crossed module homomorphism
® = (aaﬁ77) : (S?L7M782a81) — (Ta Ka N7 6&761)

Then
(S,L, M)

= im®.
ker® o

The above theorem is the First Isomorphism Theorem for 2—crossed modules, which was easily stated and
proven in [20] and its proof is also valid under the definitions given here. Now, we give some preliminary
definitions and propositions as a preparation for the statements of the Second and Third Isomorphism Theorems

for 2— crossed modules and some of their consequences.

Definition 13 20/ Let (Th, K1, N1) and (T3, K2, N3) be two 2— subcrossed modules of (S, L, M,02,01). Then
the intersection of (Ty, K1, N1) and (Ty, Ko, Ny) is given by (T1, K1, N1)N(Ty, Ko, No) = (T1NTo, K1N Ky, NN
No).

Note that the additional condition on Peiffer lifting for normality follows immediately, which makes the following

result valid also under the definitions given here.

Proposition 2 [20] Intersection of 2— subcrossed modules is also a 2— subcrossed module. In addition, if each

2— subcrossed module is normal, then the intersection is also normal.

Definition 14 Let (S, L, M,0,,01) be a 2— crossed module and (T, K,N), (V,J, P) be 2— subcrossed modules
of (S, L, M). Then the multiplication of (T, K, N) and (V, J, P) is given by (T, K, N)(V, J,P) := (TV,KJ,NP).

Proposition 3 (T, K,N) be a normal 2— subcrossed module and (V,J,P) be a 2— subcrossed module of
(SvLanaQaal)'
(i) (T,K,N)(V,J,P) is a 2— subcrossed module of (S, L, M)

(i) If in addition (V,J,P) is normal, then also (T,K,N)(V,J,P) is a normal 2— subcrossed module of
(S, L, M).

Proof
(i) 2(TV)C KJ and 0;(KJ)C NP isclear. Forte T, ke K,ne N,veV, je€ J,and p € P, we have
(np) > (tv) = ((np) > ¢) ((np) > v) (P> v) " (p>0)
= ((np) > 1) (o (pov)) (pov) " (pov) € TV
and
(np) > (kj) = ((np) > k) ((np) & 5) (0> §) " (0> j)
= ((mp) > k) (n> (p>5)) (p>5) " (prj) € KJ.
Also, for ki, ko, € K, j1,j2,€ J,

{kij1, kaja} = (O1k1 > {j1, kago}) {k1, j1kogodi '}
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= (vw ({1 ke (Girkasi ) e {jl,jg})))t
= (not')(n> (K >v))t
=t"(no )7 (E >v)o ot
=¢"t"t"" vt

S =Ny i Ve
where n = alk, t= {k‘l,jlk‘gjgjfl}, t' = {jl,k‘g}, K :jlk‘gjfl, t = nl>t’, | = ki/l>11, t" = (nbl)l_l,
= (k/ > ,U)v—l P — o1

(i) (1) KJ <L and NP < M follows from K,J <L and N,P <M.

(2) m> (kj) = (mv>k)(m>j) € KJ and mp (tv) = (mpt)(mp>v) € TV.
(3) (np)p )7t =

(np)>s)s™! =

(ne(pe0)(p>1)~*(pr1)I~* € KJ and
(ne(pes))(pes) Hprs)s e TV.
(4) {kj,1} = (31kl> {j,l}){k,jljfl} eVl =TV

{1, kj} = (L, kY (k=) o {1,5}) € TV.

O
Definition 15 [20] Direct product of two 2— crossed modules (S, L, M,d,01) and (S', L', M’,0%,0}) is defined
as the 2— crossed module

where

(S, L, M,04,01) x (S',L',M',95,07) = (S xS, L x L', M x M' ;05 x 85,01 x )

Proposition 4 Let (S,L,M,02,01) be a 2— crossed module and (T, K,N), (V,J, P) be normal 2— subcrossed
modules of (S, L, M) such that
Z) (T7K7N)(VaJ7P) = (S,L,M),

i) (T.K,N)n (V,J,P) = (1,1,1).
Then,

(S,L,M) = (T,K,N) x (V, ], P).
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Proof Noting that TV 4S5, K,.JIL, NPIM,TV=S, KJ=L, NP=M,TNnV=1,, KNnJ=1
and NN P =1, we can conclude from the group theory that

a:TxV — S, altv)=tv
B:KxJ—L, Bkj)=kj
y:NxP— M, v(n,p) =np
are group isomorphisms. We see that
b= (a,8,7): (T,K,N) x (V,J,P) — (S,L, M)
satisfies the remaining conditions for 2— crossed module homomorphisms.

TxV 02%0, K xJ O1x0n N x P

5 % L o M

5(82 X 82)(75,'0) = 6(82t, 821)) = 8215821; = 82(t7)) = 82a(t,v),
(01 x 01)(k, j) = 7(01k,017) = O1kO1j = O1(kj) = B (k, j)-

Note that from the normality, for all p€ P, t € T and k € K, (prt)t 1 € V and also p>t €T and t=* €T
gives (p>t)t~1 € TNV = {1} which implies p>t = ¢ and similarly p>k = k. So P acts on T and K trivially.
On the other side, N acts on V and J trivially. Hence,

a((n,p)b(t,v)) =a(n>t,ppv)=(n>t)(prov) = (nl>(pl>t))(nl>(pl>v))

= (np>t)(np>v) =npetv =y(n,p)>alt,v).

B((n,p)v> (k,j)) = a(n>k,p>j) = (n>k)(pr>j) = (n> (p>k)) (n> (p> 7))

= (np>k)(np>j) = np>kj = y(n,p) > B(k, j).

Let ki,ke € K and ji1,j2 € J. Observe that
{k1j1, k2jo} = {k1j1, k2}((’ﬁj1’®’2(k1j1)71) > {kfljl;jé})

Now, K acts on V trivially since for k € K and v € V|, kpov = {Ov,k}v and k € K, dv € J together
implies that {Ov,k} € TNV = {1} so that k>v = v. Here we have (k1j1)k2(k1j1)~! € K and by js € J,
{kljl,jg} € V. Thus

{k1d1, kaga} = {k1j1, kK11, Jo )

= (01k1 > {j1, ko}) k1, j1kogy "} (Orkr & {1, o }) {k. jugody ' }-
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Note that since j; € J and ko € K, {j1,ko} € VAT = {1} and similarly {k;,j1j2j; '} = 1. Also, 81k; € N and
{41,742} €V gives d1k1 > {j1, 42} = {1, 2} from the triviality of the action. Lastly, j1koj; *ky ' € JNK = {1}
so that jlkgjfl = ko. So we have

{kij1, kago} = {k1, k2 }{j1, j2}

which means that
{B(k1,41), B(k2, j2) } = a({k1, k2}, {1, J2})-

O

Definition 16 If a 2— crossed module (S,L,M,d,01) and its given two normal 2— subcrossed modules
(T,K,N) and (V,J, P) satisfies the conditions

i) (T,K,N)(V,J,P)=(S,L,M),

i) (T,K,N)n(V,J,P)=(1,1,1),
then (S,L, M) is said to be internal direct product of (T, K,N) and (V,J, P).

Theorem 4 Let (S,L,M,02,01) be a 2— crossed module, (T,K,N) be a normal 2— subcrossed module of
(S,L,M) and (V,J,P) be a 2— subcrossed module of (S,L,M). Then,

o~

(V,J, P) (T, K, N)(V, J, P)
(T,K,N)n(V,J,P) ~  (T,K,N)

Proof We shall show that

(TKV’K{F?J’N];P) = (H = NP)'

Consider the functions

|4 TV

Y ARG a(v(TNV)) =0T
J KJ . -

B: KQJHY’ BHI(KNJ)) =jK
P NP

TiNap v PN P) =N

It is well-known that «, 3, and « are group isomorphisms. We want to show that ® = («, 3,7) is a 2— crossed
module homomorphism.
Consider first the diagram

v 9 J % P
TNV KnJ NNP
«@ B ¥
TV %, KJ il NP

T K N
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ForallveV, ke K,and pe P,
B (v(T'NV)) = B(80(K N J)) = dovK = 9o(vT) = dpr(v(T NV)).
and
Y01 (§(K NJ)) = 7(015(N N P)) = 015N = 1K) = B (j(K N J)).
In addition,
a(p(NNP)so(TNV)) =a((pso)(TNV)) = (p>o)T
= pN 0T =5 (p(N N P)) b a(o(T NV))

and
Bp(NNP)>j(KNJ)) = B((p>j)(KNJ)) = (pri)K
=pNbjK =~v(p(NNP))eB(j(KNJ)).
Lastly, for all ji,js € J, we have
alji(ENJ), j2(KNJI)} = a({j, 2T NV)) = {j1,j2}T

= (1K, 52K = {B(A(K 1.0)), B(ja(K 1.7) |-

Proposition 5 Consider a normal 2— subcrossed module (T, K,N) and a 2— subcrossed module (V,J,P) of

(S,L,M,05,01) such that T CV, K CJ and N C P. Then, ((7"/7[?};/)) 18 a normal 2— subcrossed module of

E?é%; if and only if (V,J, P) is a normal 2— subcrossed module of (S, L, M).

(V,J,P)

Proof It is obvious that TRN) is a 2—subcrossed module of (3L

(T\K,N) "

1. For groups, it is known that J I L <~ < and P M <+— <

2k

J gL P
K - K N

2. mpjed < (m>pj)K € % < mNpjK e L

SIS X<

mpveV < (mpv)T € <~ mNooT € ¥,

3. (et e = (pr)lT'KeL < (pNIK)(K) e
(prs)sL eV < (pps)sTiT el <= (pNosT)(sT) '€

S< A

4. (3 eV = {jiTe¥Y — {jKIK}e¥
{lLjteV < {Lj}Te¥ «— {IK jK}e¥.
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Theorem 5 Let (S, L, M,ds,01) be a 2— crossed module, (T, K, N) and (V,J, P) be two normal 2— subcrossed
modules of (S,L, M), such that TCV, K CJ and N C P. Then,

(S,L,M)
(T.KE.N) ~ (8L, M)
W LB) (V] P)
(T,K,N)

Proof Define «, £, and v as

a: % — 5, a(sT(V/T)) = sV
B % — % BUK(J/K)) = 1]
v J\;//]]V\f o %, v(mN(P/N)) = mP.

which are known to be group isomorphisms.

Consider the diagram:

S/T &)
V)T

h
~
=
@

M/N
P/N

<
=

Q
N [ B
™
2

M

<[t

Forall s€ S, l,li,lo € L and m € M,

805 (sT(V/T)) = B(92(sT)J/K) = (25K (J/K))

= 035 = Da(sV) = Do (sT(V/T)),

701 (IK(T/K)) = 4(01(IK)P/N) = 5 (1IN (P/N))
=P =9,(1J) = hB(IK(J/K)),
and
a(mN(P/N)vsT(V/T)) = a((mN >sT)V/T) = a((m>s)T(V/T))
=(mp>s)V=mPpsV

= ’y(mN(P/N)) > a(sT(V/T)),

B(mN(P/N)vIK(J/K)) = B((nN>IK)J/K) = B((mv>1)K(J/K))

=(mpvl)J =mPvrlJ
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=~(mN(P/N))>B(IK(J/K)).

In addition,

a{LK(J/K), LK (J/K)} = a({L K, K}(V/T)) = a({li,12}T(V/T))
={l, 1o}V ={l1J,12J}

- {g(llK(J/K))ﬁ(lzK(J/K))}-

Lemma 3 Let (S,L,M,05,01) be a 2— crossed module, (T, K,N) and (V,J, P) be 2— subcrossed modules of
(S,L,M), (Y,H,Q) be a normal 2— subcrossed module of (T,K,N), and (Z,G,R) be a normal 2— subcrossed
module of (V,J, P). Then

(Y,H,Q)((T,K,N)n (Z,G,R))
is a normal 2— subcrossed module of
(Y, H,Q)((T,K,N)n (V,J,P))

and

(Z,G,R)((Y,H,Q) N (V, J, P))
s a normal 2— subcrossed module of
(Z,G,R)((T,K,N)n (V,J, P))

and also,

(Y,H,Q)((T, K,N) N (V,J, P))
(V.H.Q)((T.K.N)N(Z,G,R))  (Z.G,R)((Y.H,Q)N(V.J.P))

1

Note that the elements of the lattice of 2—subcrossed modules of (S,1.,M), which also includes some 2—subcrossed
modules in this lemma, can be represented in the diagram below. This is why the group-theoretical analogue
of this lemma is sometimes called the butterfly lemma. For a more economical use of space in the diagram, we

represent each 2—subcrossed module with a calligraphic version of the first letter involved.
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Proof We consider the 2—crossed module

(T K,N)N(V,J,P)
((v.7,QNn(V,2.P)) ((T.K.N)N(2.G.R))

IR

TNV KnJ NNP
((YnV)(TmZ) » (HNJ)(KNG)’ (QNP)(NNR) ) .

From the group theory, it is known that

@ )}iggg 7 (me/?(;fm z) alysY(TnZ)) = s(Y NV)(T 1 2)
CH(KnJ) KnJ

3 KNG — EADERG B(MH(KNG))=I(HNJ)(KNG)

v gg}mg @ mjzi)?fjvgm 7y V(@mQINNR) =m@nP)YNNR).

are group isomorphisms [21]. Then for ysY (T'N Z) € %

B0 (ysY (T N Z)) = B(02(ys)H(K NG)) = d2s(HN J)(K N G)

= 0y (s(Y NV)(T N 2)) = Boa(ysY (T'N Z))
and for hH(K N G) € 2K

101 (MH(K N G)) = v(01 (h)Q(N N R)) = &iL(Q N P)(N N R)

=9 (((HNJ)(KNG)) = 8(hH(KNG)).

For ysY(IT'NZ) € %, qnQ(N N R) € 8%%?12%

a(gmQ(N NR)>ysY (TN Z)) = a((gm>ys)Y (T NZ))
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a(gmeys)(mpes)"H(mpes)Y(TNZ))

((
a((gmey) (g (m>s))(m>s)" (mpes)Y (TN Z))
( /

ay(mes)Y(TNZ))=m>s)(YNV)(TNZ)

m(@NP)YNNR)>s(YNV)(TNZ)

'y(me(N N R)) > a(st(T N Z))

where y' = (gm v y)(q> (mp>s))(m>s)~t. For hlH(KNG) € 55?28 , gmQ(NNR) € 82%2;;

B(gmQ(N N R)>hlH(K NG)) = B((gm>hl)H(K N G))

= B((gm> hl)(m> 1)~ (me)H(K NG))

= B((gm>h)(g> (me 1)) (m>1)" (me)H(K NG))
=B(K (m>)HKNG)) = (m>)(HNJ)(KNG)

m(Q N P)Y(NNR)>I(HNJ)KNG)

Y(gmQ(N N R)) > B(MH(K NG)),

where b/ = (gm > h) (q >(m> l))(m > 1)t

For hilyH(K N G), haloH(K N G) € 1zn: noting that

(hil)(Lihi) ™t = hilih7 M7 e HC HK N G)
we have

hili HKNG) =L HKNG) =L,H(KNG)
and

a{hliH(K N G),holo H(KNG)} = a{LH(K NG),l.H(KNG)}
=a({l1,L}YY(TNZ)) =a(l{h,L}Y(T'NZ))
={l, LY NV)(TN2Z)
={LHNI)(KNG),l;(HNJ)(KNG)}

- {ﬁ(hlllH(K NG)), B(halaH(K N G))}-

Definition 17 A normal series (of length n) of a 2— crossed module (S, L, M,02,01) consists of 2— subcrossed
modules (S;, L;, M;), i = 0,...,n, of (S,L,M) such that for each i = 1,..,n, (S; L;;M;) is a normal
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2— subcrossed module of (Si—1,Li—1,M;—1), (Sn, Ln, My,) = (1,1,1) and (So, Lo, Mo) = (S, L, M).

1=8, Sn1 Sy So=25
02

1=1L, Lp_1 L Lo=1L
o1

1=M, M, _1 M, My=M

If (S;, L;i, M;) is a normal series of (S, L, M), then the quotients

(So, Lo, Mo) (S1,L1, M1)  (Sn—1,Ln—1, Mn_1)
(5'17-[/11-2\41)7 (527L27M2)’ ’ (S’naanMn)

are called factor 2— crossed modules of (S, L, M). If a normal series (S;, L;, M;) of (S,L,M) can be obtained
by eleminating some 2— crossed modules in a normal series (Si, L;, M]) of (S,L, M), then (S}, L}, M) is called
a refinement of (S;, L;, M;).

Definition 18 A 2— crossed module (S, L, M, ds,01) is called simple, if its only normal 2— subcrossed modules
are (1,1,1) and (S,L,M).

Definition 19 A normal series of a 2— crossed module is said to be a composition series, if all nontrivial factor

2— crossed modules are simple.

Definition 20 Two normal series of a 2— crossed module are said to be equivalent if for each factor 2— crossed
module corresponding to one of the normal series is isomorphic to some factor 2— crossed modules in the other

normal series.

Theorem 6 (Scherier refinement theorem for 2— crossed modules) Let

1=1T, Tt Ty To=S
02

1=K, ——— K,_4 K Ko=1
01

1=N, Np_1 Ny No=M
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and
1=V, Vin—1 Vi Vo=25
02
1=Jn Im—1 Ji Jo=1L
o1
1=P, P P Po=M

be two normal series of a 2— crossed module (S, L, M, 0,0;). Then (T;, K;, N;) and (V;, J;, M;) have equivalent

refinements.

Proof Define Sij = i+1(Ti N V;), Lij = i+1(K¢ N JJ) and Mij = i+1(Ni N Pj) for 0 < ) <n-— 1 and
0 < j < m. Note that each (S;j, L;j, M;;) is a 2—subcrossed module of (S, L, M, 0s,01) since (L1, Kit+1, Nit1)

is normal in (7}, K;, N;). Moreover,
Sio =Tin1(T;NVo) =Ti (TN S) = Tih Ty = T

and
Sim =Tip1(TiNVey) =T (TiN1) =Tl =T

and similarly L;o = K;, Mo = N;, Liy, = Ki4+1, Min = N;p1. Thus, we obtain a refinement of the normal

series (T3, K;, N;), namely

1= Tn = S(nfl)m e 9S(nfl)() = Tnfl = S(n72)m — Sl() = Tl = SOWL — ‘>SOO = TO =S
02
1= Kn = L(nfl)'m = > L(nfl)O = anl = L(n72)'m > LIO = Kl = LO'"L > LOO = KO =L

01

1= Nn = M(nfl)m, > M(n,fl)O = anl = M('n,72)m e ]‘/-{10 = Nl = ]\/-{Om > MOO = NO =M.

In the same way, we can construct a refinement of the normal series (V;,J;, M;) by defining Sj; =

Vin(Vin'Ty), Ly = Jja(J; N K;) and M, = Pji(P; 0 N;). Then by Lemmma 3, we have isomorphisms

(Ti+17K'i+17Ni+1)((TiaKiaNi)m(‘/jijvpj)) ~ (‘/j+11Jj+17Pj+1)((‘/j»Jjapj)m(ThKivNi))
(Tv:+17K71+17Ni+1)((TnKqut)ﬂ(VjH7J.7‘+17P.7‘+1)) (Vj+17J.7‘+17P.7‘+1)((Vj,Jj7Pj)ﬁ(Tv:+17K7i+1»N1+1))

which completes the proof. O

Considering Definition 19, the following theorem is a direct consequence of the Scherier refinement theorem for
2—crossed modules.

Theorem 7 (Jordan-Holder Theorem for 2—crossed modules) All composition series of a 2— crossed

module are equivalent and have the same minimal length.
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