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Introduction

The goal of this thesis is to grasp some categorical properties of the category Qnd
of quandles and investigate some well-known concepts coming from category
theory in the particular context of the category of quandles. In particular, a
complete description of the coverings, of the factorization systems and of the
closure operators all related to the adjunction between the category of quandles
and its subcategory of trivial quandles is provided. This introduction begins
with a brief review of the history of quandles before turning to the categorical
world where we give a quick introduction to the aformentioned categorical

concepts studied in this thesis.

Quandles

In a Euclidean space F, a reflection is a mapping from F to itself that is an
isometry with an hyperplane as a set of fixed points. A reflection is an involution,
which means that when applied twice in a row, every point is sent back to its
original position, and every geometrical object is returned to its original state.
Finding an algebraic structure to capture the properties of reflections actually
led to the first signs of the structure of quandle: in 1943, Takasaki [Tak43]
defined the notion of kei. A kei is defined as a set A with a binary operation <
satisfying

(K1) a<a=a
(K2) (a<b)<ab=a
(K3) (a<b)<dc=(a<c)<(b<c)

for all a, b, ¢ € A. Writing a < b for the reflection of a over b in a space A
makes it a kei.

In the 1950’s, the idea was rediscovered by Conway and Wraith. In an
unpublished correspondence, they discussed a structure they called wracks
which refers to wrack and ruin of a group after dismissing the multiplicative
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operation and only keeping the group conjugation
g<dh=h"t-g-h

for all g and h in the multiplicative group (G, -,1). They remarked that the
group conjugation satisfies the axiom (K1) and (K3) and they noticed that the

three axioms held when taking for definition
g<dh=h-g7'-h

for all elements g and h in a group G.

The early 80’s marked the birth of the structure of quandle, as defined by
Joyce in his thesis [Joy79] and his article [Joy82]. A quandle is a set A equipped

with two binary operations <1 and <1—! satisfying
(Ql) a<a=a

(Q2) (a<b)< tb=a=(a<tb)<b

(Q3) (a<b)<c=(a<c)<(b<c)

for all a, b and ¢ in A. It is also at that time that Matveev [Mat82] was
writing an article about the same algebraic structure which he called distributive
groupoid. In the terms of Joyce, a kei or a wrack is actually an involutive quandle,
where a quandle is said to be involutive when the two quandle operations <
and <! coincide: <1 = <71

One of the main motivations behind the study of quandles comes from
knot theory. Quandles actually provide a knot invariant, i.e. a mathematical
object defined on each knot which is the same for "equivalent' knots. Let
A = {ay,as,...,a,} be the set of arcs (where an arc is a segment from one
underpass to the next underpass) of the knot diagram like in the following

example:
a

b c
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If the knot is oriented, one can define two operations on the diagram of a knot:

for each crossing, we associate the following operation <:
b
a W\H c=a<b
b

and the other operation <1~ !:

(=)

o —|— c=a<tb

The knot quandle associated to a knot is then the quandle generated by the set
of arcs A = {a1,as,...,a,} and the defining relations are given by the crossing
relations of the crossings of the knot [Joy82]. This quandle associated to a
knot is actually an invariant since the three identities satisfied by a quandle
correspond to the Reidemeister moves [Rei27, AB27]. The first identity a<ta = a

is equivalent to twist or untwist in either direction:

a<1aJ’ a

The second one, (a <~' b) <<b = b captures the movement of one arc
completely over another arc:

a b a b
N
>a<171b

(a<1b) <1bv/ b a b

Finally, the third identity (a <1b) <c¢ = (a < ¢) < (b < ¢) is the equivalence

of moving a crossing completely over or under an arc:
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C b‘ ja

-

(a<c)<1(b<1c)v/b<1cl (a<b)<10‘g c

Joyce proved that the knot quandle is a complete invariant up to orienta-
tion [Joy82].
Although quandles are mainly used to obtain knot invariants, they are also

algebraic structures of interest by themselves. Furthermore, the category of
quandles, which is denoted by Qnd, is a variety of universal algebras. The
structure of quandles is very rich, and one can for example speak of connected
components of a given quandle. Taking the connected components mg(A) of
a quandle A produces a trivial quandle, which is a quandle that satisfies the
identity

a<lb=a

for all @ and b in A. The category of trivial quandles, denoted Qnd*, is then a
subvariety of the variety Qnd of quandles. The adjunction

e

T
Qnd 1 Qnd* (A)

\_/

U

between the variety of quandles and its subvariety of trivial quandles is at the

core of this thesis.

Categorical Galois theory

More generally, any subvariety X of a variety C yields an adjunction

e L (B)

\g/

with unit n: 1¢ — HI. Such an adjunction together with the class F of surjective
homomorphisms (=regular epimorphisms) in C, forms a Galois structure as
defined by Janelidze [Jan90]. We denote the Galois structure by

I'={C;X,1,H,n,F}.
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The Galois structure is called admissible when the left adjoint I preserves the

following type of pullbacks:

pll lH(f) with feF

B ————— HI(B).

This is the starting point of the categorical Galois theory developed by Janelidze
and Kelly [JK94] in this particular context. A typical example of such an
admissible Galois structure is given by the adjunction between the variety Grp
of groups and its subvariety Ab of abelian groups:

ab

Y

Grp 1 Ab (€)
\_/

U

where the functor ab: Grp — Ab is the classical abelianization functor. More
generally, when the variety C is a Mal’tsev variety [Smi76], which means that
its algebraic theory is equipped with a ternary operation p(a,b, c) satisfying
p(a,a,b) = b and p(a,b,b) = a, any subvariety determines an admissible Galois
structure. This is for example the case for the adjunction (C) since the vari-
ety Grp of groups is a Mal’tsev one, where the ternary operation is given by
pla,b,c) =a-b"1-c

The categorical Galois theory developed in this context by Janelidze and
Kelly recovers in particular the classical theory of central extensions of groups
and, more generally, of Q-groups studied by the Frohlich school [Fr663, Lue67].
These central extensions are an instance of the coverings arising from an ad-
missible Galois structure I' for a suitable variety C and subvariety X. When I'
is an admissible Galois structure as above, one calls a surjective homomor-
phism f: A — B a trivial covering when the commutative square

A s HI(A)

fl J{Hl(f) (1)

B — .~ HI(B)

is a pullback. A covering is a surjective homomorphism f: A — B such that
one can find a surjective homomorphism p: £ — B with the property that the
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first projection p1: E xg A — E of the pullback of f along p

ExpA -2 A

pll lf

E—F>— B

is a trivial covering. The covering f: A — B is called normal when it is possible
to choose p = f. When considering the adjunction (C), the corresponding
coverings are precisely the central extensions of groups, i.e. the surjective group
homomorphisms such that the kernel is in the center of their domain. Most
non-trivial examples of the categorical theory of coverings in the context of
varieties essentially come from a Galois structure where C is a Mal’tsev variety
(see [Xarl13] for some other examples in a non Mal’tsev context). By showing
the admissibility of the adjunction (A), we add to the theory an interesting
non-trivial example where the variety C is not a Mal’tsev (or even a Goursat)
variety. This result still uses some permutability property of some congruences
called orbit congruences by Bunch, Lofgren, Rapp and Yetter [BLRY10]. We
also show that the algebraic quandle coverings defined by Eisermann [Eis03],
are precisely the coverings arising from the adjunction (A). An algebraic
quandle covering f: A — B is a surjective quandle homomorphism such that,

when f(a) = f(a’) for some a and o’ in A, it follows that
cda=c<d

for all ¢ € A. The proof of this fact is the main result of the paper [Evelda].

Factorization systems

A well-known example of factorization system in any variety is the factorization
of any homomorphism f: A — B into a surjective homomorphism e: A — [
followed by an injective homomorphism m: I — B. To construct such a
factorization, one considers the kernel pair Eq(f) of f and then produces the
quotient e: A — A/Eq(f), which leads to the factorization of f = moe
where m: A/ Eq(f) — B. When the adjunction (B) is semi-left-ezact [CHK85],
there is an induced factorization system (£, M) of all morphisms where the
class £ is the class of morphisms inverted by the left adjoint I and the class M
is the class of morphisms f: A — B such that the square (1) is a pullback
(see [CHKS85, CJKP97] for more details). We give some details about this

construction here below. From any morphism f: A — B, we consider its
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naturality square (1) and we take the pullback of HI(f) along np.

The factorization of f in the semi-left-exact case is thus given by the com-
posite p; o w. When working with categorical Galois theory, the important
morphisms are the ones belonging to the class F considered in the Galois
structure I' = {C,X,I,H,n, F} related to an adjunction (B). These are
thus the morphisms for which factorization systems are really interesting. The
adjunction (A) is not a semi-left-exact adjunction (see Remark 3.1.6). However,
we prove that there is a similar factorization system (€, M) for the morphisms in
the class F of surjective quandle homomorphism (for which we use the definition
of factorization system for a class of morphism due to Chikhladze [Chi04]). The
class £ is shown to be the class of surjective homomorphisms inverted by the
left adjoint my while M consists of the class of trivial coverings. Janelidze
and Kelly showed in [JK97] that coverings over an object B of any variety C
are reflective in the category of surjective homomorphisms with codomain B.
By means of the factorization system for surjective homomorphisms arising
from the adjunction (A), we give a constructive proof of this result in the case
of quandles. The existence of another factorization system (€', M’) for the
class F that we derive from a recent article by Bunch, Lofgren, Rapp and
Yetter [BLRY10] is also demonstrated. These two factorization systems can
be compared to each other, and the relationship between them is given by the
inclusions

Ec& and M D> M.

Factorization systems arising from an adjunction (B) are called reflective and
are those for which g € £ whenever fog € £ and f € £. We show that (', M’)
does not satisfy this property, whereas (£, M) satisfies it.

Closure operators

There are natural ways to obtain closure operators from an adjunction (B).
Two of them are the so-called regular closure operator [Sal76] and pullback
closure operator [Hol96]. These two closure operators actually coincide when

the injective homomorphisms in the subvariety X are regular monomorphisms,
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which is the case in the subvariety Qnd* of trivial quandles. We recall the
construction of the pullback closure operator here: if m: M — A is a subobject
in a variety C, the pullback closure operator c4(m) is constructed as the pullback

of 7 along 14

M Uz A
e ca(m)
»
n ca(M) na
HI(M) ) HI(A)
\ I /

where ¢ is the injective homomorphism coming from the surjective-injective
factorization of HI(m).

In the category Qnd of quandles, this closure operator has a very simple
description: the closure of a subobject m: M — A is the union of the connected
components which contain elements of M. It can be represented by the following
diagram

A

where the closure of M in A is the light grey part (which is here the union of three
connected components). This closure operator is idempotent, as any pullback
closure operator is, but it is also finitely productive, fully additive and has the
property that the image by f: A — B of the closure of M in A is the closure of
the image f(M) in B when f is surjective. As expected, the connected quandles
are exactly the c-connected objects relative to this closure operator, while the
trivial quandles are precisely the c-separated objects for this closure operator.
The interaction between trivial and connected quandles actually partially lies in
a Herrlich-Preuss- Arhangel’skii- Wiegandt correspondence [AWT75, Her68, Pre71]:
the class of connected quandles is a connectedness of the class of trivial quandles,
although it is not true that the class of trivial quandles forms a disconnectedness
of the class of connected quandles. Indeed, the disconnectedness of the class

of connected quandles contains the class of trivial quandles but also the larger
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class of quasi-trivial quandles [Ino13], which are the quandles A satisfying
ag <9 (ag <% a1 9*? ag -+ <" ay) = ag

for all a; € A and < € {17!, <} with 0 <i < n.

Structure of the text and contributions

Chapter 1 serves as a (quick) introduction to the categorical concepts and results
we shall need in the following chapters. After setting the context we will be
working in, we review the Categorical covering theory, as well as the concepts of
factorization systems and of closure operators for both subobjects and effective
equivalence relations. We also recall the construction of the fundamental group
of a perfect object due to Janelidze.

In chapter 2, we recall some basic properties of the structure of quandle as
well as the definition of algebraic quandle covering due to Eisermann [Eis03]. We
give a counter-example showing that the adjunction between the category Qnd
of quandles and the category Grp of groups is not admissible. Also, we show
that the category Qnd is not an extensive category [CLW93].

The chapter 3 is the core of this work. We study the adjunction between
the category of quandles and its subcategory of trivial quandles. We show that
this adjunction is admissible with respect to the class of surjective quandle
homomorphisms by investigating some permutability property that holds in Qnd.
We then give a description of trivial and of normal coverings. To describe the
coverings related to this adjunction, we use the construction of weakly universal
quandle covering of a quandle due to Eisermann [Eisl4] and show that the
coverings are exactly the algebraic quandle coverings introduced by Eisermann.
We also show that there exist coverings that are not normal, and normal
coverings that are not trivial. In section 3, we prove that the fundamental group
of a connected quandle corresponds to the algebraic fundamental group of a
connected quandle, this latter having been introduced by Eisermann in [Eis14].
We describe the factorization system for surjective quandle homomorphisms
arising from the adjunction and we prove that there exists another factorization
system for surjective quandle homomorphisms that can be derived from the
work of Bunch, Lofgren, Rapp and Yetter [BLRY10]. We compare these two
factorization systems and show that the latter does not satisfy the typical
property of reflective ones. In section 5, we prove that the category of coverings
of a quandle A is a reflective subcategory of the category of surjective quandle
homomorphisms over A. This could be used in the future as a starting point
for the study of higher dimensional coverings, on the model of the study of
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higher central extensions [EGV08]. We finally describe the pullback closure
operator and investigate some of its properties in section 7. We show that
connected quandles correspond to the c-connected objects for the pullback
closure operator and that trivial quandles correspond to the c-separated objects
for the same closure operator. We also investigate the existence of a Herrlich-
Preuss-Arhangel’skii- Wiegandt correspondence [AWT5, Her68, Pre71] between
connected quandles and trivial quandles. We finish this chapter by describing
the closure operator for effective equivalence relations as constructed by Borceux,
Gran and Mantovani [BGMO07]. Many results in this chapter are joint work
with Marino Gran.

The last chapter deals with another adjunction in the category of quandles:
the one with abelian symmetric quandles. Basing ourselves on the work of
Bourn, Montoli, Nelson-Ferreira and Sobral [BMFMS13, BMFMS15] as well
as the work of Bourn [Boul5], we investigate the coverings arising from this
adjunction, after showing that it is admissible. We give a description of normal
coverings, and show that normal coverings coincide with coverings in this case.
This is joint work with Marino Gran and Andrea Montoli.



Chapter 1
Categorical concepts

In this first chapter, we introduce the categorical concepts that we are going to

investigate for the specific case of quandles later on.

1.1 Exact categories

We recall here the notion of exact categories as well as some properties of
relations. We recommend [CKP93, Section 2] and [Bor94], for instance, for a

good introduction to the topic.

Subobjects and quotient objects

Definition 1.1.1. A morphism f: A — B is a monomorphism when, for any
g, h:C = A, fog= foh implies g = h.

1.1.2. The notion of monomorphism can be seen as a generalization of the
notion of injective map of sets to arbitrary categories. Monomorphisms have
the following properties: if f: A — B and g: B — C are monomorphisms
then fog: A — C is a monomorphism; if fog: A — C is a monomorphism,
then g: B — C is a monomorphism; every pullback of a monomorphism is a
monomorphism.

Let C be a category with finite limits. For an object A in C and two
monomorphisms m: M — A and n: N — A, we say that m factors through n
(and we will write m < n) when there exists t: M — N such that m =not. A
subobject of an object A in C refers to an equivalence class of monomorphisms
with codomain A under the following equivalence relation: m = n if and only
if m < nand n < m. The subobjects of an object A form an ordered class Sub A

with finite meets (which are computed by taking pullbacks).
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1.1.3. The dual notion of monomorphism is that of epimorphism.

Definition 1.1.4. A morphism f: A — B is an epimorphism when, for any
g, h: B—C, go f=ho fimplies g = h.

Although monomorphisms still capture the notion of injective morphism in
any variety of universal algebra (see [BS81] for instance to learn more about
universal algebra), epimorphisms fail to do so for surjective morphisms in pretty
standard categories like the category of rings for example. It is thus useful to

consider a smaller class of epimorphisms.

Definition 1.1.5. A morphism f: A — B is a regular epimorphism if it is the
g

coequalizer of a pair of morphisms C (A
h

For an object A in C and two regular epimorphisms p: A — Pand q: A — Q,
we write p < ¢ when there exists [: ) — P such that p = loq. A quotient
object of an object A in C is then an equivalence class of regular epimorphisms
with domain A under the equivalence relation: p = ¢ if and only if p < ¢ and

q < p. Quotient objects of an object A also form an ordered class Quot A.

Regular categories and relations

1.1.6. A category C is said to admit images (or factorizations) if every morphism
f: A — B can be decomposed as f =i o p where p is a regular epimorphism
and 7 is a monomorphism. The monomorphism 7 is called the regular image
of f. This factorization is unique up to isomorphism, and the subobject [i] of B

is called the image of f.

Definition 1.1.7. A category C is regular if it is finitely complete, it admits
images and regular epimorphisms are stable under pullbacks, that is, in any
pullback

CxpA-—"5 A

pll lf

C—5— B

the morphism p;: C xg A — C' is a regular epimorphism whenever f: A — B

is a regular epimorphism.

Example 1.1.8. The category Set of sets, any abelian category and any variety
of universal algebra are examples of regular categories. The category Top
of topological spaces, for instance, is not a regular category, since regular
epimorphisms are not stable under pullbacks.
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1.1.9. Let C be a finitely complete category, the pullback of a morphism
1

f: A — B along itself yields a pair of morphisms Eq(f) { A universal
f2

g
among pairs C - { A such that fog = foh. The pair of morphisms

f1, fo together with Eq(f) is called the kernel pair of f. We will often
call Eq(f) the kernel pair of f, dropping the projections from the notation.
Note that if f factorizes as f = i op where ¢ is a monomorphism (no assumption
on p here), then Eq(f) is also the kernel pair of p. Moreover, if a regular
epimorphism f: A — B has a kernel pair, it is the coequalizer of that kernel

pair.

1.1.10. In a regular category C, regular epimorphisms have the following
properties: if f: A — B and g: B — C are regular epimorphisms then f o g is
a regular epimorphism; if f o g is a regular epimorphism, then f is a regular

epimorphism; every pushout of a regular epimorphism is a regular epimorphism.

1.1.11. In any finitely complete category, a relation R from A to B is a
subobject (r1,72): R — A x B of the product. A relation R on A is a relation
from A to A. For any relation (r1,72): R — A x B there is an opposite
relation R° given by the subobject (r9,71): R — B x A. A morphism f: A — B
can be seen as a relation by identifying it with its graph (14, f): A — A x B.
The identity morphism 14: A — A yields in particular the identity relation A4
given by (14,14): A — A x A. A pair of morphisms a: C — A, b: C — B is
said to belong to R if (a,b): C — A x B factorizes through (r1,r2): R — A X B,
which we write (a,b) € R or aRb.

Regular categories allow us to compose relations. Given two relations R
and S from A to B and from B to C respectively, represented by the sub-
objects (r1,72): R — A x B and (s1,82): S — B x C, we form the diagram

RXBS

2N
R g (1.1.11.1)
VN N
A B C
where the diamond is a pullback. We define the composite relation So R from A
to C by taking the image of (11 op1,s20p2): Rxp S — Ax C. In the category

of sets,
SoR={(a,c) e Ax C|3be B, aRb, bSc}.
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Moreover, this composition is associative, the identity relation is an identity for

the composition, and the composition satisfies
(SoR)°=R’0S5°.

Proposition 1.1.12. Let C be a regular category. Given equivalence rela-
tions R, S, T and U on an object A, if R<T and S < U, then

SoR<UoT.

Note that, for a morphism f: A — B, the relation f° o f is the kernel
pair of f, while the direct image f(R) by f of a relation R on A is given by

the composite f o Ro f°. An arrow f is a regular epimorphism if and only
if fo f°=Ap. Also,

fofoof=fand foofof°=f° (1.1.12.1)

and any relation R from A to B given by (r1,72): R — A x B can be also
expressed as 79 o r{. Finally, we recall that f: A — B is a monomorphism if
and only if its kernel pair Eq(f) is isomorphic to the relation A 4.

Let us end this section by giving some nice properties that hold in regular

categories and will be important later.

Proposition 1.1.13. Let C be a regqular category and f: A — B be a reqular
epimorphism. Then f(A4) = Ap.

Proposition 1.1.14. In a regular category C, suppose that the exterior and

left square of the following commutative diagram

|

A

Q

f B g
(1.1.14.1)

=
Q (e}

~
<
<

’

—— B
f g

are pullbacks. Then the right square is a pullback if f' is a reqular epimorphism.

Proof. First consider the pullback

“l i (1.1.14.2)
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and consider then the diagram

A ! B g C

AN SN S

a A % Ja) c (1.1.14.3)
M / P p / y o

The exterior and right squares in the diagram

v

Al p vy

Q

Q

u

(1.1.14.4)

~
<

Q<

A —— B ——

I q'

are pullbacks so that the left square is a pullback. Now for the same reasons
applied to
A=——A 25 A

fl wOfl |7 (1.1.14.5)

B—— P —— B

we have that

A=——=A
fi onf (1.1.14.6)
B —— P
is a pullback. We thus have
Ay I A—7—A
?l Jf onf (1.1.14.7)
Eq(w) ::2 B-“.p

where f: Aa — Eq(w) is a regular epimorphism thanks to pullback stability
of regular epimorphisms, and thus Eq(w) = f(A4) = Ap thanks to Proposi-
tion 1.1.13. This shows that w is a monomorphism. It is easy to see that it is
also a regular epimorphism, making it an isomorphism, as desired. |

Equivalence relations and exact categories

1.1.15. A relation R on A is said to be reflexive when Ay < R. It is symmetric
when R° < R. It is transitive when Ro R < R.
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Definition 1.1.16. A relation R on A is said to be an equivalence relation

when it is reflexive, symmetric and transitive.

The kernel pair of any morphism f: A — B is an equivalence relation.

If S is an equivalence relation on B, we write f~1(S) for the equivalence
relation on Y which is the inverse image of S along f: it is obtained by the
dotted arrow in the following pullback:

(s —— S
J(S“”) (1.1.16.1)

YxY — X x X.
xf

Definition 1.1.17. An equivalence relation R on an object A is said to be

effective when it is the kernel pair of some morphism f: A — B.

Definition 1.1.18 ([BGOT1]). A category C is an exact category when it is a

regular one in which every equivalence relation is effective.

Example 1.1.19. Examples of exact categories include any variety in the sense
of universal algebra where monomorphisms, regular epimorphisms and effec-
tive equivalence relations correspond respectively to injective homomorphisms,
surjective homomorphisms and congruences. Congruences on an object A are
equivalence relations on A compatible with the algebraic structure. The cate-
gory of topological groups for example is a regular category that is not an exact

category.

In a regular category C, it is in general not true that given two equivalence
relations R and S on an object A, their composition So R is again an equivalence
relation. In fact, the composite S o R is a reflexive and symmetric relation, but
usually fails to be transitive. Actually, the transitivity of S o R is equivalent to
the permutability of equivalence relations: So R = Ro S.

Definition 1.1.20. An exact category C is a Mal’tsev category when
RoS=S50oR

for all equivalence relations on any object A.

Example 1.1.21. The category Grp of groups is a Mal'tsev category. It has
been shown by Mal’tsev [Mal54] that a variety )V of universal algebra has
permutable congruences if and only if we can find a term p in the theory of the
variety such that p(a,a,b) = b and p(a,b,b) = a for all a, b € A. In the case of
the category Grp of groups, p(a,b,c) = a.b~!.c.
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In a regular category, we always have R < SoR and S < SoR for equivalence
relations on an object A. Because of this, it is easy to see that, when S o R is
an equivalence relation, it is the smallest one containing both R and S (thanks
to Proposition 1.1.12) and is thus RV S.

Morevover, we have the following important result:

Proposition 1.1.22. Let C be a regular category. Let (ri,m2): R — A x A be
an equivalence relation on an object A and f: A — B. If RoEq(f) = Eq(f)oR,

then the image f(R) is an equivalence relation.

Proof. 1t is easy to show the f(R) is both reflexive and symmetric. To show
transitivity, recall that f(R) = f o Ro f° and Eq(f) = f°o f, thus

F(R)o f(R)=foRofoofoRof
—fof’ofoRoRof°
— foRo f°
= f(R). ]

1.2 Admissible subcategories

1.2.1. From now on, we will consider a full replete reflective subcategory X of

an exact category C,

c i X (1.2.1.1)

where H: X — C is the inclusion functor, I: C — X is its left adjoint
and 7: 1¢ = HI is the unit of the adjunction. Replete means that for any
object X in X and any isomorphism f: A — H(X)inC, Aisin X. Furthermore,
we will choose the counit of the adjunction e: TH = 1y to be a natural identity

transformation, which is not a restriction, since X’ is a full subcategory of C.

The subcategory X is said to be closed under subobjects if every subobject
in C of an object of X lies in X. In presence of a replete subcategory X, one
can show that being closed under subobjects is equivalent to the fact that
the A-component of the unit of the adjonction n4: A — HI(A) is a regular
epimorphism for all A in C. When this is the case, we call X a regular-epireflective

subcategory of C. A consequence of this is that HI(f) is a regular epimorphism
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if f is a regular epimorphism due to the naturality of 7.

A s HI(A)
f HI(f) (1.2.1.2)

B — HI(B)

nB

Also, the regular image in C of a morphism H(f): H(X) — H(Y) coming
from X lies in X, so that f is a regular epimorphism in X if and only if H(f)
is a regular epimorphism in C.

Moreover, the subcategory X is a Birkhoff subcategory of C if it is closed under
both subobjects and quotient objects in C. In this particular context, being
closed under quotients is equivalent to the fact that the naturality square (1.2.1.2)
is a pushout when f is a regular epimorphism. When C is a variety, the Birkhoff
subcategories X of C are exactly its subvarieties.

Let us now recall the definition of Galois structure by Janelidze [Jan90].
Although this definition is not the most general one, it is the appropriate one
for our context.

Definition 1.2.2 (Janelidze). A Galois structure I' = {C, X, H,I,n, F} con-
sists of a category C, a full replete reflective subcategory X with inclusion
functor H: X — C, a left adjoint I: C — X and unit n: 1¢ — HI, and a class
of morphisms F such that:

1. F contains all isomorphisms;

2. F is pullback stable in the sense that pullbacks of morphisms in F along

morphisms of C exists and lie in F;

3. F is closed under composition;
4. HI(F) C F.

When taking C an exact category, X a full (replete) reflective Birkhoff
subcategory of C and F the class of regular epimorphisms in C, we obtain a
Galois structure I' = {C, X, H, I, n, F}.

From now on, this is the setting that will always be assumed, unless otherwise
stated.

1.2.3. Given a Galois structure I' = {C, X, H,I,n, F}, there is an induced
adjunction between the category of regular epimorphisms f: A — B with
codomain B in C and the category of regular epimorphisms ¢: X — I(B) with
codomain I(B) in X.
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For an object B in the category C, we have the category C | B in which
objects, that we denote by (A, f), are the regular epimorphisms f: A — B in C
with codomain B and morphisms (A, f) — (A4’, f’) are morphisms g: A — A’

such that the following triangle commutes:

A—2 A

\ / (1.2.3.1)

It follows from 1.2.1 that the left adjoint functor I: C — X yields a func-
tor I:C | B — X | I(B) sending a regular epimorphism f: A — B to the
regular epimorphism I(f): I(A) — I(B).

The functor I? has a right adjoint HZ: X | I(B) — C | B sending a regular
epimorphism f: X — I(B) to HB(f) constructed in the following pullback:

B xprpy H(X) —2— H(X)

HB(f):—m[ [H(f) (1.2.3.2)
B .

The (A, f)-component of the unit of the adjunction

77(Af (A, f) = (B XHI(B) HI(A),p1)

is thus the arrow (f,n4), which is the following factorization into the pull-
back B XHI(B) HI(A)

na
A

~
(fina)

B xpyp HI(A) —=— HI(A)

pll lH(f)

B ————— HI(B).

Definition 1.2.4 (Janelidze). The Galois structure I' is an admissible Galois
structure when, for any B € C, the functor H?: X | I(B) — C | B is fully
faithful.

We will say that a Birkhoff subcategory X of an exact category C is admissible
when the previous Galois structure is admissible.
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Here are some equivalent statements for admissibility.
Proposition 1.2.5. The following assertions are equivalent:
1. the Birkhoff subcategory X is admissible;

2. the functor I preserves pullbacks of the form (1.2.3.2), where f: X — I(B)

is a reqular epimorphism;
8. the functor I preserves pullbacks of the form

B xpyy H(X) —2— H(X)
le/ lH(f) (1.2.5.1)

B——F— H(Y)
where f: X —Y is a reqular epimorphism.

Remark 1.2.6. When the functor I preserves all pullbacks of the form (1.2.3.2)
(where f: X — I(B) is not required to be a regular epimorphism), the functor I
is called semi-left-exact [CHK85].

Here we state a useful result [JK94] concerning exact Mal’tsev categories.

Theorem 1.2.7. Any Birkhoff subcategory X of an exact Mal’tsev category C

is admissible.

Example 1.2.8. Consider the adjunction between the category of groups Grp
and its subcategory Ab:

ab

A

Grp 1 Ab. (1.2.8.1)
~_

U

The subcategory Ab is admissible.

1.3 Covering theory

1.3.1. The notions of trivial coverings, normal coverings and coverings can be

defined with respect to an admissible subcategory X of C.

Definition 1.3.2. A regular epimorphism f: A — B is a trivial covering when
the diagram (1.2.1.2) is a pullback.
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Trivial coverings are thus objects of C | B lying in the image of the func-
tor HE: X | I(B) — C | B. Equivalently, they are objects (A, f) such

that 74,5 is an isomorphism.

Example 1.3.3. In the case of the adjunction (1.2.8.1), f: A — B is a trivial
covering if and only if the restriction f: [4, A] — [B, B] of f: A — B to the

commutator subgroup is an isomorphism.
An immediate consequence of admissibility is the following proposition.

Proposition 1.3.4. The functor I: C — X preserves pullbacks along trivial

COVETINgSs.

Proof. Suppose the following diagram is a pullback with ¢: £ — B a trivial
covering:

ExpA—25 A

pll J{f

E ——7— B.

Now consider the following cube:

ExpA b2 A
NExgA nA
\ o f
P HI(E xp A) 21®2) HI(A)
HI(p1) l
E g B HI(f)
m} Y
HI(E) T HI(B)

where the bottom face is a pullback by definition of trivial covering and the
rear one is also a pullback, so that the exterior square of

Exp A" HI(E x5 A) %) ()

le lm(pz) lHI(t)

A ———— HI(A) ——— HI(B)
HI(P)
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is a pullback. But since X is admissible, this square is preserved by I by

Proposition 1.2.5, making

a pullback, as desired. |

This result is useful to show that trivial coverings are stable under pullbacks.

Proposition 1.3.5. Trivial coverings are stable under pullbacks, i.e. if the
morphism f: A — B is a trivial covering then the morphism p;: C xg A — C
in the following pullback is a trivial covering.

CxpA-—L5 A
pll lf (1.3.5.1)

C—35— B

Proof. Just consider the cube

CxpA P2 A
WA m
i
P HI(C x5 A) 2220 g4y
1.3.5.2
HI(p1) J, ( )
E _ B HI(f)
X Y‘
HI(C) e HI(B)

where the rear face is a pullback by assumption, the right face is a pullback
by definition of trivial covering and the front face is a pullback thanks to
Proposition 1.3.4. One concludes that the left face of the cube is a pullback as

well, proving the statement. |

Definition 1.3.6. A regular epimorphism f: A — B is a covering when there
exists a regular epimorphism p: F — B such that p;: £ xg A — E in the
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following pullback is a trivial covering.

ExpA -2 A
pll lf (1.3.6.1)

E—F>— B

We also say that (A4, f) is split by the regular epimorphism p.

Example 1.3.7. Again in the case of the adjunction (1.2.8.1), we can show
that f: A — B is a covering if and only if it is a central extension of groups,
meaning that the kernel of f is in the center of its domain: ker(f) C Z(A).

A consequence of Proposition 1.3.5 is that coverings are pullback stable.
Proposition 1.3.8. Coverings are stable under pullbacks.

Proof. Consider the following pullback where f: A — B is a covering:

CxpA—254

pll lf

C’TB.

Now since f is a covering, there exists p: £ — B such that the pullback of f
along p is a trivial covering. Now take also the pullback of p along g:

EXBA

o L

CXBA A

P1
CXBE E f
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Finally, finish the cube by taking the pullback of p; along g:

P\ EXBA

¢ CxpA b2 \A
pP1 l

CXBE E f
c g B.

Since the left and front faces are pullbacks, and the right face is a pullback too,
one deduces that the rear face is pullback. By Proposition 1.3.5, one concludes
that t: P — C xp E is a trivial covering (since s: E xp A — FE is a trivial

covering). This shows that p; is a covering. |

Definition 1.3.9. A regular epimorphism f: A — B is a normal covering
when fi: Eq(f) — A in the following pullback is a trivial covering.

Eq(f) —2 A

/|
A

(1.3.9.1)

[

— B

Example 1.3.10. In the case of the adjunction (1.2.8.1), normal coverings

coincide with coverings.
Again, normal coverings are stable under pullbacks.
Proposition 1.3.11. Normal coverings are stable under pullbacks.

Proof. The proof is similar to the proof of Proposition 1.3.8. |

Note that we always have
Triv(B) C Norm(B) C Cov(B)

where Triv(B) is the category of trivial coverings over B and Norm(B), and

Cov(B) are the categories of normal coverings and coverings over B.
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1.4 Fundamental group

1.4.1. In this section, we recall the definition of fundamental group in our

context. Recall that we consider the adjunction
C L X (14.1.1)

where X is an admissible subcategory of C.

Let us introduce one of the most essentials concepts of categorical Galois
theory, the so-called Galois groupoid. This groupoid, like the admissibility
condition, depends on the Galois structure I'.

Any morphism p: E — B gives a (internal) groupoid:

q1
— —
Eq(p) xg Eq(p) —m= Eq(p) «<e— E
q2

where Eq(p) x g Eq(p) is the pullback of p; along py

Eq(p) x £ Ea(p) —=— Eq(p)

qll lpl (1.4.1.2)

Eq(p) ——— F

and m is induced by the fact that popsoqgy =popi oq.

p20q2
) x & Eq(p)
\
Eq(p — B
Pp10g1 D1 p

E —F5— B.

The elements of the groupoid are the elements of Eq(p), and the partial mul-
tiplication is given by the morphism m. In general, applying the functor I to
this groupoid does not yield back a groupoid but a "pregroupoid", we won’t go
into these details here. In order for the image under I of the previous groupoid
to be again a groupoid, one shall take for p: E — B a normal covering. Indeed,
when p is a normal covering, p1, p2, ¢1 and g are trivial coverings, so that by
the admissibility of the Galois structure, the pullback (1.4.1.2) is preserved by
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the functor I: I(Eq(p) xg Eq(p)) = I(Eq(p)) % (&) I(Eq(p)). Therefore,

1(i)

I(a1) ] I(p1)
I(Eq(p)) x1(e) I(Eq(p)) —1(m) = I(Eq(p)) +1(e) — I(E)
I(q2) I(p2)

is again a groupoid.

Definition 1.4.2 (Janelidze). Let p: E — B be a normal covering of B. The
Galois groupoid Galr(p) of p is the image by the left adjoint I of the kernel

pair Eq(p) of p.

7
q1 Q P1
Eq(p) x e Ea(p) m Eq(p) e E
q2 D2
i i b
71(111)% 71(171)*>
I(Eq(p)) x1(p) I(Eq(p)) —1(m) = I(Eq(p)) < I(e) — I(E)
I(q2) U I(p2)
1(3)

~

When the object E is perfect (meaning that I(E) is the terminal ob-
ject), the Galois groupoid Galr(p) becomes a group (since then the pull-
back I(Eq(p)) xrm) I(Eq(p)) = I(Eq(p)) x I(Eq(p))), called the Galois
group of p.

Definition 1.4.3. A normal covering p: E — B is weakly universal if, for
each normal covering f: A — B, there exists a morphism ¢g: £ — A such
that fog=p.

When, moreover, the normal covering p: E — B is weakly universal, the
Galois group of p is called the fundamental group of B, and we denote it
by 7 (B). Note that 7{%(B) is independent (up to isomorphism) of the

choice of weakly universal normal covering p: £ — B.

1.5 Factorization systems

This section is devoted to factorization systems and, in particular, to factor-
ization systems arising from an adjunction. More information on factorization
systems can be found in [CHKS85, CJKP97].

1.5.1. First let us recall the definition of factorization system. Let F be a class
of morphisms in C containing identities, closed under composition, and pullback
stable.
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Definition 1.5.2 ([FK72, Chi04]). A pair (£, M) of classes of maps in C

constitutes a factorization system for F if

(i) £ and M contain the identities and are closed under composition with

isomorphisms;

(ii) every map in F can be written as m o e with m € M and e € &;

(iii) the class M is contained in F;

(iv) given any commutative square

PN
—

Q
!

—

m

with e in £ and m in M, there is a unique arrow w: B — C such that

woe=wuand mow = v.

Example 1.5.3. The first straightforward example is obtained by taking
for F the class of all morphisms in any regular category C. Then we have a
factorization system with £ the class of regular epimorphisms and M the class
of monomorphisms. This factorization is also stable since the class £ is stable

under pullbacks.

Remark 1.5.4. When we consider an admissible Galois structure
I'={C,X,H,I,n,F}, one has an induced factorization system for the class F.
The class £ consists then of morphisms of F inverted by I, while M is the class

of trivial coverings.

We recall the construction here. First start with f: A — B in F and

consider the natural square
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Now take the pullback of HI(f) along np, and we have thus a unique mor-
phism e: A — HI(A) X gy B such that f = pyoe and p; oe = na.

A f

nA HI(A) XHI(B) B nB (1541)

e

HI(A)

HI(B
HI(f) (B)
It is easy to see that ps is a trivial covering by Proposition 1.3.5 (since any
morphism in the class HI(F) is a trivial covering). Moreover, the pullback
in (1.5.4.1) is preserved by I since X is an admissible subcategory of C, so that
I(e) is actually an isomorphism.

We finish this section by recalling a property of factorization systems arising
from a full reflective subcategory X when F is the class of all morphisms, called

reflective factorization systems.

Proposition 1.5.5. The factorization system (€, M) is reflective if and only
if g € € whenever foge & and f € £.

1.6 Closure operators for subobjects

In this section, we recall the definition of closure operator for subobjects and

describe two particular closure operators.

1.6.1. Let C be a regular category. We shall first fix some notations.

As mentioned in Section 1.5, the classes £ of regular epimorphisms and M
of monomorphisms form a stable factorization system in C. Given any arrow
f: A — B and a subobject m: M — A, we denote by f(m) the subobject of B
obtained by taking the regular image of m along f, that is, the regular image of
the composite f om. When n: N — B is a subobject of B we write f~1(n) for
the subobject of A which is the inverse image of n along f, that is, the pullback
of n along f.

Definition 1.6.2 ([DG87, DT95]). A closure operator ¢ in C associates, with
any subobject m: M — A, another subobject ca(m): ca(M) — A, the clo-

sure of m in A. This application satisfies the following properties for any
m, n € Sub(A), and f: A — B:

1. m <ca(m);
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2. if m < n, then cs(m) < ca(n);

3. flca(m)) < ep(f(m)).

Moreover, we say that a subobject m: M — A is closed if m = ca(m), and
that it is dense if c4(m) = 14, for all A € C. The closure operator factors every
subobject m: M — A as

“ A

M
m/um Am)
CcA (M) .

The closure operator c is said to be idempotent if c4(m) is closed for all
m € M, and weakly hereditary if m/ca(m) is dense for all m € M.
An important result that can be found in [DG87] concerning idempotent

and weakly hereditary closure operators is the following;:

Theorem 1.6.3. There is a Galois equivalence between the conglomerate of
subclasses of M which are part of a factorization system, and the conglomerate

of idempotent and weakly hereditary closure operators of C with respect to M.

Pullback closure operator

1.6.4. We recall that a pointed endofunctor (R, ) is given by an endofunctor
R:C — C and a natural transformation r: 1¢ — R. Any pointed endofunctor
in a category with a stable factorization system (£, M) induces a corresponding
closure operator, called the pullback closure operator by Holgate [Hol96]. The
construction is the following: let m: M — A be a morphism in the class M and
construct the following diagram where i 0 e = R(m) is the (€, M)-factorization

of R(m), and c4(m) is the pullback of i along r4:

M m A
T ca(m)
.
M ca(M) rA
R(M) — ) R(A).
\ I /

Then the assignment c4: Sub(A) — Sub(A) defined by ca(m) = r,;'(i) is a

closure operator, called the pullback closure operator corresponding to (R, 7).
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This closure operator is in particular idempotent when X is a Birkhoff

subcategory, where in this case (R, r) is given by (HI,n).

Example 1.6.5. In the case of the adjunction (1.2.8.1), the pullback closure
ca (M) is the group consisting of elements g € G for which there exists h € M
such that g[G, G] = h|G, G] where [G,G] is the commutator subgroup of G. It
is idempotent but not weakly hereditary.

Regular closure operator

1.6.6. These particular closure operators were introduced by Salbany [Sal76]
first in the category Top of topological spaces (see also [Cle93, CT98]). Other
authors extended the construction to arbitrary categories, leading to the general

concept of categorical closure operator.

Let X be a full reflective subcategory of C. We recall the construction of the

so-called regular closure operator. Given a subobject m: M — A, consider its

cokernel pair A ‘1 { A+ A and compose these morphisms with the unit
1o
of the adjunction nay,,a: A4+y A — HI(A+) A). The closure of m is then
MA+ s AOT1
the equalizer of the pair A - ¢ HI(A 4+ A). We denote the regular

NA+p, AOT2
reg

closure operator of m: M — A by ¢/ (m): {9(M) — A.

The regular closure operator is always idempotent.

Example 1.6.7. In the case of the adjunction (1.2.8.1), the regular closure
operator ¢y ?(M) is the intersection of all normal subgroups H containing M
such that G/H is abelian. This is exactly the same as the pullback closure

operator in this case.

In general, the regular and pullback closure operators are not the same
(see [Hol96, Example 8 (2)] for example) but they are the same when the
monomorphisms in X" are regular monomorphisms (equalizers of some pair of
morphisms). We recall the proof of this latter statement.

Proposition 1.6.8. Let X be a full reqular-epireflective subcategory of a regular
category C. The regular closure operator coincide with the pullback closure

operator when monomorphisms in X are reqular.
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Proof. Consider the following diagram

(M)
XAEQEWL)

Ai;A+juA

/ "
ca(m)
M) na

P
m HI(iy
Hm) ) HI(A+y A)

HI(A
\ / e
N

where n o e is the regular epimorphism-monomorphism factorization of HI(m),

reg

€a
N 7
nm ca ( NA+ A

HI(M)

A+ A is the cokernel pair of m, cq(m) is the pullback of n along n4 and

reg

cy7(m) is the equalizer of na4,, 4 041 and Nay,, 4 0 ia.

It is easy to see that ca(m) < ¢’y?(m) is always true since
HI(i) o HI(m) = HI(is) o HI(m)
implies that
HI(i1)onoe=HI(is)onoe

and thus
HI(Zl) on = HI(ZQ) on.

Consequently we have

NA4yA 01 0ca(m) = HI(i1)onaoca(m)

(i1)
I(i1)onop

(i2)

(

I(is)onop

H
H
H

I(iz) ona oca(m)

NA+pA© ig0cq (m)

from which there exists a: ca(M) — ¢{?(M) such that ¢7(m) ot = ca(m).
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Now if n is a regular monomorphism, it is the equalizer of HI(i1) and HI(iz2).
But since

HI(ir) o na o cy”(m) = natya 0 iy o cy?(m)

= NA4ra0izocy?(m)

= HI(iz) onaoc?(m)

reg

there exists ¢: ¢/\?(M) — N such that nogq =na4oc’y?(m). By the universal
property of the pullback, we have thus a unique morphism s: ¢’y?(M) — ca (M)
such that po s = ¢ and

ca(m)os = c%(m),

which shows that ¢ (M) < ca(M). ]

1.7 Closure operators for effective equivalence

relations

We recall some results about closure operators on effective equivalence relations
in regular categories, which can be found in [BGMO7].

Definition 1.7.1. An effective closure operator ¢ on effective equivalence
relations in C consists in giving, for every effective equivalence relation R on
an object A, another effective equivalence relation c4(R), called the closure
of R. This assignment has to satisfy the following properties, where R and S

are effective equivalence relations on A, f: B — A is a morphism in C:
(1) R < ca(R);
(2) R < S implies ca(R) < ca(95);
(3) es(f7H(R)) < f~Hca(R));
(4) ca(ca(R)) = ca(R);
(5) if f: B — A is a regular epimorphism, one then has the equality
cs(fH(R)) = fH ca(R)).
1.7.2. Consider again the adjunction (1.2.1.1) where this time C is a regular

category and X is a regular-epireflective subcategory of C.

Theorem 1.7.3 ([BGMO7]). There is a bijection between regular-epireflective

subcategories of C and effective closure operators in C.
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We recall how the closure c4(R) of an effective equivalence relation R on A
is defined starting from a regular-epireflective subcategory X of C as in (1.2.1.1).
One first takes the canonical quotient f: A — A/R, and then considers the
inverse image ffl(Eq(nA/R)) along f of the kernel pair Eq(na/r) of the A/R-
component 74, of the unit of the adjunction. Equivalently, the closure c4(R)
can be defined as the kernel pair of the arrow 74,z 0 f: A — HI(A/R) (this
also shows that the equivalence relation c4(R) is effective).

Finally, we give a result characterizing the effective closure operator in
Mal’tsev categories.

Proposition 1.7.4. Let C be a Mal’tsev category. Then the effective closure

operator on an effective equivalence relation R on A is given by
ca(R) = Roca(Aa).

Example 1.7.5. We return again to the example of the adjunction (1.2.8.1)
between groups and abelian groups, where cg(R) = R o [G,G] where [G, G]
is the congruence on G defined by (g,h) € [G,G] if h~=! - g belongs to the
commutator subgroup of G.






Chapter 2

The structure of a quandle

In this chapter we recall the definition of quandle introduced by Joyce [Joy79,
Joy82] and independently by Matveev [Mat82]. We investigate some of its
properties and introduce the definition of algebraic quandle covering, which is
due to Eisermann [Eis14].

2.1 Quandles

2.1.1. The structure of quandles has been mainly studied in knot theory, as

one can associate with any knot an invariant, called the knot quandle.

Definition 2.1.2 ([Joy79, Joy82, Mat82]). A quandle is a set A equipped with
two binary operations < and <1—! such that for all a, b, ¢ € A:

(Ql) a<a=a (idempotency);
(Q2) (a<b)<lb=a=(a<71b)<b (right invertibility);
(Q3) (a<b)<c=(a<c)<(b<c) (self-distributivity).

Definition 2.1.3. A quandle homomorphism is a function f: A — B such that
fla<a) = f(a) < f(a)
for all a, a’ € A.

As for groups, one can ask for the preservation of only one operation, the
other following from this one. We will take some time to prove every result of

this chapter in order to get used to calculation technique in quandles.
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Proposition 2.1.4. If f: A — B be a quandle homomorphism, then it also
satisfies
fla<™la’) = fa) <7 f(d)

foralla, o' € A.

Proof. We have

So that
f@) < f@) = (flaa™ a) 4 f(@)) <7 f@) = fla< ). W

Moreover, a quandle satisfies similar identities than (Q1) and (Q3) involv-

ing <! as well as a few others.
Proposition 2.1.5. Let A be a quandle. Then
(1) a<ta=a;
(2) a<(b<c)=((a<7te)<b) <c;
(3) a<(bate)=((a<c)<b) <t
(4) (a<b)<te=(a<te)a(bato);
(5) a< (b le)=((a<c)<a71b) <t
6) a7l (b<c)=((a<x7te)<™tb) <c
(7) (a<7tb)<c=(a<c)<a L (b<c);
8) (a<7tb)<te=(a<te)at(bate)
for alla, b, c€ A.
Proof. (1) The first identity is simply a consequence of (Q1) and (Q2) since

(Q2) 1 (@D

a = (a<a)<ta = a<la
(2) We have
a<(b<c)=((axte)<e)<(b<c) (by (Q2))
=((a<"l o) <ab) Qe (by (@3))
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(3) The identity follows from

(a<(b<ate)<de=(a<c)<((b<ate)<e) (by (@3))

(4) Thanks to (3), it is easy to see that

(a<te)<(bate)=((a<xte)ae)<ab)<ate  (by (3))

=(a<b)<ate (by (Q2)).
(5) Using (4), we see that
((a<c)<atb)y<ate)a(bate)
=(((a<c)<atb)y<ab)<te (by (4)
=a (by (Q2))-

(6) It is a straightforward application of (Q2) and (Q3):

(e te)< by <e)<a(b<c)
=(((axte)a7tb)<ab) e (by (@3))
a (by (Q2)).

(7) Just like point (6):
(a<™tb)y<c)<(b<c)=(a<tb)<b)<c (by (Q3))
=adc (by (Q2)).
(8) Thanks to (4),

(a<tt)y<ate)abarte)=((a<atb)ab) < e (by (4)
=a< e (by (Q2)).

If we use the convention that a <i' b = a <1 b, the previous proposition tells

us in particular that

(a<¥b) <” ¢ =(a<”c)a® (b<P o),



38 The structure of a quandle

and
a<®(b<fe)=((a<Pe)a™b) <P, (2.1.5.1)

hold for all o, § € {1,—1} and a, b, c € A.
The identity (2.1.5.1) can be generalized naturally.

Corollary 2.1.6. Given a quandle A,

ag <10 (( .. ((01 g ag) %2 a3) .. ) <%n an) =

(o (o (ap Q7% @) 9791 L) <97 % Y ay) <% ag) <M ag) ... ) <M ay,
for all a; € {—1,1} and a; € A with 0 <i <n.
Proof. We first apply the identity (2.1.5.1):

ag <9 ((... ((a1 < ag) <*% ag)...) <" ay)

= ((ap 97 ayn) < (... ((a1 9 az) <% a3) -+ 4"t a,_1)) <" ay,.
And we apply (2.1.5.1) n — 1 times to get
(@™ ay) 97 )<Y ay) 9% ay) <M ag) ... ) <“ a,. B

Convention 2.1.7. In order to simplify the notations, from now on we shall

write
a<™a; 9" az-- QM ap = (- ((@ <9 ar) 9% ag) 1) 97 ay,
with «; € Z for all 1 < i < n where

a<b=a<tb<b---<b
—_———
o times
if v is positive. Similarly,

a<®b=a< b tb...<a b

—a times

if « is negative.

Let us write Qnd for the category of quandles. It is in particular a variety
of universal algebras.

When the operations of a quandle A satisfy <t = <!, the quandle A is
called an involutive quandle.

We list some examples of quandles here below.
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Example 2.1.8. 1. Let A be a set and define

a<dd =a=a<'d

for all a, a’ € A, then A becomes an involutive quandle called trivial

quandle.

2. Let G be a multiplicative group and define
g<dh=h"t-g-h

and
gt h=h-g-h™L.

The group G becomes a quandle with this structure, called the conjugation
quandle and denoted by Conj(G). Actually, this correspondence yields a
functor Conj: Grp — Qnd from the category Grp of groups to the category
Qnd of quandles.

3. Let n be a positive integer and define on Z,, the following operation
iQj=2j—i=i<a"'j
for all 4, j € Z,,. This defines a quandle called dihedral quandle.
4. More generally, let G be a multiplicative group and define
g<h=h-g' -h=g<'h.
This defines a quandle called core quandle.
5. Let M be a module over the ring Z[t,t~!] of Laurent polynomials. Define
r<qy=tlx—y)+y

and
<ty =t""(z—y)+y.

This defines a quandle called Alezander quandle. These quandles can be

used to compute the Alexander polynomial of a knot.

6. Let (, ): R®™ x R"® — R be a symmetric bilinear form on R". Let X be
a subset of R™ with elements x such that (z,z) # 0. Define on X the
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following operation

2(x,
r<y = < y>y—m:x<1*1y.

(z, )

This defines a quandle called Coxeter quandle.

Remark 2.1.9. First remark that the category Qnd™ of trivial quandles is

isomorphic to the category Set of sets.

Note also that a trivial quandle is a quandle satisfying an additional identity,
making the corresponding category, Qnd*, a subvariety, and thus a Birkhoff
subcategory of Qnd.

2.2 Limits and colimits

2.2.1. As in any variety of universal algebras, limits are constructed in Qnd

objectwise in the category Set of sets.

For example, the product of two quandles A and B will be the set-theoretic
product A x B with the operations

(a,b) < (a',V)=(a<1d b b)

and
(a,b) <t (V)= (a<ta bt Y).

The pullback of f: A — B along g: C — B yields a subset of the product
AxC:
AxpC=A{(a,c)e AxC] f(a) = g(c)},

equipped with the same algebraic structure as the one on the product.

The terminal object is the trivial quandle with one element {x}.

2.2.2. Colimits are trickier to construct.

Let A and B be two quandles. Then their coproduct A]] B is given by
elements

(0, a0) 9 (i1,a1) -+ <" (i, an)

of the free quandle generated by the set-theoretic coproduct

A+B= |J {iiz)|zcAifi=1landz € Bifi=2}
i€{1,2}



2.2 Limits and colimits 41

modulo the following identities (I):
(io, CL())<]O£1 (io, 041)<]OQ' SO (in, an) . (io, a0<a1a1)<1°‘2 (iQ, a2) CeeQn (in, an)
and

(io, aO) < (ilv al) ce QM (ija aj) QY (i]’a aj) g2 g (invan) =

(io, ao) g (il, al) A (Z'jfl, aj,l) QYit2 (ij+2, aj+2) e g9n (in, an).
The quandle operations on A B are given by
((i0, ag) <™ (i1, a1) -+ <™ (in,an)) < ((Jo, bo) <°* (j1,b1) -+ <P (i, b))

= (iOa aO) <]o¢1 (ila al) tee Qan (Zn; an) <]7ﬂm (jm,bm) <]75m71 (jm—l; bm—l) e
QP (41, b1) 9 (o, bo) <7 (G, ba) -+ <O (s brn)-

Let us check the universality of the coproduct. Let fi: A — C and
f2: B — C two quandle homomorphisms. Now define t: A[[ B — C by

t((i0, ao) Q** (i1, a1) - <" (in,an)) = fio(ao) <** fi,(ar)--- <" fi, (an)

with (z'j, a;) € A+ B for all 0 < j < n. It is well-defined since t preserves the
identities (I) and it is easy to see that it is a quandle homomorphism.

The initial object is the empty quandle 0.

Remark 2.2.3. Unlike a category of G-sets, which is a topos (see [AGVT2)),
the category of quandles is not extensive (see [Law9l, CLW93]). A finitely
complete category is extensive if, given the following commutative diagram

1

A—— A[]B +—

the top row is a coproduct if and only if both squares are pullbacks. In the
category of quandles, coproducts do not interact well with pullbacks as one can
see from the following example where {x} is the one-element trivial quandle

and {a,b} is the trivial quandle with 2 elements:

() = {+}[T{a.b} +2— {a,b}

H | L

{3} —= (I —— O
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The homomorphism ¢: {*} [[{a,b} — {*} [[{*} is the unique universal homo-
morphism defined by

t((’io, ao) g (il,al) ceegon (Zn, (ln)) = (io, *) g (il, *) ceegon (Zn, *)

with (i;,a;) € {*} + {a,b} for all 0 < j < n. Here, the top row is a coproduct
but the left-hand square is not a pullback since the pullback of i} along ¢

contains at least two distinct elements. Indeed, we have

i () = (1, %)

and
t(la *) = (17 *) = t((lv*) < (270‘) <t (2vb))

with (1,%) # (1,%) < (2,a) <! (2,b). This shows that at least (x, (1,%)) and
(%, (1,%) < (2,a) <=1 (2,b)) belong to the pullback of ¢ along 7.

2.3 Inner automorphisms and connected com-

ponents

2.3.1. We see from Proposition 2.1.5 and the second quandle axiom (both
depending only on (Q2) and (Q3)) that the right translations — <1b: A — A
sending an element a to a<1b, for all a € A, are bijective quandle homomorphisms

with inverse maps — <! b.

Definition 2.3.2. The group Inn(A) of inner automorphisms of a quandle A
is the subgroup of Aut(A) (the group of all automorphisms of A) generated by
all right translations (—)” = — <b with b € A.

Remark 2.3.3. Let a and b be two elements of A. The multiplication (—)*=
and (—)** in Inn(A) is given by the element (—)?*"* = — g a < b.

Definition 2.3.4. A right action of a group G by quandle automorphisms on
A is a group homomorphism h: G — Aut(A) with h(g): A = A, a+— a9. We
say that G acts by inner automorphisms if h(G) C Inn(A).

Remark 2.3.5. Note that there is a function inn: A — Conj(Inn(A)) (where
Conj is the functor introduced in Example 2.1.8) sending a € A to (—)P* that
is in fact a quandle homomorphism. Indeed, let @ and a’ be two elements of
A and consider inn(a < a’) = (—)Pe<e’. By Proposition 2.1.5, we know that
(—)Pace’ = — < (a<d)isequal to —<ta da<a = (—)p;/lp“p“’ which is
equal to (—)p;/l(—)p“(—)pil = (—)P» < (—)”" in Conj(Inn(A)) (be careful that
the operation < in Conj(Inn(A)) is not the same as the one of A).
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Definition 2.3.6. A connected component of A is an orbit under the action of
Inn(A). We shall denote by [a]n(4) the connected component of a in A. Two
elements a and a’ are in the same orbit if there exist aq, as,..., a, € A such
that

a<d* a; < ay--- 4" a, = d'.

The set of connected components of a quandle A is denoted by mo(A). Note
that 7o(A) is actually a trivial quandle (as any set). In fact, this assignment
extends to a functor mg: Qnd — Qnd*, which is the left adjoint of the inclusion
functor U: Qnd* — Qnd. The A-component n4 of the unit of this adjunction is
defined by

na(a) = [a]lnn(A)-

0
T
Qnd 1 Qnd* (2.3.6.1)
~_
U

From now on, we will supress U from the notations, writing for example
na: A — mo(A) for the A-component of the unit.
One could wonder if Inn is a functor. It turns out that this is not the case,

as the following counter-example shows:

Example 2.3.7. Consider the following involutive quandle A given by the
following table

a b c

bda=b bab=b b<c=ua

<
a |a<a=a a<b=a a<c=D
b
c | c<a=c c<db=c c<c=c

and consider the quandle homomorphism f: {*} — A defined by f(x) =c. It
is easy to see that Inn({+}) = {idy,;} while Inn(A) = {ida, (—)?<}. But then
Inn(f): Inn({*}) — Inn(A) is not a group homomorphism since

Inn(f)(idg.y) = (—)° # ida.

However, Inn behaves well with respect to surjective quandle homomor-
phisms.

Proposition 2.3.8. If f: A — B is a surjective quandle homomorphism, then

Inn(f): Inn(A) — Inn(B) is a surjective group homomorphism.
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Proof. Define Inn(f): Inn(A) — Inn(B) by
Inn(f)(— < a1 < ag--- <" ap) = — < fa1) <2 f(az)--- Q" f(an).

First let us see that Inn(f): Inn(A) — Inn(B) is well-defined when f: A — B
is a surjective quandle homomorphism: if

— <% a 9% ag - <9 a, = — <P a) P2 aly - <P al,
in Inn(A), then
a < a; <9 ay--- 9" a, = a <P a P2y <Pmoal,
holds in A for all a € A. Thus
fla<® a; <®? ag--- <% a,) = fla <’ d) <2 dly--- <Pmal),
which is equivalent to
fla)<® f(ar) <9®2 f(ag) --- <% f(an) = f(a) <™ f(ay) <™ f(ay)--- <" f(ay,)

for all f(a) € B, but since f is surjective, the last equality is true for all elements
of B, thus

= flan) 9 fla) e < flan) = = <P fah) < flag) e < f ),
or equivalently,

Inn(f)(— < a3 9°2 ag - <" a,,) = Inn(f) (= <™ @} <®2 dly--- <P al).

The surjectivity of Inn(f) is trivial since f is surjective.

To show it is a group homomorphism, let — < a1 92 ag - - <9 a,, and
— <P1py <P2by - - - <aPn b, be two elements of Inn(A), and consider their "product’

— 9% a9 ag - 4O ay, <P by <P by <P b,

Now
Inn(f)(— <* a1 <% ag -+ <% ay, <P by 9Py P by)

is equal to

=< flar) 9% flaz) - < flan) < f(br) 9% f(b2) - <7 f(ba),
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this latter being the "product' of — < f(a1) <®2 f(az)--- <** f(a,) and
= <2 f(br) 9 f(by) - <P f(bn). u

Orbit congruence

Inner automorphisms are really important in the study of quandles. One can
define equivalence relations on a quandle A by using the subgroups of Inn(A):
let N be a subgroup of Inn(A) and define ~yC A x A by

a ~p b if and only if there exists n € N such that a" = b.

It is obviously a reflexive relation, it is symmetric since elements of the sub-
group NN can be inverted, and it is transitive since the product of two elements
in N stays in N, thus ~ is an equivalence relation on A. Bunch, Lofgren, Rapp
and Yetter [BLRY10] found that these equivalence relations become congruences

when N is a normal subgroup of Inn(A).

Proposition 2.3.9. Let A be a quandle and N a normal subgroup of Inn(A).

Then the relation ~x is a congruence on A.

Proof. Let a, b, ¢, d€ A. If a ~y b and ¢ ~n d, we know there exist n and m
in N such that ™ = b and ¢™ = d. We can thus consider p npy € Inn(A4),
which gives

(a< c)”glnpd =((a<ic) <™t c)mre

=a"* =a"<d=0b<d.

Now to see that p_inpg is in N, remark that pg = pem, where pem = m=tp.m
by Corollary 2.1.6. Thus

pz npa = p; 'nm " pem.

But the subgroup N is normal, so p, *nm~tp. is in N, from which it follows
that p_lnps € N. [ ]

Definition 2.3.10 (Bunch, Lofgren, Rapp, Yetter). Let A be a quandle and N
be a normal subgroup of Inn(A). Then ~yC A x A is the N-orbit congruence
on A.

Notation 2.3.11. Let A be a quandle and N be a normal subgroup of Inn(A).
We shall write [a]ny for an element of A/ ~x. The class [a]y is the orbit of
a € A under the action of N C Inn(A).
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2.4 Adjoint group of a quandle

2.4.1. We saw in Example 2.1.8.2. that there is a functor Conj that assigns a
quandle to any group via the conjugation of its elements. This functor actually
has a left adjoint.

For a quandle A, we define the adjoint group Adj(A) of A as the quotient
group of the group F(A) = ({e,|a € A}) freely generated by the set A modulo
the relations R = {euapye; "egter = 1]a, be A}

Notation 2.4.2. We shall simply write e, for an element of the adjoint group

instead of [e,].

This defines a functor Adj: Qnd — Grp that is left adjoint to the functor
Conj: Grp — Qnd.

Adj

/\

Qnd 1 Grp (2.4.2.1)

\_/

Conj

We shall write (4: A — Conj(Adj(A)) for the A-unit of the adjunction
(2.4.2.1).

Remark 2.4.3. First remark that by the universal property of the adjunc-
tion (2.4.2.1), there is a group homomorphism 74: Adj(4) — Inn(A) for any
quandle A such that the following triangle commutes:

A = Conj(Adj(4))

inn x-77 Conj(1a)

Conj(Inn(A)).

This implies that Adj(A) acts on A by inner automorphisms. We write the
action
A x Adj(A) — A, (a,g) — af (2.4.3.1)

an

and thus, a1 a3 €an = q g a1 <92 ag -+ <4 a, for any a; € A and o; € Z
for all 1 <7 < n. It is easy to see that the connected components of A are also
the orbits under the action of Adj(A).

For every quandle A, consider the quandle homomorphism x: A — Conj(Z)
defined by x(a) = 1 for all a € A, then the universal property of the ad-
junction (2.4.2.1) implies the existence of a unique group homomorphism
o: Adj(A) — Z defined by o(e21e22...e4m) = > 1" «a; for all a; € A for

ay “az tan
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1< <n.
A——4 5 Conj(Adj(A))
X‘ k///éonj(a)
Conj(Z)

Its kernel Adj(A)° = ker(o) is generated by all products of the form e,e; *
with a, b € A. The action (2.4.3.1) can be restricted to Adj(A)°, and we obtain

the same orbits with respect to this subgroup since for a € A and g € Adj(A),

—oa(g)
we have a9 = af 9,

Proposition 2.4.4. The group homomorphism 74: Adj(A) — Inn(A) is a
central extension.

Proof. Consider egteg? ...eqm € Adj(A) such that

Tan
Ta(egreg? .. egm) =ida

ai ~az

] Qo an
then a1 fe2Pan = q for all a € A. Thus
€a<®1a; <49*2a 1% a, — €a

for all @ € A which by the definition of Adj is the same as

—Qn e*a2
an - Cqy

—Q1 Q1,02
€ay '€aCql€qr ... ey

Qn
= ea

for all a € A. [ |

We will end this section by showing that the adjunction (2.4.2.1) is not
admissible even for surjective homomorphisms. Here, we are not dealing with
an adjunction between a variety and its subvariety, but the Definition 1.2.4
of admissibility is still valid in this case (see for example [MRV14] where the

adjunction considered resembles the adjunction (2.4.2.1)).

Example 2.4.5. Consider the empty quandle (J, then (y: 0 — {*} (since
Adj(0) = {}). We will show that the functor Conj’: Grp | Adj(0) — Qnd | 0
is not faithful. Take the surjective group homomorphisms Z — {x} and
Z x Z — {x}, and consider the two group homomorphisms (0,1): Z — Z x Z
and (1,0): Z — Z X Z, applying the functor Conjm to these two group homomo-
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morphisms yields the following commutative diagram

) ————  Conj(Z)

N

Conj((1,0))

Conj((0,1))

0 l Conj(Z x Z)
[Z) i {*} /
where
Conj®((0,1)) = idy = Conj’((1,0))
but

(0,1) # (1,0).

2.5 Algebraic quandle coverings

2.5.1. In this section, we recall the definition of algebraic quandle covering
introduced by Eisermann [Eis03, Eisl4] and give some connections with the

central extensions of groups.

Definition 2.5.2. A quandle homomorphism f: A — B is an algebraic quandle

covering if it is surjective and satisfies the following condition (C):

f(a) = f(a') implies c<ta =c<d for all a, a/, c € A.

Remark 2.5.3. Remark that, given an algebraic quandle covering f: A — B,
one can define a quandle homomorphism s: B — Conj(Inn(A)) by s(b) = (—)~=
with a € A such that f(a) = b. Since f: A — B is an algebraic quandle covering,
it is easy to show that it is well defined. It is also a quandle homomorphism:
given b and V' in B, s(b<1b') = (—)Pa<a’ for some a, a’ € A such that f(a) =b
and f(a’) = ¥’. By using the same argument as in Remark 2.3.5, one can
show that (—)Pe<a’ = (=)P* g (=)Pa’ = s(b) < s(b'). By the universality
of the adjunction (2.4.2.1), there is then an induced group homomorphism
t: Adj(B) — Inn(A) defining an action of the adjoint group Adj(B) of B on
the quandle A. This action A x Adj(B) — A with (a,g) — a9 is defined as
follows: if g = e, with b € B then a® = a < a’ where a’ is an element of A
such that f(a’) = b.

Now let us see how the notion of algebraic quandle covering is in fact strongly

related to the notion of central extension of groups.
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Proposition 2.5.4. Let f: G — H be a surjective group homomorphism.
The group homomorphism f: G — H is a central extension if and only if

Conj(f): Conj(G) — Conj(H) is an algebraic quandle covering.

Proof. Start with a central extension f: G — H, then Conj(f) is surjective. Now
if Conj(f)(g) = Conj(f)(¢’) then in particular f(g) = f(g¢’) in the group H, or
lgg/—l
for all | € G, which is equivalent to ¢’ !¢’ = g llgin Gorl<¢g =1<gin
Conj(@).

Now let Conj(f): Conj(G) — Conj(H) be an algebraic quandle covering
and let g € ker(f). Then in particular Conj(f)(g) = 1g = Conj(f)(1¢) which
implies that | < g = | < 1¢g in Conj(G) for all | € G. This latter equality
translates in G by g~'lg = [ for all [ € G so that g € Z(Q). [ |

f(gg’~') = 1x. Since f is a central extension, gg'~! € Z(G), or g¢g' !l =

Proposition 2.5.5. Let f: A — B be an algebraic quandle covering. Then
Inn(f): Inn(A) — Inn(B) is a central extension.

Proof. If Inn(f)(g) = idp then f(a?) = f(a) for all a € A which implies that
a <a? =d <aforall d € A. So by Corollary 2.1.6, we get a/Pat = /9 Pag
which is equal by assumption to a’?+ for all a’ € A, so that g~ p.g = p, for all
a € A. |

Proposition 2.5.6. Let f: A — B be an algebraic quandle covering. Then
Adj(f): Adj(A) — Adj(B) is a central extension.

Proof. Since f: A — B is an algebraic quandle covering, there is an induced
group homomorphism ¢: Adj(B) — Inn(A). We then have the following com-

mutative diagram:

Adj(A) ——2—— Tnn(A)

AdJm /

Adj(B

with 74 a central extension so that Adj(f) is a central extension too. |






Chapter 3

Study of the functor
m0: Qnd — Qnd*

We study the concepts introduced in Chapter 1 for the adjunction between the
category of quandles and its subcategory of trivial quandles. We first show that
this adjunction is admissible by investigating some local permutability property
in the category Qnd of quandles. We then characterize trivial and normal
coverings and relate the notion of algebraic quandle covering to the notion
of categorical covering introduced in Chapter 1. We then study factorization
systems for surjective homomorphisms and compare the one induced by the
adjunction with another one that can be deduced from the work of Bunch,
Lofgren, Rapp and Yetter [BLRY10]. Finally, we study closure operators for

subobjects and for congruences.

3.1 Admissibility

3.1.1. We first investigate some properties of orbit congruences.
Although the category of quandles is not a Mal’tsev category, a very impor-
tant result concerning orbit congruences is that they permute with any other

reflexive (internal) relation in the category of quandles.

Lemma 3.1.2. Let A be a quandle, R a reflexive relation on A, and N a

normal subgroup of Inn(A). Then the relations R and ~y permute:
NN OR = RO NN .

Proof. Let (a,b) €~y oR, so that there exists ¢ € A such that (a,¢) € R
and (¢, b) € ~y. In particular, there is an automorphism n € N such that ¢ = b.
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It follows that (a,b) € Ro ~y, since (a,a™) €~y and (a",b) = (a™,c") € R.
Accordingly, one has the inclusion ~y oR C Ro ~ .

We also have the other inclusion Ro ~nC~py oR: if (a,b) € Ro ~p, then
there exists ¢ € A such that a ~y ¢ and cRb. The first relation implies the
existence of some n € N such that a” = ¢, which is equivalent to a = o
Since cRb, on have that a = ¢ Rb" = and it is always true that b ~y b.

This implies the equality
~N OR = RO ~N . .

A straightforward observation can be made about the adjunction (2.3.6.1)
between the category of quandles and the category of trivial quandles: the
kernel pair of the A-component of the unit n4: A — my(A) is an Inn(A)-orbit
CONGIUence: ~yn(A)-

The Lemma 3.1.2 implies a useful property of a special type of pushouts in
Qnd [CKP93].

Lemma 3.1.3. Let

be a pushout of surjective homomorphisms in Qnd such that Eq(f) is an orbit
congruence. Then the canonical factorization (f,g): A — BXxpC to the pullback

of f and G is a surjective homomorphism.

Proof. The fact that Eq(f) =~ for some normal subgroup N C Inn(A) implies
that

Eq(f) e Ea(g) = Ea(g) o Ea(f) = Eq(f) V Ea(g)

is the supremum Eq(f) VEq(g) of Eq(f) and Eq(g) as congruences on A. More-
over, the fact that the square is a pushout implies that Eq(t) = Eq(f)V Eq(g),

with t = f o g. Consequently,
t°ot=f%0 fogog. (3.1.3.1)

The regular image of (f,g): A — B xp C is given by the relation fog°, whereas
the relation (B x p C, p1, p2) given by the pullback projections is g° o f. Finally,
by composing (3.1.3.1) on the left by f and on the right by g° one obtains the
equality

fot?otog’=fof°cfog’ogog?,
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which becomes, thanks to the identities (3.1.3.1) and (1.1.12.1),
fofog’ofogog®=fog’
Since fo f° = Ap and go g° = Ag, it follows that
g’of=fog"
as desired. ]

In particular, the following useful result holds:

Corollary 3.1.4. For any surjective homomorphism f: A — B in Qnd the
commutative square
A 1o(A)

fi lno(f) (3.1.4.1)

B T) 7T0(B)

where n is the unit of the adjunction (2.3.6.1) has the property that the canon-
ical arrow (f,na): A — BXqy(mTo(A) to the pullback (of mo(f) and np) is

surjective.

Proof. This follows immediately from Lemma 3.1.3, the fact that the kernel
pair of 4 is an orbit congruence and the fact that the square (3.1.4.1) is a
pushout as mentioned in 1.2.1. |

This leads us to the proof of the admissibility of the subcategory Qnd™ of
the category Qnd of quandles.

Theorem 3.1.5. In the adjunction (2.3.6.1), the reflector mo: Qnd — Qnd*
preserves all pullbacks in Qnd of the form

B Xy X —2— X

ml Lb (3.1.5.1)

where ¢: X — mo(B) is a surjective homomorphism lying in the subcategory
Qnd*.

Proof. Consider the following commutative diagram where:

« the exterior rectangle is the pullback (3.1.5.1), where ¢: X — mo(B) is a
surjective homomorphism in the subcategory Qnd*;
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e @ is the pullback of mo(p1) and np;

e the universal property of the unit
NBx 5y X : B X3y X — 7o(B X o8y X)
induces a unique morphism ¥ : g (B X 1o (B) X) — X such that
VY ONBx, (5 X = P2

 the arrow v: B X (3) X — @ is the one induced by the universal property
of the pullback of np along 7r0(p1).

B Xﬂ"o(B) X X
N(B)X %
p1 Q i 7T0(B Xﬂ'o(B )
/ Wl)
B 7T()(B)

N5
By Corollary 3.1.4, we know that the homomorphism -~ is surjective. The fact
that ¢ oy = p; and ¥ o g2 0 v = py implies that ~ is also injective. Indeed,
this latter property follows from the fact that the pullback projections p; and
pe are jointly monomorphic, i.e. if p; ou = p; ov (for i € {1,2}) then u = v.
Accordingly, the arrow ~ is bijective, thus it is an isomorphism. We can then
consider the following diagram

,’7 Ky
B Xy X — 2225 20(B Xy gy X) ——2—— X

P1 (1) o (p1)

B 5 FQ(B) ™0 (B
where both the outer rectangle (1) + (2) and the square (1) are pullbacks.
Since np is a surjective homomorphism it follows from Proposition 1.1.14 that
(2) is a pullback. This shows that the pullback (3.1.5.1) is preserved by the

functor mg, as desired. |

Remark 3.1.6. We are now going to show that the surjectivity of the morphism
¢: X — m(B) is crucial in the proof of Theorem 3.1.5: the functor my no
longer preserves pullbacks of the form (3.1.5.1) when ¢: X — 7o(B) is not
assumed to be surjective. In other words, the functor mo: Qnd — Qnd”™ is not
semi-left-exact in the sense of [CHKS85].
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Let X = {*} be the trivial quandle on the one-element set, and take for B
the quandle having three elements a, b and ¢ with << = <! defined by the
following table:

a <o 9 |A

b
a
b
c

o o Qe
o 2 o0

By setting ¢(*) = [a]inn(B) = [b]inn(B), We define a quandle homomorphism
¢: X — mo(B) that is not surjective. If we write P for the pullback B X gy X
of ¢ and np, we thus have

P={(p,*)|p€{a,b}},

and we want to show that the morphism i: mo(P) — mo(B) X, 5y X defined

by i ([(p, *)]IHH(P)) = ([Plin(B), *) is not an isomorphism. For this, it suffices
to remark that

i([(av *)]Inn(P)) = ([a’]lnn(B)7 *) = ([bhnn(B)v *) = Z([(b> *)]Inn(P))

with [(a, *)]in(p) 7 [(0, *)]mn(p)- In other words the functor 7 is not semi-left-

exact.

Remark 3.1.7. One might wonder if, in general, the functor my preserves
pullbacks of surjective homomorphisms along surjective homomorphisms. The
answer is negative again, as the following counter-example shows: 7y does
not even preserve kernel pairs of split epimorphisms, in general. This shows
that the category Qnd behaves very differently compared to a semi-abelian
category [JMTO02] (see also [Gra04] for the result).

Let us consider the involutive quandle A with four elements {a,b, ¢, d}
defined by the following table

QL o o 9| A
QU O 2|
Q o oo
Q o o2 o
QU O @ o

and the trivial quandle B with two elements {x,y}. Let f: A — B be defined
by f(a) = f(b) = f(¢) = xz and f(d) = y. This quandle homomorphism
is surjective, and it is even split by the quandle homomorphism s: B — A
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defined by s(z) = ¢ and s(y) = d. Its kernel pair Eq(f), however, is not
preserved by the functor 7. Indeed, [(a,b)]mn(Eq(s)) and [(a, @)]mn(eq(s)) are
distinct elements in mo(Eq(f)) (since (d, d) is the only member of Eq(f) acting
non trivially on Eq(f)), while the corresponding images ([a]in(a); [b]inn(a))
and ([a]in(a), [@]imn(a)) are equal in Eq(mo(f)). Accordingly, Eq(mo(f)) is not

)

)-

isomorphic to 7o (Eq(f

3.2 Coverings

3.2.1. In this section, we give algebraic characterizations of trivial coverings,
normal coverings and coverings. We also give examples showing that there
exists coverings that are not normal and normal coverings that are not trivial.

Proposition 3.2.2. A surjective homomorphism f: A — B is a trivial covering
if and only if the following condition (T) holds:

Va, o’ € A, if f(a) = f(a') and [a]unca) = [a']in(a), then a = a'.
Proof. This follows directly from the definition of v: A — B X, () mo(4),
together with the fact that - is always surjective by Corollary 3.1.4. |

Proposition 3.2.3. A surjective homomorphism f: A — B is a normal cover-
ing if and only if the following condition (N) holds:
Va; € A with 0 < i <mn, if

ag < ap Q2 - <% a, = ag,

then

ap <t ay 9%% - QY al = aj)

for all a} € f=1(f(a:)).
Proof. By definition, f: A — B is a normal covering if and only if the first

projection fi: Eq(f) — A in the following diagram is a trivial covering.

Eq(f) — A

/|
A

~

— B

But f1: Eq(f) — A is a trivial covering if and only if the condition (") holds
by Proposition 3.2.2:

Y(ag, ap), (zo, z4) € Eq(f), if

fi(ao, ap) = fi(zo,zp)
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or ag = ro and
[(a0, ag)lan(Eq() = [(0, T0)|mn(Ea(s))»

then

(a07 af)) = (aOa xfj)

This translates to the following condition:
Vaog, ay, x( such that f(ag) = f(ag) = f(xy), if there exists (a;,a) € Eq(f)
with 1 <7 < n such that

(a07a6) < (a17a/1) SRR (anva;) = (a0,1}6)
then (ag, aj) = (ag, xp) or
(a07a6> = (a07a6) Q! (aha’/l) QI g (ama;z)'

Clearly, condition (V) implies the previous condition, but it is also true that

the previous condition implies (IV) since we can therefore take z{, to be
xy = ap < ay 9% - <Y al. [ ]

Although it is always true that Triv(B) C Norm(B) when the subcategory
X of C is admissible, we will take some time to show how the condition (7'
implies condition (N). Suppose having a surjective homomorphism that satisfies

condition (7T'), and suppose
ap <*ta; 4% .- <% a, = ag

for some a; € A with 0 <4 < n. For any a} € A such that f(a}) = f(a;), we
have that

flag <®t ay €% --- <% ap) = f(ag) <% f(a)) <2 - < f(ay,)
ag) Q' flay) Q2 .- <% f(an)

I
= f(ao gt aq Y2 gon an)
I

and clearly [ag<*t @} <9°%- - - <" @], |ian(a) = [@0]mn(4) S0 that, by condition (T'),
ap A% a) <9%% - QY al, = ay).

The converse is not true however, there exist normal coverings that are not

trivial.
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Example 3.2.4. Consider the involutive quandle A given by the following
table

o <o 9 |A
[SIER LR S B IS
o oF Qo
o o oo

and consider 14: A — m(A). Since mo(A) = {[almnca) = [Blmn(4); [CJmn(a)}>
it is obvious that 774 is not a trivial covering since 14 (a) = n4(b) but a # b.
However, n4 satisfies the condition (IV): since a and b act trivially on all

members of A, the only interesting case is if
r<dcde---<c==zx

for x = a or b. This latter equality is only true when there is an even number

of — < ¢ in the "chain", so that it acts trivially on both a and b, showing (N).

3.2.5. We will now show that coverings correspond to algebraic covering intro-
duced in Chapter 2.

First let us show that algebraic quandle coverings behave well with respect
to pullbacks.

Lemma 3.2.6. Consider the following pullback

ExpA—254

n| J{f (3.2.6.1)
B.

B p

If f is an algebraic quandle covering then py is an algebraic quandle covering.
Moreover, if p: E — B is a surjective homomorphism, f is an algebraic

quandle covering whenever py is an algebraic quandle covering.

Proof. Algebraic quandle coverings are stable under pullbacks. Let (e,a) and
(¢/,a') € E x g A such that pi(e,a) = p1(¢/,a’), i.e. e =¢€’. Then we have

and by assumption we know that ¢ <<a = c<1a’ for all ¢ € A, so that p; is an

algebraic quandle covering since
(z,c) < (e,a) = (z,c) < (e,a’)

for all (z,¢) € E xp A.
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Now let us see that this property is reflected by pullbacks along surjective
homomorphisms. Suppose that f(a) = f(a’): by surjectivity of p, there exists
e € F such that

so that both (e, a) and (e, a’) belong to E x g A. Moreover, these elements have

the same image by p; and thus, by assumption, we know that
(z,¢) < (e,a) = (z,¢) < (e,a’)

or
(x<e,c<a)=(x<de,c<a)

for all (z,¢) € E xp A. Now since ps is surjective, there exists such an element
(z,c) for all ¢ € A, so that, in particular, c<<a =c<d’ for all ¢ € A. |

From this lemma we get the following:

Corollary 3.2.7. If f: A — B is a covering then f: A — B is an algebraic

quandle covering.

Proof. If f is a covering then there exists a surjective homomorphism p such
that the pullback of f along p as in the diagram (3.2.6.1), namely pq, in the
following diagram is a trivial covering.

Wo(EXBA)MEXBAL}A

molon)| ml lf (3.2.7.1)

’/T()(E) E B

nE p

Since p; is a trivial covering, the left hand square in (3.2.7.1) is a pullback.
Of course, in Qnd*, every surjective homomorphism is an algebraic quandle
covering. By using the previous lemma twice, one can lift the algebraic quandle
covering property from m(p1) to p1, and then to f. |

To prove the converse, given an algebraic quandle covering f: A — B, we
need to construct p: E — B such that the pullback of f along p is a trivial
covering. It appears that a good candidate for this has already been introduced

by Eisermann in [Eis14].

Definition 3.2.8 (Eisermann). Let A be a quandle with connected components
(A;)ier and choose a base point ¢; in each connected component A4;. Let Adj(A4)°
be the kernel of the group homomorphism o: Adj(A) — Z. For each ¢ € I, we
define

A ={ (a,9) € A; x Adj(A)° |a = ¢} }.
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We define A = Uig[li as the disjoint union of the A,.

The following lemma serves to recall the quandle structure on A. The
quandle homomorphism p: A — A is also defined. It will be proved to be a
weakly universal algebraic quandle covering of A. Both the following two results
can be found in [Eis14] (Lemma 7.11 and Proposition 7.12, respectively).

Lemma 3.2.9. 1. The set A = U;c;A; becomes a quandle by defining:

(4,(a,9)) < (4, (b, h)) = (i, (a < b, ge;leb))
(i,(a,9)) < (4, (b, ) = (i, (a 97" b, geaey, 1))

for any (a,g) € A; and (b,h) € A;.

2. The quandle A is equipped with an action A x Adj(A) — A defined by

(i, (a, 9))" = (4, (a", e, 7™M gh))

for all h € Adj(A), (a,g9) € A; and q; € A;. There is thus a restricted
action of Adj(A) on each A;, defined by

(a,9)" = (a", ;7™ gh).

The subgroup Adj(A)° acts freely and transitively on each A;. As a
consequence, the connected components of A are the sets A;.

3. The arrow p: A — A defined by p(i, (a,g)) = a is a surjective quandle

homomorphism and is equivariant under the action of Adj(A).

Proof. 1. The first quandle axiom is obvious:

(i, (a,9)) < (i, (a, 9)) = (i, (a < a, geg " ea)) = (i, (a, 9))-

We will only give the proof of one identity for the second axiom, the other
identity being proved in the same way by exchanging the roles of <1 and

<~ 1. The second axiom follows from the equality eqy = e;leaeb:

(4, (a, 9)) < (5, (b, 1)) <~ (3, (b, 1))

(i, (a <1 b,geg "en)) <" (4, (b, 1)
(i, ((a <1b) <71 b, geg eveace, ')
(4, (

(i, (a,

i, (a, ge, ebeb_leaebeb_l))

9)):

Z
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The third axiom also results from the previous equality:

((2, (a,9)) < (4, (b, 1))

A

(k, (c,1))
a<b,ge;tey)) < (K, (c,1))

Z,

i,((a<ab) e, gey tepe,rec))

(2, (

(4, ((

(i,((a<b) Qe ge;lebegleglebec))
(2, ((

i, ((a<1b) < c,ge, ey enee)),

and

((2, (a,9)) < (K, (¢, 1))

A

(G, (0,h)) < (K, (c,1)))

= (i,(a <¢c,gegte.)) < (4, (b<c, hey tee))
(
(

i’ (((l < C) < (b < C)vge(;lece;écebQC))

i, ((a<b) <, ge; e eper)).

2. Now let us prove that Adj(A)° acts transitively via the action defined in
the lemma: if (a,g) and (b, h) are in A;, then a = ¢} and b = ¢! where
g, h € Adj(A)°. By taking g~ 'h € Adj(A)° we sce that (a,g)? " = (b, h).
It also acts freely on each A;: if (a, g)" = (a, g)* for some h, k € Adj(A)°,
then (a”, gh) = (a*, gk) and so h = k.

3. It is easy to see that the arrow p: A — A is a surjective quandle homo-

morphism. And we have

p((i, (a,9))") = p(i, (a", e, 7™M gh)) = a" = p(i, (a, 9))"

for any (i, (a,g)) € A and h € Adj(A).
|

Proposition 3.2.10. Let A be a quandle. Then the construction of A does not
depend on the choice of points q; € A;, i.e. another choice of base points would

just lead to an isomorphic structure.

Proof. Let A and A be the quandles from Definition 3.2.8 with base points
(gi)ier and (7;);er in the connected components (A4;);cr of A respectively. Then,
for each i € I, there exists h; € Adj(A)° such that ¢ = r; (or TfZI = gq;) via
the action of Adj(A)° on A (see Remark 2.4.3 and Lemma 3.2.9). Now define

the map ~: A—)Aby

(0, (a,9))) = (i, (a; hig)).
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It is well-defined since if (i, (a,g)) = (j, (b,h)) in A, then i =j,a=band g = h
so that (i, (a, hig)) = (j, (b, h;h)) in A. The function v is injective: if

(0, (a, 9))) = ~((4; (b 1))

for some (i, (a,g)) and (4, (b,h)) in A then

(i, (a, hig)) = (4, (b, hjh))

in A. The last equality is true when i = j (so that h; = h;), a = b and
hig = hjh = h;h which implies that g = h. It is clearly surjective for if (i, (a, g))

- -1 ~
is in A (so ¢/ = a, thus rf Y = a), one can take (i, (a,h; *g)) in A, whose
image by v is (i, (a,h;h;'g) = (i,(a,g)). Now let us show it is a quandle

homomorphism: if (, (a,b)) and (j, (b, h)) are elements of A, then

i,(a<1b, higegleb))

(4, (a,9)) <1 (5, (b, 1)) = (i, (a 2 b, geg ' es))

(
(Zv (CL, hig)) < (]’ (b7 hzh))
V(@ (a,9))) <v((; (b, h))).

The application 7 is thus a quandle isomorphism, as desired. |

Definition 3.2.11. An algebraic quandle covering f: X — A is weakly uni-
versal if for each algebraic quandle covering g: C' — A, there exists a quandle
homomorphism ¢: X — C such that go ¢ = f.

Proposition 3.2.12. Let A be a quandle and let A be defined as in Lemma 3.2.9.
Then the arrow p: A — A defined by

p(i,(a,9)) =a V(i (a,g)) € A

is a weakly universal algebraic quandle covering of A.

Proof. 1t is easy to see that p is an algebraic quandle covering for if

p(iv (CL, g)) = p(j7 (b7 h))

then a = b and

(k7 (C, l)) < (iv (a7 g)) = (k’ (C <a, lec_lea»
= (k,(c<ab,le; ey))

= (kv (C’ l)) < (J’ (b7 h))
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for all (k, (c,1)) € A.

Now we need to prove that if f: X — A is an algebraic quandle covering
then there exists a homomorphism ¢: A — X such that f o ¢ = p. First
recall that since f: X — A is an algebraic quandle covering, there is an action
of Adj(A) on X. So we define ¢: A — X by ¢(i,(a,g)) = 2 for x; such
that f(x;) = ¢;, so that f(zJ) = ¢/ = a. Remark that the z;’s are in different
connected components since the g;’s would be in the same connected components
otherwise. Thus f o ¢ = p on each connected component, so that this is true
in general. It suffices now to show that ¢ is equivariant under the action of

Adj(A)° in order to prove that it is a quandle homomorphism because

(i, (a,9)) < (7. (b, 1)) = ¢((i, (a <1 b, ge; er)))
= 6((i, (a,g))% )

and

(b((lv (aa g)) < ¢(.77 (b’ h)) = (b((lv (aag)))ea .
But indeed, if h € Adj(A)° = ker(o), then

= o((i, (a, 9))". u

Before proving the main result of this section, we shall need one more lemma.

Lemma 3.2.13. Let A be a quandle with a = b9 for some a, b € A and
g € Adj(A). Then

€q = g_lebg'

In particular, gey = epg with o € Z.

Proof. Since g € Adj(A),

— 1,02 Qn
g=ce€gleqgr...eqn

for some a; € A and a; € {—1,1} with 1 <i <n. So
b9 = besll esg...ea"

an

=b<™ a1 <* ay--- 4" ay,.
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And by using the identity e 4, = e;leaeb, one finds that

€q = €b<]f¥1a1<|02a2...<10nan

—Qn Qn
= €4, (eb<1"1 a1<%2az---<4“n=1la, )ean

[e29)

. —Q —Qp —Q [e5pNe?]
=e, " .e, te, Mrepe et el

an < Cay

=g ey u

Remark 3.2.14. This lemma allows one to redefine the quandle operations on
A this way:

(i, (a,9)) < (4, (b, h))
(i, (a,9)) 27" (4, (b, 1))

(i,(a<ab, e;lgeb))
(i, (a‘ <]_1 b7 eqigeljl)).

Finally we can prove that algebraic quandle coverings correspond to coverings
for the adjunction between the category of quandles and the category of trivial
quandles [Evel4al].

Theorem 3.2.15. A quandle homomorphism f: X — A is an algebraic quandle
covering if and only it is a covering.

Proof. By Corollary 3.2.7 one only needs to show that any algebraic quandle
covering is a covering. More precisely we are going to show that any algebraic
quandle covering is split by the weakly universal algebraic quandle covering
p: A — A constructed in Proposition 3.2.12. Let us then consider the pullback

Axa X 25 Xx
le/ J{f
A——0— A

and check that the surjective homomorphism p; is a trivial covering. For this,
suppose that

p1((i; (2, 9)),y) = pr((4; (b, 1)), 2)
and
[((Z’ ((179))7 y)hnn(AXAX) = [((.]7 (bv h))v Z)]Inn(AXAX) ’
we have to prove that ((i, (a, g)),y) = ((4, (b, h)), z) (by Proposition 3.2.2).
)

The first equality already gives (i, (a,g)) = (4, (b, h)).
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The second one guarantees the existence of ((ix, (@i, gi,))s ¥i,) € A xa X
with 1 < k < n such that

((7” (a’ g))? y) Q9 ((ilﬂ (ailvgil))7 yu) R ((Zna (ain7gin)7 yzn)
((, (b, ), 2)
= ((27 (G;, g))7 Z)

This implies that

(i, (a, 9)) < (i1, @iy, Giy)) -+ - <O (ins (@i, 90,))5y < Yy - <" yi,)

= ((¢,(a,9)), 2),

and one then gets the following equality by using the alternative definitions of
the quandle operations given in Remark 3.2.14:

(4, (@ <™ @iy -~ <" ai, e, " o e geg! oooeqn )y <9y e IO y)

qi (23] Qi
= ((Zv (a’ g))’ Z)
so if we write v == >_}'_ | ay, then
((ia (a <9 iy = Qo ain?eq_iagegill T egi’;/)),y 9 Yiy - on yln)
= ((Zv (aag))az)'

From this and Lemma 3.2.13, one deduces that

(i, (@ <9 @, - - <Y ay,, ge; Yest ..eqm ) = (i, (a,9))

Ay F g,

and
y P Yiy " <%n Yi, = 2.
Accordingly:
(a’ g) = (CL Q! iy = Qo Qi s gegaegill o .egziy;)
=(a<"%a Q% q;, - <" i, > 9€q “€ar - - ear)
— (a,g) " “h

But because e, “eg! ...eqr € ker(o) = Adj(A)° acts freely on A;, one has that

—a oo e — 1’

€ [P
a a,-l (e 77
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which means

"Moeor =ey.
1 in
Since f is an algebraic quandle covering, there is an action of Adj(A) on X
(Remark 2.4.3), which gives the following since f(y;,) = a;, forall 1 <k <n

and f(y) = a:

Z:y<]alyi1"'<]a"yi

eol an
i1

n

=y<¥y=y. [ ]
Corollary 3.2.16. The weakly universal covering p: A — A is a normal

covering.

We finish this section by showing that Norm(B) C Cov(B) in terms of the
conditions (V) and (C'). We also give an example of a covering that is not a
normal covering.

Suppose having a surjective homomorphism f: A — B satisfying condition
(N) and suppose f(a) = f(a'). Certainly, given any ¢ € A, we have c<la<i"la = ¢
but then condition (V) says that in particular, c<ta <\"! @’ = ¢ which translates

intoc<da=c<ada.

Example 3.2.17. Consider the involutive quandle A given by

QL o o 2 |A
QU O S 2|2
Qo oo
S0 QU 2O
QU O o Q|

and the two elements trivial quandle X = {z,y}. Now consider f: A — X
defined by f(a) = f(b) = f(d) = x and f(¢) = y. It is not a normal covering
since f(a) = f(b) and a<<c =a but b<<c =d # b. To see that it satisfies
condition (C), it suffices to remark that elements with same image by f have
the same column in the table.

3.3 Fundamental group of connected quandles

We prove that the notion of fundamental group of a connected quandle intro-

duced by Eisermann in [Eis14], that we shall call algebraic fundamental group in
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the following, is also a particular case of the categorical notion of fundamental

group recalled in Chapter 1.

Definition 3.3.1. Let A be a connected quandle with base point q. The

algebraic fundamental group 71(A, q) is defined as
m1(4,q) ={g € Adj(A)° | ¢/ = q}.

Theorem 3.3.2. The fundamental group 7% (A) of a connected quandle A is

isomorphic to the algebraic fundamental group w1 (A, q) for any q € A.

Proof. As explained in Section 1.4, one should consider the weakly universal
normal covering p: A — A of A as constructed in the previous section. We

construct the kernel pair of p:

Eq(p) = {((a.9), (a,¢")la = d'} = {((a, 9), (a,9')}.

Since A is a connected quandle, the internal groupoid

)

51 Q p1

N -

E X i B —m— B —e A

a(p) x 4 Eq(p) " a(p) -
is sent to the Galois group 7§ by mp:
mo (%)

o (s1) Q, 7o (p1)
mo(Eq(p)) x mo(Eq(p)) —mo(m) 3 mo(Eq(p)) < mo(e) — {x}

7\'0(82) 770(172)

whose elements are the elements of

7o(Ba(p)) = {[((@. 9). (@: 9 iungae) | (@:9):(a:9)) € Ea(p) } -

Thanks to Lemma 3.2.9, we know that since A is algebraically connected, so is
A. We can thus deduce that for any two elements (a,g) and (b,h) in A there
exist (c;, ki) € A with 1 <i < n such that

(a7g) = (b7 h) < (Cl7k1) 2 (027k2) RS (Cnvkn)

J— [e5] a9 (03 — [e5 PN D) (0%
= (b 1 Q" e A" ey e, Yhegler? L egr)
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where o = " | ;. Note that this implies that
a=b<1%"c; 4% - Q%" ¢,

and
edrel2 . efn = hlelyg. (3.3.2.1)

c1 “C2 t T Cn q

Let us now clarify the different group operations on mo(Eq(p)) in order to
prove that the algebraic fundamental group is isomorphic to the fundamental
group 7 (A):

o the neutral element of the group comes from the reflexivity of the relation
Eq(p) and is thus given by the class

[((a’v 9)7 (av g))]lnn(Eq(p))

for any (a, g) € A;

o the inverse of an element should come from the symmetry of Eq(p): the
inverse of [((avg)a (CL, g/))]lnn(Eq(p)) € ﬂ'O(Eq(f)) is given by

[((a,9). (@, 9N ionceage) = [((@:9): (05 9 tan(ac)) |

 the multiplication of two elements is given by the transitivity of Eq(p), so

given [((a’ 9)7 (a7g/))hnn(Eq(p)) and [((b7 h)7 (b7 hl))]lnn(Eq(p)) in Wo(Eq(p)),
we have to find how to transform (b, h) into (a,¢’) in order to use the

transitivity of Eq(p). Since A is connected, there exist (¢;, k;) € A with
1 <4 < n such that

(a,g") = (b,h) < (c1,k1) - <™ (cn, kn),
and thus, since ((¢;, ki), (¢i, ki) € Eq(p) for all 1 < ¢ < n, we have

((b7 h)7 (b’ h/)) Q! ((Clv kl)v (Clv kl)) R ((Cm kn), (Cm kn)) =
((byh) < (e1, k1) - < (cny k), (b,R)) 9 (c1, k1) -+ QY (Cn, kn))

where the first projection is
(b<™ er--- QU cpye, “hell .. edr) = (a,g')

and the second projection yields thanks to the identity (3.3.2.1)

aq « -/ o1 an\ __ —a1,/1,—1 o /
(b ey Q¥ cpy e, Wegt oegn) = (a,e, “W'h ™ egg').



3.3 Fundamental group of connected quandles 69

Now by Lemma 3.2.13,
egah, h/ —ho/¢ — hleb—a

and

-1, o _ ja3—1_ jap—1
h™"eq =enh™ =eyh™.

This implies that

(a, _ah'h 1 ag') (a,h'ey “efh™tg') = (a, 'R g").

To sum up, we just showed that

[((ba h)’ (b’ hl))]lnn(Eq(p)) = [((a’ g/)v (a7 h/hilgl))] Inn(Eq(p))

Now the multiplication of the class [((a,9),(a,9'))lynmq@)) and the
class [((b,h), (b, h))]1un(rq(p)) 18 €qual to the multiplication of the classes

[((CL, g)? (a’ g ))]Inn(Eq(p)) and I:((aa g/)v (a7 h/hilgl))] Inn(Eq(p)) which ylelds

[((a’ g)» (a7 gl))]lnn(Eq(p)) [((bv h)7 (bv h/))]lnn(Eq(p))
= [((aag)’ ((1, h/hilg/))}lnn(Eq(p)) ’

Consider ¢: 789 (A) — 7 (A, q) that sends [((a, g), (@, 9")]inn(Bq(p)) tO gg't
It is well-defined: if

[((avg)’ (aa g/))]lnn(Eq(p)) = [((ba h)v (ba h/))]lnn(Eq(p)) )

then there exist ((¢;, k;), (¢, k.)) € Eq(p) with 1 < ¢ < n such that

—~

(a,9),(a,g"))

)
= ((b,h), (b,n")) @°* ((c1, k1), (c1, k1)) Q22 -+ - %" ((ens kn), (cn, K1)
( g heglec? ... eln "), (a,e O‘h'eg‘ll eor - - - egf')) .
Thus we get
[l —— e, “hegles? .. egn (e “hedlen? eyt
= e, “hellel? .. elre e e M h T e

_ _—« /I—1 _«
=e,“hh™ e
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and by Lemma 3.2.13, the last equality becomes

gt = e;o‘hhlfleg‘ = he, “egh'~t = hh' "L

The application ¢ is clearly surjective since given g € w1 (A4, ¢) then we can
take [((Q7 9)7 (qa 1))]Iy1n(Eq(p)) in 7T()(Eq(p))

It is injective: let [((a7g)a (avg/))]lnn(Eq(p)) and [((bv h)v (bv h,))hnn(Eq(p)) in
mo(Eq(p)) such that
gg/—l _ hhl—l

or

h/hflg — gl'

Since A is algebraically connected, there exist (¢;, k;) € A with 1 <17 < n such
that
(bv h) < (Clv kl) <2 (027 k2) s (C’m kn) = (a,g),

which implies that

—a g Otz [e3 J—
q hedlect...ecr =g
or, equivalently,

a1 2 o _
€op Cop o €L = €, 9.

Now let us see that the same "chain" links (a, g’) to (b, h’): indeed

O‘h'egll ?j...e?’j = _O‘h’h_1 a
=Fhe h,e o p=1 g
=h'h 1y
:g/.

This implies that

[((a,9), (@, 9'D]iwneaey) = (1), (0, )] ianrqp)) -

Let us then verify that ¢ is a group homomorphism:

t([((@, 9), (@, 9" )inn(ma)) (B 2), (0, B )i (mam)) = g9’ 'hn'~*
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while
([((a, 9), (a, 9’))]1nn(Eq(p)) [((b, h), (b, ))]IHD(Eq(p)))
— 1.
= u([((a,9), (a,'h™"g mmn(Eq(p)))
=g(Wh™g)™"
— gg/ 1hh/ 1
In conclusion, ¢: 78 (A) — m,(A, q) is a group isomorphism. [ ]

3.4 Factorization systems for surjective homo-

morphisms

In this section we describe the factorization system of surjective homomorphisms
induced by the reflective subcategory Qnd* of Qnd and we show the existence
of another factorization system derived from the work of Bunch, Lofgren, Rapp
and Yetter [BLRY10]. Finally, we compare these two factorization systems
and we show that the last one does not satisfy the typical property of the
factorization systems arising from an adjunction (see Proposition 1.5.5). This
is joint work with my supervisor M. Gran [EG14].

The induced factorization system

3.4.1. Consider the class F of surjective quandle homomorphisms and consider
the pair (€, M) of classes of morphisms, where £ is given by the morphisms
in F inverted by the functor my, and M is the class of trivial coverings. The

morphisms belonging to the class £ can be described as follows:

Proposition 3.4.2. A surjective homomorphism f: A — B belongs to the
class € if and only if Eq(f) C~mn(a)-

Proof. The fact that 7y inverts a surjective homomorphism f: A — B obviously
implies that Eq(f) C~inn(a)-
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Conversely, suppose now that Eq(f) C~jnn(a), so that we have the following

commutative diagram

~Inn(A) > ™~Inn(B)
Il n| |r
Ba(f) — = A—>— B

nA nB
J L 4 J

mo(A) T mo(B)

where the induced dotted homomorphism f is a surjective homomorphism
(f(~inn(4)) =~Inn(B) by Lemma 3.1.2 and Proposition 1.1.22), and the induced
dotted homomorphism ¢ is such that ¢ o f = n4. It follows that ¢ op; = ¢ o pa,
so that there exists a unique morphism ¢ : mo(B) — mo(A) with ¢ o ng = ¢,
which is the inverse of mo(f). |

Remark 3.4.3. For a surjective homomorphism f: A — B the condition

EQ(f) C™~Inn(4)

says the following: if f(a) = f(a’), then there is an automorphism n € Inn(A)
such that a™ = a’. In other words, f can only identify elements of A belonging

to the same connected component.

Corollary 3.4.4. The classes
E={f: A— B|f e Fand Eq(f) C~inn(a)}

and
M={f: A= B|f e Fand Eq(f)N ~inna)= Aa}

form a factorization system for F in the category Qnd of quandles.

Proof. The condition (i) in Definition 1.5.2 is easily checked, while condition
(ii) is the Remark 1.5.4. To check the condition (iii) in the definition of a
factorization system for F consider any commutative diagram

Sy

AN

PN
<7
>

Q
]
S
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in Qnd where f € £ and m € M. We have to show the existence of a unique
morphism ¢: B — C such that t o f = g and m ot = h. Consider the cube

A / B
w Y
\h
o]
g mo(A) —’<1 mo(B)
l ®
C m D o (h)

& 0(9) %

7T0(C) T 7T0(D)
where the bottom face is a pullback since m belongs to M, and mo(f) = ¢ is
an isomorphism since f € £. The universal property of the pullback and the
equality
mo(m) omo(g) o9t omp =mo(h)ons =npoh

induce a unique morphism ¢: B — C' such that, in particular, m ot = h. The
equality to f = g follows from the fact that the morphisms 7 and m are jointly

monomorphic. |

Comparison with another factorization system

3.4.5. When Eq(f) =~y for a normal subgroup N of Inn(A), one always has
that

~N="Ker(Inn(f))

(see Theorem 7.1 in [BLRY10]). This observation suggests to consider the
following class of morphisms of F:

Definition 3.4.6.

51 = {f A—B e -F| Eq(f) :NKcr(Inn(f))}

Thanks to Lemma 3.1.2 we know that the kernel congruences of the arrows
in the class & have the strong property that they permute with any other
congruence.

Let us compare the previous factorization system with another one. In
their paper, Bunch, Lofgren, Rapp and Yetter showed that every surjective
homomorphism in Qnd has a canonical factorization whose first component
belongs to & and second component is what the authors call a rigid quotient,

namely a surjective homomorphism A such that Inn(h) is an isomorphism.
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Proposition 3.4.7 ([BLRY10]). Let f: A — B be a surjective homomorphism
in Qnd. Then f has a factorization as f = ho g, where g: A — A/ ~Ker(inn(f))
and h: A/ ~Ker(inn(s))— B is such that Inn(h) is an isomorphism.

By using this result, we now show that the subclasses of F

51 = {f A— B| Eq(f) :NKer(Inn(f))}

and
My ={f: A— B| Inn(f) is an isomorphism}

form a factorization system for surjective homomorphisms:

Proposition 3.4.8. (&1, M) is a factorization system for F in Qnd.

Proof. The first axiom in the definition of factorization system is easy to check,
while (ii) is precisely Proposition 3.4.7 here above. To check the validity of
property (iii) consider a commutative square of surjective homomorphisms

A-1.B
| I
C —— D

with f € & and m € M;. By applying Inn to this commutative square (this is
possible only because it is a square of surjective homomorphisms) we get the

commutative diagram of surjective group homomorphisms

Ker(Inn(g))

Y
Lo "

Ker(Inn(f)) LN Inn(A) onlh) Inn(B)

Inn@l lI““(")

Inn(C) W IHH(D)
with Inn(m) an isomorphism. Accordingly, there is an induced inclusion
¢: Ker(Inn(f)) — Ker(Inn(g)) between the kernels such that kot = k’. This
induces an inclusion ¢’: ~ger(inn(f))= ~Ker(inn(g)) Of the corresponding ker-

nel congruences in Qnd. Using Proposition 3.4.7, one obtains an (€1, M)
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factorization h o § of g as in the diagram

~Ker(Inn(g))
/ U, f
~Ker(Inn(f)) —) } . B
7
\ o
g A/ ~~Ker(Inn(g)) h

/
C D.

m

This induces a homomorphism ¢: B — A/ ~ Ker(Inn(g)) such that ¢ o f = g.
The arrow ho ¢ is the desired factorization showing the orthogonality of & and
M;. [ ]

By comparing this factorization system with the one considered in the
previous section one remarks that & C &, since Ker(Inn(f)) C Inn(A) and,
consequently, M C Mj.

Remark 3.4.9. We finally observe that the factorization system (€, M) does
not have the property that g belongs to & whenever f o g and f belong to
&1. This shows a difference with the factorization system (£, M) of F in Qnd
considered in the previous subsection.

Consider the following commutative diagram of involutive quandles:

<la b ¢ d e
<lzxzx oy z o ow
ala a b a a
z|lx x T =
blb b a b b g
A= X=wyly v v vy
cle ¢ ¢ ¢ ¢
z |z w z oz
d|ld d e d d
wl|lw z w w
ele e d e e
f
fog
<l‘ozﬂ'y
Mo @|a a «a
p|1B B B
Y Yo7
Let g: A — X be defined by g(a) = g(b) = z, g(c¢) = y, g(d) = z and

gle) = w, and let f: X — M be defined by f(z) = «, f(y) = S and
f(z2) = f(w) =~. One can show that f = ny and fog = n4 so that both
fand fog arein &. To see that g is not in &, remark that (a,b) € Eq(g)
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but the only member of Inn(A) linking them is p. which does not belong to
Ker(Inn(g)) (since Inn(g)(pe) = p,)-

3.5 From surjective homomorphisms to cover-
ings

We will now describe how to turn surjective homomorphisms into coverings in
the category of quandles. The results in this section come from a joint work
with Andrea Montoli and Mathieu Duckerts- Antoine.

3.5.1. First let us prove a result that is key to the construction.

Lemma 3.5.2. Consider the following pullback

ExpA -2 4
”{ y (3.5.2.1)

E—— B

where f: A — B is a surjective quandle homomorphism and p: E — B is a

normal covering. Then

Eq(p2) o (Ed(p1)N ~mn(Ex 5 a)) = (EA(p1)N ~mn(Ex 5 4)) © Eq(pz).

Proof. 1If ((e,a),(¢',a’)) € Eq(pz2) o (Eq(p1)N ~mn(Ex;4)) then there exists
(e,a) € E xp A such that

(67 a) (Eq(pl)m NInn(EXBA))(67 O‘) Eq(pQ)(elv a’,)'
Thus we have (e, ) = (e,a’) with p(e) = f(a’) and
[(e,a)mn(Expa) = [(€,0)]mn(ExsA)-

The first condition implies that p(e) = f(a’) = p(e’) while the second condition
implies the existence of elements (e;,a;,) € Exp Aand o; € Z with 1 <i<n
such that

(e,a) 9 (e1,a1) <9*? (eg,az) -+ <" (en,a,) = (e,a’).

In particular, this shows that
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and

e<1%"e; 9% ey Y e, = €.
Since p: E — B is a normal covering, Proposition 3.2.3 implies that

e <q% e 4 ey % e, = €.

Now we have that
(e;a)Eq(p2)(¢’,a)

and
(€/,a) < (e1,a1) <92 (ez,az) -+ <" (en,a,) = (e',a’)

which implies that

(6/7 (l) (Eq(pl)m ~Inn(E X BA))(e/u a/)

and thus
((6, a)v (el,a/)) € (Eq(pl)ﬂ NIHH(EXBA)) © Eq(pQ)' u

Corollary 3.5.3. Consider the pullback (3.5.2.1) where f: A — B is a sur-
jective quandle homomorphism and p: E — B is a normal covering. Then
P2(Eq(p1)N ~inn(Ex 5A)) 8 a congruence on the quandle A.

Proof. This follows directly from Lemma 3.5.2 and Proposition 1.1.22. ]

Although the following result is already known by the work of Janelidze and
Kelly [JK97], we give a constructive proof of the result by following the idea of
Everaert [Eveldb].

Theorem 3.5.4. The category Cov(B) of coverings of B is a reflective subcat-
egory of the category Qnd | B.

Proof. Let f: A — B be a surjective quandle homomorphism and consider the
weakly universal quandle covering p: B — B described in Section 3.2. Take the
pullback of f along p:

BxpA-—25 A

o

B—— B

In order to simplify the notations, let us write

N = Eq(p1)N ~pun(Bxp4) -
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Recall by Corollary 3.4.4 that N is the congruence such that I: (BxgA)/N — B
is a trivial covering coming from the (£, M) factorization of p;. Now since
p: B — B is a normal covering by Corollary 3.2.16, we already know from
Corollary 3.5.3 that po(N) is a congruence on the quandle A. Now consider the
following diagram

N ¢ p2(N)
fl\utz qlliqz
B P A
B xp A)/N f A/p2(N)

First remark that since

gqopaoti=qoqio¢
=qoqo¢
=qopa oty

there exists a unique quandle homomorphism h: (B xg A)/N — A/ps(N) such
that hot = qopo.

Also, since ¢: N — po(N) is a surjective quandle homomorphism and
foq op = fogrop, we have a unique quandle homomorphism ¢y : A/ps2(N) — B
such that cyoq = f.

Now remark that the square of surjective homomorphisms

BxpA—2 54

{ lq (3.5.4.1)

(B xp A)/N —— Afpa(N)

is a pushout since ¢: N — pa(N) and t: B xg A — (B xp A)/N are surjec-
tive quandle homomorphisms. This implies that the square is a pullback by
Lemma 3.5.2 and Lemma 3.1.3.
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Now we have the following situation

b2 A

X
pl‘ (B xp A)/N ————— A/pa(N)
B

p

where the back square and the top square are pullbacks. Since g: A — A/pa(N)

is a surjective quandle homomorphism, the square

A)/n = Afpa(n)

R

— B

is also a pullback by Proposition 1.1.14. This means that c;: A/pa(N) — B is
a covering (Definition 1.3.6).

All is left to show now is the universality of the construction. For this

consider the following factorization

A

7 T
xb@

where ¢: C — B is a covering. Take the pullback of ¢ along p

BxpC -2 C
Sll J{C
B—F>—B

where s,: B xp C — B is then a trivial covering. Since the diagram

BxpA P2

|

P1

—
o

woll
.SJ/
Sy

commutes, there is a unique quandle homomorphism 8: B xg A — B x5 C

such that wopy; = s 0 8 and sy o § = p;. By universality of the factorization



80 Study of the functor my: Qnd — Qnd*

l ot, there exists a unique quandle homomorphism ~: (B x5 A)/N — B x5 C
such that f =~vyotand [ = sy 0. Thus ss0yot =355 03 = wuops but since
the square (3.5.4.1) is a pushout, this yields a unique quandle homomorphism
a: A/pa(N) — C such that a o h = s 0y and a o ¢ = u. The latter equality
implies that

coaog=cou=f=croq

but since ¢ is a surjective homomorphism, we have ¢y = co a. |

3.6 Closure operators

In this section, we describe and investigate the pullback closure operator corre-
sponding to the reflection (2.3.6.1) between the category Qnd of quandles and
its full reflective subcategory Qnd™ of trivial quandles. This section is again a
joint work with Professor Marino Gran [EG16].

3.6.1. From now on, in the category Qnd of quandles, we shall take as repre-
sentative of a subobject m: M — A the corresponding subquandle inclusion.
In particular the regular image I of an arrow f: A — B will be the inclusion of

the regular image f(A) as a subquandle of B.

Lemma 3.6.2. For a subobject m: M — A € Qnd, its pullback closure operator
ca(M) is given by

ca(M)={d" € A | d € [a]mn(a) for some a € M}.

Proof. The adjunction (2.3.6.1) induces the pointed endofunctor (mg,7), and
the arrow n: N — RA = mp(A) in the diagram

M m / A
m )
M CA( nA

ca(m
U M)

o (m)

T~

N

mo(M)

mo(A)

is simply the inclusion of the image of mo(m) in mo(A). Since ca(m) is a

monomorphism, it is the inclusion of the following subquandle of A:

ca(M) ={ad" € A| d € [a]in(a) for some a € M}. [ ]
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The pullback closure operator takes a subquandle M of A and extends it to
the union of connected components containing elements of M. For instance, here
is a representation of the closure operator of a subobject M of A (represented
by the dark grey rectangle here below, while the subdivision of A gives the
connected components of A). It gives the light grey part c4 (M) in the following
diagram:

Remark 3.6.3. For the adjunction (2.3.6.1) between the category of quandles
and the category of trivial quandles, one observes that any monomorphism in
the subcategory Qnd™ is a regular monomorphism (since Qnd™* is isomorphic to
Set). From Proposition 1.6.8, it follows that the regular closure operator and

the pullback closure operator coincide: ¢4 = ¢y, for every A € Qnd.

Properties of the pullback closure operator

We investigate some properties of the pullback closure operator.

3.6.4. As shown in [Xarl3], any reflector I from a variety of universal algebras
C into a subvariety X" preserves finite products when the variety C is idempotent.

We give a proof of this result in the category Qnd of quandles.
Lemma 3.6.5. The functor my: Qnd — Qnd* preserves finite products.

Proof. 1t suffices to check that the functor my preserve binary products, since
it preserves the terminal object. Let A, B € Qnd. There is a unique quandle
homomorphism v: mo(A x B) — mp(A) x mo(B) such that

Y([(@,0)]inn(axBy) = ([@]mn(a); [Dlmn(s))-

It is easy to see that «y is surjective, by using the fact that each component of
the unit of the adjunction (2.3.6.1) is surjective.

Let us check that v is injective: let [(a,b)]mnaxp) and [(@',b")]mnaxB)
be elements of mo(A x B) such that v([(a,b)]mnaxp)) = Y([(a’,0")]imn(axB))-
This means that [a]in(a) = [@']mn(a) and [b]in(B) = [b'lmn(m). There are then
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a; € A, bj€e Band a;, 85 € Zfor 1 <i<nand1l<j<msuch that

A
a<*ay--- < a, =a

and
b<Pr by <P, =0,

The idea now is to use the idempotency of < and <1~! in order to pass from a

to a’, and then from b to b’, without changing the other component :

(a,b) < (ay,b) <% ... Q%" (ay,b) <P (a',by) - <P (a',byn)
= (d',b) <P (d/,by)--- <P (d/, b))
= (a’, V).

This shows that [(a,b)]lmnax) = [(@/,0)]imn(axB), proving that v is also
injective, thus an isomorphism. [ |

Lemma 3.6.6. Let s: S — A andt: T — A be two subquandles of A € Qnd.
The smallest subquandle SV T containing both S and T is given by the set

U={a;1 <" a9 - Va, |a;, € SUT with1 <i<n

and oj € Z with1 < j <n—1}

equipped with the quandle operation inherited from A.

Proof. Given elements a; <1 ag <12 - - - 4% =1 q,, and by <P by <2 ... @Pm—1p,
of U, Corollary 2.1.6 gives

(a1 9%t ag <% - Q1 ay) 9 (by <Prby <Pz P bin) =

a; <9 - g1 g, <]—/3m—1 b <]—/3m—2 . <—51 by <1 by <,31 . <]ﬁm—1 by,

showing that U is stable under <t and <1—1.
Certainly U contains both S and T, and any quandle containing S and T’
must contain all chains of the form a; <% ag %2 - .- %n-1 q,, with a; € SUT

so that U is the smallest subquandle containing S ans T'. |

Note that the proof of the previous Lemma 3.6.6 can be used to prove the
same result for any family I of subobjects s;: S; — A with ¢ € I. The smallest
subobject \/,.; S; containing all the S;’s is given by

{a1 < ag <% -+ <L a, | ap € UjerS; with 1 <k <n
and a; € Z with 1 <j<n-—1}
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with the quandle operation inherited from A.

Proposition 3.6.7. The pullback closure operator ¢ for the adjunction between

Qnd and Qnd* has the following properties:

(1) ca(Viersi) = Vyerca(si) for subobjects s;: S; — A with i € I (c is fully
additive);

(2) cA(ngiSn mi) = H1gign ca,(m;), where A = H1gi§n A; for any finite
family of subobjects m;: M; — A; with 1 <1i <n (c is finitely productive);

(3) flea(m)) =cp(f(m)) for any surjective homomorphism f: A — B and
subobject m: M — A.

Proof. To check (1), first observe that the class [a]yn(a) of an element a in
Ve Si under the action of Inn(A) does not depend on the chain, so that it is
equivalent to take a € U;erS;. Accordingly:

cA(\/ S;) ={a" € A]d € [alin(a) With a € \/ Si}

el i€l
= {a' €A | a € [ahnn(A) with a € U Sz}
el
= \/{a/ €A | a € [ahnn(A) with a € 57}
i€l
= \/ CA(Si).
i€l

In order to verify (2), let us write (a;) for an element of [[,.,.,, M; = M
and (a;) for an element of [, ., A; = A. Then, by using Lemma 3.6.5,

ca(M) ={(aj) € A | (a;) € [(@i)]tan(a) for some (a;) € M}
= {(a}) € A | aj € [a;]in(a,) for some a; € M; for all 1 <i < n}

= H {a} € A; | aj € [ai]iun(a,) for some a; € M;}
1<i<n

=[] ca ().

1<i<n

To see (3), we have to check the validity of cg(f(M)) C f(ca(M)) for a
surjective quandle homomorphism f: A — B. If b € cg(f(M)) then there exist
b; € B and a; € Z for 1 <4 < n such that for some a € M

b= f(a)Q“ by --- <% by,
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But since f is surjective, there exists a; € A such that f(a;) = b; for all
1 <i < n so that

b= f(a) < by 9% .- <% b,

=f(a)<a1f( 1) <% fan)

= fla<* a3 <% - <" ay,)

€ flca(M)). u

Remark 3.6.8. We now show that the pullback closure operator associated
with the reflection (2.3.6.1) is not weakly hereditary. Consider the 3-element
involutive quandle A, and < defined by the following table:

(3.6.8.1)

a <o 9 |A

b
a
b
c

o o Qe
o 8 o0

Now, if we look at the closure of the subobject m: {a} — A, where {a} is
a one-element quandle, we find that ca({a}) = {a,b} equipped with trivial
quandle operations. Thus m/c4(m) is defined as m/ca(m)(a) = a, and

Ceafap ({a}) = crapy({a}) = {a},
which is not isomorphic to c4({a}).

The previous remark enlightened the fact that connected components of a

quandle A are not connected in themselves.

Connected quandles

3.6.9. In a category C equipped with a closure operator ¢ one says that an
object A is c-connected if the diagonal Ay: A — A x A is dense. We now
show that the c-connected quandles for the pullback closure operator associated

with (2.3.6.1) are precisely the algebraically connected quandles:

Proposition 3.6.10. Let ¢ be the pullback closure operator for the adjunc-
tion (2.3.6.1). A quandle A is c-connected if and only if it is algebraically
connected.

Proof. When A is algebraically connected, so that mo(A) = {} is the one-
element quandle, then A x A is also algebraically connected, by Lemma 3.6.5.
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We then have the commutative diagram

A 24 Ax A
" i:AXA(A caxada) |
mo(A) —o84) To(A x A)

\ e /

where i is an isomorphism. Accordingly, cax 4(A4) is an isomorphism too, and
A is c-connected.

Conversely, assume now that A is c-connected. Since caxa(A4) is an isomor-
phism and n4x 4 is a surjective homomorphism, the injective homomorphism ¢
is an isomorphism. It follows that mo(A 4) is surjective: this means that for any
([altan(a)s [Blmn(a)) € T0(A x A) = mo(A) x mo(A), there exists [c|in(a) € o (A)
such that

[a]tnn(a) = [c]inn(a) = [b)inn(a)s

showing that A is algebraically connected. |

From now on we shall call a quandle connected when it satisfies the equivalent
conditions in Proposition 3.6.10.

A similar result holds for the so-called c-separated objects: these turn out to
be exactly the trivial quandles. An object is said to be c-separated for a closure
operator ¢ when Ay4: A — A x A is closed.

Proposition 3.6.11. Let ¢ be the pullback closure operator for the adjunc-
tion (2.3.6.1). A quandle A is c-separated if and only if it is a trivial quandle.

Proof. By taking into account Lemma 3.6.5 we see that a quandle A is ¢

separated if and only if the commutative square

A—24 5 AxA

nA J{'UA X A

7T0(A) *> 7T0(A X A)
To(AA)
is a pullback. Since this square is a pullback if and only if the kernel pair Eq(n4)
of the unit 74 is the discrete equivalence relation on A, this is also equivalent

to the fact that n4 is an injective homomorphism. But 7,4 is always a surjective
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homomorphism, so that A is c-separated if and only if 14 is an isomorphism,
as desired. ]

3.6.12. We are now going to show that the connected quandles form a connect-
edness with respect to the class of trivial quandles. We also give a description of
the disconnectedness associated with the class of connected quandles. We will
follow [DT15] and define a morphism f: A — B to be constant if 14: A — 1
(where 1 is the terminal object) is a strong epimorphism and a factor of f. In
the category Qnd of quandles, this means that f: A — B is constant if and
only if it factors through the one-element quandle {x}.

For a full subcategory X of C, the class
r(X):={C e€C | every f: X — C is constant for all X € X'}
is called a disconnectedness, and
I(X)={CeC |every f: C — X is constant for all X € X'}

is called a connectedness. There is the Herrlich-Preuss- Arhangel’skii-Wiegandt
correspondence [AW75, Her68, Pre71], with Sub(C) the class of all full subcate-

gories of C ordered by inclusion:

r

/\)

Sub(C) 1 Sub(C)°P. (3.6.12.1)

\_/

l

Example 3.6.13. In the category Top of topological spaces, we have

Y = {connected spaces} = I(r()))
Z := {hereditarily disconnected spaces} = r(})

We are going to show that there is a similar correspondence in the category
Qnd of quandles. In the following proposition by trivial subquandle we shall mean

the empty subquandle, and any one-element subquandle of a given quandle.

Theorem 3.6.14. In the category Qnd, given X = Qnd™ we have
Y = {connected quandles} = 1(X) = 1(r(}))
and

Z:={A € Qnd | A has no non-trivial connected subquandles} = r(}).
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Proof. 1. Y =1(X)

If A is connected, then any f: A — X with X € Qnd" is constant by

commutativity of the following square

A—1 . x
na an
mo(4) = {3} —= X = mo(X).

To see that I(X) C ), suppose that every f: A — X is constant for
all X € X, and let us prove that mo(A4) = {*}. Note that n4: A — mo(A)

is constant, but it is a regular epimorphism, thus mo(A) = {x}.

2. Z2=r())
First take A € Z, C' a connected quandle, and f: C — A. By taking the

regular epimorphism-monomorphism factorization i o p of f

observe that f(C) is connected as a quotient of a connected quandles, but
it is also a subquandle of A so it must be trivial, thus f(C) = {x}.

Now suppose A € r({connected quandles}), and that
A¢ Z={AeQnd| A has no non-trivial connected subquandles}.

Then A has a non-trivial connected subquandle I' of cardinality strictly
greater than 2 (the only 2-element quandle is trivial), with inclusion
I' - A. But A € r({connected quandles}) so the inclusion I' - A
factors through {*}, thus I = {*}, a contradiction.

3. ¥Y=12)
First the unit of the adjunction (3.6.12.1) says exactly that
Y Cc i(r(Y)) = I(2). But we also have that X C r()) so that we get
W(r(Y) cl(X)=D. [ |

Remark 3.6.15. One might wonder whether Z = Qnd*. Certainly the class
of trivial quandles is contained in Z but the converse is not true because the

larger class of quasi-trivial quandles is also contained in Z. A quasi-trivial
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quandle [Ino13] is a quandle satisfying a < (@ <®! a3 <*2 - -+ Q%" a,,) = a for all
a, a; € Awith 1 <i<n.

To prove that any quasi-trivial quandle A is in Z, let v: C — A be an
inclusion of a connected subquandle C' of A. Then C is also a quasi-trivial

quandle since 7 is injective and
Y(a<(a<™ a1 Q"2 Q" ay)) = v(a)<(y(a) 9™ v(a1) < - < y(an)) = v(a).

Since C' is connected, for any a, b in C there exist a; € C for 1 < i < n such
that a <*' a; <2 --- <% a,, = b. The fact that C is quasi-trivial gives

a<db=a<(a<% a; <**--- <9 a,) = a.

The quandle C is then trivial, and then it belongs to Z.

Note that a quasi-trivial quandle is not trivial in general: an example is

provided by the following involutive quandle.

a <o 9 |A
o o Q|8
o o Qo
o o oo

3.7 Effective closure operator

In this section, we investigate an effective closure operator in the category of
quandles. Recall from Section 1.7 that these closure operators are in bijection
with regular-epireflective subcategories of Qnd. Although the category Qnd is
not Mal’tsev, we can still describe the closure of any congruence R thanks to
Lemma 3.1.2.

Proposition 3.7.1. Let R be a congruence on a quandle A. Then its effective

closure cs(R) in Qnd corresponding to the reflection (2.3.6.1) is given by
cA(R) =~1mn(a) o = Ro ~1n(a) -

Proof. Recall that the closure c4(R) of a congruence R on a quandle A is
constructed as the inverse image f_l(wlnn(A/R)) of the congruence ~y,,(4/R)
along the canonical quotient f: A — A/R:
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— ~Inn(A/R)

T

R‘quxm
f2

The fact that the congruences ~,,(4) and R permute (by Lemma 3.1.2)
implies the following equalities then:

CA (R) = RV ~Inn(A)=— Ro ~Inn(A) - u

Remark 3.7.2. Observe that, for any A € Qnd, the congruence Eq(na) is
simply the closure of the equality relation A4 on A:

CA(AA) —"™~Inn(A)=— EQ(WA)

It is not difficult to check that the effective closure operator associated with the
adjunction (2.3.6.1) also satisfies the property that

flca(A4a)) = cp(Ap)

for any regular epimorphism f: A — B: this essentially follows from Corol-
lary 3.1.4. One can also show that, for any congruences R and .S on the same
quandle A,

caA(RV S) =ca(R)Vca(S).

Indeed, since the congruences on an object A form a lattice, we have

cA(RV S) = (RV S)V ~pun(a)
= (RV S)V (~mn(a) V ~mn(a))
= (RV ~mn(4)) V (SV ~1mn(a))
=ca(R)Vca(9S).






Chapter 4

Coverings corresponding to
the adjunction with abelian

symmetric quandles

In this chapter, we study the coverings from the adjunction between the category
of quandles and its subcategory of abelian symmetric quandles. We prove
that this adjunction is admissible for categorical Galois theory and we give a
description of the coverings and show that they correspond to normal coverings.
This whole chapter is based on a paper written in collaboration with Marino
Gran and Andrea Montoli [EGM15].

4.1 Preliminaries

4.1.1. We recall the definition of symmetric quandle and of abelian quandle,

and show that the category of symmetric quandles is a Mal’tsev category.

Definition 4.1.2. A quandle A is symmetric if it satisfies the additional
identity:
a<lb=b<a,

for all a, b € A.

We write SymQnd for the corresponding category of symmetric quandles,
which is then a subvariety of the variety Qnd of all quandles. Here below we
observe that the category SymQnd is a Mal’tsev variety [Smi76], which will be
shown to be an admissible subcategory of Qnd for the categorical theory of

central extensions.
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Proposition 4.1.3. The category SymQnd is a Mal’tsev variety.

Proof. Let p be the ternary term defined by
pla,b,c) = (a<ic) <o

We then have the identities

pla,a,b) = (a<b)<ta=(b<a)<?

p(a,b,b) = (a<1b) <~ b=a.

a=b,

Definition 4.1.4 (Joyce). A quandle is abelian when it satisfies the additional
identity:
(a<b)<(c<d)=(a<c)<(bad),

for all a, b, ¢, d € A.

Note that this axiom is equivalent to the following one:
(a<b)<at(cxd)=(a<xte)<(b<atd). (4.1.4.1)
Indeed, if (a <tb) <7t (c<d) = (a<7tc) < (b<~td) then

(a<ab)<(cad) <t (b<d) = ((a<ab) <~ b) < ((cad) <t d)

=adc
which proves that
(a<b)<(c<d)=(a<c)<(bd).
And if we suppose now that (a <1b) < (¢ <d) = (a<¢) < (b<d), then

(a<te)yabatd))<(c<ad)=((a<xte)<c)<((b<td) <d)
=a<b

which proves that
(a<b) <™ (c<ad)=(a<xte)<(b<atd).

Remark 4.1.5. Not all abelian quandles are symmetric. For instance, any
trivial quandle is abelian but not symmetric (as long as it has at least two

elements).
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Also, not all symmetric quandles are abelian. The smallest symmetric
quandle which is not abelian is a quandle of order 81 and is constructed
in [SouT71].

Let us write AbSymQnd for the category of abelian symmetric quandles,
U: AbSymQnd — SymQnd and V: SymQnd — Qnd for the inclusion functors.
Since AbSymQnd is a subvariety of SymQnd and SymQnd is a subvariety of Qnd,
both these functors have left adjoints, denoted by ab: SymQnd — AbSymQnd
and sym: Qnd — SymQnd, respectively:

sym ab

/\} /_\
Qnd 1L SymQnd 1 AbSymQnd.
\_/ \_/
4 U

Abelian symmetric quandles are in fact the internal Mal’tsev algebras in
SymQnd.

Definition 4.1.6. An internal Mal’tsev algebra in a variety V is an algebra
A €V with a homomorphism ps: A x A x A — A such that pa(a,a,b) = b and

pala,b,b) = a.

Let us write Mal(V) for the category of internal Mal’tsev algebras in C. In a
Mal’tsev category, thus in particular in the category SymQnd, any morphism
preserves the Mal’tsev operation (see Corollary 4.1 in [Gra0l], for instance):
this means that the subcategory Mal(SymQnd) is full in SymQnd. The following
observation has been found independently by Bourn [Boul5] and shows that
the AbSymQnd is a naturally Mal’tsev category [Joh89]:

Theorem 4.1.7.
AbSymQnd = Mal(SymQnd).

Proof. Let A € AbSymQnd, and let py: A x A x A — A be the Mal'tsev
operation on A defined by pa(a,b,c) = (a < ¢) <! b. We have to check that it

is a quandle homomorphism. For any a,b,c, x,y,z € A we have

pa((a,b,c) < (x,y,2)) =pala<z,b<y,c<2)
=((a<z)<d(cxz) <t (bay)
=((a<c)<(z<z) <t (bay)

1

= ((a<1c) gt b) A((z<z2)<™y)

=pa(a,b,c) Qpa(z,y,z).
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This shows that A belongs to Mal(SymQnd).

Conversely, when A € Mal(SymQnd), the unique internal Mal’tsev operation
on A is necessarily given by (any of) the Mal’tsev operations of the theory of the
variety SymQnd. Accordingly, it is defined by pa(a,b,c) = (a <c) <71 b, and it
is such that pa(a,b,a) = a <1"! b. Moreover, pa: A x A x A — A preserves the
binary operation <, so that the equality

pa((a,b,a) < (z,y,x)) =pala,b,a) <pa(x,y,x)

gives

(a<z)<a ™t (b<y)=(a<x7tb) < (z<aty).

This is precisely the identity (4.1.4.1), and the quandle A belongs to AbSymQnd.
[ |

4.1.8. We recall the definition of two classes of morphisms in Qnd, first investi-
gated by Bourn [Boul5].

Definition 4.1.9. Let X be the class of split epimorphisms f: A — B with
a given section s: B — A (i.e. fos = 1p) in the category Qnd such that the
map s(b) < —: f1(b) — f71(b) is surjective, for any b € B.

In other words, the split epimorphism f with section s is in X if, for any
be Bandac f~1(b), there is a k, € f~1(b) such that s(b) < k, = a.

Remark 4.1.10. This element k, also depends on b, so that one should write
kp o, instead. We shall simply write k,, however, to simplify the notations.

An equivalence relation (R,ry,72) is said to be a X-equivalence relation if
the split epimorphism r;: R — A with section dg: A — R belongs to the class
X

Definition 4.1.11 ([BMFMS13, BMFMS15, Boul5]). A morphism f: A — B
in Qnd is X-special if (Eq(f), f1, f2) is a X-equivalence relation.

The following result is a direct consequence of Theorem 3.9 in [Boul5], and
will be useful later on:

Theorem 4.1.12. Let f: A — B be a X-special homomorphism in Qnd. Then
any congruence R on A permutes with Eq(f) in the sense of the composition of
relations:

RoEaq(f) = Ea(f) o R.
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Corollary 4.1.13. Given a pushout of surjective homomorphisms

AL ,B
gl lh
C D

1
(9,f)

where f is Xi-special, the induced homomorphism A —— C X p B to the pullback
is surjective.

Proof. The proof is essentially the same as the one given in Lemma 3.1.3. H

4.2 Coverings

4.2.1. If C is a finitely complete category, a double equivalence relation C' in C
is an equivalence relation internal in the category of equivalence relations in C.

It can be represented by a diagram

C s
e " e (4.2.1.1)
R A

where r1 omy = s10p1, 71 0M = 820p1, T2 0T = 51 0Py and 72 © T2 = S3 O Po.
In this case one usually says that C' is a double equivalence relation on the
equivalence relations R and S.

Definition 4.2.2. Given equivalence relations R and S on A, a double equiv-
alence relation C on R and S (as in (4.2.1.1)) is called a centralizing relation

when the square
P2

3
5 Q

T2

is a pullback.

Definition 4.2.3. A connector between R and S is an arrow p: R x4 S — A
such that

1. p(z,z,y) =y 1. p(z,y,y) ==
2. zSp(z,y, 2) 2. zRp(z,y, 2)

3' p('r’ y’p(y7 u7 v)) = p(x7u7 U) 3" p(p(x7 y’ u)?”? U) = p(x’ u? U)
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In the Mal’tsev context [BG02] the existence of a connector between R
and S is already guaranteed by the existence of a partial Mal’tsev operation
p: Rx4 S — A, ie. when the identities p(z,z,y) = y and p(z,y,y) = = in
Definition 4.2.3 are satisfied. Accordingly, in a Mal’tsev category the existence
of a double centralizing relation on R and S is equivalent to the existence of
a partial Mal’tsev operation. Moreover, a connector is unique, when it exists:
accordingly, for two given equivalence relations, having a connector becomes a
property.

In a Mal’tsev variety a congruence R on an algebra A is called algebraically
central if there is a centralizing double relation on R and A x A, this latter
being the largest equivalence relation on A. In terms of commutators, this fact
is expressed by the condition [R, A x A] = A 4.

Also, in the variety Qnd of quandles we shall say that a surjective homomor-
phism f: A — B in Qnd is a central extension if its kernel congruence Eq(f) is
algebraically central: there is a connector between Eq(f) and A x A.

Given a homomorphism f: A — B in Qnd, each fiber f=1(b) (for b € B) is
a subquandle of A since the idempotency axiom implies that any one-element
quandle is a subquandle of B. We shall say that f has abelian symmetric fibers
if any f~1(b) € AbSymQnd.

Lemma 4.2.4. Consider the following pullback

ExpA—254

pll lf

E ——F— B.

If f: A — B has abelian symmetric fibers then so does p1: E xg A — E.
Moreover, if p: E — B is a surjective homomorphism, then f: A — B has
abelian symmetric fibers if p1: E X A — E has abelian symmetric fibers.

Proof. The first assertion follows from the fact that if (e,a) € E xp A then the
fibers p;*(e) and f~!(f(a)) are isomorphic. The proof of the second assertion
is similar, the surjectivity of p guaranteeing that, for any a € A, there exists
e € F such that (e,a) € E xp A. [ |

Lemma 4.2.5. Let f: A — B be a split epimorphism, with section s: B — A,
in Y. Consider the following pullback of f along a split epimorphism p: E — B

(tof,1a)
E XB A —_

ofJowr 1]}
t

E+——— B.
p
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Then (1g,sop) and (to f,14) are jointly epimorphic.

Proof. Let (e,a) € E xp A; we shall show that (e,a) can be rewritten in terms
of two elements in the images of (15, sop) and (to f,14), respectively. Since the
split epimorphism f is in ¥, there exists an element k, € f~1(f(a)) such that
sf(a) <k, = a. Also, we always have e = (e <~ tp(e)) < tp(e). Accordingly,
by using the fact that f(a) = f(k,) and p(e) = f(a), we see that

(e,a) = ((e <" tp(e)) < tp(e),sf(a) < ka)
= (e < tp(e), sf(a)) < (tp(e), ka)
= (e <V tp(e), sple)) < (tf (Ka), ka)

= (e <™ tp(e), sple <~ tp(e)) < (tf (Ka); o)

= (1g,sop)le< " tp(e)) < (to f,1a)(ka)-

Corollary 4.2.6. Let R be an equivalence relation and S be a X-equivalence
relation on the same quandle A in Qnd. If there is a connector on R and S,

then it is unique.

Proof. This follows directly from Lemma 4.2.5. |

Lemma 4.2.7. Let R be an equivalence relation and S be a X-equivalence
relation on the same quandle A. For a homomorphism p: R x4 S — A, the

following conditions are equivalent:
1. p is a partial Mal’tsev operation: p(x,y,y) =z and p(x,x,y) = y;
2. p is a connector between R and S.

Proof. We only have to prove that 1. implies 2. Remark that in any variety, in
particular in Qnd, the equivalence relation R is the kernel pair of the canonical
quotient r: A — A/R, and S the kernel pair of s: A — A/S.

P1
RXAS <7zs

Tl W

T1 iR T2 S$1 dg S2

HE o
A

R <—onr

T2
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By assumption we have that poig = sy and poirg = 7r;. To see that
(x,p(x,y,2)) € S, we have to prove that s op = sory om;. The equalities
SOpoig =808 =S50S
=508, 0p;0ig (p1ois=1g)
=soryom oig (s1op1=r10om)
and
SOpPOiR =807T] =807T] 0T OiR,

imply that sop =sor; om by Lemma 4.2.5. A similar argument shows that
(2,p(z,y,2)) € R.
Now, to see that
p(z,y,p(y, u,v)) = p(x, u,v),

let us consider (a,b,¢,d) € R x4 R x4 S and write

¢(a" b7 C7 d) = p(a) b7p(b7 C7 d))

and
¥(a,b,c,d) = p(a,c,d).

Observe that
¢(a,b,c,c) =pla,b,p(b,c,c)) =pla,b,b) =a=p(a,cc)=1(a,b,c,c)
for all (a,b,¢,c) € R x4 R x4 S, and
ple.e.e, f) =ple,e plese, f)) = plee, ) =U(eee, f)

for all (e,e,e, f) € R x4 Rx4S. Now, let (z,y,u,v) € R x4 R X4 S: since
the split epimorphism s1: S — A with section dg: A — S is in X, there exists
k(uv) = (u,ky) € s7*(u) such that (u,v) = (u,u) < (u,k,). Then one can write

(z,y,u,0) = (x < u,y <, u,u) < (u,u,u, ky)
for all (z,y,u,v) € R x4 R x4 S. It follows that ¢(x,y,u,v) = ¥(x,y,u,v). A

similar argument shows that p(p(x,y,u),u,v) = p(x, u,v). [ ]

Lemma 4.2.8. Let f: A — B be a central extension with abelian symmetric
fibers. Then Eq(f) is isomorphic to a product @ x A, where @ is an abelian
symmetric quandle.
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Proof. Let C be the centralizing relation on Eq(f) and A x A; consider the
following diagram

C—=AxA
clﬁq u f
Eq(f) —/ = A —— B

| l

Q /= {«}

where ¢ is the coequalizer of ¢; and ¢3. By the Barr-Kock theorem [BGOTL,
BGO04], the lower squares are pullbacks. By Lemma 4.2.4, both the homomor-
phisms @ — {*} have abelian symmetric fibers, hence @ is an abelian symmetric

quandle. m

As a consequence, any central extension f: A — B has its kernel pair Eq(f)

isomorphic to a product of an abelian algebra and A.
Proposition 4.2.9. If f: A — B has symmetric fibers, then it is X-special.

Proof. Consider the kernel pair of f

Eq(f) LH—QA
S

f

One has to check that (fi,df) isin X. If a € A and (a,a’) € f; *(a), then in
particular f(a) = f(a’), so that a’ <71 a is such that f(a) = f(a’ <71 a). It
follows that (a,a’ <=1 a) € Eq(f), and then

(a,a) < (a,a’ < ta) = (a<a,a<(a’ < a)) = (a,(d < ta)<a) = (a,a’). W

Remark 4.2.10. Observe that when a split epimorphism f: A — B with
section s: B — A has symmetric fibers, then s(b) < —: f=1(b) — f=1(b) is
always injective: if z € f~1(b) and y € f~1(b) are such that s(b) <z = s(b) <y,
since s(b) € f71(b), we get <1 s(b) = y <1 s(b), and hence x = y by right
invertibility.

In the following we shall characterize coverings and normal coverings in Qnd
arising from the adjunction between the category of quandles and the category

of abelian symmetric quandles:
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I

T

Qnd 1 AbSymQnd.
\H/

The following theorem shows that the functor I preserves a certain type of
pullbacks. This is equivalent to the admissibility condition of the subvariety
AbSymQnd of Qnd.

Theorem 4.2.11. In the previous adjunction, the functor I: Qnd — AbSymQnd
preserves all pullbacks in Qnd of the form

P 2, H(X)
pll lqb (4.2.11.1)

where ¢: H(X) — H(Y) is a surjective homomorphism lying in the subcategory
AbSymQnd and f: A — H(Y) is a surjective homomorphism.

Proof. Consider the following commutative diagram where:

o the square on the back is the given pullback, where ¢: H(X) — H(Y) is
a surjective homomorphism in the subcategory AbSymQnd;

o the universal property of the unit np: P — HI(P) induces a unique
arrow HI(ps): HI(P) — H(X) with HI(p2) o np = pa;

e the universal property of the unit n4: A — HI(A) induces a unique
arrow HI(f): HI(A) - H(Y) with HI(f)ona = f;

o (P’,m,ms) is the pullback of HI(p;) along n4.

P b2 H(X)
np Hl(pz)

p1 P - HI(P) ¢

7 HI(p1)
: H(Y)
\ 4@)
(4)

HI

The quandle homomorphism p; is ¥-special by Lemma 4.2.4 since ¢ has abelian

symmetric fibers, thus the homomorphism 7 is surjective by Corollary 4.1.13.
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The fact that m oy = p; and HI(p2)ome oy = po implies that 7 is also injective.
Indeed, this latter property follows from the fact that the pullback projections
p1 and po are jointly monomorphic. Accordingly, the arrow ~ is bijective, thus
an isomorphism. Since 74 is a surjective homomorphism it follows that the
right face of the diagram is a pullback by Proposition 1.1.14, and the pullback
(4.2.11.1) is preserved by the functor I, as desired. [ |

Corollary 4.2.12. The functor I preserves products of the type A x QQ where

Q is an abelian symmetric quandle and A is any quandle.
Proof. Remark that A x @ is the following pullback

AxQ 2509

| !

A— {5}

where {x} is the terminal object in Qnd, i.e. the trivial quandle with one
element. ]

Lemma 4.2.13. Consider the following pullback

ExpA—"5 A

”ll Jf (4.2.13.1)
B.

B p

If f is a central extension with abelian symmetric fibers, then m is a central
extension with abelian symmetric fibers.

Moreover, if p: E — B is a surjective homomorphism, then [ is a central
extension with abelian symmetric fibers if w1 is a central extension with abelian
symmetric fibers.

Proof. First remark that we already know that the property of having abelian
symmetric fibers is preserved and reflected by pullbacks along surjective homo-
morphisms by Lemma 4.2.4.

Let f: A — B be a central extension with abelian symmetric fibers.
Write ps: A x Eq(f) — A for the connector between A x A and Eq(f).
Define the quandle homomorphism p,, : (E xp A) x Eq(m) — E xp A as
P ((e,a), (¢/,0),(¢/,¢)) = (e,pr(a,b,c)). We have

p7r1((6aa)7 (elvb)v (elvb)) = (evpf(U‘?bv b)) = (eaa)
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and

Pr, ((e’ a)v (67 CL), (8, b)) = (e>pf(aa a, b)) = (ev b)

It is then a connector by Lemma 4.2.7.

Now let m1: E xg A — E be a central extension with abelian symmetric
fibers. Write p.,: (E xp A) X Eq(m) — E xp A for the connector between
(E xp A) x (E xp A) and Eq(m). The surjectivity of p: E — B implies the
surjectivity of the homomorphism 73: (E x g A) x Eq(m;) — A x Eq(f) defined
by

7?5((6, a), (el’ b), (6/, c)) = (a,b,c).

First let us show that Eq(7s) C Eq(ms o pr, ). Let

(((6070‘)’ (667 b)v (6676))3 ((617 a)? (6/17 b)? (6,17 C))) € Eq(%)

Since f has abelian symmetric fibers by Lemma 4.2.4, it is X-special by Propo-
5

s
sition 4.2.9. This means that the split epimorphism Eq(f) == A is in X.
1

In other terms, for all b € A and all (b,¢) € f; !(b) there exists ke € L),
where ko) = (b, k), such that (b,b) < k@) = (b,c). Such a kg, o) = (b, k) is
unique by Remark 4.2.10: it follows that, for any (b,c¢) € Eq(f), the element
k. € A such that f(k.) = f(b) = f(c) and b < k. = c is unique. Then, for
i € {0,1}, we have

((61" a)7 (6;, b)7(€;7c))
= ((ei,a) 971 (€}, b), (e, b), (€7, b)) <1 (€}, D), (€7, b), (€], ke)).-

Consequently we remark that

72 0 pry (€4, ), (€5, b), (€5, ¢))

=m0 pry (((e5,0) <71 (€], b), (e, b), (€F,0)) <1 (¢, D), (e}, ), (€}, ke)))
o (P, ((e3,a) <71 (€4, ), (€], ), (€],0)) < pry (€], ), (€5,0), (€, k)
ma(((esa) <71 (e, b)) < (e, ke))

mo((e; <7t el) <el, (a7t b) <ke) = (a<tb) <k

for both i € {0,1}. This implies the existence of a quandle homomorphism
pr: AxEq(f) — A such that py o7 = myopy,, ie. prla,b,c) = (a<71b) <k
where k. is the unique element such that b < k. = ¢ as above. Moreover, we
have

prla,bb) = (a<"tb) <b=a
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for (a,b,b) € A x Eq(f) and
prla,a,b) = (a<"ta)<dky=a<ky,=0b

for (a,a,b) € A x Eq(f), so py is a connector by Lemma 4.2.7. |

Theorem 4.2.14. Given a surjective homomorphism f: A — B in Qnd, the

following conditions are equivalent:
1. f is a central extension with abelian symmetric fibers;
2. f is a mormal covering;
3. f is a covering.

Proof. Let f: A — B be a central extension with abelian symmetric fibers.
Then its kernel pair Eq(f) is isomorphic to a product @ x A with @ an abelian
symmetric quandle by Lemma 4.2.8. Corollary 4.2.12 shows that f is then a
normal covering.

Every normal covering is a covering.

Let f: A — B be a covering. Then there is a surjective homomorphism
p: E — B such that the first projection m: ExsB — FE in the pullback
(4.2.13.1) is a trivial extension. Then f: A — B is a central extension with
abelian symmetric fibers by Lemma 4.2.13, because m; is the pullback of a

morphism lying in AbSymQnd. |

Remark 4.2.15. Note that there are surjective homomorphisms with abelian
symmetric fibers that are not central. Take for instance the quandle A given by
the following table:

<la b ¢ d
ala ¢ b a
b|lc b a b
c|b a ¢ c
d|ld d d d

and the quandle homomorphism f: A — {z,y} defined by

fla) = f(b) = f(c) = x and f(d) = y.

Its kernel pair Eq(f) has 10 elements, and thus can’t be isomorphic to a product

A x @ with @ an abelian symmetric quandles since A has 4 elements.

Remark 4.2.16. There are surjective central extensions that do not have
symmetric fibers. Consider the additive group (Z/2Z,+,0) and endow its
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underlying set with the trivial quandle structure a <1b = a for all a,b € Z/2Z.

Remark that the group operation is a quandle homomorphism:
(a<b)+ (d <bV)=a+d =(a+d)<(b+V).

It follows that the Mal’tsev operation p: Z/27 X 7./27 x 7Z.]27. — 7./27 defined
by p(a,b,c) = a — b+ ¢ is a connector between the congruences Z/27 x 7 /27
and Z/27Z x Z/2Z. The homomorphism Z/2 — 1 is then a central extension,

whose (unique) fiber is not symmetric, since 0 <11 =0#1=1<0.
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