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A DIRECT PROOF THAT THE CATEGORY OF
3-COMPUTADS IS NOT CARTESIAN CLOSED

by Eugenia CHENG

Abstract

Nous démontrons par contre-exemple que la catégorie des 3-
computads (ou “3-polygraphes”) n’est pas cartésienne fermée;
ce résultat était démontré premierement par Makkai et Zawad-
owski. Nous donnons un 3-computad B et nous démontrons que
le foncteur _ x B n’a pas d’adjoint a droitede la facon suivante:
nous donnons un conoyau qui n’est pas respecté par ce foncteur.

We prove by counterexample that the category of 3-computads
is not cartesian closed, a result originally proved by Makkai and
Zawadowski. We give a 3-computad B and show that the functor
_ X B does not have a right adjoint, by giving a coequaliser that
is not preserved by it.

Keywords: computad, cartesian closed, presheaf.

MSC2000: 18D05

Introduction

Makkai and Zawadowski proved in [7] that the category of (strict) 3-
computads is not cartesian closed and hence is not a presheaf category.
The result can be considered surprising—for example, the opposite was
erroneously claimed in [3] (and corrected after Makkai and Zawadowski,
in [4]).

The reason is related to the Eckmann-Hilton argument, but the proof
given in [7], while having this reason at its heart, uses some sophisticated
technology to bring this “reason” to fruition—some technical results of
[3] for Artin glueing, which in turn rely on some technical results of Day

6].
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In this paper we give a direct counterexample, that is, we give a
3-computad B and a coequaliser

——ZA——C

that is not preserved by the functor _ x B, hence _ x B does not have
a right adjoint.

The idea behind this counterexample is the same as the idea behind
the proof in [7], and the result is, evidently, not new. However, we
believe it is of value to provide this direct argument.

The root of the problem is that 2-cells having 1-cell identities as
source and target do not behave “geometrically”—by an Eckmann-
Hilton argument, horizontal and vertical composition for such cells must
be the same and commutative. Intuitively, this means that cells do not
have well-defined “shape”; a little more precisely, this means for exam-
ple that if we have 2-cells a and b with identity source and target, then a
3-cell with source ab (= ba) cannot have well-defined faces, as we cannot
put the putative faces a and b in any order.

This argument obviously does not constitute a proof, but it is the
idea at the root of the argument in [7] and at the root of the argument
we give here. We begin in Section 1 by recalling the basic definitions;
in Section 2 we give the counterexample, and in Section 3 we give the
justification. Experts will only need to read Section 2.

Note that unless otherwise stated, all n-categories are strict.
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1 Basic definitions

We begin by recalling the definition of the category of 3-computads.
However, we will only need a small fragment of it for our counterexam-
ple, so we will focus on that part. 2-computads are defined by Street in



CHENG - THE CATEGORY OF 3-COMPUTADS IS NOT CARTESIAN CLOSED

[8]; the higher-dimensional generalisation is given by Burroni under the
name “polygraphs” in [2] (see also [1]).

The idea is that a 3-computad is a 3-category that is “level-wise
free”. From another point of view it is the underlying data for a 3-
category in which k-cells are allowed to have source and target that are
pasting diagrams of (k — 1)-cells, rather than the single (k —1)-cells that
are the only allowed source and target for globular sets. Crucially for us,
this means in particular that the source and target can be degenerate,
that is, identities.

The definition proceeds inductively. At each dimension we must
specify the k-cells and then generate pasting diagrams freely in order
to specify the boundaries of cells at the next dimension. This is done
using a free 3-category functor and is the technically tricky part of the
definition. However, we will not actually need the full construction of
this functor.

Definition 1.1. A 3-computad A is given by, for each 0 < k <3
e a set A of k-cells, and
e a boundary map A, — PA;_;.

Here PAj_1 denotes the set of parallel pairs of formal composites of
(k —1)-cells of A. A morphism of 3-computads A — B is given by,
for each 0 < k£ < 3 a morphism

fr 1 Ay —> By,

making the obvious squares commute. We write 3Comp for the cate-
gory of 3-computads and their morphisms.

In general it is quite complicated to make P precise, but each of the
computads involved in our counterexample will have only one 0-cell and
no 1l-cells. In this case, the free 2-category on the 2-dimensional data
is simply the free commutative monoid on A, (regarded as a doubly
degenerate 2-category). We use the following terminology.

Definition 1.2. A 3-computad A is called 2-degenerate if A is termi-
nal and A; is empty. Thus by the Eckmann-Hilton argument it consists
of
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e sets Ay and Az, equipped with

e source and target maps s
A==
where A} denotes the free commutative monoid on As.
A morphism A — B of such 3-computads is given by morphisms
4, B,
Ay - By

such that the following diagram commutes serially.

f3 13

s
B; > By
t

2 The counterexample

All the 3-computads involved here will be 2-degenerate. When we check
universal properties we will of course need to check them against all
computads a priori, but we quickly see that the diagrams will ensure
2-degeneracy of any 3-computads involved.

We will write 2-cells as a, b, ... and the commutative composition as

a.b=b.a.

In all that follows, every 3-cell will have a single 2-cell as target, but
this is largely to ease the notation; a “smaller” counterexample would
be possible with empty targets, eliminating the need for the 2-cells ag
and y.

To show that 3Comp is not cartesian closed we need to show that
there exists B € 3Comp such that _ x B does not have a right adjoint,
so it suffices for _ x B not to preserve all colimits. So we exhibit a

coequaliser

ai
A B

E

C

a2

and a computad B such that the functor _ x B does not preserve it.
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Step 1: the coequaliser

1. Let A be the 2-degenerate 3-computad with 2-cells aq, as, a3 and
a single 3-cell
a1.0a9 i> as.

2. Let E be the 2-degenerate 3-computad with 2-cells x,y and no
3-cells.

3. Define the morphism a; by

X

Y

a1

]

as
and define ay by
T > ay
Y > as
4. Thus the coequaliser C' simply identifies a; and as; it has 2-cells
a,az and a single 3-cell
__f
a.a — as.

Step 2: the functor x B

5. Let B be the 2-degenerate 3-computad (isomorphic to A) with
2-cells by, by, b3 and a single 3-cell

by.by —L> bs.

6. E x B has 2-cells (z,b;) and (y, b;) for j = 1,2,3. It has no 3-cells.

7. A x B is the key structure. It has 2-cells (a;,b;) for 7,7 =1,2,3
and two 3-cells
(a1,by) (a2, b)) —L%  (ag, by)
(@2751)-(@1,52) g, (a3>bz)

This is probably the most interesting part of the argument; we
give the full proof later.
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8. C x B has 2-cells (a,b;) and (as,b;) for j = 1,2,3 and a single
3-cell _
(@b1)-(@,bs) =12~ (az,by).

Step 3: non-preservation

9. We now examine the coequaliser

a1 X1
ExXBT_—_—ZAxB——P
ag X 1

and show that it is not isomorphic to C' x B.

Now the morphism «; X 1 is given by

(x,b;) = (a1, b))

(y,0;) > (as,b;)
and as X 1 by

(x,b;) = (az, b))

(y,b;) — (a3, b))
Thus the coequaliser P simply identifies (aq,b;) with (ag,b;) for
each j. So it has 2-cells which we may call (a,b;) and (as,b;)

(which is to be expected as the coequaliser is preserved up to 2
dimensions).

P has two distinct 3-cells
@b)-(@b) 2 (agby)
(@,01)-(@,by)  —L22% (g, by).
Since C' x B has only one 3-cell it is clear that C' x B is not

isomorphic to this coequaliser P, that is, x B does not preserve
the original coequaliser.

Note that the canonical factorisation
P—CxB
identifies the 3-cells (f, g)1 and (f, g)a-
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3 Universal properties

In this section we check all the universal properties required for the
counterexample. In principle we only need to check the 3-cells, as
2-computads form a presheaf category so we know that the lower di-
mensions behave pointwise. However we include the full argument for
completeness, and because it is straightforward.

Lemma 3.1. The product A x B is as given in the previous section,
with the obvious projections.

Proof. We exhibit its universal property. Consider a 3-computad Y
and morphisms

Y
Voaxn \
SN
A B

We seek to exhibit a unique factorisation k as shown. On 0-, 1- and
2-cells, A x B is just a product, so we define the factorisation at these
dimensions as for products ie

Note in particular that A and B have no 1-cells, so for the morphisms u
and/or v to exist, Y cannot have any 1-cells either. So this map respects
boundaries trivially.

We now discuss the factorisation on 3-cells. Let e be a 3-cell in Y.
Now A and B have only one 3-cell each, f and g respectively. So we
must have

ule) =

vie) = g

thus e must have boundary as follows
Y1-Y2 —> Y3

9.
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for some 2-cells y1,y2,y3 € Y. Then since the action of u and v respect
the boundary of e we know y3 must be sent to az and b3 respectively.
However considering the source there is some ambiguity as the product
is commutative, so for each of v and v there are two possibilities—
either the subscripts are left the same, or they are switched. That is,
on ordered pairs the action of w is

either (y1,42) +— (ai,a2)

or (yla yz) — ((127 al)

and similarly the action of v is
either (y1,72) +—=> (b1, b2)
or (y1,y2) > (b2,b1).

There are thus 4 cases, but in each case k(e) is uniquely determined to
be either (f,g); or (f,g)2 by the condition that k preserves boundary.
Explicitly, k(e) is specified by examining the action of u and v as shown
by the following table.

(y1,y2) > (b1, b2) (Y1, 92) —> (b2, b1)

(Y1, Y2) —> (a1, az) (f, 91 (f,9)2

(y1,y2) — (az, a1) (f,9)2 (fs9h
O

The other products follow similarly, but more easily. It remains to
check the universal properties of the two coequalisers in question, which
is much more straightforward.

Consider a diagram

-10 -
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a1

E

A—L ¢

a2

N

1
1
1
1
1
1

\2

Y

with ua; = uay. We seek a unique factorisation k as shown.

e On 0-cells: A and C only have one 0-cell each; writing each as *
we must have k(x) = u(x) € Y.

e On 1-cells: A and C have no 1-cells, so as before Y cannot have
any either.

e On 2-cells: To make the triangle commute we must put

ka) = u(a) [= u(ay)]
k(as) = wu(ag).

This respects boundaries as all 2-cells involved are degenerate.

e On 3-cells: To make the triangle commute, we must have k(f) =
u(f). This respects boundaries, by our definition of k on 2-cells.

The other coequaliser proceeds in the same way, but with two 3-cells.

Remark 3.2. Note that this sort of counterexample cannot arise for
2-computads, as 2 is the lowest dimension of cell for which the Eckmann-
Hilton argument can be used. Note also that this problem does not arise
for weak 3-computads as weak identity 1-cells impede the Eckmann-
Hilton argument on degenerate 2-cells. This difference between the
commutativity of degenerate 3-cells in weak and strict structures also
arises in [5].

-11 -
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TRHUNCTIONS AND TRIADIC GALOIS CONNECTIONS
by René GUITART

Résumé. Dans cet article sont introduites les trijonctions, qui sont aux con-
nexions galoisiennes triadiques ce que les adjonctions sont aux connexions
galoisiennes. Nous décrivons le tripode trifibré associé a une trijonction, la
trijonction entre topos de préfaisceaux associée a une trifibration discrete, et
I’engendrement de toute trijonction par un bi-adjoint. A c6té des exemples
associés aux connexions galoisiennes triadiques, aux relations ternaires,
d’autres le sont a des tenseurs symétriques, aux topos et univers algébriques.

Abstract. In this paper we introduce the notion of a ftrijunction, which is
related to a triadic Galois connection just as an adjunction is to a Galois con-
nection. We construct the trifibered tripod associated to a trijunction, the
trijunction between toposes of presheaves associated to a discrete trifibration,
and the generation of any trijunction by a bi-adjoint functor. While some ex-
amples are related to triadic Galois connections, to ternary relations, others
are associated to some symmetric tensors, to toposes and algebraic universes.
Keywords. Galois connection, adjunction, bi-adjunction, trijunction, trifi-
bration, topos, algebraic universes.

Mathematics Subject Classification (2010). 06A15, 18A40, 18B10,
18D30.

1. Introduction

A trijunction (definition 2.1) was introduced in [7] as a categorification of a
triadic Galois connection [1], just as an adjunction [9] could be understood
as a categorification of a Galois connection [13]: triadic Galois connections
and Galois connections are trijunctions and adjunctions reduced to the case
of posets (section 3). Any trijunction is generated by a bi-adjoint and deter-
mines a trifibration (section 2.1), and conversely a discrete trifibration de-
termines a trijunction between toposes of presheaves. We give examples of

-13 -
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trijunctions associated to adjunctions with parameters related to a symmetric
tensor, and the constitutive auto-trijunctions of toposes or algebraic universes
(section 4), which allow to reproduce internally triadic Galois connections.

2. Trijunctions, bi-adjunctions, discrete trifibrations

2.1 Trijunctions

Definition 2.1. A trijunction between 3 categories A, B, C, is the datum
(v, B, «) of 3 contravariant functors between any product of two of these
categories and the third, i.e. 3 covariant functors as:

Y AXB—=CP, B:CxA—B?P a:BxC— AP

and 3 natural equivalences with a circular condition

()= = (-
(=)™ : Home(C,v(A, B)) ~ Homu(A, (B, C)) : (=) = ((=)*") 7",
(- : Homs(B, B(C, A)) = Home(C, (4, B)) : (<) = (=)™
(=)% : Homy(A, a(B,C)) ~ Homg(B, B(C, A)) : (=)*F = ((=)»)~1.
Proposition 2.2. Given a trijunction (v, 3, «) as in definition 2.1 and an
object (A, B,C) of A x B x C we get 12 functors of one variable, in the

bi-hexagon < A, B,C >, in which an exterior dotted line indicates a right
adjoint to the corresponding internal unbroken line:

a°P(—,C) a°P(B,—)

H A 4>
Ve N
B°P CoP

Vi B(Cv_) 7(_73) \
’YOP(Av_) I+ ’>B(_7A) < A, B, C > 'Y(Av_) { -1 BOP(_vA)

/

a(B,— a(—,C
N A
~ - t /AOp i P -
'YOp(vay - - -ﬁc}p(cvf)

Proof. Using known facts on adjunctions (recalled in section 2.5) the equiv-
alences in definition 2.1 provide equivalences of adjunction when one argu-
ment is fixed, hence the adjunctions in the hexagon. O]

-14 -
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Proposition 2.3. Associated to adjunctions in the hexagon of proposition
2.2, there are 6 unit transformations which are natural in lower arguments
and dinatural in upper arguments:

1. 5(C,—) 4 a®(=C) and y(—, B) 4 a°®(B, —) give on A:
ac aB
afCAC +— A %4 aBYAB

2. (a(—=,C) 4 p®(C,—) and y(A,—) - B°P(—, A) give on B:

8% BA
BCaBC +"— B % ByABA
3. B(—,A) 4~°P(A,—) and a(B, —) 4 v°°(—, B) give on C:

6 é
~vABCA C yaBCB

We recover the equivalences (—)*" etc., by:
a:A—a(B,C)=0b"" =ab,C)af = = a(B,c)ak,
b: B = B(C,A) = = Blc, A)Bg = a”* = B(C’ a) B,
¢:C = (A, B) = a™ =7(a, B)7g = b7 = 7(A, b}
Proof. For 5(C,—) - a°?(—C) the unit is
aq = (Igcn)™? 1 A = aBCAC = a(B(C, A),O)
This o is natural in A, i.e. such that, for any u : A — A/,
oSu = a(B(C, u), C)a§,
and is dinatural in C, i.e. such that, for any w : C' — C’, we have:
a(Bw, A),C)af = a(B(C, A),w)ay .

The situation here is an “adjunction with a parameter” (see [11, p. 100]) in
C between « and (3, and the naturality and dinaturality are proved in [11,
p. 216]; in fact the converse holds: if ozg is natural in A and dinatural in
C, then (—)% (or its inverse (—)®") is natural in its three arguments. This
is indicated in [11] (exercise 2 p. 100 and exercise 1 p. 218): the unit

. A — R(B,L(A, B)) of an adjunction with parameter is dinatural in B,
and this is equivalent to the naturality of the adjunction 7 itself in B. [

-15 -
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Proposition 2.4. With the hypothesis and notations of propositions 2.2 and
2.3 we have 6 equations of adjunction:

a(B, 75)045(3,0) = lao) = O‘<5g> 0)045(370)7

B(C, a9) B = Lae,a) = BOiEs A) B,

YA, Be)Voam = Laas = 1(ah, Bia )

and we have the condition of circularity, expressible in 6 equivalent ways:
A,B C,A
off = a(B3,7(4, Bk, af = a(5(C, 4),7¢)ai

85 = BOE, (B, 0B, B = By (A, B), o§)55"",
vé = 7(ag, B(C, AN, A8 = y(a(B,C), BS)EPO.

Proof. For example, between the unit o and the corresponding co-unit 5§
we have the known equations of adjunctions recalled in proposition 2.11.
For example, as 3(C, A) is a functor in each variable, and as 3$ is dinatural
in C' (proposition 2.3), the fourth circularity condition, expressing 34, allows
to deduce for any ¢ : C' — (A, B) that

B(Ca A)ﬁg = 6(07 O./(B, c)af)ﬁg,

which (cf. proposition 2.3) is equivalent to (—)%7 = (—)#(—)%7. This
implies conversely the fourth condition.

By the equations of adjunction, the six natural transformations (—)%# etc.
are invertible (equivalence), and from the last equation we get the five analogs,
and then any equation of circularity. [

2.2 Bi-adjunction

Definition 2.5. A bi-functor v : A x B — C°P is a left bi-adjunction if for
every A in A the functor (A, —) : B — C°P is a left adjoint, and for every
B in B the functor y(—, B) : A — C° is a left adjoint.

Proposition 2.6. 1 — A bi-functor v : A x B — C°P is a left bi-adjunction
if and only if there is a trijunction (7, 3, ), in the sense of definition 2.1. In
this case, B and vy are unique up to natural isomorphisms.

-16 -
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2 — A trijunction is completely determined up to isomorphisms by a functor
v : A X B — C° with the datum for each object C' of two objects a BC' and
BC' A, with two morphisms

8 vE
vyABCA C ~vaBCB |

such that for any c : C' — vAB there are two unique maps a : A — aBC
and b : B — BC A such that

c= ’Y(Gv B)’Yg7 €= ’Y(Av b),}/é
Proof. 1 — The proposition is an application of known results (recalled in
proposition 2.13 later). So we introduce § and « by y(A, —) - 5°P(—, A)
and v(—, B) 4 a°?(B, —). With the formula (%) in the proof of proposition
2.13 we get bi-functors 3 and ~y, with natural equivalences (—)?# and (—)7,
and we define (—)** as the composition (—)*7(—)75.
2 — This results from the determination of adjoints by free objects.
So, all the data and equations in a trijunction (cf. propositions 2.2, 2.3 and
2.4) are consequences of these two “free object” properties. [

2.3 Discrete trifibration associated to a trijunction

A triadic Galois connection is known to be a generalization of a ternary
relation (recalled in proposition 3.5 later); a similar understanding for a tri-
junction is in terms of trifibrations.

Definition 2.7. Given a trijunction (v, 3, «) we construct its “trigraph”, the
category G = G(~, B, a)with objects G = (a, b, c) as in

a:A— «aB,C)
\/

c:C —~(A,B) b: B— 5(C,A)

with
h = aﬁ’o‘, c = b””ﬁ, a=c",

as in proposition 2.3; a morphism from (a, b, c) to (a',b', ) isa g = (u,v,w) :
(A, B,C) — (A, B',C") with one of the equivalent conditions:

a(v,w)du=a, B(w,u)b'v=>b, ~v(u,v)dw=-c.

-17 -
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Proposition 2.8. We have a discrete fibration given by:
T="Ty8a:G(7,0,a) > AxBxC:(ab,c)— (A B,C)

g A

P

" g TR
AxBxC C/ﬂc \B

Proof. In fact G(v, 3,«¢) = G is isomorphic to the discrete fibration [ «
associated to Hom 4 (Id 400 xP) : (A x B x C)°® — Ens, as well as the one
| B associated to Homp(Idger X %) : (B x C x A)°? — Ens or the one [ 7
associated to Home (Idcer X7°P) : (C x A x B)°® — Ens. So in the category
of fibrations over A x B x C we have three isomorphisms

i:
AL
J - /s
In fact the isomorphisms between these fibrations exactly correspond to
equivalences in the definition (2.1) of the trijunction. [

2.4 From discrete trifibrations to trijunctions between presheaves

Proposition 2.9. Given a functor R : (AxBxC)°® — Enswith A, B, C any
small categories, or the associated discrete fibration 1 : G — A X B x C
(called a discrete trifibration), there is an associated trijunction (g, Br, ar)
between toposes of presheaves A= Ens?”, B := Ens®”, and C := Ens®”.
Especially any bi-functor A x B — C°P determines such a trijunction.

Proof. With Re(C)(A, B) = Rg(B)(C,A) = R4(A)(B,C) = R(A, B,C),
Re : C — EnsB)™” Rp: BP — Ens@A™ R+ AP — EngB*O)™,
For F, G and H in A, B, and C we define F' K G(A, B) = F(A) x G(B),
HXF(C,A)=H(C)x F(A)and GX H(B,C) = G(B) x H(C). Then
vr(F,G)(C) = Hompg, acrxsor (F K G, Re(C)),
Br(H, F)(B) = Homg, corxaor (H R F, Rz(B)),
OéR(G, H)(A) = HOHIEHSBOpchP (G X H, RA(A))
Then for example we associateto § : FRXGX H — Rav: H — v(F,Q)

by (vo(2))a.B)(z,y) = OaBo) (2, Y, 2). O

-18 -
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2.5 Annex 1: Classical facts on adjunctions

In 1958, Daniel Kan [9] introduced the notion of adjoint functors; then Pe-
ter Freyd (Princeton thesis, 1960) and William Lawvere (Columbia thesis,
1963) “emphasized the dominant position of adjunctions” [11, p. 103]:

Definition 2.10. Let A and C be categories. Then a covariant functor L :
A — C is called left adjoint to a covariant functor R : C — A (notation
7 : L 4 R) if there exists a natural equivalence

7 : Home(L(A), C) ~ Hom (A, R(C)).

Proposition 2.11. 7 : L < R is equivalent to L 4 R(e,n), with 2 natural
transformations € :== 7 '(1g) : LR — Id¢c and n := 7(1;) : Id4 — RL
with the equations:

(eL)(Ln) = Id,, (Re)(nR) = ldg. Furthermore we get T
and 77 by:

7(c: LA— C) = R(c)na, 7 '(a:A— RC)=ecL(a).

Proof. This is coming from lemmas 6.2 p.306 and 6.2* p.307 in [9]. See
also [11, chap. IV, p. 80-81]. O

Definition 2.12. Let A, B and C be categories. Then a covariant functor
L : Ax B — Cis called left adjoint — with a parameter in B — to a functor
R : B® x C — A contravariant in B and covariant in C if there exists a
natural equivalence

7 : Home(L(A, B),C) ~ Homyu(A, R(B,C)).

Proposition 2.13. Given L : A x B — C and for each object B in B a
right adjoint R to L(—, B), with 75 : L(—, B) - Rp, then these functors
determine a unique functor R : B°® x C — A with an equivalence T as
in definition 2.12, with for every ¢ : C — C', R(B,c) = Rp(c), and with
(A, B,C) =15(A,C).

Proof. This is proved as theorem 4.1 p. 300 in [9]. See also [11, p. 100].
Withep = 75" (1g,) and np = 7 (11— py), an explicit formula for R(b, ¢)
withb: B — Bandc: C — (C'is

R(b,c) = Rp/(c)Rp/(ep(C))Rp (L(Rp(C), b))np (Rp(C)) (%)
]
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Kan was especially motivated by the case of ®:

Proposition 2.14. The functor ® : Ab x Ab — Ab is left adjoint to Hom :
Ab? x Ab — Ab, in the sense of definition 2.12.

3. Triadic Galois Connections and ternary relations

3.1 Triadic Galois connections and residuations

In relation with the calculus of ternary relations between sets and the “triadic
concept analysis” as introduced in [10] and [14], and the notion of “trilat-
tice”, the notion of a triadic Galois connection has been introduced in 1997
by Klaus Biedermann [1], [2], [3]. We adapt his definition, without refer-
ences to trilattices, and with a slightly different system of notations, in order
to show that this notion is a particular case of a trijunction.

NB: In this section 3.1 we use and extend the classical properties of Galois
connections (see 3.3) to triadic Galois connections. So we get a mini-model
of the theory of trijunctions, namely its reduction to the case of posets.

Definition 3.1. A triadic Galois connection between 3 posets A = (A, <),
B = (B,<)andC = (C, <) is the datum (v, 3, «) of 3 decreasing functions
v:AXB—=C, p:CxA— B, a:BxC — A, suchthatforalla € A,
be B, ceC:

c <v(afb,c),b), c<~(a,B(c,a)),

b< B(v(a,b),a), b<B(e,alb,c)),
a < a(f(ca)c), a<ady(a,b)).

Proposition 3.2. A triadic Galois connection is equivalent to the datum
(v, B, ) of 3 decreasing functions v : Ax B — C, : C x A — B,
a: B x C — A, such that

Va € AVb e BVYce C |c <v(a,b) & b< B(c,a) & a< a(b,c)].

Proposition 3.3. A triadic Galois connection is exactly the special case of a
trijunction according to definition 2.1 in which A, B and C are posets.
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Proposition 3.4. 1 — Let (M, <) be a sup-lattice and let @ : M x M — M
a binary law compatible with sup. Then with A = (M, <), B = (M, <),
C = (M,>), and with y(a,b) = a ® b, we get a triadic Galois connection
(7, B, «) in the sense of (def. 3.1).

2 — Let (M, <) a sup-lattice and a triadic Galois connection (7, 3, ) be-
tween A = (M,<), B = (M,<), C = (M,>). Then v is a binary law
compatible with sup.

Proof. 1 — We take 3(c,a) = “c := sup,gp<. b, a(b, ¢) = ¢ := sup,gp<. @
i.e. (see [4, p. 325]) the right and left residuals ¢/a of ¢ by a, c\b of ¢ by b.
2 — v(a, —) is a left adjoint, and v(—, b) is a left adjoint too. O

3.2 Functional counterpart of a ternary relation

Proposition 3.5. A triadic Galois connection (7, 3, ) between the posets
(P(A),Q), (P(B),C)and (P(C), Q) is equivalent to the datum of a ternary
relation R C A x B x C, according to the association:

R =R, :={(a,b,c);c € v({a}, {0})},

R =Rg:={(a,b,c);b € p({c} {a})},

R = Rq :={(a,b,c);a € a({b}, {c})},
(A, B") = vr(A', B") :={¢;Va' € A’V € B' (d',V,¢) € R},
C' A" = {b;Vd € C'Vd' € A" (d',b,) € R},
B, C") :={a;WW' € B'Yd € C' (a,V,) € R}.

L
%
Q
Il
o
==

Furthermore
C'<~y(A,B")Y& B <pB(C"A) e A <aB,C")e AAxB' xC'"CR.
Proof. It is an immediate reformulation of Biedermann [1], [2], [3]. O

Proposition 3.6. Given a ternary relation R C A x B x C', and subsets
A" C A, B'C B, C" C C, we get, with the notations of 3.1 and with

R:(C") = {(a,b);Vd € C" (a,b,d) € R},

Ry(B') = {(c,a);Vb' € B’ (a,V,c) € R},
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R4 (A") = {(b,c);Va' € A’ (d',b,¢) € R},
an hexagonal picture of seven equivalent conditions:

A’ C ag(B,C")
— —

C'x A" C Ry(B) A" x B' C R (C")
l AxB xC' CR l
C' Cyr(A', B') B' C Br(C’, A')
— —

B x C' C RY(A")

Furthermore each of the six operators ar, R, Br, Ry, vr, R, determines
the five others, and the relation R itself.

Proof. 1t is a direct complement to proposition 3.5, in the style of [8]. For
the last point starting for example from the datum of ap, we get R’ by
RZ(A/) = UA/QQR(BQC/)B/ x (', etc. ]

Proposition 3.7. A triadic Galois connection between A = (P(E),C), B =
(P(E),Q), C = (P(E), D) is equivalent to the datum of a ternary relation
R C E®

Proof. A sup-compatible binary law v : P(E)? — P(E) is equivalent to a
map r : E? — P(E), i.e. a ternary relation R C E?. O

3.3 Annex 2: Classical facts on Galois connections

Clearly a posteriori an adjunction could be understood as a categorification
of a Galois connection in the following sense of definition 3.8.

In his talk at the Summer Meeting of AMS at Chicago in 1941, Oystein
Ore introduced — as a tool for the calculus of binary relations — the no-
tion of a Galois connexion [13] (see also Garrett Birkhoff [4, p.124]) — or
equivalently Galois connection (also named Galois correspondence) —, as
follows.

Definition 3.8. A [dyadic] Galois connection between 2 posets A = (A, <)
and B = (B, <) is the datum (3, ) of two decreasing functions § : A — B
and o : B — A such that

WGAPgaw@ﬂ,weB@gmqm]
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Proposition 3.9. It is equivalent for a Galois connection to assume that «
and [ are ordinary functions such that

Va € AVb e B |b< f(a) & a<ald)].

Proposition 3.10. A decreasing function  : A — B between two posets A
and B determines two increasing functions 3* : A — B and " : A — B,
with 3* = B7°P and 7 = B'°"; a Galois connection as (3, o) in 3.8 is exactly
an adjunction in the sense of 2.10, namely o! = 37, or, equivalently, ' 4 .

Proposition 3.11. A Galois connection (3, «) between the posets (P(A), C)
and (P(B), Q) is equivalent to the datum of a binary relation R C A X B,
according to the association:

R ={(a,b);b € f({a})} = {(a,);a € a({b}),
B(A) ={b;Vd € A’ (d',b) € R}, a(B')={a;V' € B' (a,V') € R}.

Furthermore
A C a(B’) & B C B(A’) < A" x B CR.

Proof. See Ore [13, thm.10, p.503]. L]

4. The auto-trijunction on a topos or an algebraic universe

4.1 Algebraic universe

We recall the definition of an algebraic universe, a notion we have developed
in the 70’s (see [5], [6]).

An algebraic universe is a category X’ with finite limits and colimits equipped
with a contravariant functor P : X — AX°P such that P 4 P°P, this ad-
junction being monadic (analogous to Stone duality); we assume also that
for any X in X, the map nx : X — PPX is factorized as ¢xax with
Vvx : PX — PPX (meeting map) and ax : X — PX (atom map), and
there are also 7y : PX — PPX (inclusion map), vx : PX — PX (nega-
tion map) and cx : X? — PX (pairing map); among these data a precise
system of equations is assumed.
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In any algebraic universe the construction P on objects is extended in two
ways in a covariant functor: for f : X — Y we take:

Hf == P(Pf.ay)i/}x, Vf = P(Pf.ay)ﬂx,
U = Pnx{px, ﬂ = PnxPrpx¥px.
X X

Given a relation p = (p,e) : R — A x B we introduce its “characteristic

map”:
r=p*e=(3e)(Pp)as: A— PB.

Proposition 4.1. (See [5]) Given a complete lattice equipped with a sup-
compatible abelian monoid law L = (L <,®) there is a structure of alge-
braic universe on Ens in which PX = L%, and this generates the calculus
of L-fuzzy relations.

4.2 Topos as an algebraic universe

An elementary topos (in the sense of Lawvere-Tierney, see [12]) is a category
& with finite limits and colimits, with exponentials and subobject classifier.
This is reducible to the conditions that £ is with finite limits and colimits,
and is such that for all object Y in £ there is (PY ¢~ AY =5 Y) such that
for every (X <2~ R —= Y) thereis aunique r = pxe: X — PY and a
unique 7’ : R — AY with a pullback (p, r’; r, py ) with e = ey.1" :

R
p lr' e
py/AY ~2\,
X =2 PY Y

Proposition 4.2. In a topos £ the construction P is a contravariant functor
which is its own adjoint:

(P:& = EP) A (PP EP - &),

and in fact with this P we get a structure of an algebraic universe.
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Proof. 1t is well known. Given a morphism f : Y — X, we get P(f) :
PX — PY by aX := 1y x 1x and Pf = ((axf) = ly. Starting with
r: X — PY,r = pxe, we getits “converse” s : Y — PX withp = r*(py),
r" = p*(r), e = eyr’, and s = exp. Then a structure of an algebraic universe
is given by this P, with ¢) and 7 in the internal language:

Ux(A)={B;3z(x € A& x € B)}, nx(A) ={B;Va(x € B=1z € A)}.

]

4.3 Symmetric tensors with right adjoints

Proposition 4.3. With A = Ab, B = Ab, C = Ab°®, we get a trijunc-
tion (def. 2.1) with v(A,B) = A® B, f(C,A) = Hom(A, C), and with
a(B,C) = Hom(B, C).

Proof. This proposition results of proposition 2.14 , by imitation of propo-
sition 3.4. Details of the proof arise also from proposition 2.6. 0

Proposition 4.4. In a symmetric monoidal closed category &, there is a tri-
junction between &, £ and E°P with

Y(A,B)=A®B, B(C,A)=C aB,C)=CPE.

Proof. Analogous to the case in proposition 4.3. In a monoidal closed cat-
egory, for any object B the functor (—) ® B has a right adjoint (—)?, and
for any A the functor A ® (—) has a right adjoint (—)“. We conclude by
proposition 2.6. O

Proposition 4.5. In a symmetric monoidal closed category &, with any ob-
ject L, there is an associated (auto-)trijunction between &, £ and € with

Y(A,B) = L**B, B(C,A) = L°®4, o(B,C) = LP*C.

Proof. Homg(X, LY) ~ homg(X ® Y, L) ~ Homg (Y, LX), so the functor
L) € — £°P s left adjoint to L°P. One of the equivalences in a trijunction
(definition 2.1) is given by: Homg (A, LP®¢) ~ Homg (A ® (B® C), L) ~
Homg (B ® (A® C), L) ~ Homg (B, LA®°). O
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4.4 Canonical auto-trijunction on an algebraic universe

Proposition 4.6. Given an algebraic universe X — for example a topos or
a category of fuzzy sets (cf. propositions 4.1 and 4.2) — we get an auto-
trijunction (v, B, ) between A = X, B = X,C = X, with

A, B) = P(Ax B), B(C,A)=P(CxA), a(B,C)=P(BxC).

Proof. An algebraic universe is a cartesian closed category, and we have
PX = P(1)*. So we have just to apply proposition 4.5. O

4.5 Toward a calculus of triadic Galois connections in a topos

In fact the auto-trijunction in proposition 4.6 does not depend on ¢, 7, etc.,
but only on the composition ¥.a = 7, the cartesian closed structure on the
topos or the algebraic universe, and the object P(1). Nevertheless:

Proposition 4.7. In a topos &, using the canonical auto-trijunction (proposi-
tion 4.6) and the data 1), 7, etc., we can internally recover a theory of Galois
connections and triadic Galois connections.

Proof. We indicate only the starting point. From a ternary relation (p, ¢, ) :
R — Ax B x (', we can construct the different terms in the hexagon pictured
in proposition 3.6 in the case of the category Ens.
We consider ¢ = 7 (p,q) : C — P(A x B), we know how to construct
dec : PC — PP(A x B), (45 : PP(A x B) — P(A x B), and the
composition Ry, = (1), z Jc: PC — P(A x B).
We consider also @’ = (r,q) xp: C x B — PA, ar =(), 3(d).
A calculus of ternary relations in terms of internal triadic Galois connections
is available in any topos; this works also in any category of fuzzy sets.

[

References
[1] K.Biedermann, Triadic Galois Connections, In: K. Denecke, O. Liiders (eds.),

General Algebra and Applications in Discrete mathematics, Shaker Verlag,
Aachen, 1997, 23-33.

-26 -



(2]

(3]

[7]

[8]

[9]
[10]

[11]
[12]
[13]
[14]

GUITART - TRIJUNCTIONS AND TRIADIC GALOIS CONNECTIONS

K. Biedermann, An Equational Theory for Trilattices. Algebra univers. 42
(1999), 253-268. [FB4-Preprint, TU Darmstadt, 1998].

K. Biedermann, Powerset Trilattices, ICCS’98 Proceedings of the 6th Interna-
tional Conference on Conceptual Structures: Theory, Tools and Applications,
Springer, 1998, 209-224.

G. Birkhoff, Lattice Theory, AMS (1940), 3d ed. 1967.

R. Guitart, “Algebraic Universes”, Summer School on Universal Algebra and
Ordered Sets, Jindrichuv Hradec, september 1979, 10 p.

R. Guitart, Qu’est-ce que la logique dans une catégorie ?, CTGD, vol. XXIII,
2 (1982), 115-148.

R. Guitart, Borromean Objects and Trijunctions, Conference Category theory,
algebra and geometry, Louvain-la-Neuve, 26-27 May 2011.

R. Guitart, An hexagonal Framework of the Field 4 and the Associated Bor-

romean Logic, Log. Univers., june 2012, vol. 6, Issue 1-2, pp. 119-147 (pub-
lished online 13 october 2011, DOI: 10.1007/s1187-011-0033-6).

D.M. Kan, Adjoint functors, Trans. Am. Math. Soc. 89 (1958), 294-329.

F. Lehmann and R. Wille, A triadic approach to formal concept analysis, FB4-
Preprint Nr. 1738, TRH Darmstadt, 1995.

S. Mac Lane, Categories for the Working Mathematician, Springer, 1971.
S. Mac Lane, 1. Moerdijk, Sheaves in Geometry and Logic, Springer, 1992.
O. Ore, Galois connexions, Trans. Amer. Math. Soc. 55 (1944), 493-513.

R. Wille, The Basic Theorem of Triadic Concept Analysis. Order 12 (1995),
149-158.

René Guitart,

Université Paris Diderot Paris 7. IMJ-PRG. UMR 7586
Batiment Sophie Germain.

Case 7012, 75205 Paris Cedex 13

rene.guitart @orange.fr

-27 -



CAHIERS DE TOPOLOGIE ET Vol LN-1 (2013)
GEOMETRIE DIFFERENTIELLE CATEGORIQUES

DERIVED HALL ALGEBRAS
FOR STABLE HOMOTOPY THEORIES

by Julia E. BERGNER

Résumé. Dans cet article, nous étendons la construction de I’algebre de Hall
dérivée de Toen, dans laquelle il obtient des algebres associatives avec unité
a partir de certaines categories de modeles stables, au cas ou ces algebres
sont obtenues a partir de théories homotopiquesstables plus générales, en
particulier espaces de Segal complets stables satisfaisant des hypothéses de
finitude appropriées.

Abstract. In this paper we extend Toén’s derived Hall algebra construction,
in which he obtains unital associative algebras from certain stable model
categories, to one in which such algebras are obtained from more general
stable homotopy theories, in particular stable complete Segal spaces satisfy-
ing appropriate finiteness assumptions.

Keywords. derived Hall algebras, homotopy theories, complete Segal spaces,
(00, 1)-categories

Mathematics Subject Classification (2010). 55U35, 55U40, 18G55, 18E30,
16599

1 Introduction

Hall algebras associated to abelian categories play an important role in rep-
resentation theory. In particular, when the abelian category in question is
the category of [F -representations of a quiver associated to a simply-laced
Dynkin diagram, there is a close relationship between the Hall algebra and
the quantum enveloping algebra of the Lie algebra associated to the same
Dynkin diagram. Recent attempts to strengthen this relationship have led to
the problem of associating some kind of Hall algebra to categories which are
triangulated rather than abelian. In particular, it is conjectured that one could
recover the quantum enveloping algebra from an appropriate Hall-type alge-
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bra associated to Peng and Xiao’s root category, which is, roughly speaking,
the derived category of the category of this abelian category of representa-
tions, modulo a double shift relation [15].

In [22], Toén constructs “derived Hall algebras™ associated to triangu-
lated categories arising as homotopy categories of model categories whose
objects are modules over a sufficiently finitary differential graded category
over [F,. In doing so, he develops a formula for the multiplication in this al-
gebra in such a way that it can be regarded as a generalization of the formula
for the multiplication in an ordinary Hall algebra. This formula was verified
for more general triangulated categories, still satisfying certain finiteness
conditions, by Xiao and Xu [24]. However, none of these methods can yet
be applied to the root category, as it does not satisfy these finiteness assump-
tions.

In this paper, we seek to generalize Toén’s development of derived Hall
algebras. Specifically, we modify his proof to establish derived Hall algebras
corresponding to triangulated categories arising as homotopy categories for
more general stable homotopy theories. Most triangulated categories can be
realized as homotopy categories of such stable homotopy theories. Although
such triangulated categories are covered by Xiao and Xu’s work, our objec-
tive is rather to broaden the context in which we can make use of homotopy-
theoretic methods. We expect that these ideas will shed light on the question
of how to find a similar algebra arising from a triangulated category which
is not finitary. Also, it seems that this more flexible setting should be more
amenable than the model category world for finding a coalgebra or even a
Hopf algebra structure on derived Hall algebras, extending these structures
which are significant in the study of ordinary Hall algebras. This idea will
be the subject of future work in collaboration with Robertson.

We expect that the methods of this paper will be applicable to other set-
tings, enabling one to use more general stable homotopy theories in settings
in which the additional structure of stable model categories is too restrictive.
For example, not all derived categories arise from actual model categories,
but they do always come from a stable homotopy theory. It is expected that
the ability to work with such homotopy theories, which contain more infor-
mation than their associated derived categories, will facilitate progress in the
many areas in which derived categories appear.

In this paper, we use the complete Segal space model for homotopy the-
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ories. If we regard a homotopy theory as a category with weak equivalences,
then there are several equivalent models for homotopy theories as mathe-
matical objects, in particular objects of model categories with appropriate
weak equivalences. Complete Segal spaces were developed by Rezk [17];
they are simplicial spaces satisfying conditions enabling one to regard them
as something like a simplicial category up to homotopy. Their associated
model category is in fact equivalent to the model structure on the category
of simplicial categories [3], as well as to the model structures for Segal cat-
egories [3] and quasi-categories [10]. While any one of these models could
be used, we prefer the complete Segal space model here because it is partic-
ularly well-suited for understanding fiber products of model categories [2],
one of the key tools used by Toén in his proof of the associativity of de-
rived Hall algebras. Specifically, we are able to use homotopy pullbacks of
complete Segal spaces where he used the homotopy fiber product of model
categories.

There is, in fact, another perspective on complete Segal spaces (and
equivalent objects); they are also models for (0o, 1)-categories, or co-categories
with n-morphisms invertible for n» > 1. While the motivation for using com-
plete Segal spaces in this paper arises from the viewpoint that they are gen-
eralizations of model categories, it is also useful, in particular when we need
to define categorical notions such as colimits within them, to remember that
they can be thought of as generalizations of ordinary categories in this way.

In Section 2, we give a review of stable model categories. These ideas
are generalized in Section 3, where we explain how Lurie’s methods for sta-
ble quasi-categories can be translated to stable complete Segal spaces. We
review our main tool of interest, homotopy fiber products of model cate-
gories and homotopy pullbacks of complete Segal spaces, in Section 4, then
introduce Toén’s derived Hall algebras in Section 5. The main results of the
paper can be found in Section 6, where we establish derived Hall algebras
for stable complete Segal spaces.

Acknowledgments. The ideas in this paper have benefitted enormously from
conversations with many people over the last few years. These people in-
clude Zongzhu Lin, Bertrand Toén, Clark Barwick, David Gepner, John
Baez, and Christopher Walker. Thanks also to the referee for a close read-
ing of the paper. The author was partially supported by NSF grant DMS-
0805951. Support from the Fields Institute in Spring 2007 and the CRM
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Barcelona in Spring 2008, where some of this work was completed, is also
gratefully acknowledged.

2 Stable model categories

Recall that a model category M is a category with three distinguished classes
of morphisms: weak equivalences, fibrations, and cofibrations, satisfying
five axioms [5, 3.3]. Given a model category structure, one can pass to the
homotopy category Ho(M), which is a localization of M with respect to the
class of weak equivalences [8, 1.2.1]. In particular, the weak equivalences,
as the morphisms that we wish to invert, make up the most important part of
a model category. An object x in a model category M is fibrant if the unique
map x — * to the terminal object is a fibration. Dually, an object x in M is
cofibrant if the unique map ¢ — x from the initial object is a cofibration.

The standard notion of equivalence of model categories is given by the
following definitions. First, recall that an adjoint pair of functors F': C =
D: @ satisfies the property that, for any objects X of C and Y of D, there is
a natural isomorphism

¢ : Homp(FX,Y) — Home (X, GY').
The functor I is called the left adjoint and G the right adjoint [14, IV.1].

Definition 2.1. [8, 1.3.1] An adjoint pair of functors F': M = N: G be-
tween model categories is a Quillen pair if F' preserves cofibrations and G
preserves fibrations. The left adjoint F' is called a left Quillen functor, and
the right adjoint G is called the right Quillen functor.

Definition 2.2. [8, 1.3.12] A Quillen pair of model categories is a Quillen
equivalence if for all cofibrant X in M and fibrant Y in N, amap f: FX —
Y is a weak equivalence in D if and only if the map ¢ f: X — GY is a weak
equivalence in M.

We also consider model categories with the additional data that their ho-
motopy categories are triangulated. Recall that a triangulated category T' is
an additive category, together with an equivalence >: 7" — T’ called a shift
functor, and a collection of distinguished triangles

xayﬂZWZx
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satisfying four axioms [11, §2.1].

For a model category to have a triangulated homotopy category, it must
first be pointed, in that its initial and terminal objects coincide. Such an
object is called a zero object.

Definition 2.3. [8, 7.1.1] A pointed model category M is stable if its homo-
topy category Ho(M) is triangulated.

Example 2.4. Let R be a ring and C'h(R) the category of chain complexes
of R-modules. Then the model category structure on C'h(R) is triangulated.
In fact, its homotopy category is equivalent to the derived category D(R),
formed by taking C'h(R) modulo the equivalence relation given by chain
homotopies of maps, and formally inverting the quasi-isomorphisms [11,
§1.2].

3 Stable complete Segal spaces

3.1 Simplicial spaces and complete Segal spaces

Recall that the simplicial indexing category A is defined to be the category
with objects finite ordered sets [n] = {0 — 1 — -+ — n} and morphisms
the opposites of the order-preserving maps between them. A simplicial set
is then a functor

K: A — Sets.

We denote by SSets the category of simplicial sets, and this category has a
natural model category structure equivalent to the standard model structure
on topological spaces [6, 1.10].

One can consider more general simplicial objects; in this paper we work
with simplicial spaces (also called bisimplicial sets), or functors

X: A? — SSets.

Given a simplicial set K, we also denote by K the simplicial space which
has the simplicial set K at every level. We denote by K, or “ K -transposed”,
the constant simplicial space in the other direction, where (K*), = K,
where on the right-hand side K, is regarded as a discrete simplicial set. The
category of simplicial spaces has a model category structure called the Reedy
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structure in which weak equivalences are given levelwise and all objects are
cofibrant [16].

Specifically, we consider simplicial spaces satisfying additional condi-
tions, namely, those inducing a notion of composition up to homotopy. These
Segal spaces and complete Segal spaces were first introduced by Rezk [17],
and the name is meant to be suggestive of similar ideas first presented by
Segal [21].

Definition 3.1. [17, 4.1] A Segal space is a Reedy fibrant simplicial space
W such that the Segal maps

Pt W — Wi Xy, -+ Xy, Wi

g
n

are weak equivalences of simplicial sets for all n > 2.

Given a Segal space W, we can consider its objects ob(WW') = Wh.0, and,
between any two objects = and y, the mapping space mapy, (z,y), given by
the homotopy fiber of the map W; — W, x W, given by the two face maps
W1, — W,. The Segal condition stated above guarantees that a Segal space
has a notion of n-fold composition of mapping spaces, up to homotopy.

The homotopy category of W, denoted Ho(W), has as objects the ele-
ments of the set W, o, and

Homyow) (2, y) = momapyy, (z,y).

A homotopy equivalence in W is a 0-simplex of 1¥; whose image in Ho(T})
is an isomorphism. We consider the subspace of 1/; whose components
contain homotopy equivalences, denoted Whgequiy. Notice that the degener-
acy map sq: Wy — W factors through Whgequiv; hence we may make the
following definition.

Definition 3.2. [17, §6] A complete Segal space is a Segal space W such
that the map Wy — Wigequiv 18 @ weak equivalence of simplicial sets.

Given this definition, we can describe the complete Segal space model
structure on the category of simplicial spaces.
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Theorem 3.3. [17, 7.2] There is a model structure CSS on the category of
simplicial spaces such that the fibrant and cofibrant objects are precisely the
complete Segal spaces. Furthermore, CSS has the additional structure of a
cartesian closed model category.

The fact that CSS is cartesian closed allows us to consider, for any com-
plete Segal space W and simplicial space X, the complete Segal space .
In particular, using the simplicial structure, the simplicial set at level n is
given by

(W), = Map(X x A[n], W).

3.2 Stable quasi-categories and stable complete Segal spaces

As with model categories, we need to consider complete Segal spaces which
are stable, in the sense that their homotopy categories are triangulated. It
should be noted that, although we have given this simple definition of a
stable complete Segal space, one could define it in a more technical way
which permits a better understanding of the structure of a stable complete
Segal space; Lurie has explained these ideas extensively for stable quasi-
categories in [12], and they can fairly easily be translated into the equivalent
setting of complete Segal spaces.

Although we do not go into this level of detail on this point in this paper,
there are other notions that have been developed for quasi-categories which
are useful here for complete Segal spaces. Thus, we give a very brief sum-
mary of quasi-categories and their relationship with complete Segal spaces.

Recall that a quasi-category X is a simplicial set satisfying the inner Kan
condition, so that for any n > 1 and 0 < k& < n, a dotted arrow lift exists in
any diagram of the form

Vin, k] — X

The notion of quasi-category goes back to Boardman and Vogt [4], but is has
received extensive attention more recently, especially by Joyal [9] and Lurie
[13]. In particular, Joyal proves that there is a model structure on the cate-
gory of simplicial sets such that the fibrant and cofibrant objects are precisely
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the quasi-categories. We denote this model category QCat. Furthermore,
Joyal and Tierney have proved that the model category OCat is Quillen
equivalent to Rezk’s model category CSS [10]. Remarkably, they prove
that there are actually two different Quillen equivalences between these two
model categories. Here, we make use of the one that is particularly easy to
describe, the right adjoint CSS — QCat given by W — W, .

Using this relationship we return to the matter of explaining some neces-
sary structures on complete Segal spaces. For a complete Segal space to be
stable, we need it to be pointed, or to have a zero object, denoted 0. As we
have seen, in an ordinary category, a zero object is one which is both initial
and terminal, so for any object x, there are unique morphisms z — 0 and
0 — z. As a complete Segal space is a homotopical generalization of a cat-
egory, we require a homotopical notion of initial and terminal objects. The
following definitions, given by Joyal [9] and Lurie [13, 1.2.12.1, 1.2.12.6]
for quasi-categories, are easy to reformulate for complete Segal spaces.

Definition 3.4. An object x € W) o of a complete Segal space is initial if it is
initial as an object of Ho(W), i.e., if mapy, (z,y) is weakly contractible for
any y € Wy . Dually, x is ferminal if it is terminal as an object of Ho(W),
i.e., if mapy, (v, x) is weakly contractible for any y. An object is a zero object
of W if it is both initial and terminal.

In addition to having a zero object, we need to have a notion of “pushout”
within a complete Segal space, another analogue of a standard categorical
idea within this generalized setting. Fortunately, formal definitions of lim-
its and colimits within quasi-categories have been established by Lurie [13,
1.2.13.4]. We give a brief exposition here, enough to translate his definition
into the world of complete Segal spaces; see [13, 1.2.8, 1.2.13] for a detailed
treatment.

Let X and Y be simplicial sets. We can define their join X x Y by

(X+Y), =X, 0y, 10 [J] X;ixY;
i+j=n—1

Note that the operation defines a monoidal product on SSets with unit the
empty simplicial set ¢. Then, for a fixed simplicial set X, we can define a
functor

X *(—): SSets — SSets
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by
Y — X%xY

and notice that the map ¢ — Y is sent to the map X x¢p = X — X Y. Thus,
the simplicial set X « Y comes equipped with a canonical map X — X %Y,
and so we can regard X x« Y as an object of the undercategory or category of
simplicial sets under X [14, 11.6], denoted X | SSets. In doing so, we can
think of our functor as

X *(—): SSets — X | SSets.
This functor has a right adjoint given by
(p: X =Y)—Y.

To remember that Y has come from some map p: X — Y, Lurie denotes
the image of this functor Y,,,. We can think of Y}, as the simplicial set Y’
with a specified X-shaped diagram inside it.

Such an object can be used to define colimits in a quasi-category. If Y is
a quasi-category and p: X — Y is a map of simplicial sets, then a colimit
for p is an initial object of Y},/. Dually, one could use the functor (—)* X, its
right adjoint, and the resulting definition of Y/, to define a limit in a quasi-
category Y.

Now, we translate this definition into CSS.

Definition 3.5. Let I/ be a complete Segal space and X a simplicial set,
together with a map p: X* — W. A colimit for p in W is an initial object of
(W.0)p/, regarded as an object of W.

In this paper, we consider the case where the simplicial set X is A[1]II5[
A[l], forming the diagram - < —-, so that the colimit is a “pushout” in
the complete Segal space IV. One can show that if W is stable, the fact
that Ho(W) is triangulated guarantees that colimits must always exist in 1.
Again, we refer the reader to Lurie’s manuscript on stable quasi-categories
[12] for greater depth on this point.

3.3 Model categories and complete Segal spaces

We conclude this section with a brief exposition on the relationship between
model categories and complete Segal spaces. Since we are translating a
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construction on model categories to one on complete Segal spaces, we need
to understand how to regard a model category as a specific kind of complete
Segal space.

As described by Rezk [17], any category with weak equivalences gives
rise to a complete Segal space via the functor we denote L¢; given such a
category C, LcC is given by

(LeC)yn = nerve(we(CM))

where we(C") denotes the category of weak equivalences of chains of n
composable morphisms in C.

If M is a model category, then we can apply this construction, but, as
explained in [2], it is only a functor when the morphisms between model
categories preserve weak equivalences. Since we want a construction which
is functorial on the category of model categories with left Quillen functors
between them, we can modify the construction by restricting to the full sub-
category of M whose objects are cofibrant.

The main result of [1] is that this construction is well-behaved with re-
spect to other natural ways of getting a complete Segal space from a model
category; in particular, the resulting complete Segal space is weakly equiv-
alent to the one obtained from taking the simplicial localization and then
applying any one of several functors from simplicial categories to complete
Segal spaces. There is an up-to-homotopy characterization of the resulting
complete Segal space as well. While we do not make use of this description
explicitly in this paper, it is key to the proof of Theorem 4.1 below.

4 Fiber products of model categories and homo-
topy pullbacks of complete Segal spaces

A key tool in Toén’s proof that his derived Hall algebras are associative is
the fiber product of model categories. We begin with his definition as given
in [22]. First, suppose that

F F:
M1;>M3<72M2

is a diagram of left Quillen functors of model categories. Define their fiber
product to be the model category M = M; x?vlg My whose objects are

-37 -



BERGNER - DERIVED HALL ALGEBRAS...

given by 5-tuples (z1, x5, x3; u, v) such that each z; is an object of M, fitting
into a diagram
F1($1)4U>$3<;UFQ(ZE2).

A morphism of M, say f: (z1,x2, z3;u,v) — (Y1, Y2,Y3; 2, w), is given by
maps f; : x; — y; such that the following diagram commutes:

Fl(l‘l) *u>x3 <~ F2(x2)
lFl(fl) ifs J{FQ(fQ)
Fi(y1) —= Y3 <=— Fy(y2).

This category M can be given the structure of a model category, where
the weak equivalences and cofibrations are given levelwise. In other words,
f is a weak equivalence (or cofibration) if each map f; is a weak equivalence
(or cofibration) in M.

A more restricted definition of this construction requires that the maps
u and v be weak equivalences in M3. Unfortunately, if we impose this ad-
ditional condition, the resulting category cannot be given the structure of a
model category because it does not have sufficient limits and colimits. How-
ever, it is still a perfectly good category with weak equivalences, and in some
cases we can localize M so that the fibrant-cofibrant objects of the localized
model category have u and v weak equivalences [2]. Although Toén uses
the model structure given above, at the point where he really makes use of
the fiber product he restricts to the case where the maps u and v are weak
equivalences. Thus, we assume here this extra structure.

Consider the functor L¢, described in the previous section, which takes
a model category (or category with weak equivalences) to a complete Se-
gal space. Given a fiber square of model categories where we require the
maps v and v to be weak equivalences, we can apply this functor to obtain a
commutative square

Lc./\/l I Lc./\/lg

_

LOM1 —— Lc./\/l5

Alternatively, we could apply the functor Lo only to the original dia-
gram and take the homotopy pullback, which we denote P, and obtain the
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following diagram:

P Lo Moy
Lc'./\/ll —— Lc./\/lg.

Theorem 4.1. [2] The complete Segal spaces Lo M and P = Lo M, x’ic M
t.o My are weakly equivalent.

This theorem allows us to use the homotopy pullback of complete Segal
spaces to generalize the situations in which Toén uses the fiber product of
model categories. In particular, we generalize a scenario given by Toén [22,
4.2] as follows.

Let

H
*1>X

w
F

Y —=7
be diagram of complete Segal spaces equipped with an isomorphism «: F} o
H, = F; o H,, and define a map

F-W—-V=XxLy

by
w— (Hy(w), Hy(w); ).

Lemma 4.2. If Ho(W) — Ho(V') is an equivalence of categories, then the
diagram
nerve(Ho(wW)) — nerve(Ho(wX))

i i

nerve(Ho(wY')) —— nerve(Ho(wY))

is homotopy cartesian.

Proof. We want to show that the map

nerve(Ho(wWW)) — nerve(Ho(wX)) x"

nerve(Ho

(wzy) nerve(Ho(wY"))
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is a weak equivalence of simplicial sets. By our assumption, we know that
the map
Ho(W) — Ho(X x%Y)

is an equivalence of categories. Notice that the homotopy category Ho(wW)
is the maximal subgroupoid of Ho(W/') and analogously for the other com-
plete Segal spaces in the diagram. Hence, we have an equivalence of cate-
gories

Ho(wW) — Ho(w(X x% Y)) ~ Ho(wX x" , wY)
~ Ho(wX) xﬁo(wz) Ho(wY).

Since nerves of equivalent categories are weakly equivalent simplicial sets,
the lemma follows. ]

5 Hall algebras and derived Hall algebras

5.1 Classical Hall algebras

Let A be an abelian category. Throughout this section, we assume that A
is finitary, in that, for any objects x and y of A, the groups Hom(z, y) and
Ext!(z,y) are finite.

Definition 5.1. [20] Given an abelian category A, its Hall algebra H(A) is
defined as

1. the vector space with basis isomorphism classes of objects in .4, with

2. multiplication given by
2] [y] =gz,
(]

where the Hall numbers g , are given by

. _|{0_)$_>Z_>y—>06xact}]
Yoy = |Aut(z)|- |Aut(y)|
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Notice that our assumptions on A guarantee that each Hall number re-
ally is a finite number. It can be shown that this definition gives H(.A) the
structure of a unital associative algebra [18].

Although Hall algebras have been investigated for a number of purposes,
recent interest in them has arisen from the close relationship between Hall
algebras and quantum groups in the following situation. Suppose that g is
a Lie algebra of type A, D, or E. Then g has an associated simply-laced
Dynkin diagram, which is just an unoriented graph with no cycles. Assign-
ing an orientation to each of the edges in this graph gives a quiver, or oriented
graph, which we denote (). Given a finite field F,, let A be the category of
[F,-representations of this quiver (). It can be shown that A is in fact an
abelian category satisfying our finiteness assumptions, and hence we have
an associated Hall algebra (.A) [18]. The Hall algebra as we have defined
it is not independent of the chosen orientation on the quiver, but a slight mod-
ification by Ringel makes it so; this algebra is often called the Ringel-Hall
algebra [19].

However, another algebra can be obtained from g, namely the quantum
enveloping algebra U, (g). This algebra can be given its triangular decompo-
sition

Uy(g) = Uy(n™) @ Uy(h) @ Uy(n™).
Work of Ringel, further developed by Green, has shown that there is a close
relationship between the Hall algebra H(.A) and the positive part of the quan-
tum enveloping algebra,

U,(67) =U,(n") @ U,(h)

[7], [18].

A natural question to ask is whether there is some kind of enlarged ver-
sion of the Hall algebra from which one could recover not just U, (b™), but all
of U,(g). Work of Peng and Xiao [15] has led to the conjecture that such an
algebra should be obtained from the following category. Using the abelian
category A of quiver representations as above, consider its bounded derived
category D (A), which is no longer abelian, but is instead a triangulated cat-
egory. As such, it has a shift functor $: D’(A) — D"(A). We then define
the root category of A to be D’(A)/X2, the triangulated category obtained
from D’ (.A) by identifying an object with its double shift.

-41 -



BERGNER - DERIVED HALL ALGEBRAS...

It is still an open question how to find a “Hall algebra™ associated to this
root category. To begin with, the usual definition does not apply because the
root category is not abelian. It is, however, triangulated, and recent efforts in
this area have focused on finding Hall algebras for triangulated categories.
In the rest of this section, we describe derived Hall algebras, defined by
Toén, which can be obtained from certain triangulated categories. Thus far
the necessary restrictions on these triangulated categories prohibit us from
being able to define a derived Hall algebra for the root category.

5.2 Derived Hall algebras

Recall that a differential graded category or dg category, is a category en-
riched over C'h(R), the category of cochain complexes of modules over a
ring R. Thus, given any objects  and y in a dg category 7, we have a
cochain complex 7 (z,y). Here, we assume that R = F, the finite field with
q elements. Toén defines a dg category 7 to be locally finite if for any objects
x and y in 7, the cochain complex 7 (z, y) is cohomologically bounded and
has all cohomology groups finite dimensional [22, 3.1].

Given a locally finite dg category 7, we consider M (7'), the category of
dg 7°P-modules, or functors 7 — Ch(F,). This category has the structure
of a stable model category, with levelwise weak equivalences and fibrations
[23, §3]. We have made finiteness assumptions about the dg category 7,
but in taking the module category, we may have cochain complexes in the
image which do not satisfy these kinds of conditions. If we restrict to func-
tors which are appropriately finitary, we no longer have a model structure,
since this subcategory does not possess enough limits and colimits. So, we
work with the model category M (7) of all modules but consider also the
full subcategory P(7") of perfect objects. A module in M(7T) is perfect if
it belongs to the smallest subcategory of Ho(M (7)) containing the quasi-
representable modules (see [23, 3.6] for a definition) and which is stable by
retracts, homotopy pushouts, and homotopy pullbacks [22]. Perfect objects
coincide with the compact objects in the triangulated category Ho(M(7)).
(Recall that if 7" is a triangulated category with arbitrary coproducts, then
an object x of 1" is compact if any map x — Il;y; factors through a finite
coproduct [11, 6.5].)

Since HoM (7)) is a triangulated category, it has a shift functor; we de-
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note maps from z to the ith shift of y in this category by [z, y[i]] or by
Ext'(x, y). Notice that for perfect modules, these Ext groups are all finite.

Theorem 5.2. [22, 1.1, 5.1] Let T be a locally finite dg category over a finite
field F,. Define DH(T) to be the Q-vector space with basis the characteris-
tic functions X ., where x runs through the set of weak equivalence classes of
perfect objects in M(T ). Then there exists an associative and unital product

p: DH(T) ® DH(T) — DH(T)

such that
N(an Xy) - Z g;,sz

and these derived Hall numbers g , are given by the formula

g = |[$7Z]y|'Hi>o ’Ext—i(x72)|(—1)l
o |Aue(@)| Tlisg [Ext™ (2, 2) GO

where [z, ], denotes the subset of [x, z| of morphisms f: x — z whose cone
is isomorphic to y in Ho(M(T)).

6 More general derived Hall algebras

In this section, we establish the existence of derived Hall algebras for suf-
ficiently finitary stable complete Segal spaces. Our strategy follows that of
Toén, and some proofs of his continue to hold without change. However,
without the restrictions of a model structure, some of the proofs are greatly
simplified.

Throughout this section, suppose that 11 is a pointed stable complete
Segal space, so that Ho(WW) is a triangulated category with a zero object. As
in the previous section, we define for any objects z, y in W/

Ext'(z,y) = [z, y]i]]

where the outside brackets denote maps in Ho(1¥) and the inside brackets
denote the shift functor giving the triangulated structure of Ho(W).
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Definition 6.1. A stable complete Segal space W is finitary if in Ho(WW') we
have that Ext’(x, ) is finite for all pairs of objects (x,y) and all values of 4,
and zero for sufficiently large values of :.

We assume for the rest of the paper that all our stable complete Segal
spaces are finitary.

Since the model category CSS is cartesian closed, the simplicial space
WA s also a complete Segal space. Notice that 1V itself is isomorphic to
the mapping object W%, and so we can use the two maps A[0] — A[l]
to define “source” and “target” maps s,t: WAl — W. Since an object of
WA is a 0-simplex u € mapyy, (x,y) for some z and y objects of W, these
two maps can be defined by s(u) = x and ¢(u) = y. We also have a “cone”
map c: WA — W given by c¢(u) = y1I, 0, where such a cone object exists
because we have required that 11/ be stable; in the homotopy category, it is
just the completion of u: x — y to a distingushed triangle.

Using these maps, we can put together the diagram

WAl _t 1%7%

SXC\L

W x W

analogous to Toén’s diagram of model categories [22, §4].

Because we are no longer working with model categories, a number of
aspects of this diagram have been simplified, compared to the analogous
one in Toén’s paper. Because the objects are complete Segal spaces, rather
than model categories, we no longer have to be concerned with whether
these maps are left Quillen functors. Furthermore, we are able to impose
conditions on W from the beginning so that its objects are already “perfect”
in that all the necessary finiteness conditions are already satisfied.

A word on this point would perhaps be helpful here. It is likely that a
stable complete Segal space that would arise in nature would not have all
pairs of objects x and y satisfying the necessary finiteness conditions on
Ext’(z,y). However, we can show that restricting to the sub-complete Segal
space with objects satisfying such conditions is still a complete Segal space.
Explicitly, given a complete Segal space W, consider the doubly constant
simplicial space W) o, and the sub-simplicial space Z; o given by the perfect
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objects of W. Then define Z to be the simplicial spaces given by the pullback

Z w
ZO,O R WQQ .

Since Wy is discrete, the map W — W, is a fibration in CSS, from which
it follows that the map Z — Z; is a fibration also. Thus, Z is a fibrant
simplicial space in CSS, or a complete Segal space. Furthermore, since
compact objects of a triangulated category form a triangulated subcategory
[11, 6.5], Ho(Z) is triangulated and Z is stable. Thus, we can restrict to
the appropriate setting without losing the structure that we need, and so we
always assume that, given an arbitrary stable complete Segal space W, we
have implicitly restricted to Z.

Now, as Toén does, we restrict to the sub-complete Segal spaces of W
and WU, whose mapping spaces are sent to isomorphisms in the homotopy
category; we call these spaces wWW and wIV2[, respectively. Taking the
nerve of the homotopy categories, we obtain a diagram

nerve(Ho(wWWA0))

SXCi

nerve(Ho(wW)) x nerve(Ho(wWV)).

nerve(Ho(wW))

For simplicity of notation, we write this diagram

t

x@ X (0)

SXCl

X0 5 x©),

To get an algebra with a well-defined multiplication, we need to show
that this diagram of spaces satisfies some properties.

Definition 6.2. [22, 2.1] An object X in the homotopy category of spaces is
locally finite if it satisfies the conditions

1. for any base point z € X and i > 0, the group 7;(X, ) is finite, and

-45 -



BERGNER - DERIVED HALL ALGEBRAS...

2. for any base point x € X, there is some n, depending on x, such that
mi(X,z) = 0forall i > n.

Lemma 6.3. The spaces X©) and X are locally finite.

Proof. Forany z € my(X©)), we use the facts that
(X)) C Ext’(z,2) = [z, 2]
and ‘
(X)) = Ext'"¥(z, z)

for ¢ > 1 [22, 3.2]. Our assumption on W guarantees that these groups are
all finite, and that they are zero for sufficiently large i. Thus, X© is locally
finite.

To show that X (V) = nerve(Ho(wW »1)) is locally finite, notice that this
space is weakly equivalent to

nerve(Ho(wWW)) x A[1] = X© x A[1]
which is also locally finite. [

Definition 6.4. [22, 2.5] A morphism f: X — Y of locally finite homotopy
types is proper if, for any y € mo(Y"), there are only finitely many = € my(X)
with f(z) = v.

Notice that f is proper if and only if, for any y € m(Y"), the set mo(F})
is finite. The proof of the following lemma follows just as it does in Toén’s
paper [22, 3.2].

Lemma 6.5. The map s X c is proper.

With these properties established for our diagram, we can use it to define
an algebra analogous to that of Toén [22, §4].

Definition 6.6. [22, 2.2] Let X be a space. The Q-vector space of rational
functions with finite support on X is the Q-vector space of functions on the
set o (X') with values in Q and finite support, and is denoted by Q.(X).

Definition 6.7. As a vector space, the derived Hall algebra DH(W') of W
is given by Q.(X ().

- 46 -



BERGNER - DERIVED HALL ALGEBRAS...

Given a morphism f: X — Y of locally finite spaces, we define a push-
forward morphism f;: Q.(X) — Q.(Y) as follows. Given y € mo(Y), let
F, denote the homotopy fiber of f over y, and let ¢: F}, — X be the natural
map. Using the long exact sequences of homotopy groups, one can see that
for any z € my(F,), the group 7;(F,, z) is finite for all 7 > 0 and zero for
sufficiently large i. Furthermore, the fibers of the map m((F,) — mo(X) are
all finite. Then, for any o € Q.(X) and y € m(Y"), define the function f; by

fl@)y) = Y aliz)- ] Im(Fy, =)

z€mo(Fy) >0

The assumption that o have finite support guarantees that f; is well-defined.
If f: X — Y is a proper map of locally finite spaces, then we have
a well-defined pullback f*: Q.(Y) — Q.(X) defined in the usual way as
f(a)(z) = a(f(z)) for any o € Qc(Y) and x € m(X). The requirement
that f be proper guarantees that f*(«) has finite support, so that f* is in fact
well-defined.
The following lemma is key for establishing associativity.

Lemma 6.8. [22, 2.6] Consider a homotopy pullback diagram of locally
finite spaces

X/ L> X
|k
Y/ L> Y
with u proper. Then the map v is also proper, and
u o fi=gov': Q(X)— Qc(Y).

To define the multiplication on DH (W), first notice that we have an
isomorphism

DH(W) @ DH(W) — Qu(X© x X©)

given by
(f,9) = ((z,y) = f(z) g(x)).

Then we can consider the map

p=to(sxc): DH(W)® DH(W) — DH(W).
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The algebra structure on DH (W) is then given by
Ty = Z G y®

where
9oy = Xz Xy)(2)

where Y, denotes the characteristic function of x.
Proposition 6.9. With this multiplication, DH(W) is a unital algebra.

Our proof essentially follows the one given by Toén [22, 4.1], with the
necessary changes being made as we translate to the complete Segal space
setting.

Proof. Given any object x in W, let x, denote its characteristic function; in
particular, consider Y, the characteristic function of the zero object of V.

Notice that the set mo(X (") is isomorphic to the set of isomorphism
classes of objects in Ho(wW ). Thus, fix some O-simplex u: * — y
of mapyy (2, ), regarded as an object of Ho(wWA[). Then

(s % O (u) = {1 if y = 0 and 2 = 2 in Ho(wV)
0 otherwise.
In other words, (s X ¢)*(xo, ) is the characteristic function of the subset
of o(X () consisting of maps 0 — z with z = x in Ho(wW).
Define X to be the simplicial set contained in X ) consisting of all the
support of (s x ¢)*(xo, =), and notice that X is a connected simplicial set.
Then using the definition of the product map p, we get

v, ) (@) = TT (1m0 0"

1>0

m(X, x)\(fl)iH) :

Notice in particular that whenever y # «,

(X0, X2)(y) = 0.

Restricting the target map t: W21 — W to the maps y — 2 such
that y = 0 in Ho(wW), we see that on such objects ¢ is fully faithful, up
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to homotopy. Thus, the induced map ¢: X — X induces isomorphisms
te: mi(X) — m(X @) foralli > 0, and the simplicial set X can be identified
with a connected component of X, Hence, 1(xo, X2)() = 1, so that
(X0, Xz) = Xe-

Changing the order and following the same argument, one can see that

we also have (., Xo) = X, thus proving that x, is a unit element for
DH(W). 0

Theorem 6.10. With this multiplication, DH(W) is an associative algebra.

Proof. Consider the complete Segal space W22, and, as with W21 and
W, denote by X ) the simplicial set nerve(Ho(wWW“[2)). Notice that there
are three natural maps

fog. s WAPL Al

induced by the three inclusion maps A[1] — A[2], where f sends z — y —
ztox — y, g sends it to y — z, and h sends it to x — z. There is also a
cone map
fe: WAB — Al
given by
(x —y—2)— (yl, 0 — 211, 0),

with the pushouts defined as before in a stable complete Segal space, and a
map between the two given by the universal property. This map may not be

unique, but all such maps form a weakly contractible space.
Using these maps, we get two diagrams:

g

X2 x@ X (0)
fx(M)l l
X 5 x© 2 5(0) o x(0)
(sxc)xidl
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and
X©@ h YO —L 500
(sof)xk \Lsxc
idxt X(O) v X(O)

which both give the same result taking composites across the top and down
the left side:

X @) X (0)

X0 « x(0) y x(0)

Thus, to prove associativity of DH(IV), it suffices by Lemma 6.8 to
prove that the square in each of these diagrams is homotopy cartesian. In
fact, it suffices to show that the diagrams

g

X2 — x@) X (@) — x (@)
(T S R |
X1 —ts x () X1 —s x(0)

are homotopy cartesian. For the first diagram, this fact follows immediately
from the fact that the original diagram

WAL 9. WAl

i\ l

WAM _t 11,74

is a homotopy pullback diagram of complete Segal spaces. To show that the
second diagram is homotopy cartesian requires more effort.

In this second diagram, let Z denote the homotopy pullback /4! xh,
WAL Using Lemma 4.2, it suffices to prove that Ho(W2P2) — Ho(Z) is
fully faithful and essentially surjective. We begin with the argument for the
latter. Suppose we have an object (z — z,w — z 11, 0) in Ho(Z); we want
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to find an object y of T such that 2 — y — z is an object of Ho(WW*2]) with
yII, 0 = w. Such a y can be found by applying the axioms for a triangulated
category to the diagram

To prove that the functor is fully faithful, we need to prove that, for any
objects v — y — z and 2’ — 3 — 2’ in Ho(W2[), the map

Homy,yaey(z — y — 2, -y —2)—-
Homyo2)((z — 2,y 11, 0 — 211, 0), (2" — 2/, I, 0 — 2 1, 0))

is an isomorphism. Elements of the set on the left-hand side are triples of
maps making the diagram

commute, where elements of the set on the right-hand side are 4-tuples of
maps making the pair of diagrams

€Xr ——
x

commute. Given an element of the right-hand set, we can use the axioms
for a triangulated category to find a map y — 3’ compatible with the maps
x — 2’ and z — 2’ to obtain an element of the left-hand set. Thus, the map
is surjective. A similar argument can be used to prove that it is injective. [

yl, 0 ——21,0

LT

' —7, y' 1 0 — 2/ 11, 0

The proof of the following formula is essentially the same as the one
given by Toén [22, 5.1]; we give it here with the necessary changes to our
situation.
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Proposition 6.11. The derived Hall numbers are given by

@ = |[, Z]y| Hi>0 |Ext_i(x, Z)|(71)Z
o Aut(x)|- [ [Ext ™ (2, )|V

where [z, 2], denotes the subset of [x, z| of morphisms f: x — z whose cone
is isomorphic to y in Ho(W).

Proof. Given the target map ¢: X — X () and an object z of Ho(W),
let £ denote the homotopy fiber of ¢ over z. Using the definitions of X )
and X, notice that F'* is weakly equivalent to the nerve of the category
equiv(W | z) whose objects are maps from arbitrary objects of W to z,
and whose morphisms are the homotopy equivalences of I, making the
resulting triangular diagram commute.

Given two other objects x and y of W, let Fjvy denote the nerve of the
full subcategory of equiv(W | z) whose objects are the maps u: =’ — z,
where ' ~ x, and whose cofiber is equivalent to y. Notice that F7, 18
locally finite, since both X" and X (©) are; moreover, mo(F7,,) is finite, and
it is isomorphic to [z, z|,/Aut(z).

Using F7 ., we can reformulate our definition of the derived Hall number
Jzy BS

g:iy: Z 1_[|7TZ xy’ ‘(1

(u: o’ —y)eno(FZ,) >0

z,y

We first prove that

_1Vitl
[T im(Fz, w0 = |Aut(f/2) 7 ] 1Bxt (@, 2)| 0 [Bxt (2, ) D,

>0 >0

where Aut(f/z) denotes the stabilizer of a map f € [z, 2], under the action
of Aut(z).
Notice that we get a homotopy cartesian square of mapping spaces

mapWLZ(I7 .T) - mapW(‘r’ ZL‘)

|

e mapyy (1, 2)
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where the bottom horizontal map specifies the map u: * — z. Thus, we have
a fibration of simplicial sets, and hence a long exact sequence of homotopy
groups

- — mo(map(z, 2)) — mi(mapyy (2, 2)) — m(mapy (v, 2)) — mi (mapy (z, 2))

— mo(mapy, |, (z, 7)) — mo(mapy, (z,z)) — mo(mapy, (z, z)) — 0.

Composing the last two maps between nontrivial sets, we get a surjection

mo(mapy, |, (z,z)) — Aut(f/z).

Furthermore, notice that 7;(mapy, (z,2)) = [, 2[—i]] = Ext ‘(x,2)
and, similarly, that 7;(mapyy (z,7)) = Ext ‘(z,). Finally, observe that
mi(mapy, (7, 2)) is weakly equivalent to m;;(nerve(equiv(W | z)),u),
which, as we have noted previously, is equivalent to 7;,1(F?, , u). Thus, we

Y’
have a long exact sequence

- — Bxt %(z,2) — my(F?, u) — Ext ' (z,2) — Ext™(z, 2)

x,y’
— m(FZ,,u) — Aut(f/z) — 0.

Z?y’

Using properties of long exact sequences, we obtain the equation given
above.

To prove the statement of the proposition, we use the fact that, since
Aut(x) is a finite group and [z, 2], is a finite set, we get that

et D DRI

fe([z,2]y/Aut(z))

The formula follows. O]
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LINEAR GROUPS AND
PRIMITIVE POLYNOMIALS OVER F,
by Jean-Yves DEGOS

Résumé.  En nous inspirant du groupe de Klein GL3(Fg2) (voir
Iintroduction), nous introduisons les nouvelles notions de groupes n-
cyclables et de groupes n-brunniens de type I et II (voir section 1). Nous
montrons ensuite que les groupes SLy, (F,,) et GL,,(IF},) jouissent d’une struc-
ture de groupes n-brunniens de type I pour p premier et n > 3 (voir section
2). Dans la section 3, nous énongons deux conjectures, a savoir les conjec-
tures A(n,p, P) et B(n,p, P) concernant les polyndmes primitifs sur I, et
nous donnons des résultats partiels dans la section 4.

Abstract. Motivated by the case of Klein’s group GL3(F2) (see the intro-
duction), we introduce the new notions of n-cyclable groups and n-brunnian
groups of type I and II (see section 1). We then prove that the groups SL,,(IF,,)
and GL,,(F,) enjoy a structure of n-brunnian groups of type I for p prime and
n > 3 (see section 2). In section 3, we state two conjectures, namely the con-
jectures A(n,p, P) and B(n, p, P) about primitive polynomials over F,, and
we give some evidence in section 4.

Keywords. borromean groups, brunnian groups, primitive polynomials, lin-
ear groups, finite fields.

Mathematics Subject Classification (2010). 12Y05, 20H30.

Introduction

The group GL3(F2) ~ PGL3(IFy) is known to be the automorphism group
of Klein’s quartic ([6]):

X(7) ={[z:y:2] € P(C), 2’y +y’2 + 2w = 0}

According to the literature, this group is generated by a generator of order
2, a generator of order 3, and a generator of order 7 (see [1]). But, in 2005,
Guitart showed that it could be generated by the following three matrices

-56 -



DEGOS - LINEAR GROUPS AND PRIMITIVE POLYNOMIALS...

Figure 1: Action of GL3(FFy) on {1,2,3,4,5,6,7}

([4] and [5], 5):
111 101 01 1
r=|101|,s=]111]|,adi=|110|;
01 1 1 1 0 1 1 1

and that it could be viewed as a subgroup of the symmetric group &, which
actson {1,2,3,4,5,6, 7} as the permutations r = (1746325), s = (5164723),
and i = (1564327) do ([5], Proposition 10), like in Figure 1.

The group GL3(IF5) is thus called a borromean group.

In front of this situation, we can ask the following questions:

(i) How could we make this threefold geometrical symmetry visible in
the algebraic description of GL3(IF5) as a matrix group?

(i1) Could we generalize the notion of a borromean group to dimension
n?

In the following, we are going to give partial answers to these questions.

1. A few definitions and generalizations

In knot theory, the borromean rings consist of three topological circles which
are linked and form a brunnian link, i.e., removing any ring results in two
unlinked rings. A brunnian link is a nontrivial link that becomes trivial if any
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component is removed. In other words, cutting any loop frees all the other
loops (so that no two loops can be directly linked).

Imitating these notions, we can define the notions of brunnian groups in
two ways.

1.1 The notion of an n-cyclable group

Definition 1.1. Let n > 1 be an integer. A group G is n-cyclable if it can
be generated by n elements g, g, . . . , g, satisfying the following axiom: if
M(g1,992,-..,9,) = 1 (with M aword in g1, g2, . . ., gn), then

M(gwk(lﬁ Gyk(2)y - - - 7g'yk(n)) =1,
where 7y is the n-cycle (1,2,...,n),and 1 <k <n-—1.

1.2 The notion of an n-brunnian group of type I

Definition 1.2. A group G is n-brunnian of type I if:

(i) it is n-cyclable;

(ii) forall 1 <1 < n, ifwe set g; = 1, the group generated by g1, g, - . ., gn
is trivial.

1.3 The notion of an n-brunnian group of type II
Definition 1.3. A group G is n-brunnian of type Il if:
(i) it is n-cyclable;
(ii) for all 1 < i < n, the group generated by g1, g2, . . ., g, €xcept g;
does not generate G.
2. The groups SL,,(F,) and GL,,(F,) as brunnian groups

To state the theorems, we need two definitions.

Definition 2.1. Let n > 2 an integer. For 1 < i,j < n and i # j, we denote
by T, ; the transvection matrix (ty;) with ty,, = 1for1 <k <mn, t;; =1
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and ty; = 0 if k # L and (k,1) # (i, 7), namely:

1 0 ... 0
0 1 :
Ti; = Lig
.0
_0 ... 0 1_

Definition 2.2. Ifn > 2 is an integer, p is a prime, and
fX)=X"+a, 1 X" ' +--a1 X +ag € F[X]
then we denote by Comp (f (X)) the matrix:

00 ... 0 =—ap

1 0 ... 0 —aq

Comp (f(X))=[0 1 ... 0 —a
_0 0 ... 1 —Anp—-1 )

Theorem 2.3. Let n > 3 be an integer and p be a prime number.
We set Gy = Ty 5, G = Comp (X" — 1), and
Giy1 = GGG Y for1 <i<n—1. Then

SL.(F,) = (G1,Ga,....Gy).

The group SL,(F,) is therefore n-cyclable, and n-brunnian of type I with
respect to these generators. It is also n-brunnian of type 1.

Proof. The fact that SL,,(F,) is n-cyclable (and n-brunnian of type I) is an
easy consequence of the main lemma, which is proved in section 4.

Therefore, we just have to show that SL,,(IF,) is n-brunnian of type II.
However, it can be shown that the group generated by G, G, ..., G, _1 is
the group of all matrices of the following form:

1 X e X

0 1

. . ..' >< )
0 0 1
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where the x symbols stand for any element of IF,. This group is a Sylow
subgroup of SL,,(F,) and has order
n(n—1)
p 2
and is therefore not equal to SL,,(IF,,). O

Corollary 2.4. With the notations of Theorem 2.3, let s : SL,,(F,) — PSL,(F,)
be the canomial map, H; = s(G;) for 1 <i <n, and

6:PSL.(F,) —  PSL,(F,)
s(M) = s(G)s(M)s(G)™t -

Then:

(i) Hi 1 =0(H;) for1 <i<n-—1;

(ii) PSL,,(F,) = (Hy, Ha, ..., H,).
The group PSL,(F,) is therefore an n-cyclable, and n-brunnian of type I,
with respect to these generators.

Proof. The proof is the same as that of Corollary 2.6 below. [

Theorem 2.5. Let n > 3 be an integer, p be a prime number and d be a
generator of F;.

We denote by G1 = (g, ;) the matrix defined by g;; = 1 for1 <i <n
andi # 3, gs3 =d, 12 =1land g;j; = 0if1 # jand (i,7) # (1,2). We set
G = Comp (X" —1).

We set Gy, = GG;G for1 <i<n — 1. Then

GLn(Fp> - <G1, GQ, e ,Gn> .

The group GL,,(F,) is therefore an n-cyclable and n-brunnian group of type
I with respect to these generators. It is also and n-brunnian group of type II.

Proof. The fact that GL,,(F,) is n-cyclable (and n-brunnian of type I) is an
easy consequence of the main lemma, which is proved in section 4.
Therefore, we just have to show that GL,,(FF,) is n-brunnian of type II.
However, it can be shown that the group generated by G, G, ..., G, _1 is
the group of all matrices which are upper triangular, with a 1 in position
(n — 1,n — 1). This group has order
n(n—1)

p T (p—1)",
and is therefore not equal to GL,,(F,). O
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Corollary 2.6. With the notations of Theorem 2.5, let s : GL,(F,) —
PGL,(F,) be the canomial map, H; = s(G;) for 1 <i < n, and

6 : PGL,(F,) — PGL,(F,)
s(M) = s(G)s(M)s(G)™! -
Then:
(i) Hi ;1 =0(H;) for1 <i<n-—1;
(ii) PGL,(F,) = (H1, Hy, ..., H,).
The group PGL,,(FF,) is therefore an n-cyclable, and n-brunnian of type I,
with respect to these generators.

Proof. First, the points (i) and (ii) are obvious. We only have to check that
the automorphism ¢ has order n. Let k be the order of § in PGL,,(IF,). Then
k divides n, because GG has order n in GL,,(F,). Then, we have:

0" = lpaL,r,) = YM € GL,(F,),0"(s(M)) = s(M)
= VM € GL,(F,), s(G)*s(M)s(G)™" = s(M)
= VM € GL,(F,), 3N € F;', G"MG™" = AM.

But if £ # n, this last property is false for M = Comp(Q(X)) for any
irreducible polynomial Q(X) = X" +a, 1 X" '+ - +a; X +ay. We now
are going to prove that.

Indeed, the eigenvalues of G¥MG~* are the eigenvalues of M, namely
the elements of the set:

A::{ozpiforogign—l},

a being a root of Q(X).

The equality GXM G~ = AM implies that = — Az is a bijection of A.
If it is not the identity map, there are two integers ¢ and j with 7 # j and
Aa? = oP’, and we deduce from this fact that A ¢ F. Consequently, this
bijection is the identity map, and A = 1. Thus, GFM G~ = M. However,
this is impossible, as we prove it below. Indeed, we have:

GFMGF = (mv,k(i) (]))U where M = (mm)i,j

Hence, forall 1 <1i,5 < n, Mok () =k (j) = Mij- Using this with z = 1 and
J = n, we obtain:

—ap=1land —a;_1 =0for2<7:<n.
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Therefore Q(X) = X" — 1, which is a contradiction, because Q(X) is
irreducible.
We conclude that k£ = n. O]

3. Two conjectures on primitive polynomials

Definition 3.1. Let n > 1 an integer, p > 2 a prime number, and P(X) €
F,[X] with deg P = n. The polynomial P(X) is said to be primitive if it is
the minimal polynomial of a primitive element of F .

Example 3.2. If n = 2 and p = 2, P(X) = X?+ X + 1 is the only primitive
polynomial of degree n over F,[X].

Example 3.3. Ifn =8andp =2, P(X) = X®+ X*+ X® + X + lisan
irreducible polynomial of degree n over F,[X], but it is not a primitive one.

Conjecture 3.4 (A(n,p,P)). Let p be a prime number, n > 2 be an in-
teger, and P(X) € TF,[X] be a primitive polynomial of degree n. Let
G = Comp(X™ — 1) and C' = Comp(P(X)). Then

GL.(F,) = (G, C).

Remark 3.5. Conjecture A(n, p, P) results from Conjecture B(n, p, P) that
follows.

Conjecture 3.6 (B(n,p,P)). Let p be a prime number and n > 2 be an integer.

Let P(X) € F,[X] be a primitive polynomial of degree n.
Let G = Comp(X™ — 1), C' = Comp(P(X)) and let us define (G;)1<i<n by

G, = C,
Giyn = GGG tfor1<i<n-—1.

Then GL,(F,) = (G1,Ga,...,G,). So the group GL,(F,) is n-cyclable

and n-brunnian of type I with respect to these generators.
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4. Some evidence

4.1 Three theorems

Theorem 4.1. Given P(X) = X? + a1 X + ag a primitive polynomial of
degree 2 over F, with p € {2, 3}, we have the following results:

(i) B(2,3, P) is true; therefore A(2,3, P) is true;

(ii) A(2,2, P) is true, but B(2,2, P) is false.

The proof of Theorem 4.1 uses elementary operations.

Proof. (1) p = 3.
As ag generates ', we only have to show that the following matrices:

11 , |10 |1 0
I T

are in (G, Ga).

We start from

1 a; — &
H = Ggaop_2G1:[a0 a0 :| .
0 Qo
As p = 3, we have ap®> = 1,s0ay = —1 and
1 —a
2 _ 1
o]t ]

As —a; # 0, there is an integer k such that H?* = T. Then T €
(G1,Gy).

Starting from ao? ' G G5, we could show that T € (G, Gs).

Then (G4, G) contains all the tranvections, and so contains SLy(F),).

The matrices M and (G; have the same determinant: ay. Then, they are
equivalent modulo SLy(FF,).

We can conclude that M € (G, G2) and (G1, G2) = GLy(F,).

(i) p = 2. Then we have:

11 10
GCI{O 1}andC’G:{1 1},
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SO <G, C> = SLQ(]FQ) = GLQ(FQ)

But:
Jo1 R
G1—|:1 1:|andG2—|:10:|—G1,
then <G1,G2> = <G1> 7é GLQ(]FQ) O

The following lemma is the heart of this paper, and will be useful to
prove Theorem 4.3 and Theorem 4.4.

Lemma 4.2 (Main lemma). Let n > 3 be an integer, p be a prime number,
and H C GL,(F,) a subgroup satisfying the following properties:
(i) for every h € H, then GhG™' € H, where G = Comp (X" — 1);
(ii) the group H contains a matrix D the determinant of which is d and
generates F<;
(iii) the group H contains a tranvection matrix T; ; with j = (i) or
i=7(4)
Then H = GL,(F,).

Proof. Let g be the isomorphism of GL,,(F,) defined by g(M) = GMG™.
SetT :=1T;;and T}, := g (Ty_1) for 2 < k < n. Then T, is a transvection
matrix, and 7}, € H, because it is a conjugate of 77 by G~*~1. More
precisely, for 1 < k < n, we have:

Te = To0-0 () -0 ) -

Then, as j = (i) or ¢ = 7(j), there is an n-cycle (j1, j2, - - . j») such that
the set

can be rewritten as the set:

T.

J1,J29

T.

J2,J35 s

T

JnsJ1 e

As n > 3, we can use the well-known formula ([7], proof of Theorem
9.2, XIII, 9, page 541), and deduce that:

Tk‘l,kgTkz,kngl,kzpilTkg,kgpil = Tk1,k‘3 for k? ¢ {kl) kS}
to show that H contains all the matrices 7}; with 1 < k,I < n and k # [.

We conclude that SL,,(F,) C H.
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Now, as H contains a matrix of determinant d, which is equivalent mod-
ulo SL,,(FF,) (therefore modulo H) to a dilatation matrix of determinant d,
and as H is stable by conjugation by G and d generates 7, then H contains
all the dilatations matrices.

Therefore H = GL,,(F,). O

Theorem 4.3. Let us suppose that p = 2, n is odd, and there is an i in
{1,n — 1} such that P(X) = X™ + X" + 1 is primitive.
Then B(n,p, P) is true, therefore A(n,p, P) is true.

Proof. To prove Theorem 4.3, we just have to check that the subgroup
H: <G1,...,Gn>

satisfies the three points (1), (ii), (ii1) of the main lemma.

(1) : the group H is stable by conjugation by G;

(ii) : the group H contains G; = Comp(P(X)), the determinant of
which is 1, and generates F';

(iii) : we have G~1C = G71G; = T; », which is a transvection matrix of
order 2, with v(i) = n or (n) = i. Moreover, we have G* = G1,G, € H.
As n and 2 are coprime, there are integers u and v such that 2u + nv = 1.
Therefore, G = (G*)* € H,and T, € H. O

Theorem 4.4. Let us suppose that p = 2, n is even, and there is an i in
{1,n — 1} such that P(X) = X™ + X" + 1 is primitive.
Then A(n,p, P) is true.

Proof. To prove Theorem 4.4, we just have to check that the subgroup
H=(G,C)

satisfies the three points (1), (ii), (ii1) of the main lemma.

(i) : the group H is stable by conjugation by G;

(ii) : the group H contains G; = Comp(P(X)), the determinant of
which is 1, and generates FF.;

(iii) : we have G~'C' = G™'G = T;,,, which is a transvection matrix of
order 2, with y(i) = n or y(n) = i. Moreover, T;,, € H. O

We can find in [2] the irreducible polynomials of the form x™ + z + 1
over [y, up to n = 30000. There are only 33.
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4.2 The centers of (G, C) and (G, G, ...,G,)

According to Conjecture A(n, p, P), we should have GL,(F,) = (G, C),
with the notations of Conjecture 3.4. Thus, we should have also the equality
between the centers of these groups. This is the case.

According to Conjecture B(n, p, P), the group (G, Ga, ..., G,,) equals
the group GL,,(F,), with the notations of Conjecture 3.6. Thus, we should
have also the equality between the centers of these groups. This is the case,
provided G € (G1,Ga,...,G,).

To prove these results, we need a lemma.

Lemma 4.5. We have:

(—1)”@0 0 0

0 0 )
0 0 (=1)"ao

ves n_l
G11+p+ +p —

therefore (G, C) and (G, Gs, . .., G,) both contain all the homotheties.

Proof. If 0 : x — 2P is the Frobenius automorphism, there is a matrix )
with coefficients in F,(«) (where « is a root of P(X)) such that Q~'CQ =
D, with

) 0 ... 0
L : :
D 0 oY) ,
. S
0 0 om!

therefore: G "7+ " = QDMrt-"' Q-1 = (—1)"qyld. But as
P(X) is a primitive polynomial, (—1)"ag generates F*, QED. O

Theorem 4.6. We have the following results (the notation Z(I') stands for
the center of the group I'):

(i) Z((G,C)) = {zld,x € F}};

(ll) lfG S <G1,G2, ceey Gn>, Z(<G1,G2, ceey Gn>) = {fL’]d,l' S IF;},

Proof. We know from the previous lemma that all the homotheties are con-
tained in (G, C) and (G4, Gs, . ..,G,). Now, if a matrix M is in the center
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of (G1,Gy,...,G,), it commutes with G~! and G;. As it commutes with
G~1, it has the following form:

o Qo ... (67
o, 1 ... QOp_1

)
Q9 Q3 ... (65}

and as it commutes with (¢4, the following equations hold:
—apoy; = oy for2 < ¢ <n

and
—a;o; =0forl1 <i:<n-2and2 <j <n.

Consequently, for a given 2 < j < n, if o; # 0, we have:
aq :agz---:an_lz()andaoz—l

hence P(X) = X" — 1. This is a contradiction, because P(X) is supposed
to be primitive, hence irreducible. Thus, we have a; = 0 for 2 < j < n.
Therefore, the matrix M is that of an homothety. [

4.3 Experimental checkings

We used a Sage worksheet to do computations to check the conjectures on
Langevin’s table of primitive polynomials (see [8]). In the next subsubsec-
tions, we give the functions of our worksheet, and we give the results we
obtained.

4.3.1 The Sage functions

We used the following Sage functions.

def Comp (n,p, f):
A=GL (n, p)
Fp=GF (p)
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FpX.<x>=PolynomialRing (Fp,’'x")
M=Matrix (n,n, range (nxn))
for i in range(l,n+1):
for j in range (1,n+1):
M[i-1,3-11=0
M[i-1,n-1]=-FpX(f) [1i-1]
for i in range (1,n):
M[i,i-1]1=1
return M

def G(n,p):
return Comp (n,p,x " n-1)

def C(n,p,P):
return Comp (n,p,P)

def Gi(k,n,p,P):
if k==1:
return C(n,p,P)
else:
return G(n,p)*Gi(k-1,n,p,P)*G(n,p) " (-1)

def ConjA(n,p,P):
print n,p,P
gens_A=[GL(n,p) (C(n,p,P)),GL(n,p) (G(n,p)) ]
H_A=MatrixGroup (gens_A)
return GL(n,p) .order ()==H_A.order ()

def ConjB(n,p,P):
print n,p,P
gens_B=[GL(n,p) (Gi(k,n,p,P)) for k in range (l,n+1)]
print n,p,P
H_B=MatrixGroup (gens_RB)
return GL(n,p) .order ()==H_B.order ()
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4.3.2 The results

The results we obtained are given below. We have tested each primitive
polynomial of Langevin’s table (see [8]) of degree n over I, for which p" <
50000 with our personnal MacBook.

Primitive polynomials over Iy

n |p P(x) A(n,p, P) | B(n,p, P)
2 12 2 4+r+1 True False
3|2 2 4+x+1 True True
4 12 4+l True True
512 2+ 22 +1 True True
6 |2 24z +1 True True
712 2T+ +1 True True
8 2] 2®+a"+22+2+1 True True
9 |2 )+t +1 True True
10 | 2 04+ 23+ 1 True True
11 |2 o+ a2?+ 1 True True
1212 224+ 28+ 22+ +1 True True
132 aB 42" +2?+0+1 True True
142 2%+ 22 +22+0+1 True True
15 | 2 P+ r+1 True True
16 |2 | 2+ 25+ 23+ 2% + 1 ? ?
Primitive polynomials over F3

n|p P(z) A(n,p, P) | B(n,p, P)

2 |3 22+ x4+ 2 True True

313 24222 +1 True True

4 13 2t 23+ 2 True True

5 13| 2 +at+a22+1 True True

6 |3 28+ a2+ 2 True True

713 2" +ab+a2t+1 True True

8 |3 B+ +2 True True

9 3| 2 +2"+2°+1 True True

10 |3 | 2%+ 2%+ 27 +2 ? ?
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Primitive polynomials over 5

n|p P(z) A(n,p, P) | B(n,p, P)
215 >+ x+2 True True
315 ad422+2 True True
4152 +23+2+3 True True
515 2+ 2242 True True
6|5 20+ 2+ 2 True True
715 T+ a8+ 2 ? ?
Primitive polynomials over 7
ni|p P(z) A(n,p, P) | B(n,p, P)
217 22 +x+3 True True
3|7 23422 4+2+2 True True
417 z*+ 22 +22+3 True True
517 2+ 2t 44 True True
6|7|a%+a2°+2r+3 ? ?
Primitive polynomials over [,
n|p P(z) A(n,p, P) | B(n,p, P)
2111 i True True
3111 2+ 2243 True True
4111 xt + 23 +8 True True
511 | 2°+2* + 2%+ 3 ? ?
Primitive polynomials over I3
n|p P(z) A(n,p, P) | B(n,p, P)
2113 2 +x+2 True True
3|13 2+ 2?42 True True
4113 |2t + 23 +224+6 True True
5113 | 2%+ 2t +2°+6 ? ?
Primitive polynomials over Iy
n|p P(z) A(n,p, P) | B(n,p, P)
2117 224+ +3 True True
317 |+ 2247 True True
4117 |2+ 2345 ? ?
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Primitive polynomials over Fig

n|p P(z) | A(n,p, P) | B(n,p, P)
2119 224+ 2+2 True True
3119 | 2> +22+6 True True
4119 | at+2%+2 ? ?
Primitive polynomials over o3
n| p P(z) A(n,p, P) | B(n,p, P)
2 (23| 2*+a+7 True True
3123 23 +22+6 True True
4123 | at+2%+20 ? ?
Primitive polynomials over o
n|p P(z) A(n,p, P) | B(n,p, P)
2129 224+ 2+3 True True
3129 | x®+2%+3 True True
4129 | 2t +2%+2 ? ?
Primitive polynomials over [y
nilp P(z) A(n,p, P) | B(n,p, P)
2131 224+ 2+12 True True
3131 2*+224+9 True True
4131 2t +2°+13 ? ?
Primitive polynomials over F3;
n|p P(z) A(n,p, P) | B(n,p, P)
2137 2°+x+5 True True
3137 | a®+a*+17 ? ?
Primitive polynomials over [y,
n|p P(z) A(n,p, P) | B(n,p, P)
2141 | 2+ 2 +12 True True
3141 | 2%+ 2%+ 11 ? ?
Primitive polynomials over [Fy3
n|p P(z) | A(n,p,P) | B(n,p, P)
2 (43| 2 +x+3 True True
3|43 | 23+ 2249 ? ?
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Primitive polynomials over [F 47

n|op P(x) A(n,p, P) | B(n,p, P)

2 147 | 22 +2+13 True True
3147 | 22+ 22+ 2 ? ?

Primitive polynomials over F53

ni| p P(ZE) A(n,p, P) B(n,p,P)

2153 224+z+5 True True
3153 a3 +22+2 ? ?

Primitive polynomials over F5g

ni|p P(z) A(n,p, P) | B(n,p, P)

2159 2°+x2+2 True True
3159 | a3 +2249 ? ?

Primitive polynomials over [Fg;

ni|p P(z) A(n,p, P) | B(n,p, P)

2161 x°4+x+2 True True
3161 22+22+6 ? ?

Primitive polynomials over Fgr

n| p P(x) A(n,p, P) | B(n,p, P)

2167 | 22+x+12 True True
3167 a3+22+6 ? ?

Primitive polynomials over [,

ni|p P(z) A(n,p, P) | B(n,p, P)

2171 | 22+ +11 True True
3171 22 +22+38 ? ?

Primitive polynomials over 3

niop P(z) A(n,p, P) | B(n,p, P)

2173 | 22 +x+11 True True
3173 22 +2245 ? ?
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Primitive polynomials over Frg
n|p P(z) | A(n,p,P) | B(n,p, P)

2179 22 +z+3 True True

3179 | a®+2242 ? ?
Primitive polynomials over Fgs

n|p P(z) A(n,p, P) | B(n,p, P)

2183 224+x+2 True True

3183 a+22+11 ? ?

Primitive polynomials over Fgg
nilp P(z) A(n,p, P) | B(n,p, P)
28| 22+z+6 True True
3189 | 2*+22+6 ? ?

Primitive polynomials over Fo;

n|p Plx) | Aln,p, P) | B(n,p, P)
2197 2*+x+5 True True
3197 | x*+2%+5 ? ?

Conclusion

In this paper, we introduced the new notions of n-cyclable groups and n-
brunnian groups of type I and II (see section 1). We then proved that the
groups SL,(F,), PSL,(F,), GL,(F,), and PGL,(F,) enjoy a structure of
n-brunnian groups of type I for p prime and n > 3 (see section 2). In
section 3, we state two conjectures, namely the conjectures A(n,p, P) and
B(n, p, P) about primitive polynomials over IF,,, and we give some evidence
in section 4.

Unfortunately, the conjectures A(n,p, P) and B(n, p, P) do not charac-
terize primitive polynomials, because, they are both true for the polynomial
of Example 3.3.

It is altogether interesting to find some significant counterexamples, or
to find a conceptual proof of them.
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Résumé
Dans ces notes nous proposons une nouvelle approche de la con-
tractibilité pour les w-opérades colorées telle que définie dans I’article
publié dans les Cahiers de Topologie et de Géométrie Différentielle
Catégorique (2011), volume 4. Nous proposons aussi une autre facon

de construire la monade des @w-opérades contractiles colorées libres.

Abstract
In this short notes we propose a new notion of contractibility for

coloured w-operad defined in the paper published in Cahiers de Topolo-

gie et de Géométrie Différentielle Catégorique (2011), volume 4. Also

we propose an alternative direction to build the monad for free con-

tractible coloured w-operads,
Keywords. w-operads, weak higher transformations .
Mathematics Subject Classification (2010). 18B40,18C15, 18C20, 18G55,
20L99, 55U35, 55P15.

Introduction

Steve Lack has suggested to me to use the more common name weak higher
transformations instead of Non-strict cells which were defined in [2]. More

precisely, in this article we defined a coglobular complex of w-operads

8 & Sy
BO Bl BZ ........... - Bn—l e —— . L
1 = b z D

Ko Ki n—1
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such that algebras for B are the weak w-categories, algebras for B! are the
weak @-functors, algebras for B? are the weak @-natural transformations, etc.
However André Joyal has pointed out to us that there are too many coherence
cells for each B” when n > 2, and gave us a simple example of a natural
transformation which cannot be an algebra for the 2-coloured w-operad B?.
In this section we propose a notion of contractibilty, slightly different from
those used in [1, 2]. This new approach excludes the counterexample of
André Joyal.

Furthermore the main theorem of the section 6 in [2] is false. I am indebted
to Michael Batanin and to Mark Weber, to have shown us a counterexample
which invalid this result. However this false theorem has no impact to main
ideas of the article [2]. I am indebted to Michael Batanin who told us that the
technics of the coproduct of monads was adapted to substitute technically the
role of this false theorem, and to Steve Lack who gave us the precise result
and references that we needed for this correction.

Acknowledgement. I am grateful to André Joyal, Michael Batanin, and

to Mark Weber to have pointed out to me these imperfections.

Corrections

Here T design the monad of strict w-categories on @-graphs. Notions of T-
graphs, T-categories, constant @-graphs, can be found in [2, 5]. The category
T-Gr), . of pointed T-graphs over constant ®-graphs, and the category 7-Cat,

of T-categories over constant @-graphs are both defined in [2].

Definition 1 For any T-graph (C,d,c) over a constant ®-graph G, a pair of
cells (x,y) of C(n) has the the loop property if: s§(x) = si(v) =15 (x) =15 (y)o

Remark 1 If G is a constant @-graph (see section 1.4 of the article [2]) A
p-cell of G is denoted by g(p) and this notation has the following meaning:
The symbol g indicates the "colour", and the symbol p point out that we must
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see g(p) as a p-cell of G, because G has to be seen as an @-graph even though

it is just a set. 0

Definition 2 For any T-graph (C,d,c) over a constant ®-graph G, we call
the root cells of (C,d,c), those cells whose arities are the reflexivity of a
0-cell g(0) of G, where here "g" indicates the colour (see section 1), or in
other words, those cells x € C(n) (n > 1) such that d(x) = 19(g(0)). 0

Here 19 design the reflexivity operators of free strict @-category T(G)
(see also [2]). These notions of root cells and loop condition are the keys for
our new approach to contractibility. These observations motivate us to put
the following definition of what should be a contractible T-graphs (C,d,c).
For each integers k > 1 let us note C(k) = {(x,y) € C(k) x C(k) : x|y and
d(x) =d(y), and if also (x,y) is a pair of root cells then they also need to
verify the loop property: sk(x) =15(y)}. Also we denote C(0) = {(x,x) €
C(0) xC(0)}.

Definition 3 A contraction on the T-graph (C,d,c¢), is the datum, for all

k € N, of a map C(k) Ly C(k—+ 1) such that

o s({a, Ble) = a,1([ex, Blx) = B

o d([a,Blk) = la(a)=a(p)- o

A T-graph which is equipped with a contraction will be called contractible and
we use the notation (C,d,c;([,]x)ken) for a contractible T-graph. Nothing
prevents a contractible T-graph from being equipped with several contrac-
tions. So here CT-Gr, is the category of the contractible T-graphs equipped
with a specific contraction, and morphisms of this category preserves the
contractions. One can also refer to the category CT-Gr,. g, where here con-
tractible T-graphs are only taken over a specific constant co-graph G. A
pointed contractible T-graphs (see section 1.2 of the article [2]) is denoted
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(C,d,c;p,([,]k)ken), and morphisms between two pointed contractible T-
graphs preserve contractibilities and pointings. The category of pointed con-
tractible T-graphs is denoted CT-Gr), .. The categories T-Gr), - and CT-Gr)
are both locally finitely presentable and the forgetful functor V

HAV :CT-Grp

T-Grp .

is monadic, with induced monad T¢ is finitary.
Also the category T-Cat, is locally finitely presentable and the forgetful
functor U
M U : T-Cat,

T-Grp,

is monadic, with induced monad T)y is finitary.

A T-category is contractible if its underlying pointed T-graph lies in
CT-Grp .. Morphisms between two contractible T-categories are morphisms
of T-categories which preserve contractibilities. Let us write CT-Cat, for the

category of contractible T-categories. Also consider the pullback in CAT

CT-Gr,. x T-Cat.—2 T-Cat,
- T-Grpe
D2 U
CT—GI‘[),C V T'Grp7(;

We have an equivalence of categories

CT-Gr,. x T-Cat.~CT-Cat,

T-Grpc

Furthermore we have the general fact (which can be found in the articles
(3, 41)

Proposition 1 (Max Kelly) Let K be a locally finitely presentable category,
and Mndy(K) the category of finitary monads on K and strict morphisms of
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monads. Then Mndy(K) is itself locally finitely presentable. If T and S are
object of Mndy(K), then the coproduct T 118 is algebraic, which means that
KT x K5 is equal to K™ and the diagonal of the pullback square

K

KT x KS P kS

K
P2 U
T
K v K
is the forgetful functor K™"S — K. Furthermore the projections KT x
K
K5 — KT and KT x KS — K5 are monadic. 0

K
Remark 2 According to Steve Lack this result can be easily generalise for

monads having ranks in the context of locally presentable category. 0

We apply this proposition to the diagram above which shows that CT-Cat,

is a locally presentable category, and also that the forgetful functor
CT-Cat, —%~ T-Gr,,

is monadic. Denote by F' the left adjoint of O. If we apply the functor F to

the coglobular complex of T-Gr, . build in the article [2]

8 52 I
O c! C? <l O 1

n
K(% K']2 Kn—1

we obtain the coglobular complex of the coloured w-operads of the weak

higher transformations with our corrected notion of contractibility
5 82 8"

1

B¢
Ko K

Remark 3 It is evident that the w-operad Bg of Michael Batanin is still
initial in the category of contractible w-operads equipped with a composition

system, where our new approach of contractibility is considered. !
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