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THE SUCCESSIVE DIMENSION, WITHOUT ELEGANCE

MATIAS MENNI

ABSTRACT. Experience shows that the poset of levels (or dimensions) of the topos of presheaves on some
elegant Reedy categories may be equipped with a monotone increasing ‘successor’ function which, as the case
of simplicial sets shows, is different from Lawvere’s Aufhebung in general. We prove that a similar result
holds for the topos of presheaves on a small category with split-epi/mono factorizations; a typical feature of
categories that are Reedy elegant, or skeletal, or graphic (von Neumann-)regular, but more general. In fact,
we show that the more general ‘successor’ may be described as a function on the poset of full subcategories
of the site that are closed under subobjects.

1. INTRODUCTION

Hurewicz and Wallman start [4] by celebrating Poincaré who, writing in a philosophical journal and
“concerned only with putting forth and intuitive concept of dimension and not an exact mathematical for-
mulation [...] had, however, penetrated very deep, in stressing the inductive nature of the geometric meaning
of dimension and the possibility of disconnecting a space by subsets of lower dimension”. Immediately after,
they sketch their precise definition (attributed to Menger and Urysohn): the empty set has dimension —1;
the dimension of a (separable metric) space is the least integer n for which every point has arbitrarily small
neighborhoods whose boundaries have dimension less than n.

For some ‘tame’ spaces the dimension has an alternative characterization. For example consider the
following inductively defined Heyting formulas over variables { X, | d € N}:

[ X0 v =X, if d=0
TV (XgV (Xa= Ba_y), ifd>1.

These are the Bounded Depth formulas. Among other results, [2, Theorem 4.1] shows that a non-empty
polyhedron P has dimension d (in the sense of [4]) if and only if, in the Heyting algebra of open sub-
polyhedra of P, By holds and B, fails for every 0 < ¢ < d.

Some alternative definitions of ‘dimension’ are discussed in [4, Section 1.5] but, in all cases, dimension is
an integer or a real number. The Dimension Theory for toposes outlined in [10, Section II] is different; we
recall below some of the basic details.

A level of a topos € is a string [, 41" 1, : L — &£ with fully faithful [y, l.. So £ is a topos and [ : L — &
is an essential subtopos with direct image l.. Quoting from [10]: “The basic idea is simply to identify
dimensions with levels and then try to determine what the general dimensions are in particular examples.
More precisely, a space may be said to have (less than or equal to) the dimension grasped by a given level
if it belongs to the negative (left adjoint inclusion) incarnation of that level.” For this reason, the leftmost
adjoint Iy may be called the (I-)skeletal inclusion and, for each X in &, the counit [;({*X) — X will be called
the (1-)skeleton of X. So X is l-skeletal if its l-skeleton is an isomorphism.

Levels of a given topos may be partially ordered as subtoposes. So each topos, but especially each topos of
spaces, determines its poset of dimensions. Notice that there is nothing ‘inductive’ about this. For example,
the poset of levels of the topos A of simplicial sets may be identified with {—c0,0,1,...,n,...,00} but, in
general, the poset of levels of a topos need not be totally ordered. See [5, 11, 16] and references therein.

Lawvere observes that, in many examples, the poset of levels/dimensions may be equipped with a mono-
tone increasing function called Aufhebung which assigns, to each level, the smallest level “qualitatively higher”
than it. More precisely, for levels I, m of a topos £, m is way-above | if I < m (that is, as subtoposes) and
also Iy : L — & factors through m, : M — £. The Aufhebung of [ is, when it exists, the least level that is
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way-above [. It is not easy to calculate with the tools we have today. Fairly general techniques for this task
were developed for toposes of presheaves on graphic monoids [11]; the case of ball complexes is solved in
[20]; the case of simplicial sets and similar examples is treated in [6]; the case of the classifier of non-trivial
Boolean algebras remains an open problem [12]; the case of the ‘gros’ Zariski topos and other toposes in
Algebraic Geometry seem out of reach at present. (It is relevant to observe that, in the case of ﬁ, the
Authebung is not the obvious successor function: for n > 2, the Authebung of level n is 2n — 1.)

As we have already stressed, no induction over the natural numbers is needed to define the poset of
dimensions of a topos but, of course, we may iterate the Aufhebung. Each topos has a degenerate level
(called —00) which is the only essential subtopos whose domain is terminal as a category. Its Aufhebung is
called level 0 and the Aufhebung of level 0 is called level 1. For instance, level 0 of A is Set = Z\O — A and
level 1 is & - A.

Although the framework is quite different from [4], the geometric intuition remains. If the 0-skeletal
inclusion has an additional left adjoint (connected-components), then level 1 coincides with “the smallest
dimension such that the set of components of an arbitrary space is the same as the set of components of the
skeleton at that dimension of the space”. (See [20, Proposition in p. 19] or [16, Corollary 2.5] for a proof.)
Hence, as in [4], ‘dimension 1’ is related with connectedness of the space.

Let I : £ — £ be a level. For simplicity let us assume that the skeleton £x : ;(I*X) — X is monic for each
X in €. A subobject u: U — X is said to have £-skeletal boundary if idx < uV (u = £x) in the Heyting
algebra of subobjects of X. (Notice that, if that algebra was also co-Heyting, as in any presheaf topos,
then u having ¢-skeletal boundary would be equivalent to Ou < £x, where Ou denotes the usual ‘boundary’
operation in a co-Heyting algebra. Compare with the Bounded Depth formulas defined above.)

With £ and [ as above, an object X in & is said to have [-skeletal boundaries if every subobject of X has
skeletal boundary. The objects with [-skeletal boundaries seem to be closely related with the objects that are
skeletal with respect to a qualitatively higher level (but not necessarily its Authebung). The relation is not
fully understood but, for example, for certain presheaf toposes, 1-skeletal objects coincide with quotients of
O-separated objects with 0-skeletal boundaries [18]. The sites to which these results apply are typical elegant
Reedy categories as defined in [1]. Technically, ‘elegance’ guarantees that skeleta are monic. More general
results, as the ones in this paper, must deal with that issue differently; ‘without elegance’, so it speak, in
the sense that we do not assume that absolute pushouts of split epimorphisms exist in the site.

The skeletal counit of any level may be factored as an epic followed by a monic and this determines
an idempotent comonad with monic counit that we call the principal comonad induced by the level. In
Section 2 we characterize the coalgebras for principal comonads induced by levels in presheaf toposes. This
characterization has independent interest and is fundamental for the calculations in the rest of the paper.

Experience with toposes of presheaves on elegant Reedy categories suggests to concentrate on the ‘special’
levels such that the counit of the principal comonad is mono-cartesian. In Section 3 we show that, if D is a
small category with split-epic/mono factorizations, then the idempotent ideals of D that induce such special
levels are in bijective correspondence with the full subcategories of D that are closed under subobjects. (The
existence of split-epi/mono factorizations is a typical feature of sites in Algebraic Topology and Homotopy
Theory. For example, the elegant Reedy categories already mentioned, the skeletal categories in the sense of
[3, Definition 8.1.1], but also the graphic (von Neumann-)regular categories used to study the Aufhebung in
[11, Proposition 2].)

In Section 4 we show that every idempotent comonad with monic and mono-cartesian counit on a topos
determines an idempotent ideal of the topos. For the topos of presheaves on a site D with split-epi/mono
factorizations, that ideal restricts to an idempotent ideal (of D) which may be thought of as the ‘successor’ of
the original comonad. Restricting to principal comonads induced by idempotent ideals in the site determines
a ‘successor’ function on the poset of special levels which, in view of the above, may be identified with a
function on the poset of full subcategories of D that are closed under subobjects. A description of this
‘successor’, purely in terms of D, is given in Section 5. We discuss several examples in Section 6.

2. PRINCIPAL COMONADS OF LEVELS IN PRESHEAF TOPOSES

Each level of a topos determines an idempotent comonad with monic counit that we call the principal
comonad associated to the level. In some cases, such as simplicial sets and other toposes of presheaves on
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elegant Reedy categories, this comonad coincides with the skeletal comonad of the level; but this is not so
in general. The purpose of the present section is to give a description of the principal comonad for a level in
an arbitrary presheaf topos. We first quickly recall the necessary background from [5] and [19].

Let € be a topos. A (Lawvere-Tierney) topology j in £ is called principal if each object has a least j-dense
subobject. For example, if £; — £ is a level then j is principal. Indeed, the image of the counit ji(j*X) — X
is the least j-dense subobject of X.

Let j be a principal topology in £ and, for each X in &, let yx : CX — X be the least j-dense subobject.
For future reference we emphasize the following.

Definition 2.1. The object X is j-minimal if vy is an isomorphism.

The full subcategory of j-minimal objects is coreflective and yx : CX — X is universal from this subcat-
egory to X. In other words, (C,~) is an idempotent comonad whose coalgebras are the j-minimal objects.
This comonad will be called the principal comonad determined by the (principal) topology j. See [19,
Section 3] for further details.

We next recall the relation between levels of a presheaf topos and idempotent ideals in the site. A right
ideal of a category C is a family (Z(—,C) | C € C) where each Z(—,C) is a sieve on C. For f : B — C in C,
we may write f € Z instead of f € Z(B,C). A (two-sided) ideal is a right ideal Z such that if gf is defined
and f € Z then gf € Z. An ideal Z is idempotent if, for every f € Z there are g, h € Z such that f = gh.

We stress that, in the definition above, C need not be small. On the other hand, for small C, [5, The-
orem 4.4] proves that there is monotone bijection between levels of the presheaf topos C and idempotent
ideals of C. If Z is an idempotent ideal of C then the corresponding (essential) subtopos of C is determined
by the Grothendieck topology on C such that a sieve covers an object C if it contains the sieve Z(—, C).

Fix an idempotent ideal Z in a small category D.

Recall that for a Grothendieck topology on a small category, the sheaf reflection of a presheaf may be
built by applying the +-construction twice [15, Section IIL.5]. For topologies determined by ideals, the
+-construction may be simplified.

Lemma 2.2. For the Grothendieck topology induced by the ideal Z, the following holds: for any presheaf P
in D and D in D, PTD may be identified with D(Z(—, D), P) or, alternatively, with the set of families

(xky e PC| f€eZ(C,D),C € D)
that are matching: x¢ - g = xy4 for any f in I and any g in D post-composable with f.

Proof. In general, PTD is the set of equivalence classes of matching families (indexed by the maps in a
covering sieve of D). Two families being equivalent if they coincide in a common (covering) refinement of
the corresponding sieves. In our present case, ZD is the least covering refinement of any cover of D, so
any equivalence class of matching families (over D) is uniquely determined by their refinement to that least
covering. 0

A family as in Lemma 2.2 may be written as (zs | f € ZD) € PTD and then
(:Ef |f€ID)~h:(CChk | kGIO) €P+O

holds for every h: C — D in D.

There is a canonical P — PT which, in the context of Lemma 2.2, may be described, for each D, as the
function PD — Pt D that sends z € PD to the matching family (z- f| f € ZD) € PTD. As mentioned
above, the composite P — Pt — (PT)T is universal from P to sheaves. The sheaf reflection (P*)* is
sometimes denoted by aP.

In order to prove the main result of the section we will need a concrete description of the skeletal inclusion
determined by the idempotent ideal Z. To give such a description we rely on wedges and (co)ends as discussed
in [14, Chapter IX].

Let T: D x D°P x D — D be the functor

(D,C,B)—I(C,D) x Z(—, B)

and let us consider Tp = T(D, —,—) : D°® x D — D
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Lemma 2.3. For any D in D and any P in 23, the set

D </CTD(C, C),P)

is isomorphic with (aP)D. Moreover, this isomorphism is natural in D.

Proof. We first show that the set of wedges from T to P is isomorphic to (aP)D. Since aP = (PT)* it
follows that (aP)D may be identified with the set of matching families

(xy € PTC| feZ(C,D),C € D)
so that, if for f: C' — D in T we let xy = (25,4 | g € Z(B,C), B € D), then the matching property says that
(xfyhk | k EIB) = (If_’g | g EIC) -h= (Xf) -h =Xfp = (xfh_,k | ke IB)

for every h : B — C in D.
On the other hand, a wedge from Tp to P is a family (wp | B € D) of maps

Tp(C,C) =Z(C,D) x I(—,C) =<~ P

in D such that the diagram

Z(C,D)xZ(—,h)

1(C, D) x I(—, B) I(C,D) x I(—,C)
Z(h,C)xI(—,B)l lwc

I(B, D) x Z(—, B) P

commutes for every h: B — C' in D.
If, for f € Z(C,D) and g € Z(B, C), we let wy 4 = we(f,g) € PB then, the wedge w may be identified
with a family

((wfge PB|geI(B,C),BeD)| feZ(C,D),CeD)
satisfying two naturality conditions. The first one says that the family
(wfg € PB|geI(B,C),B € D)
is matching for every f : C'— D. The second one (i.e. the wedge property) says that
Wihk = W hk

for every h: B — C in D and every k € ZB. So the set of wedges from Tp to P is indeed isomorphic to
(aP)D. Hence, the iso in the statement follows from the universal property of coends. Naturality follows
from the ‘Parameter Theorem’ [14, Theorem IX.7.2]. O

The proof of [5, Theorem 4.4], showing that essential subtoposes of a presheaf topos are in bijective
correspondence with ideals in the site, rests on Freyd’s SAFT to produce the left adjoint of the inverse image
of a subtopos determined by an ideal. Here we give an alternative description that will relevant for the rest
of the paper.

Proposition 2.4 (Coend formula for skeleta). The endofunctor on D defined by

C,D
Q-Q=[ QDxI(CD)xI(-C)
extends to a left adjoint to sheafification.
Proof. Let @ be a presheaf on D and let Sg : D x D x D°P x D — D be defined by

So(D,C,B,A) = QD x Te(B, A) = QD x T(C, B, A) = QD x I(B,C) x I(—, A)
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so that @ = fc’D Sq(D,D,C,C). Then, for any presheaf P calculate

c,D
D(Q!,P)—D</ SQ(D,D,O,C),P)

=~ / D(QD x Tp(C,C), P) Continuity
c,D

&= / / Set(QD x (Tp(C,C))B, PB) end formula for Nat
c,pJB

= / / Set(QD,Set((Tp(C,C))B, PB)) Exponential transposition
c.pJB

= / Set (QD,/ / Set((Tp(C,C))B, PB)) Fubini and Continuity
D cJ/B

o / Set <QD, / D(Tp(C,C), P)) end formula for Nat
D c

YA

= / Set <QD,’D / Tp(C,C), P)) Continuity
D

~ [ Set(QD,(aP)D) Lemma 2.3
D

~ D(Q,aP) end formula for Nat.

O

Let P be a presheaf on D. For any D in D, we say that € PD is Z-generated if there existsan f : D — E
in Z and a y € PE such that x =y - f. The presheaf P is said to be Z-generated if, for every D in D and
x € PD, x is Z-generated in the sense of the previous sentence.

Example 2.5 (The case of representable presheaves). If we let P = D(—, C) for some C in D then z € PD
is Z-generated if and only if x € Z. Indeed, by definition, z is Z-generated if and only if thereisan f : D — FE
inZ and a y: E — C in D such that x =y - f. The left ideal property implies that x € Z. Conversely, if
x € 7 then idempotency implies the existence of y, f € Z such that x =y - f. Hence, P is Z-generated if and
only if idc € L.

The next result compares Z-generated presheaves with the minimal ones in the sense of Definition 2.1.

Theorem 2.6. Let D be a small category and let | be the level ofﬁ induced by an idempotent ideal Z in D.
A presheaf on D is l-minimal if and only if it is T-generated.

Proof. We described the unit P — aP after Lemma 2.2. Taking it as an element in ﬁ(P, aP) at the bottom
of the calculation in the proof of Proposition 2.4, and chasing it ‘up’, we may conclude that its transposition
P, — P is determined by the wedge

PD x I(C,D) x I(—,C) — P

that sends x € PDand f: C - D,g: B—=CinZtox-f-g=uz-(fg) € PB. It follows that the image of
P B — PB consists of the elements of the form - (fg) € PB for some z, f and g as above but, since Z is
idempotent, these are the elements of the form x - h for some h: B — D in 7 and x € PD. O

In other words, the principal comonad on D associated to (the level determined by) the idempotent ideal
T sends a presheaf to the subpresheaf of Z-generated elements. In particular, by Example 2.5, the counit at
stage representable by C' in D is Z(—,C) — D(—,C).

3. MONO-CARTESIAN IDEALS

A natural transformation is mono-cartesian if, for every monic in the relevant category, the corresponding
naturality square is a pullback. We are concerned with the special case of a monic natural transformation that
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is the counit of an idempotent comonad. If the underlying category has pullbacks then such a monic counit
is mono-cartesian if and only if the subcategory of coalgebras if closed under subobjects [19, Lemma 2.6].

We are interested in mono-cartesian principal comonads on presheaf toposes. Again, let Z be an idempo-
tent ideal of a small category D.

Lemma 3.1. If the idempotent ideal T in D is such that:

o for everymap f : D — E inZ there exists a factorization f = gb withb: D — B and a map s : B — D
such that sb € Z and bsb = b,

then the induced principal comonad is mono-cartesian.

Proof. We rely on the description of the principal comonad given by Theorem 2.6. Let m : X — Y be monic
in D. To prove that the naturality square below

CX CY
’YX\L l’YY
X Y

is a pullback, let x € X D and assume that mpx is Z-generated. That is, thereisa f: D — F in Z and a
z € YE such that mpxz = z- f. Let g, b and s as in the statement. Then mpz = (2 - g) - b and also

mp(z-s-b)=(mpzx)-s-b=(z-9)-b-s-b=(z-g)-b=mpx

and infer, using that m is monic, that (z -s)-b = z. So z is Z-generated. This completes the proof that -y
is mono-cartesian. g

Notice that Lemma 3.1 is applicable if f € 7 factors as f = gb with b a split epic in Z.
Naturally, an idempotent ideal is called mono-cartesian if the corresponding principal comonad has mono-
cartesian counit.

Proposition 3.2. If every map in the small D factors as a split epic followed by a monomorphism then, the
mono-cartesian idempotent ideals in D are in bijective correspondence with the full subcategories of D that
are closed under subobjects.

Proof. First observe that, by the right-ideal property, if a map in Z factors as split epic followed by monic then
the monic part is also in Z. Also, if the monic m : D — E is in Z then the mono-cartesian property implies
that idp is in Z. (Just use the mono-cartesian property with the monic D(—,m) : D(—, D) — D(—, E).)

Let Z be a mono-cartesian idempotent ideal in D. Let C — D be the full subcategory consisting of those
objects whose corresponding identity is in Z, and let J be the associated idempotent ideal in D, that is, the
ideal of maps that factor through some object in C. Certainly, J C 7 because if f = gh with g: C — D, C
in C then, as idc € Z, f = g(idc)h must also be in the two-sided ideal Z.

To prove that Z C J let f: D — F be in Z. By hypothesis we can factor f as f = me with m : E — F
monic and e : D — E split-epic. As observed above, it follows that m is in Z and, by mono-cartesianness,
that idg isin Z. So f isin J.

Now let C' be in the subcategory C — D and let m : D — C' be monic in D. Then idc € Z and, by the
right-ideal property, m € Z. Since we are assuming that the ideal is mono-cartesian, idp € Z, so D is in C.

Conversely, assume that 7 is the idempotent ideal determined by a full subcategory C — D closed under
subobjects. Let f: D — EinZ. Thatis, f = uv withu : C — F and C'in C. Also, by hypothesis, v: D — C
factors as a split epic b: D — B followed by a monic m : B — C. Then B is in C by hypothesis, so idgp € 7
and, therefore, b € Z. Taking g = um we may apply Lemma 3.1 to conclude that Z is mono-cartesian. [J

As a corollary we may deduce the following strengthening of [18, Proposition 2.5].

Corollary 3.3. If the small D is such that every map factors as a split epic followed by a split monic then
the levels of D are in bijective correspondence with the full subcategories of D that are closed under subobjects.
If, moreover, every object of D has a finite set of subobjects then every subtopos is a level.
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4. THE IDEAL OF MAPS ON TOP OF A MONO-COREFLECTION

Let H co-Heyting algebra with top element T and (—)/u 4wV (=) for each v € H. Then Ou = (T /u) Au
is sometimes called the boundary of u (e.g. in [8]). Notice that, if H is also a Heyting algebra then ou <v € H
if and only if T < wV (u = v). Notice also that the second inequality makes sense in any Heyting category.

The co-Heyting boundary can be generalized as follows. For any f € H we may define Oru = f/u A u.
Again, in a bi-Heyting algebra, d;u < v if and only if f <wuV (u=v). So, for any f,u,v in a Heyting
algebra H we may write O;u < vif f <wuV (u = v). To avoid a possible confusion we stress that “9yu” does
not make sense in this generality; only the expresions of the form dyu < v do.

We assume from now on an underlying Heyting category. The implication in the Heyting algebra of
subobjects of a fixed object will be denoted by =-.

Definition 4.1. For a map f:Y — X and subobjects u, v of X, we write
Oru <w
if f factors through the subobject u V (u = v).
The notation is compatible with the ordering of subobjects in the following sense.

Lemma 4.2 (‘Transitivity’). Let f:Y — X and let v < w be subobjects of X. For every subobject u of X,
Oru < v implies Opu < w.

Proof. Since v <w, (u=v) < (u=w)andsouV (u=v) <uV (u=w). O

Definition 4.3. A map f with codomain X is on top of a subobject v of X if 9yu < v for every subobject
u of X.

The intuition behind the terminology is that the dimension of the image of f is ‘just above’ the dimension
of v. At the present level of generality this is somewhat vague, but when f is the identity and v is the
skeleton of a level then the intuition is fairly accurate. See the comments after Definition 4.6.

For future reference we state some simple consequences of the definition. First observe that the ‘transi-
tivity’ of Lemma 4.2 easily lifts to the following.

Lemma 4.4. If f:Y — X is on top of v and v < w then f is on top of w.
Further useful properties are stated below.

Lemma 4.5. For maps f:Y — X, g: Z =Y and v a subobject of X, the following hold:
(1) (Sieve-property/right-ideal) If f is on top of v then so is fg.
(2) If g is a regular epimorphism then, fg on top of v implies f on top of v.
(3) The map f is on top of v if and only if the image of f is on top of v.
(
(

)
3)
4) If g is on top of f*v then fg is on top of v.

5) If f is monic then: g is on top of f*v = f Nwv if and only if fg is on top of v.
Proof. The first item is trivial. The second follows from orthogonality. The third follows from the previous
two. To prove the fourth let u be a subobject of X. By hypothesis, g factors through

ffuv (ffu= fv)=f*(uV(u=))

so fg factors through u V (u = v)

Consider now the final item. One implication does not need f monic and follows from the fourth item.
To prove the converse let w be a subobject of Y. By hypothesis fg factors through 3wV (3pw = v) so g
factors through

[ Brwv Fpw = v)] = [*Fpw) V (f*(Frw) = fv)
and, since f is monic, f*(3yw) = w. (See [15, Proposition IV.6.3] and the comments after the proof there.)
Hence, g factors through w Vv (w = f*v). O

For the discussion below, recall that a subcategory is mono-coreflective if it is coreflective and the counit
of the coreflection is monic.
Assume now that our fixed Heyting category is equipped with a mono-coreflective subcategory with
(monic) counit £. We emphasize the following refinement of the terminology.
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Definition 4.6. A map f is said to be on top of £ if f is on top of the monic £x where X is the codomain
of f.

If [ is a level with monic skeleta £x : [i({*X) — X then, for any object X, idx is on top of £x if and only
if X has [-skeletal boundaries in the sense of [18, Definition 3.1].

Example 4.7 (—oo-skeletal boundaries and ‘Boolean’ objects). Consider level —oo of a topos €. The —oo-
skeleton of an object X in & is just the initial subobject 0 — X. For a subobject u of X, d;qu < 0 if and
only if u is complemented [18, Example 3.3]. So X has —oo-skeletal boundaries if and only if the Heyting
algebra of subobjects of X is Boolean.

Intuitively, objects with —oo-skeletal boundaries are ‘discrete’. This has a rigorous formulation in the
context of Axiomatic Cohesion. Recall that a geometric morphism p: &€ — S is pre-cohesive if it is local,
hyperconnected, essential and the leftmost adjoint py : £ — S preserves finite products. Intuitively, £ is a
topos ‘of spaces’ over a topos S ‘of sets’ and the inverse image p* : S — & is the full subcategory of ‘discrete’
spaces. Notice that p* 4 p, 4p' : S — & is a level of €. Intuitively, it is level 0.

Proposition 4.8. If S is a Boolean topos and p: £ — S is pre-cohesive then p* : § — & coincides with the
full subcategory of objects with —oo-skeletal boundaries.

Proof. The Aufhebung of level —co (i.e. level 0) coincides with p* - p, - p': S — & by [13, Corollary 4.15].
The full subcategory of objects with —oo-skeletal boundaries coincides with that of Boolean objects by
Example 4.7 and so, it is included in p* : § — & by [17, Proposition 6.7]. Finally, since S is Boolean and
p is hyperconnected, p*A is Boolean for every A in S, so p* factors through the subcategory of Boolean
objects. O

In other words, an object is 0-skeletal if and only if it has —oo-skeletal boundaries. We stress that, as
observed in [18, Example 1.5], objects with 0-discrete boundaries need not be 1-skeletal. Instead, in many
examples, an object is 1-skeletal if and only if it is a quotient of a 0-separated object with discrete boundaries
[18, Proposition 7.3].

We now continue studying the right ideal of maps on top of £.

Lemma 4.9. For every f:Y = X and g: Z — Y, if g is on top of £ then so is fg.

Proof. Let w be a subobject of Y. Then wV (w={fy)<wV (w= f*fx) as subobjects of ¥ because
ly < f*lx by naturality of ¢. Since g is on top of ¢y, we have d;w < fy < f*{x and so, by Lemma 4.4,
0w < f*fx. Hence, g is on top of f*¢x and Lemma 4.5(4) implies that fg is on top of £x. O

Proposition 4.10. The maps on top of £ form an ideal. If, moreover, £ is mono-cartesian then the ideal is
idempotent; in fact, for any f on top of £ both maps in the epi/mono factorization of f are on top of L.

Proof. The collection is a right-ideal by Lemma 4.5 and it is a left-ideal by Lemma 4.9. To prove idempotency,
assume that ¢ is mono-cartesian and let f : Y — X be on top of £. Since the underlying category is Heyting
by hypothesis (and hence regular), there are regular-epi/mono factorizations. So we can let f = me with m
monic and e a regular-epimorphism. Then the image m of f is on top of ¢ by Lemma 4.5. Also, as m is
monic and f = me is on top of ¢, e is on top of m*fx by Lemma 4.5. Since ¢ is mono-cartesian, e is on top
of £py = m*fx where M is the domain of m. O

Roughly speaking, given an idempotent comonad with monic and mono-cartesian counit on a Heyting
category we have ‘derived’ an idempotent ideal in the same category. If the underlying Heyting category is a
presheaf topos then, under certain conditions, we will be able to restrict the derived ideal to an idempotent
ideal in the site. N

To give more details let D be a small category. If an idempotent comonad on D has a monic counit ¢
then we say that a map f in D is on top of £ if D(—, f) is on top of £ in the sense of Definition 4.6. This is
a natural extension, in the present context, of the terminology we have been using.

Lemma 4.11. If D is a small category with split-epi/mono factorizations then, for every mono-coreflective

subcategory ofﬁ with mono-cartesian counit £, the maps in D that are on top of £ form a mono-cartesian
idempotent ideal in D.



Proof. The maps in D that are on top of £ form an idempotent ideal by Proposition 4.10. It easily follows
that the maps f in D on top of £ form an ideal in D. To prove that the latter ideal is idempotent requires
a bit more. Assume that f: F — D in D is on top of £. Let f = me with m monic and e in split epic.
Then D(—, f) = D(—, m)D(—,e) is the usual factorization in D as a monic map following an epic one. So,
by Proposition 4.10 again, both D(—, m) and D(—, e) are on top of £. Hence e and m are on top of £. This
completes the proof that the ideal is idempotent but, moreover, the map e has a section by hypothesis, so it
also follows from Lemma 3.1 that the ideal is mono-cartesian. ]

Roughly speaking, for D as above, we may restrict mono-cartesian idempotent ideals along Yoneda. In
particular, we may apply Lemma 4.11 to the principal comonads induced by mono-cartesian ideals which,
as we already know by Proposition 3.2 are in correspondence with the full subcategories of D that are closed
under subobjects.

Remark 4.12 (The successor of a subcategory closed under subobjects). Assume that D has split-epi/mono
factorizations and let ¢ : C — D a full subcategory closed under subobjects. Proposition 3.2 implies that the
corresponding ideal Z in D is mono-cartesian. That is, the counit ¢ of the induced principal comonad on D
is mono-cartesian. Let J be the idempotent ideal in D consisting of maps on top of /. By Lemma 4.11, J
restricts to a mono-cartesian ideal Z' in D. Again by Proposition 3.2, Z’ is uniquely determined by the full
subcateory i’ : C’ — D consisting of the objects D in D such that idp is in J, that is, such that idp is on
top of £. This subcategory i’ will be called the successor of 1.

The successor of a subcategory as above deserves a description purely in terms of D. To give one we first
need more specific information about maps on top of principal comonad.

5. MAPS ON TOP OF A PRINCIPAL COMONAD

Let D be a small category, let Z be an idempotent ideal therein, and let ¢ be the (monic) counit of the
induced principal comonad on D. R
For any subobject u : U — X in D, the subobject u = £: (U = £) — X may be described as follows

(U=¢0D={xeXD|forall f: E— D, x-f € UE implies = - f is Z-generated} C X D

for each object D in D.

The next result is both and abstraction and a refinement of [18, Lemma 5.1]. In order to state it we need
to introduce some notation. For each K in D and k € X K, the image of the corresponding k : D(—, K) —» X
will be denoted by uy : Uy — X so that, for every J in D and j € XJ, j € UyJ C X J if and only if there is
ag:J— K such that k- g =j.

Lemma 5.1. For any X in 23, D in D and x € XD, the following are equivalent:
(1) The map x : D(—, D) — X is on top of £x.
(2) For every f:E — D in D, Opug. s < lx.
(3) For every f: E — D, either x - f is Z-generated or there is a g : D — E in D such that x - (fg) = =.

Proof. The first item trivially implies the second. To prove that the second implies the third let f : E — D in
D and consider the subobject uy.f : Uy.; — X. By hypothesis, € Up.fD or ¢ € (Up.y = {)D. If x € Up.4D
then there is a g : D — E such that (z - f) - g = «. On the hand, if z € (U,.y = £)D then, for all h : B — D
inD, x-h € Uy.yBimplies x - h is Z-generated. Taking h = f : E — D we conclude that x - f is Z-generated.

To prove that the third item implies the first, let u : U — X be a subobject and assume that x ¢ UD C X D.
We show that 2 € (U = ¢)D C X D. To do thislet f : E — D be such that z - f € UE. Then, by hypothesis,
either x - f is Z-generated or there is a g : D — E in D such that x - (fg) = «. If such a g exists then, as
x-feUE, (x-f)-g€UD. Sox € UD, which contradicts our assumption. Hence, x - f € UFE implies that
x - f is Z-generated. That is, z € (U = ¢)D C XD as we needed to show. O

Specializing to representables we obtain the following analogue of [18, Lemma 5.4].

Lemma 5.2. For every map e : E — D in D the following hold:

(1) e is on top of € if and only if, for every f : F — E in D, either ef is in T or thereis a g: E — F
such that efg = e.
9



(2) If e is monic then, e is on top of £ if and only if, for every f : F — E in D, either ef is in L or f
has a section.

(3) If e has a retraction then, e is on top of £ if and only if, for every f with codomain E, f is in T or
f has a section.

Proof. By Lemma 5.1, d is on top of £ if and only if for every f : FF — E in D, either ef is Z-generated or
there is a g : E — F such that efg = e. By the left-ideal property, ef is Z-generated if and only if ef is in
7.

If e is monic, efg = e is equivalent to fg = id, so the second item holds. Finally, assume that e has a
retraction. It remains to show that ef in Z implies f in Z, but this follows from existence of a retraction for
e and the left ideal property. O

We may now return to the issue raised in Remark 4.12.

Theorem 5.3. Let D be a small category with split-epi/mono factorizations. If C — D is a full subcategory
closed under subobjects then its successor is the subcategory of D consisting of the objects D in D such that:
for every monic f: C — D with codomain D, C is in C or f is an isomorphism. In particular, as a function
on the poset of (full and closed-under-subobjects) subcategories of D, the successor is monotone increasing.

Proof. As already observed in Remark 4.12, the successor consists of the objects D in D such that idp is
in J, that is, such that idp is on top of /. By Lemma 5.2, this holds if and only if, for every f in D
with codomain D, f factors through C or f has a section. This is equivalent, under the assumption of
split-epic/mono factorizations, to the condition in the statement. g

6. EXAMPLES
In this section we let D be a small category with split-epi/mono factorizations.

Example 6.1. Let D be poset. The full subcategories that are closed under subobjects are just the lower-
sets in D. The successor of a lower set C — D consists of those D in D such that, for every C < D, C is in
Cor C=D.

In particular, the successor of the empty lower-set in a poset is the lower-set of minimal elements, and the
successor of the largest ideal is itself. Non-surprisingly, this is also a particular case of the following more
general observation.

Example 6.2 (Extremes). The successor of the empty subcategory of D is the subcategory determined by
the objects D such that every monomorphism with codomain D is an isomorphism. The successor of the
identity D — D is itself.

Example 6.3 (The classifier of non-trivial Boolean algebras). Let F be the category of non-empty finite sets.
For each N in F let Fy — F be the full subcategory of those M such that there is a monic M — N. The full
subcategories of F that are closed under subobjects are the Fy — F, together with the empty subcategory
and the whole subcategory. The successor of J is F; by Example 6.2. We next prove that the succesor of Fy
is Fy41. Every subobject of N + 1 has domain in Fy or it is an iso. That is, N + 1 is in the successor. On
the other hand, the obvious coproduct injection N +1 — N + 14+ 1= N + 2 is not an iso and its domain is
not in Fy. Hence, N + 2 is not in the successor of F. Any subcategory of F that is closed under subobjects
and properly containing Fy is either Fx 1 or it contains N + 2. So the successor of Fy is Fy 1.

The calculation of the Aufhebung for F remains an open problem [12]. The next example, together with
[6, Theorem 3.21], shows that the successor is different from the Aufhebung in general.

Example 6.4 (Simplicial sets). Let A be the category of finite non-empty totally ordered sets. As usual, for
any d € N, we let [d] be the object in A with d + 1 elements. Also, we let Ay — A be the full subcategory
consisting of the objects [¢] with ¢ < d. Just as in Example 6.3, the subcategories of A closed under subobjects
are the extreme ones together with those of the form A; — A for some d € N. Moreover, essentially the
same argument in Example 6.3 implies that the successor of Ay is Ag41.

We are mainly interested in toposes of spaces. It is therefore natural to sometimes assume that D is
pre-cohesive [13]. So consider the following variant of Proposition 4.8.
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Proposition 6.5. If D has a terminal object and every object has a point (so that D is a pre-cohesive
over Set ), then the successor of level —oo coincides with its Aufhebung, namely, the subtopos of ——-sheaves
(which is a level in this case).

Proof. The Aufhebung of Level —oco of D coincides with the subtopos of ——-sheaves by [13, Corollary 4.5].
Under the present hypotheses, the ——-topology (as described in [15, I1.2(d)]) is such that a sieve on D
covers if and only if it contains all the points of D. This is obviously a rigid topology and the corresponding
subtopos is that induced by the full subcategory consisting of the terminal object. This subcategory is, since
every object of D has a point, the succesor of the empty subcategory by Example 6.2. g

Let Dy — D be the successor of the empty subcategory (Example 6.2) and let D1 — D be the successor
of Dy — D. By Theorem 5.3 and Example 6.2 we infer:

Lemma 6.6. An object D in D is in Dy — D if and only if for every monic f:C — D in D, [ is an
isomorphism or every monic with codomain C is an isomorphism.

Even if D is pre-cohesive, the successor of 0 need not coincide with its Aufhebung.

Example 6.7 (Level € cannot be the Aufhebung of 0 but it may be the successor of 0). Assume that D
is finite, that it has a terminal object and that every object has a point. By [16, Corollaries 5.4 and 4.5],
the full subcatgory Dy — D of objects that have exactly one point determines a level that is not way-above
level 0, so it cannot be the Aufhebung of 0. In particular, consider the 4-element graphic monoid discussed
in [7, p. 62] and let D be its idempotent splitting. As explained in [16] the idempotent splitting looks as

follows
r i
]
1 G a
J_ Q
(without drawing the maps towards 1 and) with ac = a =sr, rs =id, rL =1 =7rT and s = L. In this
case, the subcategory Dy — D coincides with D; — D, because D has exactly two subobjects: I and the

identity. So the level Dy — D is the successor of level 0 but, as mentioned above, it cannot be the Aufhebung
of level 0. In this example the poset of full subcategories of D closed under subobjects looks as follows

—OO:@<D0:{1}<D1Z{l,D}<D2=D
and the successor is the obvious one.

In some cases the succesor and the Aufhebung of 0 coincide. Consistently with [18], where objects in D
are called edge types, we say that an object in D is edge-wise connected if for every parallel pair of points
u,v : 1 — D there exists an E in D; and a map f : E — D such that both v and v factor through f.

Corollary 6.8. Assume that D has a terminal object and that every object has a point (so that D is pre-
cohesive). If 1 is the only object in D1 with exactly one point and every object in D is edge-wise connected

then the Aufhebung of level 0 coincides with 2/7\1 — ﬁ, the successor of level 0.

Proof. Follows from [18, Proposition 7.2] which, under slightly more general hypotheses (no need of split-
epi/mono factorizations) shows that the Aufhebung of level 0 is D; — D which, in this paper, we have
identified as the successor of 0. O

If we allow ourselves to picture an object with a unique point as ‘a point with infinitesimal information
around it’ then Corollary 6.8 says, intuitively, that if there ‘no infinitesimals’ and the objects of D; are
enough to connect points then the Aufhebung of 0 coincides with the successor of 0.

Further results relating the Aufhebung and the successor may help to illuminate the nature of both, and
maybe aid in the calculation of the Aufhebung in some cases. We should also mention that Lawvere defines
in [9] an addition of levels and invites to compare the Aufhebung with the function that results from adding
level 1. This addition-with-level-1 should also be compared with the successor presented here.

From now on let £ be another category with split-epic/mono factorizations so that D x £ also has split-
epic/mono factorizations.
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Lemma 6.9. The subcategory (D x E)g — D x & coincides with Dy x Eg — D x &

Proof. Every monic with codomain (D, E) in D x £ is an iso if and only if the same holds for D and for FE.
So the result follows again from Example 6.2. 0

As expected, products with the successor of the empty category have special properties.

Lemma 6.10. With D and & as above, let C — D a full subcategory closed under subobjects and let C' — D
be its successor. Then the successor of C x &y — D x & contains C' x Eg — D x .

Proof. Let (D,E) be in C'x& — D xE. Let (a,b): (A, B) — (D,E) be a monic in D x &. That is
a:A— D is monic in D and b: B — FE is monic in £. Since F is in &, b is an isomorphism. Since D
isin C’, Aisin C or a is an isomorphism. If A is in C then (A, B) is in C X &. If a is an isomorphism then
so is (a,b). Altogether (D, F) is in the successor of C x & — D x £. O

Hence, the Leibniz rule in the next result may not be a surprise.

Proposition 6.11. The subcategory (D x £); — D x & coincides with the union of D1 x &g — D x € and
Dy x 51 —DxE&.

Proof. Lemmas 6.9 and 6.10 imply that (D x £); — D x & contains the indicated union. Now let (D, E) be
an arbitrary object of (D x £);. Lemma 6.6 implies that, for every monic (a,b) : (4, B) — (D, E), (a,b) is
an iso or (A, B) is in (D x £)y. Equivalently, by Lemma 6.9, either both a, b are isos or: both A is in Dy
and B is in &.

If neither D nor E have a proper subobject then (D, E) € Dy x & by Example 6.2, so (D, E) is both in
D1 x & and Dy x . Otherwise there is a proper subobject of D or a proper subobject of E. If there is a
non-iso monic a : A — D in D then (a,idg) : (A, E) — (D, E) is a non-iso monic. Hence, both A in Dy and
E in &. Hence, if there is a non-iso monic A — D, then D is in D; and F is in &y. Similarly, if there is a
non-iso monic B — E then F is in & and D is in Dy. [l

Let (D x £)2 — D x & be the successor of (D x £); — D x £.
Proposition 6.12. The subcategory (D x £)a — D x & coincides with D1 x & — D x £.

Proof. Let (D, E) be in Dy x & and let (m,n) : (A, B) — (D, E) be monic. Equivalently, both m: A — D
and n : B — E are monic. So the following two items hold:

(1) m is an iso or A is in Dy,

(2) nis an iso or B is in &.

Equivalently, one of the following items holds:

(1) both m and n are isos or

(2) mis iso and B is in & or

(3) Aisin Dy and n is an iso or

(4) Aisin Dy and B is in &.
So, (m,n) is an iso, or (4, B) is in Dy x &y, or (A, B) is in Dy x &;. Equivalently, by Proposition 6.11, (m, n)
is an iso, or (A, B) is in (D x &);. Therefore, (D, E) isin (D x )2 = D x £.

On the other hand, let (D, F) be in (D x &£)2. That is, for every monomorphism (m,n) : (4, B) — (D, E)
in DxE&, (m,n) is an iso or (A, B) is in (D x £);. Equivalently, by Proposition 6.11, (m,n) is an iso,
or (A,B) is in Dy x &y, or (A4,B) is in Dy x &;. We next prove that D is in D;. If every monic with
codomain D is an iso then D is in Dy and, therefore, in D;. So let m : A — D be a non-iso monic. Then
(m,id) : (A, E) — (D, E) is not an iso. Hence, (A, E) is in D; x &, or (A4, E) is in Dy x &;. In any case, A
is in Dy. Similarly, F is in &. O

The idea does not persist above (D x £); — D x € in an obvious way. Consider F x F as an example.
It follows from the results above that (F x F)g = Fy x Fy, that (F x F); is the union of the subcategories
Fl X FO and FO X Fl, and that (F X F)Q = Fl X Fl.

Proposition 6.13. The successor of (F x F)a — F x T is itself.
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Proof. We prove something more general. For any (M, N) in F x F, let Cps, v — F? be the full subcategory
consisting of the objects that appear as the domain of a monic into (M, N). We give a sufficient condition
for the successor of Cpr v to be itself. Let (M, N) be such that there are monos m:2 — M and n: 2 — N.
Consider the object (M + 1, N). It is easy to produce a monic (id,y) : (M +1,1) = (M + 1, N) which is
not an iso because y : 1 — N is not. Also, (M +1,1) is not in Cps n. So (M + 1, N) is not in the successor
of Car,n — F2. Similarly (M, N + 1) is not in that successor either. Moreover any object not in Cun — F?
is the codomain of an monic with domain (M + 1, N) or (M, N +1). So the successor of Cp;ny — F? is
itself. g

The concept of object with skeletal boundaries seems to have wider significance. As a minor additional
remark we calculate the objects on top of a conspicuous object in a small category without split-epi/mono
factorizations.

Example 6.14. Consider the category of finite trees as a full subcategory of that of posets. (There is an

obvious surjection
which does not have a section.) Consider the ideal of maps that factor through the tree T with two nodes,

and also the trees whose identities are on top of (the counit of the principal comonad determined by) that
ideal. Using Lemma 5.2 it is straightforward to check that the identities of the following two trees

NS

are indeed on top of the ideal. Any other tree with more nodes would contain one of the above as a subtree,
so the corresponding identity could not be on top of the ideal.
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