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RELATIVIZED UNIVERSAL ALGEBRA VIA
PARTIAL HORN LOGIC

YUTO KAWASE

ABSTRACT. Algebraic theories, sometimes called equational theories, are syntactic no-
tions given by finitary operations and equations, such as monoids, groups, and rings.
There is a well-known category-theoretic treatment of them that algebraic theories are
equivalent to finitary monads on Set. In this paper, using partial Horn theories, we
syntactically generalize such an equivalence to arbitrary locally presentable categories
from Set; the corresponding algebraic concepts relative to locally presentable categories
are called relative algebraic theories. Finally, we give a framework for universal algebra
relative to locally presentable categories by generalizing Birkhoff’s variety theorem.
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1. Introduction

Algebraic theories, also called equational theories, are algebraic concepts given by several
finitary operations and equations, which include monoids, groups, rings, etc. The first
unified investigation of algebraic theories was taken by Birkhoff [11], which marked the
beginning of universal algebra. There is an elegant category-theoretic treatment of alge-
braic theory due to Linton, who implicitly showed in his paper [25] that algebraic theories
correspond to finitary monads on Set, the category of sets. More precisely, we have an
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equivalence of categories
Th ~ Mnd(Set), (1)

where Th and Mnd;(Set) denote the categories of algebraic theories and finitary monads
on Set, respectively. It should be emphasized that the equivalence (1) preserves the
concept of models; that is, it commutes (up to natural isomorphism) with the functors
sending each algebraic theory to the category of its algebras and sending each finitary
monad to its Eilenberg-Moore category.

Analogy brings us to the relativization of algebraic concepts: we should regard a
finitary monad on a general category o/ as an algebraic theory relative to 7. Indeed, it
is well-known that finitary monads on Set”, the functor category from a discrete category
S to Set, correspond to S-sorted algebraic theories. Furthermore, the base category can
be generalized to an arbitrary locally presentable category rather than Set®, and there
are several general frameworks for algebraic theories based on such monads [23, 9, 14].
Some authors also described what the algebra for such extended algebraic theories is by
giving a practical presentation for monads [31, 26]. However, these presentations are not
so syntactic in the sense that neither logical terms nor logical formulas appear explicitly,
while Birkhoff’s classical universal algebra is built upon logical symbols. On the other
hand, in several special cases, there are more syntactic approaches. One of them is taken
in [16]: by giving “algebraic theories” relative to a category of models of relational Horn
theories in a syntactic way, the authors describe monads on that category. Another one
is taken in [1]: by giving “algebraic theories” relative to Pos, the category of posets, the
authors syntactically describe finitary monads on Pos.

We aim to give a framework for universal algebra relative to locally presentable cate-
gories by describing monads on an arbitrary locally presentable category by logical terms
and formulas. To do so, we will introduce relative algebraic theories, which are algebraic
concepts relative to locally presentable categories and will be a syntactic description of
such monads. In an ordinary algebraic theory, each operator w has a natural number
n called an arity. Here, w represents an (n-ary) operator taking n elements xy,...,z,
as input and receiving one element w(xy,...,z,) as output. In contrast, in our rela-
tive algebraic theory, each operator w has a logical formula p(z,...,x,) as its arity.
Then, w represents an n-ary partial operator that returns an output only if the formula
o(z1,...,z,) is satisfied. A toy example is the subtraction of natural numbers: z — y
is defined only if y < z holds; hence, the subtraction “—” on N is a binary partial op-
erator with an arity y < z. Furthermore, we treat not only ordinary finitary operators
but also infinitary operators. However, we assume that the arity of operators is uniformly
bounded by an infinite regular cardinal A. This restriction is intended to focus our interest
on accessible monads, i.e., monads preserving A-filtered colimits for some .

Our relative algebraic theories are based on partial Horn theories [29], which are
logical theories characterizing locally presentable categories; that is, a category is locally
presentable if and only if it is equivalent to the category of models of some partial Horn
theory. More precisely, for a partial Horn theory S, we will define S-relative \-ary algebraic
theories and show that they are equivalent to A-ary monads on PMod S, i.e., monads on
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the category of models of S that preserve A-filtered colimits. Consequently, we have an
equivalence of categories
Th} ~ Mnd,(PModS), (2)

where Th} and Mnd,(PMod S) denote the categories of S-relative A-ary algebraic theo-
ries and A-ary monads on PMod S. The equivalence (2) is one of our main results, which
subsumes the classical theory—monad equivalence (1). Since every locally presentable
category is written as PModS for some partial Horn theory S, we have characterized
monads on an arbitrary locally presentable category. In addition, this allows us to call
S-relative algebras .of-relative algebras to the extent that there is no confusion when an
arbitrary locally presentable category 7 is given and &/ ~ PMod S holds.

Although Freyd’s essentially algebraic theories also characterize locally presentable
categories, we use partial Horn theories rather than them since we want to treat relation
symbols explicitly, such as the order <.

Birkhoft’s variety theorem is one of the fundamental results in ordinary algebraic the-
ories, which characterizes equationally definable full subcategories via closure properties.
There is a many-sorted version (in our language, the Set”-relative version) of Birkhoff’s
theorem:

1.1. THEOREM. [7] Let (2, E) be a (many-sorted) algebraic theory, where ), E is the sets
of operators and equations. Then, a full subcategory & C Alg(Q, E) of the category of
algebras is definable by equations if and only if it s closed under:

e products,

e subobjects,

e quotients,

e filtered colimits.

Note that this theorem contains Birkhoft’s original one as the single-sorted case. In this
paper, we generalize the above theorem to our relative algebraic theories (Theorem 3.28).
This generalization is another main result, which subsumes not only Theorem 1.1 but also
Birkhoff’s theorem for quasi-varieties [5, 3.22 Theorem|. In this generalization, we will
replace subobjects with “Y-closed subobjects” and quotients with “U-retracts.”

The classical Birkhoff’s theorem (Theorem 1.1) does not depend on syntax because
quotients can be characterized by regular epimorphisms, and hence all the conditions of
Theorem 1.1 are purely category-theoretic. In contrast, our theorem depends on syntax
because the concept of “X-closed subobjects” depends on the choice of syntax for the base
category o/ (Example 3.27). This is a notable feature of our generalization of Birkhoff’s
theorem, and illuminates that our theorem is partial Horn theoretic rather than category-
theoretic.

Even though closure under filtered colimits is required in the many-sorted case (Theo-
rem 1.1) and our generalized one, it is not required in Birkhoff’s original one [11]. In other
words, closure under filtered colimits can be eliminated from the Set-relative case, which
is expressed by saying that filtered colimit elimination holds. It is known that filtered
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colimit elimination also holds in some other cases: finite-sorted algebras (Set"-relative al-
gebras) [7], ordered algebras (Pos-relative algebras) [12], metric algebras (Met.-relative
algebras) [19].

In this paper, we will give a sufficient condition on a locally presentable category
o/ for which filtered colimit elimination holds in o7-relative algebras. Our sufficient
condition on &7 looks like a noetherian condition: &7 has no strictly ascending sequence
(Definition 5.8), usually called the ascending chain condition (ACC). We will show that
if a locally presentable category o7 satisfies ACC, then filtered colimit elimination holds
in Birkhoft’s theorem for 7-relative algebras, which is our final main result.

OUTLINE. In Section 2, we introduce relative algebraic theories via partial Horn theories
with several examples. We also discuss morphisms of relative algebraic theories.

In Section 3, we introduce (dense, closed—mono)-factorization systems on locally pre-
sentable categories. Using such factorization systems, we show Birkhoft’s variety theorem
for partial Horn theories (Theorem 3.24) and give Birkhoff’s theorem for relative algebraic
theories (Theorem 3.28) as its corollary.

In Section 4, we discuss the relationship between our relative algebraic theories and
accessible monads on locally presentable categories. For a locally A-presentable category
</, we obtain an equivalence between the category of «7-relative A-ary algebraic theories
and the categories of A\-ary monads on ./ (Theorem 4.15).

Section 5 is devoted to filtered colimit elimination. We first introduce pure quotients,
which play an essential role in filtered colimit elimination. We next introduce the as-
cending chain condition for a category, which will be a sufficient condition for eliminating
closure under filtered colimits from Birkhoff’s theorem relative to that category (Theo-
rem 5.10).

SUMMARY. For convenience, we summarize the main contributions as follows:

e Introducing relative algebraic theories based on infinitary partial Horn theories, we
syntactically describe accessible monads on locally presentable categories (Theo-
rem 4.15).

e We show Birkhoft’s variety theorem for partial Horn theories (Theorem 3.24), which
can be applied to our relative algebras.

e We give a sufficient (and nearly necessary) condition for eliminating closure under
filtered colimits from Birkhoft’s variety theorem (Theorem 5.10), which subsumes
several cases: finite-sorted algebras, ordered algebras, metric algebras, etc.

1.2. REMARK. This paper is based on infinitary partial Horn logic, which is an infinitary
extension of (finitary) partial Horn logic [29]. Such infinitary extension has already been
considered by some authors [30, 34], but since there is no cohesive self-contained literature,
so we summarize it in Appendix A for convenience.
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1.3. REMARK. Almost all of the content of this paper is based on the author’s previous
papers [21, 22]. However, only the finitary case is considered in them. In this paper, we
generalize them to the infinitary case.

2. Infinitary relative algebraic theories

We now introduce relative algebraic theories based on infinitary partial Horn theories.
Since partial Horn theories can express arbitrary locally presentable categories as their
models, our relative algebraic theory is an algebraic concept relative to locally presentable
categories.

RELATIVE ALGEBRAS. We fix an S-sorted A-ary signature > and a A-ary partial Horn
theory S over X throughout this subsection.

2.1. DEFINITION.

(i) An S-relative (M-ary) signature Q is a set Q0 such that for each element w € Q, a
Horn formula .o over ¥ and a sort s € S are given. The Horn formula .p is
called an arity of w and written as ar(w). The sort s is called a sort of w and written
as sort(w).

(ii) Given an S-relative (A-ary) signature 2, each w € Q can be regarded as a function
symbol w: Micy S; — S if sort(w) = s and ar(w) is in the context (x;:8;)i<q. Denote
by ¥+ Q the S-sorted A-ary signature obtained by adding to % all w € Q in this
way. A A-ary Horn sequent ¢ —E— 1) over ¥ + Q is called an S-relative (M-ary)
judgment if ¢ is over X, i.e., if p contains no function symbol derived from ().

(11i) An S-relative (A-ary) algebraic theory is a pair (2, E) of an S-relative A-ary signa-
ture Q0 and a set E of S-relative A-ary judgments.

2.2. DEFINITION. Let Q) be an S-relative signature. An (-algebra A consists of:
e a partial S-model A,
o for each w € Q, a map [w],: [ar(w)], = Asort(w)-

An Q-algebra A can be regarded as a partial (X + €)-structure by considering [w], as
a partial map [[,_, As;, = Asort(w), Where ar(w) is in the context (2;:5;)i<o. Conversely, a
partial (3 + Q)-structure satisfying all sequents in S and the bisequent w(Z){ T ar(w)
for each w € Q) can be regarded as an {2-algebra.

2.3. DEFINITION. Let §2 be an S-relative signature. We say an Q-algebra A satisfies an
S-relative judgment if it is valid in the partial (X + Q)-structure A.
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2.4. NOTATION.

(i) Given an S-relative signature €2, we will denote by Alg (2 the category of Q-algebras
and (X 4 ©)-homomorphisms.

(ii) Given an S-relative algebraic theory (2, E'), we will denote by Alg(Q2, E) the full
subcategory of Alg (2 consisting of all algebras satisfying all S-relative judgments in
E. An Q-algebra belonging to Alg(f, E) is called an (2, E')-algebra.

2.5. DEFINITION. Let (2, E') be an S-relative algebraic theory. We define the A-ary partial
Horn theory T g over ¥ 4 Q associated with (2, E) as follows:

Top =S U {w(@)] —L 1 ar(w)}weq UE

Then, we have Alg(Q2, E) = PMod Tq g. In particular, Alg(Q2, E) is locally A-presentable.

EXAMPLES OF RELATIVE ALGEBRAIC THEORIES. We present several examples of relative
algebraic theories. The examples introduced here are classified into the finitary (Ry-ary)
case and the Nj-ary case.

THE FINITARY CASE.

2.6. EXAMPLE. [Small categories] The finitary partial Horn theory Squy for quivers is
given by:

Squiv =1{€,v},  Zquv = {s,t: e > v}, Squv ={T ﬂ s(OHI AL}

We define an S -relative finitary algebraic theory (2, E) as follows:

arity sort
Q- o (g.f:)s(g) =t(f) e
id (z0). T ¢
. T+ s(id(x)) = z A t(id(x)) = =, )

s(9) = t(f) L s(g 0 f) = s(f) Atlgo f) = t(g),

TLC foid(s(f) = A Td((S)) o f = f,
[ s(h) = t(g) A s(g) = (/) 9L (hogyo f=ho(gof))
Then, we have Alg(Q E) = Cat.
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2.7. EXAMPLE. [Monoid-graded rings] We first define the finitary partial Horn theory
Smgset for monoid-graded sets. Let S = {m,s}, where m represents “a monoid” and s
represents “a base set.” The S-sorted finitary signature X,g¢ consists of the following

function symbols:

d: s —m,

mOm—m, e:()—m.

The finitary partial Horn theory Syt consists of:

Tw(a-b)-c:a-(b-c), T am

T @5

S d(z)l, T“bmau, Q——

e-a=a/lNa-e=a.

A partial model for Sy, called a monoid-graded set, is simply a map from a set to a

monoid.

Now, we define an S,,4eet-relative finitary algebraic theory (€2, E) by the following:

arity sort,
1 (). T s
ry:s). T S
o5
— r:s. T S
+ (zy:s)d(x)=dy) s
T——d(l)=e, T~ d( ®y)— () - d(y):
T d0(a)) =a, T+ES_d(—x)=d(x);
d(z) = d(y) “E d(x + y) = d(2);
= d(y) Nd(y) = d(z) DL (w+y) +z =2+ (y + 2);
d( ) =dly) P rty=y+a;
T LS :L‘+0(d(x)):x/\x+(— ) =0(d(x));
TM(w@y)@z:x@)(y@z), TS Ir=zAz®1=ux;

Ld(x) = d(y) Y

,2:8

4+yY®z=@®2)+YR2)Az2® (z+vy) =

An (Q, E)-algebra is called a monoid-graded ring.

(z@z)+ (20Y))

2.8. ExXAMPLE. [Uniquely difference-ordered semirings| Let S,os be the partial Horn the-
ory for posets as in Example A.11. We define an S,qs-relative finitary algebraic theory

(Q, E) as follows:

arity sort,
0 (). T *
O 1 0. T *
+ (x,y). T *
. (x,y). T %
o (r,y)x<y =x*
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( TM($+9)+Z=x+(y+Z)/\(x-y)-szlf-(y-Z);
T ar+y=y+u;
T—2 O04+ao=aANl-z2=2Az-1=2AN0-2=0A2-0=0;

E:: x?y7z .
T%m-(y—l—z):x-y+z-z/\(:ﬁ~|—y)-z:x-z+y-z,
x<y Lot (yor) =y;
\ Tl s<etyn(z+y)or=y J

Then, an (€2, F)-algebra is precisely a uniquely difference-ordered semiring in [17].

2.9. EXAMPLE. [Partial Boolean algebras| The partial Horn theory S for reflexive
symmetric relations is given by:

Srsrel = {*}7 2rsrel = {® *[1 *}7 Srsrel = {T ¢ TO x, r© Yyr———-1y © l’}
We define an S,y -relative finitary algebraic theory (2, F) as follows:

arity sort
0.7
0.7
r. T
(,y)x Oy
(r,y)x Oy

> < 1 = O
* X X X ¥

( T2 — 200, z01; TOY—22x® y; )
Ty, YOz, 2@ r 222 5y, 2 r@(yVz), 2O (yAz);
Oy, Yoz, 20z 2P (x\/y)\/z:x\/(y\/z) (xANy)ANz=aN(yAz);
rOyYy—=—zNVy=yVze, cANy=yAuzx;
Oy (zAy)Ve=x zAyVa) =1
T2 _—aV0=z, 2Al=2, 2V-ax =1, Az =0;
TOY, YOz, 20r2LE (wAY)Vz=(zV2)A(zV 2);
L Oy, Yoz, 20z 2L (evy)Az=(xA2)V (yA2) J

In the above, we use the symbol (,) instead of A to avoid confusion. An (Q2, F)-algebra
is a Boolean algebra-like algebra whose conjunction and disjunction are partial, which is
called a partial Boolean algebra in [35]. There, the reflexive symmetric relation © is called
commeasurability.

THE INFINITARY CASE.
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2.10. EXAMPLE. [w-cpos] Let S,os be the partial Horn theory as in Example A.11. In
what follows, we regard S,.¢ as an Nj-ary partial Horn theory. We present an S, qs-relative
N;-ary algebraic theory (2, E) for w-cpos. Let Q = {sup} with

ar(sup) = (Zn)n<w- /\ Ty < Tpyp, sort(sup) =

n<w

The set E is defined by the following:

/\$n§$n+ nn<w /\anSUP( )

E = n<w n<w
N\ 0 < Tpa A /\%Sywsup(f) <y
n<w n<w

Then, an (2, E)-algebra is precisely an w-cpo, i.e., a poset where every w-chain has a
supremum.

2.11. EXAMPLE. [Generalized complete metric spaces| Let Sy be the Wi-ary partial
Horn theory as in Example A.13. We now present an S,,.;-relative Xi-ary algebraic theory
(2, E). Let Q = {lim"},, where u represents all weakly decreasing maps p: N — [0, 00)
converging to 0. The arity of lim* is

(g;n)n<w.</\ A R“(N)(xm,a:n)>.

NeNmmn>N

The set E contains the following S, -relative judgment

/\ /\ R“(N)(xm,xn)¢ /\ RN (g, lim* (7))

NeNmn>N NeN

for each p. We can consider the operator lim" assigns to each Cauchy sequence having the
modulus of convergence of type p, its limit. Thus, an (2, F)-algebra is precisely a gener-
alized metric space where every Cauchy sequence converges. This algebraic presentation
of Cauchy completeness is also discussed in [16, Example 4.8].

2.12. EXAMPLE. [Banach spaces] Let Syets be the Ry-ary partial Horn theory as in Exam-
ple A.15. We present an Syer-relative Ri-ary algebraic theory (2, E'). The Syet.-relative
N;-ary signature €2 consists of:

e for each pair of & € C and 7,7 € [0,00) such that |a|r < 7/, a total operator o/
with
ar(a ) = (zr). T, sort(al) ==r";

e for each pair of 7,7 € [0,00), a total operator + with

ar(—i—) = (:L’:T’)y:,r/)_—r’ SOI‘t(—i—) — +7,/;
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e for each pair of r € [0,00) and a weakly decreasing map p: N — [0, 00) converging
to 0, a partial operator lim/' with

ar(lim}) == (25:7)k<w- (/\ /\ RHN :cm,:cn)> ., sort(lim!) = r.

NeNmmn>N

The set E consists of the following S,cis-relative Ni-ary judgments:

T B 1 (2) = o (2); (3)
T B2 (gt (2) = (B2 (@); (4)
T 210 9%0 50 (@) (y) = s (ady) (1o < riyso < s1); (5)
T ’y% (zFy)+i (2) = 7 (2) Hy+2); (6)
T YT pdy = yta; (7)
T8 2 (0)Fa = 2 (2); (8)
T2 fn (e dy) = et (@) Faii(y)  (Jafre <r); (9)
T (a4 p)pi(e) = ap (o) 467 x)  (lalro <, |Blro < m); (10)

A A Rﬁ(N)(xm,xn)M N\ RN (@, lim*(Z)).

NeNmmn>N NeN

—~
—_
—_

~

The axioms (3) to (10) make an ({2, F)-algebra to be a complex normed space, and
the last axiom (11) requires that every Cauchy sequence converges. Thus, there is an
equivalence Alg(S2, F) ~ Ban, where Ban is the category of (complex) Banach spaces
and contractions. According to Corollary 4.16, which will be proved later, it follows that
Ban is N;-ary monadic over Met,, the category of pointed metric spaces and contractions.
A similar statement about monadicity appears in [32, Theorem 3.2].

MORPHISMS BETWEEN RELATIVE ALGEBRAIC THEORIES. We now introduce morphisms
of relative algebraic theories and define the category Th§ of S-relative A-ary algebraic
theories, which will turn out to be equivalent to the category of A-ary monads on PMod S
later in Section 4. In this subsection, we fix an S-sorted A-ary signature > and a A-ary
partial Horn theory S over Y again.

2.13. DEFINITION. Let (Q, FE) and (€, E') be S-relative A-ary algebraic theories.

(i) A (M-ary) theory morphism p: (2, E) — (', E’) is an assignment to each operator
w € Q a Toy gr-term w? of sort Sort( ) generated by ar(w) satisfying that for every

(p—L—) € B, Toy pr b (@ —E—4P) holds. Here, Y is the p-translation, which
15 constructed by replacing all symbols that 1 includes by p.

(ii) Letp,o: (2, E) — (¥, E') be theory morphisms. We say that p and o are equivalent
and write p ~ o if T g b (@ —E— wP = w?) holds for every w € Q with ar(w) =
Z.p.
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(iii) Let p: (U, E) — (U, E') be a theory morphism. Given an algebra A € Alg(Y, E'),
an algebra A € Alg(Q), E) is defined by [w],, = [w’], for eachw € Q2. Then, there
exists a unique functor Algp: Alg(QV, E') — Alg($2, E) such that A — AP and the
following diagram

Algp

Alg(Q, E) Alg (Y, E)

PModS

commutes. Here, U and U’ are forgetful functors.

2.14. REMARK. A theory morphism between relative algebraic theories is a special case
of theory morphisms between partial Horn theories defined in Definition A.40. Indeed,
a theory morphism p: (Q, E) — (', E’) is simply a theory morphism p: Tq g — To g
which moves no sort and no symbol in .

2.15. REMARK. Let p,0: (2, E) — (', E’) be theory morphisms. Then, Algp = Algo
if and only if p ~ 0.

2.16. DEFINITION.

(i) We now define the category Th§ of S-relative A-ary algebraic theories: Th§ is the
category whose objects are S-relative A-ary algebraic theories and whose morphism
from (Q, E) to (Y, E’) is an equivalence class [p] of a A-ary theory morphism p.
Given two morphisms [p]: (Q, E) — (Y, E') and [o]: (U, E") — (Q",E"), their
composite is an equivalence class of the theory morphism o o p which assigns to
w €, the Ty gr-term (w”)?. The identity morphism is an equivalence class of the
wdentity theory morphism p such that w” = w.

(ii) We can define the functor Alg: Thy — (CAT/PModS)° by
(2, E) = Alg(2, E),  [p] = Algp,

where CAT is the category of (not necessarily small) categories and CAT/PMod S
1s the slice category. This functor is well-defined by Remark 2.15.

2.17. THEOREM. The functor Alg: Th} — (CAT/PModS)® is fully faithful.

PrOOF. By Remark 2.15, the functor Alg is faithful. To prove fullness, take an arbi-
trary functor K: Alg(Y, E') — Alg(Q, E') which commutes with forgetful functors. Let
w € Q with ar(w) = (24:8;)i<a-¢ and sort(w) = s and let A = (f.g0>TQ/’E, € Alg(Y, E)
and A = U'A. Considering the interpretation [w],,: [Z.¢], — As, we get an equiv-
alence class [w] g, ([#]r,, ) € As of a Tor p-term of sort s generated by . from the
construction of <f"P>1rﬂ,,E, in Definition A.28. We now define w” as a representative of the

class [w] g p ([7r,, ) € As.
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We now show that the interpretation maps [w] g, [w’]g: [Z.¢]lz — Bs coincide for
every B € Alg(QY,E’). Write B := U'B. Then, for every morphism f: A — B in
Alg (€Y, E'), the following diagram is pairwise commutative:

. [[WHK
Hi<a Asi 2 [[l' QD]]A 7] As
| W s .
HKa(U'f)sil 2 l(rms in Set (12)
_)4, [w] ke,
[Lica Bs: 2 [Z4lp ﬁi B,
wWolp

By the definition of w”, we have [w],, = [w”],. By Alg(Y, E')(A,B) = [Z.¢] 5, we see
that every element of [7.¢] lies in the image of [Z.¢]; ; for some f. Thus, (12) implies
[w]ke = [oTs-

Consequently, we have B? = KB € Alg(Q, E) for every B € Alg({Y, E’); hence for
every (p —Z— ¢) € E, To e F (¢ T 4P) is satisfied. Now, this yields a theory
morphism p: (Q, E) — (€, E') such that K = Alg p. n

3. Birkhoft’s variety theorem

Our goal is to prove Birkhoff’s variety theorem for partial Horn theories (Theorem 3.24),
which can be applied to our relative algebraic theories.

PRESENTABLE PROPER FACTORIZATION SYSTEMS. We recall the definition of an orthog-
onal factorization system, which plays an important role in subsequent subsections.

3.1. DEFINITION. Let € be a category.

(i) Given morphisms e and m in €, we write e L m if for any commutative square
ve = mu there exists a unique diagonal filler making both triangles commute:

(ii) Given a class of morphisms A, denote by 1(A) and r(A) the classes

I(A) ={e|eLm forallme A}
r(A)={m|e L m foralle e A}.

(i1i) An orthogonal factorization system on € is a pair (E, M) of classes of morphisms
in € that satisfies the following conditions:

e E and M are closed under composition and contain all isomorphisms in € ;
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e Fvery morphism f in € has a factorization f = me with e € E and m € M;
e E | M holds, i.e., for any e € E and m € M, e L m holds.

Given an orthogonal factorization system (E, M), we have E = 1(M) and M = r(E).
These can be verified straightforwardly.

(iv) A proper factorization system is an orthogonal factorization system (E, M) such that
every morphism in E is an epimorphism and every morphism in M is a monomor-
phism.

We now recall the orthogonal version of the small object argument on locally pre-
sentable categories.

3.2. THEOREM. Let A be a set of morphisms in a locally presentable category <f . Then,
(1Ir(A),r(A)) is an orthogonal factorization system on < .

PROOF. See, for example, [15, 2.2 Theorem)]. n

3.3. NOTATION. Given a class of morphisms A, denote by A, the essentially small class
Ay ={f € A|dom f,cod f are A-presentable}.

3.4. LEMMA. Let </ be a locally \-presentable category. Denote by Ret the class of all
retractions in </ and by Mono the class of all monomorphisms in <. Then, r(Ret)) =
Mono holds.

PROOF. In general, a morphism f is monic if and only if Vx L f holds for every object
X, where Vx: X + X — X denotes the codiagonal morphism. This equivalence still
holds if we restrict the codiagonals to those of all A-presentable objects, because the class
of all Ad-presentable objects forms a generator in any locally A-presentable category. This
shows r(Ret,) C Mono, and the converse inclusion is immediate. n

3.5. DEFINITION. Let M be a class of monomorphisms. A morphism f: X — Y is M-
extremal if f factors through no proper M-subobject of Y, i.e., if f has a factorization
f =mg with m € M, then m is an isomorphism.

3.6. LEMMA. Let € be a category with pullbacks. Let M be a class of monomorphisms
in € which is closed under pullbacks, i.e., for every pullback square

. —_—
| .
m,l m nE,
_

m € M implies m" € M. Then, the class (M) coincides with the class of all M-extremal
morphisms in € .

PRrROOF. The proof is straightforward. m
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The following definition is due to [18].

3.7. DEFINITION. An orthogonal factorization system (E, M) is A-presentable if r(E,) C
M.

3.8. THEOREM. Let o be a locally \-presentable category. Let A be a class of epimor-
phisms between \-presentable objects in o7 . Consider the following two classes of mor-
phisms in of .

e M: the class of all monomorphisms in </ belonging to r(A),

o E: the class of all M-extremal morphisms in <7 .

Then (E, M) is a A-presentable proper factorization system. Conversely, every A-presentable
proper factorization system on &7 is constructed from some A in this way.

PRrROOF. Define A* := Ret, UA. Since A* is essentially small, Theorem 3.2 shows that
(Ir(A%), r(A7))

is a A-presentable orthogonal factorization system on .«/. Lemma 3.4 implies r(A*) = M,
and Lemma 3.6 implies Ir(A*) = E.
Since every morphism in A is an epimorphism, the class M has the following property:

gf eM = feM,

which is equivalent to that every morphism in E is an epimorphism [3, 14.11].
Conversely, if we are given an arbitrary A-presentable proper factorization system
(E,M) on 7, take A := E,. Then, the construction above recovers (E, M). =

The proof of the following is essentially the same as [2, Theorem 2.10]. Hence, we
omit the proof.

3.9. THEOREM. Let (E, M) be a A-presentable proper factorization system on a locally \-
presentable category </ . Then every morphism f: A — X in E with A\-presentable domain
A is a A\-filtered colimit (in A/ ) of morphisms in E with A-presentable codomain.

CLOSED MONOMORPHISMS. In this subsection, we introduce a (dense, closed-mono)-
factorization system on PMod T for each partial Horn theory T. It should be emphasized
that the notion of (dense, closed—mono) strongly depends on the syntax T (Example 3.13).
Indeed, T-closedness may differ from T’-closedness even if PMod T ~ PMod T’, and the
same holds for density.

3.10. REMARK. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
Y. Then, for every morphism hA: A — B in PMod T, the following are equivalent:

(i) h is a monomorphism in PMod T,
(ii) hs: Ay — By is injective for every sort s € S.

Thus, a subobject in PMod T is just a submodel.
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3.11. DEFINITION. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
X,

(i) A monomorphism A — B in PModT is called T-closed (or Y-closed) if the fol-
lowing diagrams form pullback squares for any f, R € X.

Dom([f]4) < Ili<a As, [R]4 — Tlica 4
| ! ! !
Dom([f]z) = [lica Bs [Rlp — Ilica Bs:

(i) A morphism h: A — B in PModT is called T-dense (or Y-dense) if h factors
through no T-closed proper subobject of B.

T-closed monomorphisms are the so-called embeddings in model theory and play an
important role in our generalized Birkhoff theorem.

3.12. REMARK. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
.

(i) T-closedness of a submodel A C B in PMod T is equivalent to saying that given a
family @ of elements of A, if [f] 5(@) is defined for a function symbol f, then [f] ,(a)
is also defined, and if @ € [R] 5 holds for a relation symbol R, then @ € [R], also
holds.

(ii) Let C' C B be a subobject of B € PMod T in Set®. Denote by A the S-sorted
set of all elements of B which can be written as [Z.7] 3(¢) by a family ¢ of elements
of C' and a term 7 over X. Then the Y-structure of B induces a Y-structure on A,

which makes A the smallest T-closed submodel of B containing C'. This submodel
A is called the T-closed submodel of B generated by C.

(iii) A morphism h: A — B in PMod T is T-dense if and only if the T-closed submodel
generated by the image of h coincides with B.

3.13. EXAMPLE.

(i) Let us define an ordinary finitary partial Horn theory Ty,o, (over 3,0,) for monoids
as follows:

S = {*}, Ymon={e: () =% kx> %},
T e, T&x-yi,
Toon = T2 (y) 2= (y- 2),
T2 _z-e=xNe-z=1x
We have PMod T,,,, = Mon, where Mon is the category of monoids. Then a

Tmon-closed subobject is just a submonoid, and a T,.,-dense morphism is just a
surjective homomorphism.
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(ii) Let us define another finitary partial Horn theory T, (over ¥/ ) for monoids as

follows:
S = {*}a lemon = Yimon + {'_1: * = *}a
N Z sl r=eArx-z =,
T/rnon = Tm0H+ T,y 1
y-r=eANxr-y=e——x =1y

A T/ ,-model is just a monoid with the partial inverse function, and we also have

PMod T, , = Mon. Then a submonoid N C Z is not T/ -closed even though it

is Ton-closed. Therefore closedness of monomorphisms depends on T.

3.14. THEOREM. Let T be a A-ary partial Horn theory over an S-sorted \-ary signature
.. Then, the pair of the class of all T-dense morphisms and the class of all T-closed
monomorphisms becomes a A-presentable proper factorization system on PModT.

PROOF. Denote by A the class of morphisms in PMod T consisting of the following;:

e A morphism (Z.T)} % (@.f(2)])y for each function symbol f € X,

e A morphism (Z.T)p % (Z.R(Z)) for each relation symbol R € X.
Then T-closedness of a monomorphism m is equivalent to whether m belongs to r(A).
Since A is a small class of epimorphisms between \-presentable objects, the statement
follows from Theorem 3.8. ]

3.15. PROPOSITION. Let S be a \-ary partial Horn theory over an S-sorted A-ary sig-
nature Y. Let (Q, E) be an S-relative A-ary algebraic theory with the forgetful functor
U: Alg(Q), E) — PModS. Then, the following hold:

(1) A morphism f in Alg(Q, E) is Tq, g-closed mono if and only if U f is S-closed mono.
(i1) A morphism f in Alg(Q, E) is Tq g-dense if U f is S-dense.

Here, Tq g s the partial Horn theory as in Definition 2.5.

PROOF. Since the domain of every partial operator in €2 is determined by a Horn formula
over X, Tq g-closedness is equivalent to S-closedness, hence (i) follows. To show (ii), take
a morphism f in Alg(Q, F) such that Uf is S-dense. By Theorem 3.14, we can take a
factorization f = me such that e is Tq g-dense and m is Tq g-closed mono. By (i), Um
is S-closed mono but U f is S-dense, hence Um becomes an isomorphism. One can prove
that the forgetful functor U is conservative by the definition of relative algebraic theories.
Therefore, m is an isomorphism, which proves (ii). n
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3.16. REMARK. Unlike in the case of closed monomorphisms, the converse of Proposi-
tion 3.15(ii) fails. To present a counterexample, let us consider the Sy -relative finitary
algebraic theory (92, E) of Example 2.6. Let XN be the category obtained by regarding
the additive monoid N as a single object category. Let 2 := {0 < 1} and let ¢: 2 — XN
be the functor choosing an endomorphism 1 in XN. Then, ¢ is dense as a morphism of
small categories but not as a morphism of quivers. More seriously, ¢ is not even epi as a
morphism of quivers.

3.17. LEMMA. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature 3.
Then, every T-dense morphism between A-presentable objects has the following expression:

(7)p T (7

PRrooOF. By Corollary A.31, a morphism between A\-presentable objects has the following
expression:
- (T)r

(Z.p)p —= (T), (13)

where 7. and y.¢) are Horn formulas over ¥ with ¥ = (z;);<, and ¥ = (y;)j<p. Suppose
the morphism (13) is T-dense. By Remark 3.12(iii), for each j < 3, we can take a term
Z.0; satisfying [y;|r = [0;(T/Z)|r in (¥.4)q, i.e., the following is a PHL)-theorem of T:

—

vy = 0, (7/ ).
Denote by Z.x the following Horn formula:
Ty = ﬁ(wwmAA%:mwmAA@Q.
<o i<B

By virtue of the completeness theorem (Theorem A.29), it is easy to check that the
following are PHL-theorems of T:

vl Ans oL (@) (14)
X —E— /\ﬁ%’% X —E— (3/9); (15)
ng@w:@ﬁﬁ% x = N\ =7(3/9); (16)
J X —E— . (17)

an emng ar-theorems o implies the well-definedness of the lollowing
15 d (14) being PHLy-th f T impli h 1l-defined f the followi
morphisms:
(T)r
- — o
(T.X) 7 W (GA)r (18)
9t
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Since (16) are PHLy-theorems of T, two morphisms in (18) are inverses of each other. (17)

(@)

yields a morphism (Z.¢); —— (Z.X)r, and we have the following commutative diagram:

> (T.o)p -
VRN

(@ )T

|z

all

)T
This completes the proof. [

BIRKHOFF’S VARIETY THEOREM FOR PARTIAL HORN THEORIES. We now generalize
Birkhoft’s variety theorem to partial Horn theories.

3.18. DEFINITION. A full subcategory & C € is replete if X € & whenever X 2Y in €
and Y € &.

3.19. PROPOSITION. Let o/ be a locally presentable category with a proper factorization
system (E,M). For any replete full subcategory & C of , the following are equivalent:

(i) & C of is E-reflective.
(i) & C of is closed under products and M-subobjects.

PROOF. Since every locally presentable category is co-wellpowered (see [5, 1.58 Theorem]),
this follows from [3, 16.8]. =

We omit the proof of the following well-known fact:

3.20. LEMMA. Let € be a category with \-filtered colimits and let A C mor%é be a class of
epimorphisms with A\-presentable domain. Then, the orthogonality class A+ C € is closed
under \-filtered colimits.

3.21. DEFINITION. Let p: (S,%,S) — (5", X, T) be a A-ary theory morphism between \-
ary partial Horn theories. A p-relative (A-ary) judgment is a A-ary Horn sequent o 2P
W, where T.¢ is a Horn formula over ¥ and ¥°.4) is a Horn formula over .

3.22. REMARK. p-relative judgments generalize the concept of S-relative judgments as
in Definition 2.1(ii). Indeed, for an S-relative algebraic theory (€2, E'), we can define the
associated theory morphism p: S — Tq g as the inclusion. Then, an S-relative judgment
is the same as a p-relative judgment.

3.23. DEFINITION. Let U: € — o be a functor. A morphism f in € is a U-retraction
if Uf is a retraction, i.e., there exists a morphism s in < such that (U f)os =1id. Given
a U-retraction f: X =Y, Y 1is called a U-retract of X.

We can now formulate our main result. To the author’s knowledge, the following
theorem is a new result and not known in any kind of logic equivalent to partial Horn logic
because the theorem strongly depends on the syntax of partial Horn logic, as mentioned
in Example 3.27 later.
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3.24. THEOREM. [Birkhoff-type theorem for partial Horn theories I Let p: S — T be a
theory morphism between A-ary partial Horn theories. Then, for every replete full subcat-
eqgory & C PMod T, the following are equivalent:

(i) & is definable by p-relative \-ary judgments, i.e., there exists a set T of p-relative
A-ary judgments satisfying & = PMod(T + T").

(i1) & is a small-orthogonality class with respect to a family of T-dense morphisms
A={F(T;) —9 A}ies
such that all T'; are A-presentable in PMod S.

(i1i)) & C PMod T is closed under products, T-closed subobjects, UP-retracts, and \-
filtered colimits.

PROOF. [(i) = (ii)] Consider the adjunction of Theorem A.42:

FP
PModS | | PModT (19)
<—

ur

=p
Let TV = {¢? i Y; }ier- By the construction of F” in Theorem A.42, we can con-
sider FP(Z;.p;)s = (Z.¢7)7. By Proposition A.38, PMod(T + T") € PModT is an
orthogonality class with respect to the following class of morphisms:

p/= <ff>11‘ 2P P
N ={ F/Z.0i)g = (Z0.00 Nbi)p tier.

By Remark 3.12(iii), it follows that all (z%), are T-dense; hence (ii) holds.

[(ii) == (i)] For each ¢ € I, choose a Horn formula 7;.¢; satisfying I'; = (Z;.¢;)s. By
Theorem 3.9, ¢; € F*(I';)/ PMod T can be presented as the following A-filtered colimit
(9)

of T-dense morphisms e;”” whose codomain is A-presentable:

¢; = Colime!”) in F?(T';)/ PModT.

%
J

(

By Lemma 3.17, each eij ) has the following presentation:

—»p )
T
Orthogonality to all el(j ) is equivalent to orthogonality to all e;. Thus, taking

o)
T = { ¢! —— " }ij,

we have PMod(T + T') = A+ = &.
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[(ii) = (iii)] Orthogonality classes are in general closed under products. Since U” pre-
serves \-filtered colimits, F* preserves A-presentable objects. Thus, & = A+ C PMod T
is closed under A-filtered colimits by Lemma 3.20. In the following, we show that it is
also closed under T-closed subobjects and U”-retracts.

We first show that A C PMod T is closed under T-closed subobjects. Let m: M —
N be a T-closed monomorphism in PMod T, and assume N € A+. Take a morphism
f: FP(I';) — M arbitrarily. By N € A*, there exists a unique morphism g: A; — N
which makes the following diagram

Fr(l) —— M
€; m (2())
AZ ____Eliq____> N

commute in PMod T. Since e; is T-dense, Theorem 3.14 ensures the unique existence of
a diagonal filler for (20). This proves that M belongs to A+.

We next show that A* € PModT is closed under Uf-retracts. Let p: M — N in
PMod T be a UP-retraction and assume M € At. To prove N € A+, take a morphism
f: FP(I';) — N. Consider the morphism f°: I'; — U’N corresponding to f by the
adjunction F? -4 UP. Since UPp is a retraction, there exists a morphism ¢: I'; — UM
satisfying (U?p)g = f°. Consider the morphism g*: F*(T;) — M corresponding to g by
Fr 4 UP. Since M € At, there exists a unique h: A, — M such that he; = ¢*. Then
phe; = pg* = f holds. Moreover, such ph is unique since e; is an epimorphism. Therefore,
N is orthogonal to e; (Vi € I).

#
T, N S 7Y Fr(Ty) — s M
I 7
vep in PModS \ p in PModT
£ N
UPN A, N

[(iii) = (ii)] In what follows, let & := PModS. Since & C PMod T is closed under
products and T-closed subobjects, Proposition 3.19 claims that the adjoint

PModT L &
<—3

exists, and the component of its unit e at M
M M rM in PMod T
is T-dense. Consider the following classes of morphisms in PMod T:
A= {FPA A v FPAY pen,,

A = {FPX S5 v PP X Ve,
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Here, 47\, denotes the full subcategory of <7 consisting of all A-presentable objects. Every
X € &/ can be presented as a Afiltered colimit X = C(I)liﬂm X7 in which X; are M-
S

presentable. Since & C PModT is closed under M-filtered colimits, epox = C?I}Im errx,;
€

is a A-filtered colimit in the arrow category (PMod T)~. Thus, A+ = A** holds.

Take an object M € PMod T satisfying M € A**. Let ¢ denote the counit of the
adjunction (19). By epopo(ary € A*, there exists a unique morphism p which makes the
following diagram

FrUr(M) —2— M

Pt
-
-
-
-
-

-
-7 3p
.
.
.
.

rFPUP(M)

EFPUP (M)

commute in PMod T. Since U”e), is a retraction, UPp is also a retraction, which implies
that p is a UP-retraction. Since & C PMod T is closed under U”-retracts, we have M € &.
By the above argument, we have A+ = &. [

The above theorem has several useful corollaries. We obtain the first corollary by
taking p as the trivial one (5,2, @) — (5, %, T):

3.25. COROLLARY. Let T be a \-ary partial Horn theory over . Then, for every replete
full subcategory & C PMod T, the following are equivalent:

(i) & is definable by A-ary Horn formulas, i.e., there exists a set E of A-ary Horn
formulas over ¥ satisfying & = PMod(T + T'), where T" := {T —X— ¢}z oep.

(ii) & C PModT is closed under products, ¥-closed subobjects, surjections, and A-
filtered colimits.

Taking p as the identity T — T, we obtain the second corollary:

3.26. COROLLARY. Let T be a A-ary partial Horn theory over . Then, for every replete
full subcategory & C PMod T, the following are equivalent:

(i) & is definable by \-ary Horn sequents, i.e., there exists a set T' of A-ary Horn
sequents over X satisfying & = PMod(T + T’).

(ii) & C PMod T is closed under products, ¥-closed subobjects, and A-filtered colimits.

PROOF. Since every split monomorphism is Y-closed, being closed under ¥-closed subob-
jects implies being closed under retracts. Thus, this follows from Theorem 3.24. [
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3.27. EXAMPLE. Given a replete full subcategory & of a locally presentable category
o/, whether & C o/ is definable by Horn sequents depends on the choice of a partial
Horn theory T for «7. For example, let </ := Mon be the category of monoids and let
& = Grp be the category of groups, and consider the finitary partial Horn theories T\,on
and T/ . as in Example 3.13. Then Grp C PMod T/, is definable by the following

Horn sequent:
T—2 271

On the other hand, Grp € PMod T,,,, cannot be definable by Horn sequents, because
N is a T,,on-closed subobject of Z and not a group even though 7Z is a group.

Taking p as a “relative algebraic theory,” we get the following theorem. This theorem
is a generalization of Birkhoft’s variety theorem from classical algebraic theories to our
relative algebraic theories.

3.28. THEOREM. [Birkhoff-type theorem for relative algebraic theories I] Let S be a A-ary

partial Horn theory over an S-sorted A-ary signature ¥2. Let (2, E) be an S-relative \-ary
algebraic theory with the forgetful functor U: Alg(Q), E) — PModS. Then, for every
replete full subcategory & C Alg(Q), E), the following are equivalent:

(i) & is definable by S-relative A-ary judgments, i.e., there exists a set E' of S-relative
A-ary judgments satisfying & = Alg(Q, E + E').

(ii)) & C Alg(Q, E) is closed under products, ¥-closed subobjects, U-retracts, and \-
filtered colimits.

PROOF. Let Tq g be the partial Horn theory as in Definition 2.5 and consider the extension
p: (9,%5,S) = (S,2+Q,Tqg). Then, the forgetful functor U coincides with U”. Since the
domain of every operator in €2 is determined by a Horn formula over 3, (X +€2)-closedness
is equivalent to Y-closedness. Thus, we have proved this theorem by Theorem 3.24. [

We also obtain two arity-free versions of Theorem 3.24: bounded one (Corollary 3.29)
and unbounded one (Corollary 3.30). Under Vopénka’s principle, these two versions co-
incide.

3.29. COROLLARY. Let p: S — T be a theory morphism between \-ary partial Horn the-
ories. Then, for every replete full subcategory & C PMod T, the following are equivalent:

(i) & is definable by p-relative p-ary judgments for some infinite reqular cardinal 1 > .

(i) & is a small-orthogonality class with respect to a family of T-dense morphisms

A= {Fp(ri) L Ai}ie[-

(i) & € PModT is closed under products, T-closed subobjects, UP-retracts, and -
filtered colimits for some infinite reqular cardinal p > \.
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3.30. COROLLARY. Let p: S — T be a theory morphism between \-ary partial Horn the-
ories. Then, for every replete full subcategory & C PMod T, the following are equivalent:

(i) & is definable by a (not necessarily small) family of p-relative judgments.

(ii) & is an orthogonality class with respect to a (not necessarily small) family of T-dense
morphisms

A =A{FP(I) e Ailier.
(i) & C PModT is closed under products, T-closed subobjects, and UP-retracts.

PROOF. The proof is essentially the same as Theorem 3.24. n

3.31. REMARK. The unbounded Birkhoff theorem (Corollary 3.30) also follows from a
related result [28, Theorem 3.16] if U” is conservative, which includes the case that p is
a “relative algebraic theory.” To apply the framework [28], let @4 = &/ = PMod T,
and let (&, .#) be the orthogonal factorization system on o/ of T-dense morphisms and
T-closed monomorphisms, A be the class of all (small) cardinal numbers, and 2" be the
class of all free algebras F”(X). Then, the class of morphisms &y as in [28] coincides
with the class of T-dense U”-retractions.

We now need the fact that, if U” is conservative, U”-retractions are strong epi, hence T-
dense. To show this, let ¢ be a U?-retraction. Since every locally presentable category has
(strong epi, mono)-factorization system [5, 1.61 Proposition], we can take a factorization
q = me such that e is strong epi and m is mono. Then, Um is also mono since U is a right
adjoint. Since Uq is a retraction, Um must be an isomorphism. Thus, if U is conservative,
m is also an isomorphism, which shows that ¢ is a strong epimorphism.

As a result, & coincides with the class of all UP-retractions, and we can verify all as-
sumptions required in [28]. Then, the notion of varieties considered in [28] coincides with
ours, and the equivalence between Corollary 3.30(ii) and (iii) follows from [28, Theorem
3.16] directly.

4. A syntactic description of accessible monads

Our next goal is to establish an equivalence between our relative algebraic theories and
accessible monads (Theorem 4.15). We split its proof into two directions: from relative
algebraic theories to monads, and from monads to relative algebraic theories. In the latter
direction, Birkhoff’s theorem for relative algebras (Theorem 3.28) plays a crucial role.

FROM RELATIVE ALGEBRAIC THEORIES TO MONADS. Throughout this subsection, we fix
an S-sorted A-ary signature ¥ and a A-ary partial Horn theory S over 3. We now prove
that every S-relative A\-ary algebraic theory yields a A-ary monad on PModS.



RELATIVIZED UNIVERSAL ALGEBRA VIA PARTIAL HORN LOGIC 683

4.1. DEFINITION. Let A be an infinite reqular cardinal. A functor (or monad) is called
A-ary or A-accessible if it preserves A-filtered colimits.

Our goal in this subsection is to prove that the category of models of an S-relative
A-ary algebraic theory is (strictly) A-ary monadic over PModS. This is one direction of
our main theorem (Theorem 4.15).

4.2. NOTATION. Given an endofunctor H: € — %, we will denote by Alg H the inserter
from H to Idg, i.e., Alg H is the category whose objects are pairs (X, x) consisting of:

e an object X € ¥ and

e a morphism H(X) % X in &,

and whose morphisms f: (X,z) — (Y,y) are given by a morphism X L Y in € such
that the following diagram

HX) 2 gy

x ly
commutes in €.

4.3. DEFINITION. Let €2 be an S-relative A-ary signature. We now define a \-ary endo-
functor Hg: PModS — PModS by the following:

Ho(A) = ] [ar(w)], - {wsort(w). T)g.

wel
Here, [ar(w)] 4 - (z:sort(w). T)g is the copower of (x:sort(w).T)g by the set [ar(w)] 4.

4.4. LEMMA. For every S-relative A-ary signature €, there exists an isomorphism of
categories Alg Hg = Alg Q) that commutes with the forgetful functors.

ProOOF. For each A € PMod S, the following data correspond bijectively:
Ho(A) —— A in PModS
lar(w)] 4 - (zsort(w). T)g —— A in PModS (w € Q)
lar(w)] , —— PMod S({(z:sort(w).T)g, A) in Set (w e Q)

[[ar(w)]]A I Asort(w) in Set ((JJ € Q)

This gives a desired isomorphism of categories. [
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4.5. REMARK. Let (€, F) be an S-relative A-ary algebraic theory and let .7 := PModS.
By Lemma 4.4, we have a left adjoint F to the forgetful functor U (See [4, 2.11]):

F
o 1 " AlgQ.
U

Note that U is strictly monadic (see [3, 20.57]) and that U preserves A-filtered colimits.
Let E = {g; i Y }ier. Since

Alg Q(F(T;.p5)g, A) = o ((T5-0i)g, UA) = [Ti.0i]l yp = [Ti-ill

holds naturally, we can assume F(Z;.p;)s = (Z.0;) in Alg Q. Here, (Z;.¢;) is the abbrevi-
ation for (Zj.¢;)y, _, where To g is the partial Horn theory for Alg (2 as in Definition 2.5.
By Proposition A.’38, Alg(Q, E) C AlgQ is the full subcategory of objects orthogonal to
the following:

A = { F(Zi.0i)g g (Tii) tier-
Since every small-orthogonality class of a locally presentable category is reflective ([13,
Theorem 5.4.7]), we get the following adjunction:

T

% . L
AlgQ | | Alg(Q,E) (= AY).

4.6. THEOREM. Let (Q, E) be an S-relative \-ary algebraic theory. Then, Alg(S), E) is
a strictly A\-ary monadic category over PModS.

Proor. We follow the notation used in Remark 4.5. We have the following adjunctions:

F r

—_ —
o # Alg§ L Alg(Q, E)

and Ut preserves M-filtered colimits. To prove that U: is monadic, we use Beck’s strict
monadicity theorem ([27] VI.7 Theorem 1). We claim that Alg(Q2, £) C Alg is closed
under U-split coequalizers; hence U strictly creates U-split coequalizers. Indeed, given a
U-split coequalizer:
f
A—>g (B —1— C inAlgQ

with A, B € Alg(2, F), Uq is a retraction and thus ¢ is a U-retraction. By Theorem 3.28,
Alg(Q, FE) C AlgQ is closed under U-retracts, which shows that C € Alg(Q2, E). n



RELATIVIZED UNIVERSAL ALGEBRA VIA PARTIAL HORN LOGIC 685

FROM MONADS TO RELATIVE ALGEBRAIC THEORIES. We now prove that every A-ary
monad on a locally A-presentable category arises from a relative A-ary algebraic theory.
This is a converse of the result in the previous subsection. In this subsection, we fix an
S-sorted A-ary signature > and a A-ary partial Horn theory S over Y again.

4.7. DEFINITION. Let T be a A\-ary monad on PModS. We now define an S-relative \-
ary signature Qr for the A\-ary monad T': For each Horn formula . over 3 and each sort
s € S, we have a set (T(Z.p)s)s. We regard each element w € (T(Z.¢)s)s as an operator
with ar(w) == Z.¢ and sort(w) = s, and define Qr to be the set of all such operators:

= [ @@,

Horn formula Z.¢ over &
sort s€S

4.8. DEFINITION. Let T be a A-ary monad on &/ := PModS. We now define a natural
transformation ar: Hq, = T, where Hq, is the A-ary endofunctor for Qp as in Defi-
nition 4.3. In what follows, we regard each w € Qp as a morphism (x:sort(w).T)g —
T(ar(w))g in o/ by Proposition A.30. First, for each A € o/ and w € Qp, we have the
following map:

[ar(w)] , = o/ ((ar(w))g, A) 2 f = (Tf)ow € o ((w:sort(w). T)g, T'A)

Then, the following bijective correspondence yields a natural transformation a: Ho, = T':

lar(w)] 4, —— o/ ({(x:sort(w). T)g, TA) in Set (w e Q)

lar(w)] 4 - (zsort(w). T)g —— TA ino/ (weQr)

Ho(A) 2N TA in of

4.9. LEMMA. Let T be a A-ary monad on o/ = PModS. Then, every component of the
natural transformation ar is Y-dense and in particular epic.

PRrROOF. We have to show that ara: Ho,.(A) — TA is X-dense for every A € /. We
first show the case where A is A-presentable. By Theorem A.35, it suffices to show the
case A = (Z.¢)g, where 7. is a Horn formula over X. Let w € (T(Z.¢)g)s be an arbitrary
element. Then, w is an operator with ar(w) = #.¢ and sort(w) = s. Let

v (5. T)g = [ [ @ ((ar(w))s, A) - (wsort(w'). T)g = Ha, (A)

w’

be the coprojection for the pair of w and id € &7 ((Z.¢)s, A) = &/ ((ar(w))g, A). Then, by
definition of ar, the following diagram

(2:5.T)g —— Hgq, (A

\ la“
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commutes in o/. In particular, w € (T'A), lies in the image of ar 4. By Remark 3.12(iii),
we now concludes that oy 4 is X-dense for every A-presentable object A € 7.

We now turn to the general case. Given A € &7, we can take a Mfiltered colimit
A= C(})glm Ay such that each A; is A-presentable. Since Hq,. and T are M-ary, we have

ara = C(I)liﬂm ar,4, in the arrow category <7/ —. Since the class of all ¥-dense morphisms
S

is a left class of an orthogonal factorization system on .7 by Theorem 3.14, any colimit
of ¥-dense morphisms is also ¥-dense. Thus, we concludes that ag 4 is X-dense. [

4.10. LEMMA. Let H and K be endofunctors on a category € and let a: H = K be a
natural transformation whose components are epimorphisms in €. Let Alga: Alg K —
Alg H be the induced functor which assigns to each object (X, x), (X,zo0ax). Then, the
following hold:

(i) Alga is fully faithful and injective on objects.
(i) The image of Alga is replete in Alg H.
PROOF.
(i) If (X,zoax) = (Y,yoay), then X =Y and x = y since ax = ay is an epimorphism.
Thus, Alg « is injective on objects. To prove fully faithfulness, let (X, z) and (Y, y)
be objects in Alg K and let f: (X,z0ax) — (Y,yoay) be a morphism in Alg H.

Then, in the following diagram, both the outer rectangle and the upper square
commute:

Hx M gy

axl l‘“y

Kkx Mo gy i€

|l
X —Y

Since ax is an epimorphism, the lower square of the above diagram also commutes,
which finishes the proof.

(ii) Let (X, z) be an object in Alg K and let f: (X,zoax) — (Y,y) be an isomorphism
in Alg H. Then, we can easily show that y = foz o (Kf™!) oay. Thus, (Y,y) lies
in the image of Alg a.

4.11. LEMMA. Let F,G: € — 2 be functors and let a: F = G be a natural transforma-
tion. Let r: X — Y be a retraction in € and assume that ax is an epimorphism in 9.
Then, the following diagram forms a pushout square:

FX Iy Fy

o Xl lay mn 9

GxX -9 qvy
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PROOF. Let f: FY — Z and g: GX — Z be morphisms in & such that fo Fr = goax.
We have to construct a unique morphism A which makes the following commute:

FX Iy py

in 9 (21)

Since the uniqueness of h follows trivially, we only need to construct h. Let s: Y — X
be a section of r and define h := g o Gs. Then, the following commutes:

FY FY
ay FX f

in 9
lax
Gy &5 6x 2 7
- :
Since ax is an epimorphism, h o Gr = g holds. Thus, the diagram (21) commutes. [

4.12. LEMMA. Let F,G: € — & be functors and let o, B: F = G be natural transfor-
mations. Let & C € be the equifier of a and 3, i.e., & C € is a full subcategory of €
defined by & = {X € € | ax = Bx}. Then, the following hold:

(i) Let m: X — Y be a morphism in € such that Gm is a monomorphism in 9. Then,
Y € & implies X € &.

(ii) Let p: X — Y be a morphism in € such that Fp is an epimorphism in 9. Then,
X € & impliesY € &.

PROOF. Let m: X — Y be a morphism in % such that Gm is a monomorphism. Consider
the following diagram:

FX £y py
axuﬁx ayuﬁy in9
GX S Qy
If ay = Py holds, then (Gm) o ax = (Gm) o Bx holds; hence ax = Sx. This proves (i).
(i) is dual to (i). n
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4.13. THEOREM. Let T be a A-ary monad on o/ = PModS. Then, there exist a set
E of S-relative judgments and an isomorphism @7 = Alg(Qy, E) which commutes with
forgetful functors.

%T & Alg(QT,E) Q AngT

N5

PROOF. By Lemmas 4.10 and 4.9, the functor Algar: AlgT — Alg Hg,. is fully faithful
and injective on objects and has a replete image. Since Alg Hq, = Alg )y by Lemma 4.4,
Alg T is isomorphic to a replete full subcategory of Alg ;. The Eilenberg—Moore cate-
gory /7 is now isomorphic to a replete full subcategory of Alg )y since it is a replete full
subcategory of AlgT. Note that the inclusion &7 < Alg Qp commutes with forgetful
functors; that is, the following commutes:

mfrobiof

AT C AlgT 85 AlgHy, =~ AlgQy

%,
S,
U T Q/

[njye3.10]

]

To conclude that there exists a set E of S-relative judgments such that &7 = Alg(Qyr, E),
we use Birkhoff’s theorem for relative algebraic theories (Theorem 3.28). That is, it
suffices to show that both @7 C AlgT and Algar: AlgT — Alg Hg,. are closed under
products, »-closed subobjects, U-retracts and A-filtered colimits.

Since @7, AlgT, and Alg Hg, are A-ary monadic over ., their forgetful functors
create products and M-filtered colimits. Therefore, both inclusions &7 C AlgT and
Algar: AlgT — Alg Hq,. are closed under products and A-filtered colimits.

To show that Algar: AlgT — Alg Hg, is closed under X-closed subobjects, let
(Y,y) be an object in AlgT and let m: (X,z) — (Y,yoary) be a morphism in Alg Hg,
such that m: X — Y is a ¥-closed monomorphism in /. Then, the following commutes:

Hq, X z > X
Hq,.(m)

>

ar. x HQT Y m 11 o

laT,Y

T —Im 7y Y vy

Since o x is YX-dense by Lemma 4.9 and m is Y-closed, the above rectangle has a unique
diagonal filler by Theorem 3.14. Thus, (X, z) lies in the image of Algar; hence the
inclusion Algap: AlgT — Alg Hg,. is closed under X-closed subobjects.
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To show that Algar: AlgT — Alg Hq.. is closed under U-retracts, let (X, z) be an
object in AlgT and let r: (X,z 0arx) — (Y,y) be a morphism in Alg Hq,. such that
r: X — Y is a retraction in /. By Lemma 4.11, the naturality square of a for r forms
a pushout. Thus, we have the following canonical morphism y': TY — Y-

H, r
Ho, X 2209 )y
aT,Xl CVTI,Y
2

X s Y

in &

Therefore, (Y,y) lies in the image of Alg ar; hence Algar: AlgT — Alg Hg, is closed
under U-retracts.

It remains to show that &7 C AlgT is closed under Y-closed subobjects and U-
retracts. Let V: AlgT — </ be the forgetful functor and let £&: TV = V be the
natural transformation defined by & x: TX % X. Let n and p denote the unit and
multiplication of the monad 7. The Eilenberg-Moore category /7 is now the double
equifier of a pair id: V = V and £ onV:V = V and a pair E o TE: TTV = V and
EopV:TTV =V, ie., &7 is the full subcategory of AlgT defined by

T ={(X,z) € AlgT | id(x.) = (EonV)(xx) and (0 TE) (xm) = (0 UV ) (xm)}-

Note that every ¥-closed monomorphism in Alg 7T is transferred to a ¥-closed monomor-
phism by V' and that every U-retraction in Alg 7' is transferred to a retraction by both
TTV and V. Thus, Lemma 4.12 now shows that &7 C AlgT is closed under X-closed
subobjects and U-retracts. This completes the proof. [

4.14. NOTATION. Given a category %, let us denote by Mnd, (%) the category of A-ary
monads on ¢ and monad morphisms in the sense of [8, 3 Section 6].

Combining Theorems 4.6 and 4.13, we obtain the characterization theorem for our
relative algebraic theories:

4.15. THEOREM. Let S be a A-ary partial Horn theory over ¥. Then, there is an equiv-
alence Th ~ Mnd,(PMod S) which makes the following commute up to isomorphism.:

Th} = > Mnd,(PModS)
Alg - %
(CAT/ PMod S)°P

Here, EM is the functor that assigns to each \-ary monad, its Eilenberg—Moore category.
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PrOOF. We now define a functor K: Th} — Mnd,(PModS). For each S-relative alge-
braic theory (2, E), let K(Q, E) := T g be the monad induced by the following adjunc-
tion:

F
e

PMod S i Alg(Q, E)

By Theorem 4.6, we have Alg (2, ) = EM(Tq g). Since the functor EM is fully faithful
by [8, 3 Theorem 6.3], for each morphism [p]: (Q, E) — (€, E') in Th}, we have a unique
monad morphism Kp| : To g — T g which makes the following commute:

EM(K[p])

EM(TQ’E> < EM(TQ/7E/)
I R I
Alg(Q, E) < e Alg(QY, E)
PMod S

This yields a desired functor K : Thy — Mnd,(PModS). Then, K is fully faithful by

Theorem 2.17 and essentially surjective by Theorem 4.13; hence K is an equivalence. m

Theorem 4.15 answers the question of when a theory morphism between partial Horn
theories induces a monadic functor. Indeed, the theorem concludes that, for a theory
morphism p: S — T between partial Horn theories, the functor U” becomes (strictly)
monadic precisely when p is isomorphic to some S-relative algebraic theory. Although
this kind of correspondence between theories and monads is folklore, to the author’s
knowledge, this is not known explicitly in other kinds of logic equivalent to partial Horn
theory, such as essentially algebraic theories or cartesian theories.

As a result of Theorem 4.15, we get a syntactic presentation of A-ary monadic cate-
gories over locally A-presentable categories:

4.16. COROLLARY. Let S be a A-ary partial Horn theory. For each category €, the
following are equivalent:

(i) € is A\-ary monadic (resp. strictly A-ary monadic) over PMod S.

(ii) € is equivalent (resp. isomorphic) to Alg($2, E) for some S-relative A-ary algebraic
theory (0, E).

4.17. COROLLARY. The concept of relative algebraic theories is independent of the choice
of S, i.e., if there exists an equivalence PModS ~ PMod T with two A-ary partial Horn
theories S and T, then the following classes of categories coincide (up to equivalence):

(i) Categories of models of S-relative A-ary algebraic theories.

(i) Categories of models of T-relative A\-ary algebraic theories.
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Thus, given a locally A-presentable category 7, we may call an S-relative A-ary al-
gebraic theory an o7 -relative A-ary algebraic theory as long as categories of models are
concerned, taking an arbitrary A-ary partial Horn theory S such that &/ ~ PModS.

5. Filtered colimit elimination from Birkhoff’s variety theorem

Our last goal is to give a sufficient condition for eliminating closure under filtered colimits
from Birkhoft’s variety theorem.

PURE QUOTIENTS IN LOCALLY PRESENTABLE CATEGORIES. We recall the notion of pure
epimorphisms and basic properties of them. Pure epimorphisms are a kind of epimorphic
counterpart of pure monomorphisms and will play an important role in filtered colimit
elimination. Moreover, we will see that in the hierarchy of epimorphisms, pure epimor-
phisms lie between retractions and regular epimorphisms in a locally presentable category
just as pure monomorphisms lie between sections and regular monomorphisms.

5.1. DEFINITION. Let A be an infinite reqular cardinal. A morphism p: X — Y in a
category <7 is called a \-pure epimorphism if for every A-presentable object I' € o/ and
every morphism f: 1T' — Y, there exists a morphism g: I' — X such that po g = f.

X
39//;1 lp
Given a A-pure epimorphism p: X — Y, we say that 'Y is a A-pure quotient of X.

Here are some elementary properties of pure epimorphisms.

5.2. LEMMA. For every category </, the following hold.

(i) A composite po h is a A\-pure epimorphism whenever both p and h are A-pure epi-
morphisms.

(ii) If a composite p o h is a A-pure epimorphism, then so is p.
(11i) Every retraction is a A-pure epimorphism.
(iv) If p: X =Y is a A\-pure epimorphism and 'Y is A-presentable, then p is a retraction.
(v) A-pure epimorphisms are stable under pullback, i.e., if a pullback square
A
G
is given and p is a A-pure epimorphism, then p' is also a A\-pure epimorphism.

(vi) Let p = C(I)liﬂmpl be a \-filtered colimit in the arrow cateqory </~ such that p; is a
S
A-pure epimorphism in o/ for all I € 1. Then p is a \-pure epimorphism in < .
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PrOOF. The proof is immediate. [

5.3. PROPOSITION. [6, Proposition 3| Let &7 be a locally A-presentable category. Then
for a morphism p: X —'Y in o, the following are equivalent:

(i) p is a N\-pure epimorphism.

(ii) p is a A-filtered colimit of retractions, i.e., p can be written as a A-filtered colimit
p= C?liﬂmpf in the arrow category </~ such that every p; is a retract in < .
S

5.4. PROPOSITION. [6, Proposition 4] In a locally \-presentable category, every A-pure
epimorphism is a reqular epimorphism.

5.5. EXAMPLE.
(i) In Set, for any A\, a A-pure epimorphism is simply a surjection.

(ii) Let Pos be the category of partially ordered sets and monotone maps. Considering

the minimal limit ordinal w = Colimn € Pos as a colimit of finite ordinals, we have
n<w

a canonical morphism p: [],_ n — w from the coproduct. This p is an Ny-pure

epimorphism in Pos. Indeed, since w = Colim n is a filtered colimit, every morphism
n<w

f: X — w from finitely presentable object X factors through some finite ordinal n,

i.e., f can be written as f: X “% n — w for some f,. Then X @ n— ][
gives a lift of f along p.

nw n

THE ASCENDING CHAIN CONDITION FOR CATEGORIES. We study strongly connected com-
ponents in categories and introduce a noetherian-like condition for a category. Later, we
will show that such a condition is sufficient and nearly necessary to eliminate the closure
property under filtered colimits from Birkhoff’s theorem. More on strongly connected
components in categories is discussed in [22].

5.6. DEFINITION.

(i) Objects X and Y in a category are strongly connected if there exist morphisms
X—=>YandY — X.

(ii) Strong connectedness is an equivalence relation on the class of all objects. An equiv-
alent class under strong connectedness is called a strongly connected component.

5.7. REMARK. Every (not necessarily small) poset can be considered as a category by
regarding each order as a morphism, which yields a functor .: POS — CAT. Here, POS
is the category of large posets, and CAT is the category of large categories. The functor
¢ has a left adjoint o0: CAT — POS, which is called the posetification. The underlying
class of the large poset o(%) is the class of all strongly connected components in €. There
is an order [X]| < [Y] in 0(%) if and only if there is a morphism X — Y in €.
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5.8. DEFINITION. We say a category € satisfies the ascending chain condition (ACC) if
the poset o(€) satisfies the ordinary ascending chain condition, i.e., o(€) has no infinite
strictly ascending sequence. FEquivalently, a category € satisfies ACC if for every w-chain
Xo — X1 — -+ in €, there exists N € N such that (X,)n,>n are strongly connected to
each other.

THE FILTERED COLIMIT ELIMINATION. We now show that the ascending chain condition
as in the previous subsection is sufficient to eliminate closure under filtered colimits from
Birkhoff’s theorem (Theorem 5.10). Furthermore, we get an HSP-type formalization of
Birkhoff’s theorem for partial Horn theories (Corollary 5.16).

5.9. DEFINITION. Let A be an infinite reqular cardinal and let U: of — € be a functor.
A morphism p in <f is called a (U, \)-pure epimorphism if Up is a A-pure epimorphism
n e .

5.10. THEOREM. [Birkhoff-type theorem for partial Horn theories II] Let p: S — T be
a theory morphism between \-ary partial Horn theories. Assume that PModS satisfies
the ascending chain condition. Then, for every replete full subcategory & C PMod T, the
following are equivalent:

(i) & is definable by p-relative A-ary judgments, i.e., there exists a set T' of p-relative
A-ary judgments satisfying & = PMod(T + T').

(1) & C PModT is closed under products, T-closed subobjects, and (U, \)-pure quo-
tients.

(iii)) & C PMod T is closed under products, T-closed subobjects, UP-retracts, and \-
filtered colimits.

PROOF. The same proof works as [22, Theorem 5.4]. =

The above theorem brings alternative versions of Corollaries 3.25 and 3.26 and Theo-
rem 3.28:

5.11. COROLLARY. Let (S,%,T) be a A-ary partial Horn theory such that the set S of
sorts is finite. Then, for every replete full subcategory & C PModT, the following are
equivalent:

(i) & is definable by A-ary Horn formulas, i.e., there exists a set E of A-ary Horn
formulas over ¥ satisfying & = PMod(T + T'), where T" := {T —X— ¢}z ocp.

(ii) & C PMod T is closed under products, ¥-closed subobjects, and surjections.
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5.12. COROLLARY. Let (S, %, T) be a A-ary partial Horn theory such that PMod T sat-
isfies ACC. Then, for every replete full subcategory & C PModT, the following are
equivalent:

(i) & is definable by A-ary Horn sequents, i.e., there exists a set T' of A-ary Horn
sequents over % satisfying & = PMod(T + T’).

(1)) & CPModT is closed under products, 3-closed subobjects, and \-pure quotients.

5.13. COROLLARY. [Birkhoff-type theorem for relative algebraic theories I1] Let (S, 3, S)
be a \-ary partial Horn theory such that PModS satisfies ACC. Let (Q, E) be an S-
relative \-ary algebraic theory with the forgetful functor U: Alg(Q), E) — PModS. Then,
for every replete full subcategory & C Alg(Q), E), the following are equivalent:

(i) & is definable by S-relative A-ary judgments, i.e., there exists a set E' of S-relative
A-ary judgments satisfying & = Alg(Q2, E+ E').

(i) & C Alg(Q, E) is closed under products, Yi-closed subobjects, and (U, \)-pure quo-
tients.

5.14. REMARK. Corollary 5.13 generalizes the Set-enriched case of [33, Proposition 6.11].

By filtered colimit elimination, we can reformulate Birkhoff’s theorem for relative
algebras in the HSP-type form (Corollary 5.16).

5.15. NOTATION. Let p: S — T be a A-ary theory morphism between A-ary partial Horn
theories. For each replete full subcategory & C PMod T, let P(&) € PMod T denote
the full subcategory consisting of all products of objects in &. Similarly, let Sp(&) and
H;(é" ) denote the full subcategory consisting of all T-closed subobjects of objects in &
and of all (U”, \)-pure quotients of objects in &, respectively.

5.16. COROLLARY. Let p: S — T be a theory morphism between A-ary partial Horn theo-
ries and assume that the category PMod S satisfies ACC. Then, a replete full subcategory
& C PModT s definable by p-relative A-ary judgments if and only if H;‘STP(@“’) =&
holds.

PROOF. This follows from a A-ary version of [22, Lemma 5.13]. "

5.17. REMARK. If limited to the finitary case, our sufficient condition for filtered colimit
elimination is also nearly necessary. For more details, see [22, Theorem 5.16]. However,
the author does not have any weak converse result in the infinitary case. At least, the
same proof as the finitary case does not work.

For convenience, we summarize the relationship among the notion of “quotients” that
appeared in this paper.
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5.18. PROPOSITION. Let p: S — T be a theory morphism between A-ary partial Horn
theories. Assume that U? is of descent type, i.e., the Eilenberg—Moore comparison functor
of the adjunction F? 4 UP is fully faithful. Then, the following holds:

(i) UP-retractions are regular epimorphisms in PMod T.
(i1) (UP, \)-pure epimorphisms are composites of two reqular epimorphisms in PMod T.

PROOF. (i) is one of equivalent conditions to being of descent type [23, Theorem 2.4]. To
show (ii), take a (U?, \)-pure epimorphism p: X — A in PModT. Let m,7": Y — X
be a kernel pair of p, and let ¢: X — B be a coequalizer of them and r: B — A be a
unique morphism such that r¢ = p. Since pure epimorphisms are regular epimorphisms
(Proposition 5.4), U”p is a regular epimorphism. Since U? preserves kernel pairs, U”p is
a coequalizer of UPm and UPn’. Then, we can take a unique morphism s: UPA — U”B
such that sU’p = UPq. Then, the universal property of the coequalizer implies that
(UPr)s = id, hence U”r is a retraction. Since U’ is of descent type, r becomes a regular
epimorphism, which finishes the proof. [

5.19. REMARK. Let p: S — T be a theory morphism between A-ary partial Horn theories.
Assume that U? is of descent type, which includes in the case that p is a “relative algebraic
theory.” Then, the following implications hold for morphisms in PMod T:

UP-retraction regular epi

T~ T~

(UP, \)-pure epimorphism =———= composite of two regular epis

!

epi <—= T-dense <——= strong epi

The author do not know any implication between regular epi and (U, \)-pure epimor-
phism. At least, regular epi does not imply (U?, A)-pure epimorphism. Indeed, a mor-
phism ¢ considered in Remark 3.16 is a regular epimorphism but not a U”-pure epimor-
phism.

SOME APPLICATIONS OF FILTERED COLIMIT ELIMINATION.

FINITE-SORTED ALGEBRAS. Considering a partial Horn theory (S, @, @) such that S is
finite, we get Birkhoff’s theorem in finite sorts [7] as a consequence of Corollary 5.13:

5.20. COROLLARY. Let (2, E) be an S-sorted A-ary algebraic theory. Then, for every
replete full subcategory & C Alg(S2, E), the following are equivalent:

o & C Alg(Q, E) is definable by equations.
e & C Alg(Q, E) is closed under products, subobjects, and surjections.

This subsumes the original version of Birkhoff’s theorem [11].
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5.21. REMARK. The assumption that PMod S satisfies ACC cannot be removed from
Theorem 5.10 even though S is finite-sorted. To show this, let S be the single-sorted
finitary partial Horn theory for sets with countably many constants as follows:

Y= {c,: constant}pen, Si={T i Cnd Fnen.
Consider the full subcategory of PMod S
& ={1} U{M € PModS | 3i,j s.t.[c;],; # [¢j] )}

where 1 denotes the terminal. An Ry-pure epimorphism in PMod S is simply a surjection
which does not merge any constants. Thus, we can see that & C PModS is closed

under products, Y-closed subobjects, and Ny-pure quotients. We now show that it is not
closed under filtered colimits. For each n € N, define A, = NU {oc} € PModS by
[ci] 4, = max(i —n,0). Let f,: A, — Any1 be the morphism

fo() = {max(w —1,0) if 2 # oo,

00 if x = oo.

Then, the filtered colimit A, of Ay Q Ay Q -+ consists of two different points, and all
constants are merged there; hence A, & & even though A, € &.

ORDERED ALGEBRAS. Considering the partial Horn theory S, for posets as in Exam-
ple A.11, we get Birkhoft’s theorem for ordered algebras as a consequence of Corollary 5.13:

5.22. COROLLARY. Let (2, E) be an Spos-relative A-ary algebraic theory with the forgetful
functor U: Alg(Q2, E) — Pos. Then, for every replete full subcategory & C Alg(Q), E),
the following are equivalent:

o & C Alg(Q, E) is definable by Syes-relative A-ary judgments.

o & C Alg(Q, E) is closed under products, ¥,os-closed subobjects, and (U, \)-pure
quotients.

Moreover, there is another version of Birkhoft’s theorem for ordered algebras. Given an
Spes-relative algebraic theory (€2, E), we have the associated finitary partial Horn theory
T e as in Definition 2.5. Applying Corollary 5.11 to Tq g, we get the following:

5.23. COROLLARY. Let (2, E) be an Syos-relative A-ary algebraic theory. Then, for every
replete full subcategory & C Alg(Q), E), the following are equivalent:

o & C Alg(Q, E) is definable by inequalities (Horn formulas over Y05 + ).

o & C Alg(Q, E) is closed under products, ¥,.s-closed subobjects, and surjections.

Note that a Tq g-closed subobject is simply an X,.-closed subobject, i.e., an embed-
ding. This corollary is a direct generalization of a classical Birkhoff theorem for ordered
algebras in [12]. This is because a morphism f: A — B between ordered algebras is sur-
jective if and only if f can be written as a quotient A — A /6 of a congruence 6 determined
by an admissible preorder on A in the sense of [12].
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METRIC ALGEBRAS. We now apply our result to Met.-relative algebras, which are called
metric algebras in [36]. Let Sye be the Ry-ary partial Horn theories for generalized metric
spaces as in Example A.13. Since the category Met, satisfies ACC, we get the following
as a consequence of Corollary 5.11:

5.24. COROLLARY. Let (Q, E) be an Syei-relative \-ary algebraic theory. Then, for every
replete full subcategory & C Alg(Q), E), the following are equivalent:

o & C Alg(Q, E) is definable by atomic inequality [36] (Horn formulas over Xpei+2).
e & C Alg(Q, E) is closed under products, Ye-closed subobjects, and surjections.

This subsumes Birkhoff’s theorem for metric algebras as in [19, Theorem 3.8].

A. Infinitary partial Horn logic

We introduce A-ary partial Horn logic (PHL,) for an infinite regular cardinal, which is a
direct generalization of finitary (Xg-ary) partial Horn logic [29].

PARTIAL MODELS.

A.1. DEFINITION. Let A be an infinite reqular cardinal and let S be a set. An S-sorted
A-ary signature X consists of:

e q set X¢ of function symbols,
e a set X, of relation symbols
such that
e for each f € 3¢, an arity (and a sort) f: Mica Si = s (@ < A;s;,8 € S) is given;
e for each R € %,, an arity R: My si (0 < X\;s; € 5) is given.
A.2. NOTATION. If @ = 0, we write () instead of M;—gs;. If @ =n > 1, we also write
SollsyMe--T18,_1

instead of M;.,s;.

Given the set S of sorts, we fix an S-sorted set Var = (Var,)cs such that Var, has
cardinal \ for each s € S. We assume Var, N Vary = & if s # s’. An element = € Var, is
called a wvariable of sort s. The notation z:s means that x is a variable of sort s.
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A.3. DEFINITION. Let ¥ be an S-sorted A-ary signature.
(1) Raw terms (over ¥) and their sorts are defined by the following inductive rules:

e Given a variable x of sort s € S, x is a raw term of sort s;

e Given a function symbol f € ¥ with arity Ni<qs; — s and raw terms 7; (i < «)
where T; is of sort s;, then the expression f(T;)i<a 1S a raw term of sort s.

(i) Raw (A-ary) Horn formulas (over ) are defined by the following inductive rules:

e Given a relation symbol R € 3 with arity M;<s; and raw terms 7; (i < a) where
7; 18 of sort s;, then the expression R(T;)i<qa is a Taw A-ary Horn formula;

e Given two raw terms T and 7' of the same sort s, then T = 7' is a raw \-ary
Horn formula;

e The truth constant T is a raw \-ary Horn formula;

o Given raw A-ary Horn formulas ¢; (i < o) with o < X, the expression \,_, @i
is a raw \-ary Horn formula. When a =0, \,_, @i expresses T.

(i7i) A (A-ary) context is a tuple & = (x;:8;)i<a of distinct variables with o < \.

(iv) A (M-ary) term (over X) is a pair of a A-ary context ¥ and a raw term T (over ),
written as T.1, where all variables appearing in T occur in &. The sort of ¥.1 is
defined as that of T.

(v) A (A-ary) Horn formula (over 3) is a pair of a A-ary context ¥ and a raw \-ary
Horn formula ¢ (over %), written as T.p, where all variables appearing in ¢ occur
n .

(vi) A (A-ary) Horn sequent (over ¥) is a pair of two A-ary Horn formulas Z. and 1)
(over ) with the same context, written as

o —X— ).

(vii) A M\-ary partial Horn theory T (over ¥) is a set of A-ary Horn sequents (over X3).

A.4. REMARK. Our terminologies raw terms and raw Horn formulas are simply called
“terms” and “Horn formulas” in usual; our terminologies terms and Horn formulas are
ordinarily called terms-in-context and Horn formulas-in-context [20, 29]. Since we do not
deal with terms and formulas with no context, the author believes our terminologies are
convenient.

Note that we do not consider the equal sign “

use the abbreviation ¢ —%X— 1 for “(p —%— 1)) and (¢ —E— ),

=" to be a relation symbol. We informally
7 and 7| for 7 = T.
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A.5. DEFINITION. Let 3 be an S-sorted \-ary signature. A partial Y-structure M con-
sists of:

e a set M for each sort s € S,

e a partial map

[/Tar Cor [ZF@Dh): [ Mo = M,
<o
for each function symbol f: Micq 5; — s in 2,

o a subset [R],, (or [Z.R(Z)],;) C [lico Ms, for each relation symbol R: Micq s; in
2.

We can extend the above definitions of [Z.f(Z)],, and [Z.R(Z)],, to arbitrary terms
and Horn formulas:

A.6. DEFINITION. Let ¥ be an S-sorted \-ary signature and let M be a partial -
structure. Fiz a context ¥ = (;:8;)i<q-

(i) For an arbitrary A-ary term Z.7 of sort s over ¥, we define a partial map
[Z.70: [ M. — M.
<o
as follows:

o Foreachi < «, [T.2;],,: [[,co Ms;, = My, is the i-th projection;

o For a function symbol f: Mjcgs; — s in X and terms 7; of sort s;, [Z.f(7;)j<pl,, ()
is defined if and only if all [Z.7;],,(m) are defined and [f],,([Z.7;],,(1));<s
is also defined, and then [Z.f(7;);<p],, (M) = [f],, ([Z.75],, (7)) j<p-

(ii) For an arbitrary A-ary Horn formula T.p over &, we define a subset
[Z.el € H M,
i<a
as follows:

e For a relation symbol R: M;<3 s; in ¥ and terms Z.7; of sort s;, m belongs to
[#.R(75)j<sll,; if and only if all [Z.7;],,(m) are defined and ([Z.7;],,(m));<s
belongs to [R],;;

e For two terms Z.17 and Z.7" of the same sort, m belongs to [.7 = 1'],, if and
only if both [Z.7],,(m) and [Z.7'],,(1) are defined and equal to each other;

o [Z.T],; =1ILica Ms,;

e For Horn formulas (Z.¢;)j<p, [[f N;<s gojﬂ o Nj<p [Z-05] 5
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A.7. DEFINITION. We say that a Horn sequent o T ¥ over X is valid in a partial

Y-structure M and write .
ME (p—2—1)

if [Z.¢]y C [Z9],,. A partial X-structure M is called a partial T-model for a A-ary
partial Horn theory T over X if all Horn sequents in T are valid in M.

A.8. DEFINITION. Let X be an S-sorted \-ary signature. A ¥-homomorphism h: M — N
between partial Y-structures consists of:

e a total map hs: My — Ny for each sort s € S

such that for each function symbol f: Micq s5; — s in X and relation symbol R: Mjcp s,
in 3, there exist (necessarily unique) total maps (denoted by dashed arrows) making the
following diagrams commute:

Hj<ﬂ NSj — IIR]]N

A.9. NOTATION. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
Y. We will denote by PStr X the category of partial X-structures and X-homomorphisms
and by PMod T the full subcategory of PStr > consisting of all partial T-models.

A.10. ExAMPLE. To explain what a partial structure is, we begin with an artificial ex-
ample. Let S = N, the set of all natural numbers. The S-sorted finitary signature X
consists of:

P:(), c:()—0.

Then, a partial X-structure M consists of an N-sorted set (M,,),en and a subset [P],, C 1,
where 1 denotes the singleton, and may have a constant [c],, € M. That is, the nullary
relation symbol P is interpreted as a “proposition,” and the nullary function symbol c is
interpreted as a “partial constant.”

We next explain what a ¥-homomorphism is. A Y-homomorphism h: M — N exists
if and only if the following conditions hold:

o [Py S [P]y;
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o If [c],, € My exists, then [c]y € No also exists.

Then, h is a family of maps (M, T, Ny )nen such that ho([c],,) = [c]y holds whenever
lel,, exists.

A.11. EXAMPLE. [Posets|] We present a finitary partial Horn theory S, for posets. Let
S = {x}, Xpos ={<: *Mx*}. The finitary partial Horn theory S,os over X, consists of:

7y’

Tz <z, z<yry<zr—L o=y z<yry<:z:2PZs<:

Then, we have PMod S,,s = Pos, where Pos denotes the category of partially ordered
sets and monotone maps.

A.12. EXAMPLE. [Small categories] We present a finitary partial Horn theory S, for
small categories. Let S := {ob, mor}. The S-sorted finitary signature ., consists of:

id: ob — mor, d: mor — ob, c¢: mor — ob, o: mor X mor — mor.
The finitary partial Horn theory S..; over Y., consists of:

T@ob q(z)], TR A(L AL dg) = o(f) 2L 2F (o £)L;
T 20D q(id(z)) = z A c(id(x)

) =
d(g) = c(f) B d(g o £) = d(f) Aclg o f) = c(g);
Jof=1F;

TS foid(d(f) = £ Aid(e(f)
d(h) = c(g) Ad(g) = c(f) LI (hog)o f=ho(go f).
Then, we have PMod S.,; ~ Cat.

A.13. ExAMPLE. [Generalized metric spaces] We present an Wj-ary partial Horn theory
Smet- Let S = {*}, Epet = {R*: * M *}4c0,00)- Here [0,00) denotes the set of all non-
negative real numbers. The N;-ary partial Horn theory S, consists of:

R*(x,y) Y R'(z,y)  (for any a < b);
/\ R (z,y) DY Rinfran (z,y) (for any sequent (ay,)n<w);

n<w
T+—%— Rz, x) (for any a € R>);
R*(x,y) — R*(y, z);
R(x,y) A R'(y, z) =85 R (x, 2);
R(z,y) Lz =y.
Regarding “R%(z,y)” as “d(z,y) < a”, we observe that a partial S;-model is precisely
a generalized metric space, i.e., a set X with a map d: X — [0, oo] satisfying appropriate

axioms (see [24, Examples 4.5(3)]). Furthermore, we have PMod S,,¢; = Met,,, where
Met,, denotes the category of generalized metric spaces and contractions.
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A.14. EXAMPLE. [[0, 00)-fuzzy sets| A set with a map from itself to [0,00) is called a
0, 00)-fuzzy set. For two fuzzy sets v: X — [0,00) and w: Y — [0,00), a morphism
(X,v) = (Y,w) is amap f: X — Y such that v(z) > wf(x) for all x € X, which yields
a category Fuzg o).

We now present an Ry-ary partial Horn theory for [0, co)-fuzzy sets. The [0, 0o)-sorted
Ni-ary signature g, consists of:

e for each pair of r,7" € [0, 00) such that r <1/, a function symbol

e for each decreasing sequence 77 = (7)<, in [0, 00), a function symbol

0 Mpew ™ — lim 7,.
n—oo

The Nj-ary partial Horn theory Sg,, over X, consists of the following Horn sequents:

T () (22)

() = o) (y) DY g =y (23)
T2 () = x; (24)

T 2 (i () = 2 (x); (25)

() d —F— /\ by (Tnt1) = To; (26)

7)) —E— /\ v (6 = Ip. (27)

In the following, we will describe how to consider a partial Sg,,-model as a [0, co)-fuzzy
set, i.e., a map from a set to [0,00). Suppose that a partial Sg,,-model M is given. We
now regard M, as “the set of all elements whose value is at most 7.” By (22), (23), (24),
and (25), we have injections [[L:I]]MZ M, — M, (r < r') and observe that those make
(M,),>0 to be a diagram of shape [0,00). Let X be a colimit of the diagram (M,),>o in
Set. For simplicity, we consider each M, as a subset of X. Now, for each x € X, we can
define its value v(z) as the smallest 7 > 0 such that x € M,. This definition makes sense
by (26) and (27). Finally, we get a fuzzy set v: X — [0,00). Moreover, this construction
yields an equivalence PMod Sg,, ~ Fuzy ).

A.15. EXAMPLE. [Pointed metric spaces] We present an Xj-ary partial Horn theory for
pointed metric spaces. The [0, 0co)-sorted Nj-ary signature Y. contains all symbols of
Ytuz and the following additional symbols:

0: () =0, R*:7rMr, j%r—a (r,a € [0,00)).
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The N;-ary partial Horn theory S« consists of all sequents in Sg,, and the following:

Ry (x,y) N R () (), 4 (1)); (28)
Ri(z,y) T Ro(x,y)  (a < b); (29)

N\ Ben(a,y) 5 R 2, y); (30)
T =2 Ry (,15(0)); (31)

Jr (@) 4 =2 R“(x 15(0)); (32)

7«( N =51 (57 (1) = (33)

R (x,y) Y5 Ry, o); (34)

Ry (x,y) A Ry, 2) M Ry (x + 2); (35)
T RY(x, x); (36)

RY(x, y) YT =y, (37)

As described in Example A.14, each partial Sy,e«-model has a structure of fuzzy set (X, v).
The axioms (28) to (30) induce a well-defined map d: X x X — [0, 00|, and the axioms
(34) to (37) ensure that this is a generalized metric on X. In addition, by (31) to (33), d
is compatible with the fuzzy set structure, i.e., d(0,z) = v(z) holds, where 0 denotes the
constant defined by 0. Furthermore, we can see that d is an ordinary metric. Indeed,

d(z,y) < d(z,0) + d(0,y) = v(z) + v(y)

proves that d always takes a bounded value. Thus, a partial S,,.,-model is precisely an
ordinary metric space with a constant. Moreover, there is an equivalence PMod Sy ¢4 >~
Met,, where Met, is the category of pointed metric spaces and contractions.

INFERENCE RULES FOR INFINITARY PHL. In this subsection, we develop the syntax for
infinitary partial Horn logic. The inference rule given here is a direct generalization of
finitary one as in [29].

A.16. DEFINITION. Let 3. be an S-sorted \-ary signature.
(i) A rule over ¥ consists of:
o a family (p; —2— 1;)ica of Horn sequents over ¥ with a@ < \,
e a Horn sequent ¢ —Z Y over X.

Such a rule is expressed by
(0 2 1i)i<a

oL —1
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(ii) The inference rules of A-ary partial Horn logic (PHL)) over ¥ are the following
rules.

(Id) For each Horn formula Z.p,

— (1)

P
(Cut) For Horn formulas Z.p,Z.a),Z.x with the same context T,

oIy Ty

o —r—x

(Cut)

(Subst) Let ¥ = (x;:8;)i<a and § be contexts. Let Z.p, 2.4 be Horn formulas, and for
each i < «, a term y.7; of sort s; is given. Then, the rule

oz v
P(F)T) A Njco Tid 2 (7))

is applicable, where o(7/Z) and Y(7T/Z) are the Horn formulas obtained by
replacing all x; to T; simultaneously.

(Subst)

(Refl) For a context ¥ = (;)i<a and each i < a,

——=— (Refl)

T =

(Eq) Let & = (24:8;)ica and § = (Y;:8i)i<a be contexts of the same sort. Let T.@
be a Horn formula and let 7 be a context containing all x; and y;. Then, the
following rule is applicable:

> — (Eq)
O A Ny Ti = Yi —2— @(§/ T)

(SRel) For a relation symbol R: My i, terms Z.7; of sort s;, and j < «,

= (SRel)

R(Ty)ica —E— 15l

(SEq) For terms Z.7 and Z.0 of the same sort,

= (SEq) = (SEq)

T=0+—%—171] T=0+—%—0

(SFun) For a function symbol f: Micqy s; — S, terms Z.1; of sort s;, and j < «,

- (SFun)

f(Ti)ica ——1;1
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(EConj) For Horn formulas (Z.¢;)i<a and j < a,

- (EConyj)

/\i<a SOZ ¢ 90]

(IConj) For Horn formulas Z.p and (Z.4);)ica with a < A,

(¢ —Z Vi)ica

- (IConj)
2 A /\i<a ¢z

A.17. DEFINITION. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature

5.
(i)

(i)

(iii)

A derivation from T over ¥ is a well-founded rooted tree of Horn sequents over %
such that for every node, a pair of its children and itself exhibits one of the following
rules:
e for some @&1& e,
orZ g
e the inference rules of PHL) over X.

A rule over 2
(901' T 1/fz')z'<a

oIy

is derivable from T if there exists a derivation from T U {p; i Vi}tica over ¥

whose root is ¢ T V. A rule is simply called derivable when it is derivable from
the empty theory.

A Horn sequent @ T Y is called a PHLy-theorem of T and written as
Tt (p—Z— )
if the rule
orZ ¢

is derivable from T. A Horn sequent is simply called a PHL)-theorem when it is a
PHL,-theorem of the empty theory.

A.18. REMARK. We can easily check that T - (¢ —Z ) always implies T E (¢ T

), i.e., for every M € PModT, M E (¢ —%— 1)). This is the soundness theorem for
PHL,.

The proofs of the following lemmas are omitted.



706 YUTO KAWASE

A.19. LEMMA. [The context weakening rule] Let & C i be contexts and let .o, Z.4) be
Horn formulas. Then, the following rule is derivable:
A ——d

—

o

A.20. LEMMA. [The cut rule] For Horn formulas Z.p, 2.1, Z.x, the following rule is deriv-
able:

(i —E—i)ica XA Njcq Vi—2—10
X A /\i<a i i 0

A.21. LEMMA. Let ¥ be an S-sorted A-ary signature. Then, the following are PHL,-
theorems:

(Z')T:O'}if oc=T

(ii) T=oAho=prZL 7=

A.22. LEMMA. Let ¥ be an S-sorted \-ary signature and let = (y;:5;)j<p be a context.
Suppose that terms Z.0; and Z.p; of sort s; are given for each j < .

(i) For every term y.1 over 3, the following is a PHLy-theorem:
@/ N\ 03 = py = 7(5/5) = 7(5/5)
Ji<B
(ii) For every formula §.p over X, the following is a PHLy-theorem:
o@/5) N\ 75 = py —E— (/)
Jj<B

COMPLETENESS THEOREM FOR INFINITARY PHL. We now prove the completeness the-
orem for infinitary partial Horn logic by the syntax given in the previous subsection. The
finitary version already appears in [29].

A.23. DEFINITION. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
Y. Let T.p be a Horn formula over X.

(i) A X-ary term Z.1 over ¥ is called a T-term generated by Z.p if ¢ L T is
a PHLy-theorem of T. We write T-Term(Z.) for the S-sorted set of all T-terms
generated by T.p.

(i1) Define a binary relation ~t on T-Term(Z.p) as follows: .7 ~t Z.7" if and only if

o —Y— 7 =17"1is a PHLy-theorem of T.

A.24. LEMMA. In Definition A.23, the binary relation ~t is a congruence on T-Term(Z.¢).

PROOF. The reflexivity follows from the definition of T-terms. The symmetricity and the
transitivity follow from Lemma A.21. [
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A.25. NoTATION. We will denote by [Z.7]r the equivalence class of Z.7 under ~r.

A.26. LEMMA. In Definition A.23, the quotient S-sorted set M = T-Term(Z.)/~r
becomes a partial 3-structure as follows:

e For each function symbol f € X, define the partial function
[ Tars ([Z-750) <8 = 12 (75) <]
whose value is defined if and only if v L f(7j)j<pl is a PHLy-theorem of T.

e For each relation symbol R € X,

Ry = {([Z-7]1)j<p | ¢ T R(7;)j<p is a PHLy-theorem of T}.
Proor. By Lemma A.22; the following rules are derivable:

o—L— f(15)j<pd (02— 1;=T0)jcs ©+—2— f(15)j<pd (0—L—17; =17])j<s

o —Z— f(1])j<pd o —L— f(11)je5 = [(T])i<s

02— R(1j)j<p (pr—E—1; =1])j<p

o—T— R(T]{)j<ﬂ
These complete the proof. [

A.27. LEMMA. Let T be a \-ary partial Horn theory over an S-sorted A-ary signature
Y. Let Z.p be a Horn formula with ¥ = (2;:8;)i<q and let M = T-Term(Z.¢)/~1 be the
partial X-structure in Lemma A.26.

(i) For any Horn formula §.1,
[7.4],, = {([Z7]0); | ¢ —Z— (7/7) is a PHLx-theorem of T}.
(ii) M is a T-model.

(1it) ([Z.2i]r)ica € [Z.],, holds.

PRrOOF. Straightforward. ]
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A.28. DEFINITION. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
Y. For each \-ary Horn formula Z. over X, define

(Z.p)p = T-Term(z.)/~r € PModT.

This (Z.p)y is called the representing T-model for Z.¢.

A.29. THEOREM. [Completeness theorem for infinitary PHL] Let T be a A-ary partial

Horn theory over an S-sorted \-ary signature ¥. For any A-ary Horn sequent ¢ —*— 1)
over X, the following are equivalent:

(i) T (o —E— ).
(i) T F (gpé@b), i.e., for every M € PModT, M F (goéw)

PROOF. [(ii) = (i)] By assumption, we particularly get (Z.¢); F (¢ —Z ¥). Equiva-
lently, for T-terms (Z.7;); generated by Z.o, T F (¢ —L— ¢(7/Z)) implies T F (p —E—
»(7/Z)) by Lemma A.27(i). Taking 7; to be x;, we have T F (p —%— ). "

LOCAL PRESENTABILITY OF CATEGORIES OF PARTIAL MODELS. In this subsection, we
establish the equivalence between partial Horn theories and locally presentable categories.
Since A-ary partial Horn theories can equivalently be translated into (A-ary) limit theories
in the sense of [5], all the contents in this subsection are well-known in the literature.

A.30. PROPOSITION. Let T be a A-ary partial Horn theory over an S-sorted \-ary sig-
nature ¥. Let T.p be a N\-ary Horn formula over ¥. Then, the representing model (Z.¢)1
represents the interpretation functor [Z.¢],: PModT > M — [Z.¢],, € Set, i.e., for
every T-model M, we have the following natural isomorphism:

[Z.¢],, = PMod T((Z.¢)y, M).

PRrROOF. Take a T-model M and a ¥-homomorphism h: (Z.¢); — M. By induction
on the structure of T-term [Z.7]|r, h([Z.7]r) can only be [Z.7],,(h([Z.z;|1);). Conversely,
given a tuple i € [Z.¢],,, M([Z.7]r) == [Z.7],,(m) yields a well-defined ¥-homomorphism
h: (Z.p)y — M. Thus, a ¥-homomorphism h: (Z.¢); — M bijectively corresponds to
m € [Z.¢],,- =

A.31. COROLLARY. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
Y and let .o and §.ap be A-ary Horn formulas over ¥ with & = (x;)i<a. Then, the following
data bijectively correspond to each other:

(1) A X-homomorphism h: (Z.p)r — (§.40)1,

(i1) Equivalence classes ([§.7]1)i<a of T-terms generated by ij.4b such that 1 Y
o(T/Z) is a PHLy-theorem of T.
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PROOF. By Proposition A.30 and Lemma A.27(i), we have:

PMod T({(Z.), (§.1) 1)

I

This completes the proof. [
A.32. NOTATION. Denote by

(T)p: (Z-p)p = (F)g
the morphism corresponding to T-terms (¥.7;);<o by Corollary A.31.

A.33. REMARK. Given a A-filtered diagram M, : I — PMod T, let us construct a colimit
N = C(Iyl%lm M; in PModT. For each sort s € S define N, := C(IJI%Im(MI)S as a colimit
€ €

in Set, i.e., N; is the quotient set of the disjoint union [[,;(M;)s = {({;a) | I € L,a €
(M;)s} by an equivalence relation ~gz. Here (I;a) ~; (J;b) holds if and only if there
exists a cospan I - K < J in I satisfying M,(a) = M,(b). Let [I;a] denote the
equivalence class with respect to ~ containing (I;a).

Now the S-sorted set N = (Ny)ses yields a partial X-structure as follows:

e For each function symbol f: Micq s; — s in X, [f]y([Li; ai])ica is defined if and
only if there exists a cocone (I; —2 I);, such that (M, (ai))ica belongs to the

domain of [f],,,, and then define [f]([1;; ail)i<a = [I 5 [f] s, (Mp,(ai))i<al;

e For each relation symbol R: Mi<y s; in X, ([1;; a;])i<q belongs to [R] if and only if
there exists a cocone (I; —2 I);-, such that (M, (a;))i<a belongs to [R] -

Since each M is a T-model, we see that /N is a T-model and a colimit of the diagram M,.

A.34. THEOREM. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
>.. Then, the category PMod T s locally A-presentable.

ProoOF. By Remark A.33, the category PMod T has A-filtered colimits. We first observe
that all representing models (Z.¢); are A-presentable objects in PModT. By Propo-
sition A.30, this assertion is equivalent to saying that for every Horn formula #.¢, the
interpretation functor [Z.¢],: PMod T — Set preserves Mfiltered colimits, which follows
from the construction of A-filtered colimits in Remark A.33.

We next prove that every T-model M is a A-filtered colimit of representing models.
To prove this, consider the following small category %), for each T-model M:

e An object in %) is a pair (Z.¢,d@) of a Horn formula Z.p over ¥ and elements
a € [Z.¢] -

-,

e A morphism (Z.¢, @) — (y.4,b) in €y is a X-homomorphism (7): (Z.0)p = (Y.90)1
such that [7.7:],, () = a; (Vi).
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We can prove that the small category @) is A-filtered as follows: Let (Zj.¢, Gk )k<y be
objects in %)y with v < A. For simplicity, we assume that no pair of contexts (Zy)
has a common variable. Then, (Z. A, _, ¢k, (Gk)r<y) becomes the vertex of some cocone

-,

over (Zy.¢k, Qg )k<ry, Where & == Uper@y. Let ((Th)q)k<y: (.0, @) — (¥.9,0) be parallel

-

morphisms in %)y with v < A. Then, (7.4 A /\Z“, Tki = Tri,0) becomes the vertex of
some cocone over the parallel morphisms ((7i)r)k<y- Thus, €y is a A-filtered category.

An assignment (7.p, @) — (Z.¢)p yields a functor Dy : €y — PModT. Moreover,
by Proposition A.30, we have a canonical cocone £ over D),

Eipa: (T.0)p _a, M, where (Z.p,d) € €.
We now show that the cocone £ forms a colimit. Take an arbitrary cocone  over Dy,
(Z.0)p M N, where (Z.p,d) € Gu.

We have to construct a canonical morphism M Ny N and prove its uniqueness. For every
element a € M, of sort s, the following diagram should commute:

(2:8.T)p —L— M

N

This determines h uniquely. Moreover, by the naturality of the cocone (, (38) defines the
desired Y-homomorphism M by N

Finally, we have proved that the category PMod T is A-accessible. Since all small
limits in PMod T can be constructed sort-wisely in the same way as in Set, by [5, 2.47
Corollary], we conclude that PMod T is locally A-presentable. n

A.35. THEOREM. Let T be a A-ary partial Horn theory over an S-sorted A-ary signature
.. Then, for any T-model M, the following are equivalent:

(i) M is a A-presentable object in PMod T.
(11) There exists a A-ary Horn formula Z.p such that M = (Z.p)p in PModT.

PRrROOF. By the proof of Theorem A.34, it suffices to show that the class of all representing
models (Z.p)r is, up to isomorphism, closed under retracts. Here, we prove more: That
class is closed under coequalizers. Let

(P)r
(Z.p)p (y4p)r in PModT

(@)1
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be parallel morphisms between representing objects with ¥ = (x;);<,. Considering the
Horn formula §.x = ¢. (v A A\, Ti = 0i), we have

PMod T({.X) ¢, M) = [7.x]

=H{a e [gvly Vi, [9.n]4(a@) =[50
= {h € PMod T((§.¢))5, M) | ho (7

NI
33
=
>
o &
o~ =
Qy
~
=
—

for every T-model M by Proposition A.30. This implies that (y.x) is a coequalizer of
(T)r and (G)q. [

A.36. THEOREM. For a category <, the following are equivalent:
(i) < is locally A-presentable.
(ii) There exists a A-ary partial Horn theory such that o/ ~ PModT.

PROOF. By Theorem A.34, it suffices to prove the direction (i) = (ii). Let .2/ be a locally
A-presentable category. By [5, 1.52 Corollary|, we can take a A-limit (small) sketch S such
that o/ ~ Mod S. Without loss of generality, we can assume that every selected cone in
S has the form of either A-ary products or pullbacks. We now define a A-ary partial Horn
theory T as follows:

The set S of sorts is defined to be the set of all objects in §. The S-sorted A-ary
signature ¥ consists of:

f

e for each morphism s < ¢’ in S, a function symbol f: s — s';

e for each selected cone (s P, Si)i<a In S in the form of a product, a function symbol
Pt Mica Si = 85

e for each selected cone
q1
s — 81

qol l in S (39)

So T—()) t
in the form of a pullback, a function symbol ¢: M;.9 s; — s.
The M-ary partial Horn theory T over ¥ consists of the following sequents:

a) for each morphism f in S, the sequent T —%— f(x)];

!/
b) for each composable pair s RN S, the sequent T —L— f'(f(z)) =

(f" o f)(x);

c) for each object s € S, the sequent T —£— z = id,(x);
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d) for each selected cone (s i, Si)i<a In S in the form of a product, the sequents
T2 ppi(@))ica =2, T A\ pi(p(E)) = ;5
1<
e) for each selected cone (39), the sequents
T——q(qo(z), qu(x)) =z, ro(zo) = r1(21) Aot /\C]i(CI($07$1)) = Ti.
1<2

Then, it follows that a partial T-model is precisely a model for the limit sketch S.
Indeed, the Horn sequents a), b), and ¢) make a T-model to be a functor S — Set, and

the Horn sequents d) and e) make a T-model to send each selected cone to a limit cone.
Now, we have .« ~ Mod S >~ PMod T, which completes the proof. [

VALIDITY VIA ORTHOGONALITY. We now associate the validity of Horn sequents with
the orthogonality, which becomes a category-theoretic treatment of validity. A special
version has already appeared in [10]. Moreover, all the contents in this subsection are
well-known for limit theories [5, 5.28].

A.37. DEFINITION. Let € be a category.
(i) An object C € € is orthogonal to a morphism f: X — Y in € if for every morphism
g: X — C, there exists a unique g: Y — C satisfying go f = g.

X 250

A
7
//
7
fl R
7
7

Y

(ii) Given a class A C moré of morphisms, denote by A* C € the full subcategory
consisting of all objects orthogonal to all morphisms in A. The full subcategory A+
is called an orthogonality class of €, and called a small-orthogonality class iof A is
(essentially) small.

A.38. PROPOSITION. Let T be a A-ary partial Horn theory over an S-sorted A-ary sig-
nature 2. Let ¢ —%— 1) be a A-ary Horn sequent. Then the morphism

(T.p)p ﬁ (Z.p A1)y in PModT
1s an epimorphism, and for any T-model M, the following are equivalent:
(i) ME (o —Z— ).
(1t) M is orthogonal to (X)y: (Z.0)p — (X0 AN)p.
vh

() —2— M

(ﬂ'ﬂ‘l //,///E”;L
(.o AN)p
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PROOF. Proposition A.30 ensures that (Z) is an epimorphism; hence the uniqueness of

~

h in (i) always holds. The existence of h for every h is clearly equivalent to [7.¢] v C
[Z.0 N4, m
By Proposition A.38, we get the following corollary:

A.39. COROLLARY. Let Ty C Ty be A\-ary partial Horn theories over an S-sorted \-ary
signature Y. Then, the full subcategory PMod T, C PMod Ty is a small-orthogonality
class.

THEORY MORPHISMS. In this subsection, we discuss morphisms between partial Horn
theories, which contain morphisms of relative algebraic theories (Definition 2.13) as their
special case. We will denote by (5,3, T) a A-ary partial Horn theory T over an S-sorted
A-ary signature ..

A.40. DEFINITION. Consider two A-ary partial Horn theories (S, %, T) and (5,3, T").
A (M-ary) theory morphism
p: (S,%,T) — (8,%,T)
consists of:
e amap S s— sPeS;

e an assignment to each function symbol f: Micq $; — s in X, a A-ary term x°.fP of
! 2P P. P .
sort s over ¥/, where ¥ = (x£:587);<q;

e an assignment to each relation symbol R: ;<o 8; in 2, a A-ary Horn formula . RP
in Y/
such that for every sequent T ¥ in T, the p-translation ¢ 20 ¥P 1s a PHL)-
theorem of T'. The p-translation ¢? and ¥? are constructed by replacing all symbols that
@ and Y include by p.

A.41. DEFINITION. Let p: (S,%,T) — (S',%,T') be a theory morphism between \-ary
partial Horn theories. For every T'-model M, we get a T-model UPM as follows:

e For each sort s € S, define (UPM)s := Mgp;
o For each function symbol f in 3, define [f] 4 = 127 f7] 55
o For each relation symbol R in ¥, define [R],,, = [2*.R"],,-

The assignment M +— UPM vyields a functor UP: PMod T — PMod T, which is called
the p-translation functor.
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A.42. THEOREM. For a theory morphism p: (S, X, T) — (5,3, T"), the translation func-
tor UP has a left adjoint F*.

FP
PModT 1 PMod T
%

uUr

PRrROOF. By Theorems A.36 and A.35, from the viewpoint of relative adjunctions, it suffices
to determine where the left adjoint F” sends the representing models. Take an arbitrary
Horn formula Z.¢. For every T’-model M, we have the following natural isomorphism:

PMod T((Z.¢)y, UPM) = [Z.0] 70y, = [27-°] ), = PMod T'((Z”.¢") v, M)

This leads us to define FP(Z.p)p = (Z¥.¢") 1. ]
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