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Relative set theory: Some external issues

KAREL HRBACEK

Abstract: The paper establishes equivalence of two axiomatizations of the relative
set theory GRIST, examines dependence of nonstandard concepts on the choice
of the level, and proves that several nonstandard definitions of Lebesgue measure
are equivalent. The last section extends GRIST to a theory of external sets.
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Introduction

Relative set theory is an axiomatic framework for nonstandard analysis distinguished
by many “levels of standardness.” It was proposed by Péraire in [22] and several
subsequent papers and given the acronym RIST; for early mathematical applications
see for example [23]. The present author extended RIST further, to FRIST [14, 15] and
then to GRIST [16], a theory that is, in a technical sense, complete over ZFC. In 2004,
O’Donovan and the author realized that a simple fragment of relative set theory might
serve as a vehicle for presentation of nonstandard methods at a very elementary level.
In a joint paper with Lessmann [17] we propose such an elementary theory of “relative
analysis” and show how to develop some basic calculus concepts in it. Calculus courses
based on relative analysis have been implemented in two high schools in Geneva; for
a report on the pedagogical aspects of the project see O’Donovan [21].

The purpose of this article is to bridge the gap between the technical papers [14, 16],
concerned with metamathematics of GRIST, and the mathematical and pedagogical
applications of GRIST. The common theme is the employment of external sets and
classes. GRIST, like Nelson’s IST, is an internal set theory in the sense that objects
of the theory are what nonstandard analysts think of as internal sets; we call them just
sets and identify them with the “usual” sets of traditional mathematics. However, in
relative set theory (as in IST) it is possible, and often useful, to describe and put to use
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also collections that are not internal. In the attempts to present a fragment of GRIST
as simply as possible it was found that an axiomatization in terms of certain external
classes (“levels of standardness”) is more intuitive. Section 1 of this paper states the
axioms of GRIST both in the original €-C-language and in the language of levels, and
provides a translation between the two. Thus it formally establishes the consistency of
the elementary system employed in [17].

External concepts, such as infinitesimals, S-continuity, S-integrability and many others,
are the tool characteristic of every version of nonstandard analysis. In relative set
theory with its many “levels of standardness,” such concepts are always relative to
some level. In Section 2 we showcase the techniques available in GRIST for the study
of dependence of external concepts on the choice of level. We focus on S-continuity
and prove that, for a fixed function, it can change only finitely many times as the level
varies.

Another feature of GRIST which is not present in the usual treatments of nonstandard
analysis is the possibility to define concepts in ways that involve quantification over
levels. One example is the notion of superfine partition, suggested by the problem of
integrating an arbitrary derivative. In the Appendix to Section 3 we show that superfine
partitions in the strong sense do not exist. But there is a weaker sense of relative
standardness, proposed by Benninghofen and Richter [6] and Gordon [9, 10], which
can be used to define superfine partitions and develop a theory of integration. As the
focus of this paper is on the methods of relative set theory, we show in Section 3 only
that the usual definition of Lebesgue measure is equivalent to two definitions using
superfine partitions, and also to one based on the well-known Loeb measure approach;
a more systematic development of integration in GRIST can be found in [18].

In order to enable construction of Loeb measures and many other important nonstandard
concepts, GRIST has to be extended to a substantial formal theory of external sets. In
Section 4 we propose such a theory, in four stages of increasing power, and prove its
relative consistency with ZFC. The paper concludes with a discussion of why a more
comprehensive theory would be desirable.

1 Levels

This section establishes mutual interpretability of two formulations of relative set
theory. Our treatment of logic follows Enderton [8].

In Péraire [22] and the author’s [14, 15, 16], relative set theory is formulated as a
first-order theory in the language with equality and two binary predicate symbols, €
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Relative set theory 3

and C (also denoted st). x [ y is shorthand for (x Ty A =y C x) and x Hy for
xCyAyEx).

If P(xy,...,x,) is a formula (with all its free variables among x1,...,x;) and u is a
variable, the formula P“(xy, . ..,xx) is obtained by replacing each occurence of C by
C., defined by

xC,y ifandonlyif xEy V x C u).

Below, we state the axioms of GRIST as given in [16]. 0 is the empty set and P"A
is the set of all finite subsets of A.

GRIST includes the axioms of ZFC and the following additional axioms.

(R) Relativization
The conjunction of:

O V) O u A uC u);

G) Vu,v,w)(vEu AN wCv) = wCu);
(i) Vu, vV Cv V v C u);

(iv) Vu)(Fv)(u C v);

W) Vu,yuCv— Gw)(ulwlv)).

(T) Transfer
Forallu Tvandall xq,...,xx CE u,

’P”(xl, e ,xk) <~ 'Pv(xl, . ,)Ck).

(S) Standardization

Forallu 30 and all A, xy, ..., xy, there exist v _ u and B C v such that, for every w
withvC wC u,

(VyEwyeB«yeA AP (yxi,..., %)

(I) Idealization
Forall ACvandall xq,...,x,

(Va € P"A)a T v — Gy)(Vx € a) PV(x,y,x1, ..., x0)]
S @WxeAdxCv— PO,y xi, ..., x0)].

Journal of Logic & Analysis 2:8 (2010)



4 Karel Hrbacek

(G) Granularity
Forall xy,...,x, if QuP"(x1,...,x), then
GE[P (x1, ..., x0) A (WO T u— 2 P(xy, ..., x0))]

As a vehicle for elementary presentations of nonstandard methods, and the first step to-
wards enriching it by external objects, it is convenient to formulate relative set theory as
a second-order theory, or, equivalently [8], a first-order theory in a two-sorted language.
In this formulation (see [17]), there are individual variables, intended to range over sets,
and 1-place predicate variables (class variables) denoted by V{,V,,... , U V. W ..,
intended to range over certain proper classes called levels. Equality, both between
individual variables and between class variables, is denoted by =. We write x € V
[read: x appears at level V] instead of Vx. U C V [read: “U is coarser than V)’
or “V is finer than U”] is shorthand for (Vx)(x € U — x € V), and U C V for
UCVA-VCDU).

We say that a formula P(xq,...,x, V,Vi,...,V,) is a V-formula [or: a formula
about V] if all quantifiers over levels are of the form (VU 2 V) or (3U D V), and we
indicate it by a semicolon thus: P(xy,...,x:; V,Vi,..., V).

The axioms of GRIST in this language are given below; the superscript © is used to
distinguish them from their first-order counterparts. P is an arbitrary V-formula, with
at most one free variable over levels.

GRISTY postulates ZFC and
(RY) Relativization
The conjunction of:

(0) YU,WV[(V)(x e U+ xeV) - U=V]

) (MEVxeV A YO eU—VCU);

(i) Y0 eV A GExe V)(VU)x e U -V CU);
(iii) (VU,V)(UC V VvV V C U);

(iv) (VUO)EV)(U C V);

V) VU, V)UCV— EW)UCWcCV)).

(TY) Transfer (or Stability)
ForallUC YV andall xy,...,x €U,
Py, ...,x;0) < Py, ..., x5 V).
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Relative set theory 5

(SV) Standardization

Forall U and all A, xy, . ..,x;, either (WV)Y(U C V) or there exist VC Uand B € V
such that, for every W with VC W C U,

MyeW)yeByeA N Py, xi, ..., x; W)).

(I¥) Idealization

Forall U, V,A suchthat A € U C V,andall x1, ..., x,

(Va € PI"AYVYW C V) [a e W — F)x € a)Px,y,x1,..., x5 V)] <
F)x e AYW C V)[x e W = P(x,y,x1,...,%; V).

(G") Granularity
Forall x1, ... ,x, if QUYP(xy,...,x; U), then
AUIPx, - x5 0) A (WY CU = =Py, .., x5 V)L

At the semantic level, every structure 91 for the first-order language can be made
into a general pre-structure 1 for the second-order language [8, §4.4], by letting
predicate variables V range over subsets of |9i| of the form {x € |M| : x C™ a},
where a € || (and dropping ™). Conversely, every general pre-structure 1 for the
second-order language can be made into a structure 21 for the first-order language via
defining C™ by: a C™ b if and only if 91 E (VV)(b € V — a € V) (and droppping
the levels). Moreover, 90t = GRIST if and only if 91 £ GRISTY . In the following we
obtain stronger syntactic results that give an algorithm for translating statements from
one language into the other in such a way that theorems get translated into theorems.

To facilitate the translations, we partition the variables of GRIST and the individual
variables of GRISTY into two infinite classes and use x1,x2,...,x,y,2,a,A4, ... for
variables of the first kind and vy, v, ..., u,v,w,... for the second kind. We fix a one-
one correspondence v — V between the GRIST variables of the second kind and the
class variables of GRISTY. A GRIST formula P(xi, ..., X, V1, ..., V) is suitable
if the variables of the second kind do not occur in the scope of € or =. Formally:
xi = xj, x; € xj, x; C x;, x; £ v;, v £ x;, v; £ v; are suitable, and applications
of logical connectives and quantifiers to suitable formulas yield suitable formulas. A
GRISTY formula Q(xi,...,xt, Vi,...,V,) is suitable if no individual variables of
the second kind occur in it.

We define a syntactic translation I' of the suitable formulas of GRIST language into
the language of GRIST", and a syntactic translation A in reverse direction. We use
= for metamathematical identity, and ", 7 as metaparentheses.
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6 Karel Hrbacek

Definition 1.1

I‘rx:yjix:y Arx:y—'ix:y
I'''xey'=xey ATxeyl=xe€y
I'sxCvyv'=xeV ATxeVi=xCv

I'xCy'=WV)yeV—oxeV)
I'ucvyv'=UCYV
'vCx'=WU)xeU—-VCU
ATU=V'1=uBv

[T P =T P AT- Q7= ArQ"
I'Py =P '=T"P'=>T"P2) ATQ - Q' '=(ATQT— ATQ,)
T (V)P = (Yol P AT(Vx)Q7 = (Vx)AT Q™
[T (V)P = (YV)[T P AT(VV)QT = (W)ATQ™

Let R, denote the conjunction of R (i) and (ii), and R? the conjunction of R%(0), (i)
and (ii).

Proposition 1.2 R, - (A'T"P 77+ P) and R F TTATQ " ¢ Q),
for all suitable P and Q (of the appropriate languages).

Proof By induction on the complexity of formulas. We verify the cases that are not
entirely trivial.

AT xCyT=AT(WV)yeV —sxec V)= W)y Cv— xLCv). The last
formula implies y © y — x C y, and then x C y, using R(i); the converse direction
follows from R(ii).

AT yuCvT=ATUCV T =ATW)xeU—=xecV)T=W)ExCu—xCv).
This is equivalent to u C v. [Let x = u and use R(i); for the other direction use R(ii).]

ATvEXx"T=ATNWU)(x € U— V CU)"isequivalent to (Vu)(x CE u — v C u),
as in the preceding case. This is further equivalent to v C x.

I"A"U=V"'=TTuCv AvEu'=(UCV AV CU), which is equivalent to
U=V byR%(0). o

Proposition 1.3 If R I- Q. then R, - A™Q7, for all suitable Q.
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Relative set theory 7

Proof Wlog we can assume that all formulas occuring in the proof of Q are suitable
(if an individual variable of the second kind appears in the proof, replace it by some
variable of the first kind that does not appear in the proof). It is trivial to verify that A
preserves logical axioms and modus ponens. The axioms for equality between classes
are translated into easy consequences of R(i, ii).

A translates RY (0) into (Vu, W[(Vx)(x Cu <> x T v) = (u T v A v C u)]. Given
u,v, let x = u and use R(, ii) to deduce u C v. Similarly, letting x = v gives v C u.

Next, note that A"V C U = ATWx)x e V—=xe U =V Cv—xCuis
equivalent to v C u, again by R(i, ii).

A translates RY (i) into an equivalent of (Vx)(AV)[x Ev A (Vu)x C u — v C u)].
Letv=x.

As for RY (i), AT(VV)(0 € V)7 = (W)(0 C v) is true by R().

ATOVV)@E)x eV A FVO)xeU—=VCU]I'=MW@)xCv A V) xE u —
v C u)]. Let x = v and use R(j, ii). O

The analogous proposition for I' is not so immediate.
Proposition 1.4 If R, - P, then R? FT'"P", for all suitable P .

The primary difficulty is that, while P is assumed to be a suitable formula, some other
formulas that appear in the proof of P may not be suitable, and the translation I' may
be undefined for them. Renaming variables does not help here; if v occurs in P and
say v € x appears somewhere in the proof, replacing v with V does not make sense.
To circumvent this difficulty, we define another, more “literal” translation I'g that does
not suffer from this problem; on the other hand, I'y does not satisfy Proposition 1.2.
In Proposition 1.6 we establish a relationship between the two translations from which
Proposition 1.4 follows.

If P is any formula of GRIST, I'y" P is the formula obtained from P by replacing
each occurence of £ C n by (VU)(n € U — £ € U) [£, n are variables of either kind].

Proposition 1.5 If R, - P, then RY I~ T,"P7, for all P.

Proof Trivially, Iy preserves logical axioms and modus ponens. I'y"u C u' and
T'v"Cu AN wCv) - wC u'arelogically true. Ty O C ' = (YU)(u e U— 0 €
U) follows from R (ii). ]
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8 Karel Hrbacek

The translation I'y, unlike I' and A, does not take suitable formulas into suitable
formulas, and Proposition 1.2 does not hold with T’y in place of I': Let Q be the
formula x € V; then ATQ7 =x cvand 'y ATQ" = VU)(v € U — x € U),
which does not even have the same free variables as Q. In general, if P is a
suitable formula with free variables xi, ..., X, vi,...,Vv,, then I'y" P has the same
free variables, while I'" P has free variables xi,...,x, Vi,..., V,.

We next establish the relationship between I' and I'y.

Axioms (0) and (i) of RY imply that for every x there is a unique coarsest level V
such that x € V. In R? we can thus define a function x — V(x) with arguments of
the individual sort and values of the class sort such that

(")[x e Vx) A VU)x e U — V(x) CU).

Proposition 1.6 Let P(xy,...,x,v1,...,V,) be a suitable formula of GRIST. Then
R FTo" Py, Xk v, -y va) < TTP g, VD), -, V).
In particular, RE? FTo P« I'"P if P is a suitable sentence of GRIST.

Proof Proceed by induction on complexity of suitable formulas. Let X be shorthand
for xi,...,x;. The interesting cases are:

Fy'xEy'=NU)y e U—xeU)isequivalentto I'"x C y;
Fo"xCv'=WU)v € U— x € U)isequivalenttox € V) andT"x Cv'=x € V;

IF'o"uCv'=WU)(v € U— u € U)isequivalentto V(u) C V(v),and I'"'u C v =
UCY,;

IF'y"vC x'= (VU)(x € U— v € U) is equivalent to (VU)(x € U — V(v) C U), and
I'vECx'=WUxeU—=VCU).

IfPis P(x,v,vi,...,vp), then To" (VWP = (V)" P, I"(V»)P ' = (VV)ITPT,
and Iy" P '(x, v, vi,...,v) <> IP"P(x, V), V(v1), ..., V(vy)) by the inductive as-
sumption. But (YW)Lo" P (X, v, v1,...,v) < (WWITP X, V), V1), ..., V(v,)) <
V" P(x, V,V(v1),...,V(v,)), because for every V there is some v such that
V = V(v), by R (ii). o

Proof of Proposition 1.4 If R, - P where P = P(x,v1,...,v,), then R? +
T'y"P'(x,vi,...,v,) and by Proposition 1.6, R? FTTP'x,V(),...,V(vy)), ie,
RS = (Wi, ...,v)D P& V), ..., V(v,). But by RY(ii), for every V there
is v such that V.= V(v), so R F (VVy,...,V,)I"P & Vy,...,V,), ie, RY F
I™Px, Vi,..., V). O
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Relative set theory 9

Before extending Propositions 1.3 and 1.4 to all of GRIST, we need a technical result.
We use x as shorthand for xi, ..., x.

Lemma 1.7 (a) If P(x) is a formula where only variables of the first kind occur, then
RY F @™P'@)" < Q(;V)), for some suitable V -formula Q(x; V).

(b) If Q(x; V) is a suitable V -formula, then R+ (AT Q(x; V)" < P' (X)),
for some formula P(x) where only variables of the first kind occur.

Proof (@)I"(xCy)"'=I'"xCy V xCv'=

* MU)iyeU—xel) VxeV.

We show that, in RV, (*) is equivalent to the V-formula
**) MUDV) yeU—xel) VxeV.

(*) = (**) is clear. The other direction is clear if x € V holds, so assume (YU D
VI y e U—=xecU) A x¢ V. Letting U=V, we deduce y ¢ V. For any U such
that y € U now U D V [by R"(iii)], so (y € U — x € U). This proves (¥).

The rest of (a) follows trivially by induction on the complexity of P.

(b) We show by induction on the complexity of formulas that for every suitable V-
formula Q(x;V,Vy,...,V,) there is a suitable formula P(x, vy,...,v,), in which all
variables except vy, . .., v, are of the first kind, such that

REM,...,vp, IVIATQE; V., V,...,. V) < P&, vi,...,v)].
In particular, letting n = 0 gives R+ AT Q(x; V)" <> P"(X) and proves (b).

We focus on the nontrivial cases.
ATxeVi=xCvandxCv <+ xC, 0 < (x C 0) holds.
ATxcV,7=xCvy;and (Vv; IJV)[x Cv; < x T, v; < (x C 1;)"] holds.

Wilog we consider (VV; D V)Q. We have, in RY, (VWV, D V)OO, V.V,...,.V)) &
[Qx;V, V.V, ....V,) A (VVi D V)OK,V,V,...,V,)]; hence, by Proposi-
tion 1.3, Rproves AT(VV; D V)Q; V., Vy,...,. V) < [ATOK; V,V, V..., V)"
AN AT(VV; D V)QX; V,Vy,...,V,)"]. By the inductive assumption, we can prove
in R that, for all v,...,v, Jv, ATQOX;V,Vi,..., V)" < P'®,vi,...,v,) and
ATOXV, V.V, ... V) & R'(X,va,...,v,), where P, R are suitable formulas
with all variables except vy, ..., v, of the first kind. It follows that, for v,,...,v, J v,
AT (VV; D V)Q is R-equivalent to

(*) R'&E,va,...,vp) A (Y VP&, vi, ..., vp).

Journal of Logic & Analysis 2:8 (2010)



10 Karel Hrbacek

Observe that, using R(@ii, 1), vCvi< (Vi CEv)e -~ 5,0 < [-0 G,
0) A OC, vi{] < (0 C vy)". Hence, for vo,...,v, Jdv,

) & [RE&E,va,...,vy) A (Vi D0 PE, v, ..., vl

Replace the bound variable v; in the second conjunct by some variable of the first kind
that does not occur in P, and the proof is complete. O

Theorem 1.8 (a) GRIST + P if and only if GRISTY +T"P7,
for all suitable P .
(b) GRISTY + Q ifand only if GRIST - A™Q", for all suitable Q.

Proof We can assume that all variables that occur in the axioms of GRIST (in
particular, in the formula P), except for u, v, w, are of the first kind. It is then easy to
verify, with the help of Lemma 1.7(a), that each of the remaining axioms of GRIST:
R(ii, iv, v), T, S, I, G, translates into a formula that is equivalent to an instance of the
corresponding axiom of GRIST® . This establishes the “only if”” direction in (a).

For the converse, we can assume that all individual variables occuring in the axioms of
GRISTY are of the first kind. Then all of the remaining axioms of GRISTY translate
into equivalents of the corresponding axioms of GRIST, using Lemma 1.7(b). This
proves the “only if” direction in (b).

The “if” directions then follow from Proposition 1.2. |
Corollary 1.9 Corollaries 12.1 — 12.10 in [16] are valid for GRISTY [in place of
SST* ], with obvious adjustments. In particular, GRIST is a conservative extension
of ZFC.

From now on, we do not formally distinguish between GRIST and GRIST" .

A number of consequences of GRIST that are useful in relative analysis have been
derived in [16]. Below we give a translation of these consequences into the language

of levels. It follows easily from GRIST that for every xi,...,x; there is a coarsest
level where x1, . . ., x; appear; see Axiom I below. We denote it V(x1,...,x;) and call
it the level of xi, ..., x;. In particular, V(-) is the coarsest level [ - is the empty list].

Proposition 1.10 The following are theorems of GRIST:
(1) FRIST Standardization [16, 12.17]: Given V, X, A:
BeV)(WeV)yeB+yeA AN Py,x;V)).

Journal of Logic & Analysis 2:8 (2010)
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2

3)

“)

&)

(6)

(N

®)

€))

(10)

(11)

(12)
(13)

FRIST Idealization [16, 12.17]: Given U CV, A, B€ U and x:

(Va € P"A N U)3Fy € B)(Vx € a)P(x,y,%; V) <
(IyeB@x e ANnU)Px,y,x; V).

External Induction [16, 12.19]: If, for all ordinals £ € V,

Vn e ENVYP(,x; V) — P, Xx; V) holds, then (V¢ € VYP(£,x; V) holds.
In particular, if P(0,Xx; V) holds and (Vn € wNV)[P(n,x; V) — Pn+1,x; V)],
then (Vn € w N V)P(n,x; V) holds.

Finite Choice [16, 12.20]: If a € V is finite and (Vx € a)(3y)P(x,y,X; V), then
there exists a function f with dom f = a such that (Vx € a)P(x,f(x),x; V).

Support Principle [16, 12.21]: Given a V -formula P(x; V) and sets xy, . .., X,
there is a finite set {vo,v1,...,v,} such that V(-) = V(vg) C V(v;) C ... C
V(v,) and for all i < n and all V with V(v;) €V C V(viy1) [V(v)) C V if
i=n], P&VW)) < PxEV) < P& V©itr)).

Local Transfer [16, 12.22]: For any sets Xxi+i,...,X, and any V( there
is V' D Vq such that, for all Vo € V C V' and all x,...,x; € Vo,
Pty Xy v X0y Vo) & P(X1y ey Xy v ooy X3 V).

Standardization [16, 12.23]: For any V D V(-) and any A, X, there exists B
such that V(B) C V and (VY)[Vy) CV = (yeB < yeA A P(y,x; V).

Polytransfer [16, 12.26]:

LetVCVyC...CVyandV C V| C...CV,. Then
VMxeVNV)[P®EV,Vi,...,V) <& P&V, V), . ..,V)I.

Partial Transfer [16, 12.27]: If V C V', then

(Vx e V) [ENPO, V) A Q% V) — GNP, % V) A Q. X% V).
Standard Size Choice [16, 12.28]: For every A € V such that

Vx € ANV)@y)P(x,y,Xx; V) there exists a function f with domf = A such
that Vx e ANV)Px, f(x),X; V).

Map Standardization [16, 12.29]: For every A € V there exists f € V such
that domf = A and Vx €e ANV)[(dy € VYP(x,y,x; V) = P(x,f(x),x; V)].
[16, 12.31]: If A # &, then there is x € A such that V(x) = V(A).

Levels of Elements of Sets [16, 12.32]:

(a) If A is infinite and A € V, then (Ax)(x € A A V(x) = V).
(b) (Vx € A)(x € V) ifand only if A is finiteand A € V.

Another useful consequence is Saturation, a general form of compactness.

Journal of Logic & Analysis 2:8 (2010)



12 Karel Hrbacek

Proposition 1.11 (Saturation) If 7 € U C V and F has the finite intersection
property, then there exists y € V such that y € X, forall X € F N U.

Proof Let A :=F, B:=JF,andlet P(X,y; V) be the formula (y € X) A (y € V);
then apply FRIST Idealization. |

As outlined in [17], an elementary exposition of calculus in relative analysis does not
need the full strength (and complexity) of GRIST; a much weaker system suffices.
Here and in the next section we derive the axioms of [17] from GRIST.

Axiom I For every xi,...,x; there is a level V such that xy,...,x; € V and, for all
levels U, x1,...,xx € U implies V C U.

Proof Given xi,...,xg, there are levels Vy,..., Vi such that x; € V; A (VU)(x; €
U — V; C U) [RY(i)]. Using R" (iii) repeatedly, one finds V,, such that V; C V,, for
alli=1,...,k;clearly V, has the required properties. O

Remark A stronger result follows from Proposition 1.10(13): For every finite set
{x1,...,x¢} there is a coarsest level V such that {xj,...,x} C V.

The axioms II and VI (Stability) are RY (i11) and T, respectively, and V is a conse-
quence of VI. The statements and proofs of axioms III, IV (Neighbor Principle) and
VIII (Density of Levels) are given in Section 2.

In [17] a formula P(xq,...,xx) is called internal if all quantifiers over levels are of
the form (VU)(x1,...,x, € U — ..) or AU)(x1,...,xx € U A ..)).

Let P(x; V) be the V-formula obtained from an internal P(X) by replacing each (VU)
with (VU D V) and each (3U) with (3U D V).

Lemma 1.12 (VV)(VX)(P(X) < P(;V)), for all internal P.

Proof We first note that P(X) is equivalent to the formula P*(x) obtained from P
by replacing each (VU)(xq,...,xx € U — ...) with (VU D V(x1,...,x))..., and
similarly for 3. Let P*(x; V) be the V-formula obtained from P* by replacing
each V(x1,...,x;) with V; so that P*(x) < P*x; V(x1,...,x)). If now V is an
arbitrary level, V = V(z) for some z by RV (ii), and we have P(x) < P**) «
P*x;V(xy,...,xx) < P*x;V(xi,...,x,2) [by Transfer] <> P(x;V), because
UDV(y,..., %, 0 UD V@) Ax,..., 5, €U UDV Axp,...,x, €U, O
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Relative set theory 13

Axiom VII (Definition Principle) If P(y,x1,...,x;) is internal and A is a set, then
there is a set B such that (Vy)y € By €A AN Py, x1,...,x)).

Proof Let P(y,x;V) be the V-formula obtained from the internal P(y,x) as above,
and let Vy := V(A,Xx). By FRIST Standardization, there is B € V( such that

() (yeVolyeB<yeA N PO,X V).
By Transfer (Stability) applied to (x), for any V| D Vj
(%) (yeVDyeB<yeA A PQy,xV).

Given an arbitrary y, let V| := V(y,A,X); Lemma 1.12 gives y e By € A A
P,x). |

Mathematical practice enriches the set-theoretic language by new defined concepts. We
conclude this section by proving that the axioms of GRIST remain valid for formulas
in the language enriched by internal predicates, where a predicate R(xy, . . . , xx) defined
by R(x1,...,xx) <> R(x1,...,x) is internal if its defining formula R is internal.

V-formulas and internal formulas of the language of GRIST" with an additional
predicate symbol R are defined in the same way as for the original language.

Proposition 1.13 (a) If P(x;V) is a V-formula in the language with an additional
predicate R and P*(x, V) is obtained from P by replacing each occurence of R by
its internal defining formula ‘R, then Pt s equivalent to a 'V -formula in the original
language.

(b)If P(x1,...,x,) is an internal formula in the language with an additional predicate R
and P*(X) is obtained from P by replacing each occurence of R by its internal defining
formula R, then P* is equivalent to an internal formula in the original language.

Proof (a) is obvious from Lemma 1.12 [replace R(x) by R(x; V)].

(b) Refer to the proof of Lemma 1.12 and the notation therein. We have R(y) +
R*G) < R*O»; V) + R*(; V(¥,X)) [by Transfer]. The last formula is equivalent
to the formula R(y,x) obtained from R by replacing each occurence of the universal
quantifier (VU)(y1,...,yr € U...) by YU)1, ..., Yk, X1, - - -, X, € U...) [and simi-
larly for 3]. It is easy to see that replacing each occurence of R(y) in P by R(y,x)
yields an internal formula equivalent to P*. |
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14 Karel Hrbacek

2 S-continuity in GRIST.

If V is a fixed level and st(x) [x is standard] is defined as x € V, all axioms of BST
become provable in GRIST [16, Corollary 12.18]. Therefore, nonstandard analysis
in the style of Internal Set Theory of Nelson [20, 7] can be practiced in GRIST, with
the additional advantage that the notion of standardness is not fixed: Every set a can
be considered as standard relative to any level with a € V. The paper [17] outlines
an elementary presentation of nonstandard methods in analysis in the framework of
GRIST, and discusses its advantages.

The existence of many “levels of standardness” in GRIST raises the question of de-
pendence of nonstandard concepts on the choice of the level. It also enables definitions
of concepts that involve quantification over levels. In this and the next section we
illustrate some of the techniques available in GRIST for handling of such issues.

Definition 2.1 Given a level V:

(1) A real number e is ultrasmall relative to V if |¢| < r forall r > 0, r € V.

(2) A real number x is ultralarge relative to V if |x| > r forall r > 0, r € V;
x is limited relative to V if it is not ultralarge relative to V.

(3) Real numbers a and b are ultraclose relative to V, written a ~vy b, if a — b is
ultrasmall relative to V.

Lemma 2.2 (a) Forevery level V there is k € N such that V = V(k).
(b) If ke NandV C V(k), then k is ultralarge relative to V.

Proof (a) Forevery W C V and every finite a C N, a € W, there is k € NNV such
that (Vn € a)(n < k). By ldealization there is k € N NV such that (YW C V)(Vn €
NN W)(n < k); evidently then V(k) = V.

(b) Let V C V(k). By FRIST Standardization, there is B € V such that (Vn € V)(n €
B+ neN A n<k). Clearly O € Band (Vi € V)(n € B— n+ 1 € B) [otherwise,
k=0ork=n+1,s0 k € V]. By Transfer, (Vvn)(n € B—-n+1¢€ B),so B=N
and we conclude (Vn € V)(n < k). m]

Proposition 2.3 (Axiom III) For every level V there exist real numbers € # 0
ultrasmall relative to 'V .

Proof Let V C U [RY(iv)] and U = V(k) for k € N [Lemma 2.2(a)]. Then k is
ultralarge relative to V [Lemma 2.2(b)] and € := 1 /k is ultrasmall relative to V. O
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Proposition 2.4 (Axiom VIII, Density of Levels) If a real number € # 0 is ultrasmall
relative to V, then there is V' and a real number 5§ € VT, § # 0, such that § is
ultrasmall relative to V and € is ultrasmall relative to VT .

Proof By Local Transfer there is VT O V such that € is ultrasmall relative to V.
Lemma 2.2(a) gives k € N such that V¥ = V(k). Let § = 1/k. O

Proposition 2.5 (Axiom IV, Neighbor Principle) For every real number x limited
relative to V there is a real number r € V such that x >~y r.

The number r is uniquely determined; we call it the V -neighbor of x and denote it
ny(x).

Proof By FRIST Standardization 1.10(1) there is B € V such that (Vs € V)(s €
B+ seR A s<x). If x <7 eV,then B is bounded above by 7 [use Transfer],
hence B has a least upper bound r, and r € V, again by Transfer. One easily verifies
that r ~vy x. O

If x € R, x # 0, then x is not ultrasmall relative to V(x). Granularity implies that for
every x = 0 there is a coarsest level Vq such that x is not ultrasmall relative to Vy. If
Vo = V(-), the coarsest level, then x is not ultrasmall relative to any level. Otherwise,
x is ultrasmall relative to V C V( and is not ultrasmall relative to V 2 V.

More interesting behavior is exhibited by the various S-concepts that play a key role in
nonstandard analysis: S-continuity, S-integrability, etc. Here we study the dependence
of S-continuity on the choice of level.

Definition 2.6 Given a set A C R and a level V, there is a unique set B € V such
that Vr € V)[r € B<>r € R A (3x € A)(r ~y x)] [FRIST Standardization 1.10(1)].
We call this B the V-shadow of A and denote it shy(A). !

Proposition 2.7 (a) For A CR, A € V: A is aclosed set if and only if shy(A) = A.
(b) For any A C R: shy(A) is a closed set.

(©)If VC U and A C R, then shy(shy(A)) = shy(A).

(d)ForA CR,A €V CU: shy(A) = shy(A).

Proof (a) A well-known nonstandard characterization of closed subsets of R is:
A € Visclosed if and only if, forall r e RNV, (Ix € A)(r ~y x) <> r € A. This is
precisely the statement that A = shy(A).

'In [16], sh,(x) is defined for all sets x, with a different meaning.
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16 Karel Hrbacek

(b) Let B := shy(A); by Local Transfer 1.10(6), there is a level V| D V such that
B = shy,(A). Letnow r € RNV and (Ix € B)(r ~y x). Then (Ix € BNV))(r ~y x)
holds for some V’1 D V. By Polytransfer 1.10(8), also (dx € BN V)(r >~y x) holds.
Fix such x; as B = shy, (A), there exists £ € A such that x ~y, £. So r ~y ¢ for
¢ € A, and r € shy(A) = B. Hence B satisfies the characterization of closed sets from
the proof of (a).

(c) follows from (a) and (b), and (d) follows from the definition of sh by Transfer. O

Remark The usual proof of (b) uses e-neighborhoods of r and Idealization; the
argument given here is more “nonstandard.”

Proposition 2.8 If U C V and A C R, then shy(shy(A)) = shy(A).

Proof If x € shy(A) NU, then x ~y £ for some & € A. Let y := ny(§) [it is defined
because ¢ is limited relative to U, hence also relative to V]. We have £ ~y y, so
y € shy(A), and x >~y y, so x € shy(shy(A)).

For the converse, let x € shy(shy(A)) N U. Let B := shy(A). We know that x ~y y
for some y € B. It suffices to prove

Claim: x ~y y forsome y € BNV

because then y ~y & for some £ € A and so x ~y & and x € shy(A).

Proof of Claim Let U vary over neighborhoods of x in U; then (dy)(y € BN U) is
true [because (dy € B)(y >~y x)]. By Transfer into V, (3y € V)(y € BN U). Hence
VU € U)dy € B)(y € UNYV). By FRIST Idealization 1.10(2), (3y € B)(WVU €
UyeUnV),ie, yeB)(x~yy N yeV). O O

The notion of shadow makes sense for subsets of R x R. We let (x,y) ~y (X,y') if
and only if x ~y X A y ~y y'. Definition 2.6 and Propositions 2.7, 2.8 then have
obvious analogs for A C R x R.

In the rest of this section we study real-valued functions. For simplicity, we consider
only functions f : [a, b] — [c,d] where a,b,c,d € V(-).

Definition 2.9 f is (uniformly) V-continuous if x ~y x’ implies f(x) ~y f(x'), for
all x,x’ € domf. If also f € V, then f is (uniformly) continuous.

Theorem 2.10 For every function f there is a finite set {vy, ..., v,} such that V(-) =
V(vg) C V(vy) C ... C V(v,) and, for all V(v;) CV C V(vi41) [all V(v;) C V if
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i = n], the function f is V(v;)-continuous if and only if f is V -continuous if and only
if f is not V(v;41)-continuous.

Conversely, for every finite set {vo,...,v,} as above there is a function f with the
above properties.

The first part of Theorem 2.10 is an immediate consequence of the Support Prin-
ciple 1.10(5). Here we prove a stronger result [Theorem 2.13] showing that every
function has only finitely many distinct shadows as V ranges over all levels. We recall
that shy(f) is asetin V such that (r, s) € shy(f) <> (Ix € [a,b])(r v x A 5 >~y f(x))
holds for all r,s € V.

The S-versions of the following two facts are well-known (eg see [7]).

Proposition 2.11 f is V-continuous if and only if shy(f) is a function.

Proof Let F := shy(f).

= Assume that f is V-continuous. Suppose (r,s;),(r,s2) € F N'V; then r ~y x,
51~y f(x), r ~y X, 5o ~y f(x'), for some x,x". It follows that x ~y x/, so by
V -continuity, f(x) ~v f(x’), and finally s; ~v s,. As 51,52 € V, we get 51 = s7.
Thus F is a function.

< Assume f is not V-continuous. Then there are x,x' € [a, b] such that x ~y x/
and f(x) 24y f(X'). Let r := ny(x) = ny(X), s; := ny(f(x)), s2 := ny(f(x’)). Then
(r,s1),(r,s2) € F and s; # 53, so F is not a function. O

Proposition 2.12 If f is V-continuous, then F := shy(f) is continuous.

Proof By Local Transfer 1.10(6), there is V' O V such that F = shy/(f). For
r,¥ € [a,b] = domF, r ~y ¥ and r,r € V', this implies that there exist x ~vy r,
x' ~vy ' such that F(r) ~y f(x), F(r') ~y f(x'). Then x ~v x’, hence f(x) ~vy f(x)
by V-continuity of f, and so F(r) ~vy F(r’). The statement just proved for V and a
particular V' O V:

~Vr, ¥ €la,b]NV)(r ~v ¥ — F(r) ~y F())
is true for all V' O V by Polytransfer 1.10(8). Hence r ~vy r — F(r) ~v F(r’) holds

forall r,r € domF, and F is (uniformly) continuous. O

Theorem 2.13 For every function f there is a finite set {Fy, . .., F,} such that V(-) =
V(Fo) C V(F1) C ... C V(Fy) and F; = shy(f) for all V(F;) C V C V(Fiy) [all
V(F) CVifi=n].

Journal of Logic & Analysis 2:8 (2010)



18 Karel Hrbacek

Proof We consider a statement about a variable level U:

“There is a finite set {Fy,...,F,} such that Fp € U C V(F)) C ... C V(Fy),
Fo = shy(f) forall U CV C V(Fy) [all U C V if n = 0], and F; = shy(f) for all
VF)CVCV(Fi) [l VF)CVifi=n],1<i<n”

The statement is true if U = V(f): let n := 0 and Fy := shy(f), and notice that, for
all V 2 U, Fy = shy(f) = shy(f), by Proposition 2.7(d).

By Granularity, there is a coarsest U about which the statement is true. If U = V(.),
we are done; so we assume V() C U and deduce a contradiction.

We have Fy € U and Fy = shy(f) forall U C V C V(F}). If V(Fp) Cc U, let U :=
V(Fy); then also for all U € V C U we have shy(f) = shy(shy(f)) [Proposition 2.8]
= shy(Fy) = Fy [Proposition 2.7(b, a)]. So {Fy,...,F,} witnesses the validity of
the statement about U C U, a contradiction. We conclude that V(Fy) = U. By
Standardization, there is U C V(Fy) and G € U such that, for all U C V' C V(Fp),

~Vr,seVH(r,s) €G < r,s €R A 3 v x A s~y fF(X))];

in other words, G = shy(f) for all U C V' C V(F). The finite set {G, Fy,...,F,}
then witnesses the validity of the statement about U C U, again a contradiction. O

Before proving the second part of Theorem 2.10, we need some preliminary results.

Lemma 2.14 Let L = {vg,v1,...,v,} be a finite set with V(vg) C V(v;) C ... C
V(v,). Forevery level V thereis a set Ly := {v; € L:v; € V}.

Remark This is not trivial, because v; € V is not an internal formula. For example, if
¢eNand ¢ ¢V, then {i € {:i€ V}isnotaset.

Proof The statement is true for every V such that V(v,) C V with Ly = L, hence by
Granularity there is a coarsest level V such that the statement is true for all V 2 V.
If Ly = {vo,...,vm} with m > 0, then Ly exists also for all V O VDV, [it
is either {vo,...,vm—1} or {vo,..., vy }] and we have a contradiction with the choice
of V. If Ly = {v} or Ly = @, then Ly exists also for all V C V [it is either & or
{vo}] and again we have a contradiction, unless V = V(-) and the statement holds for
all V. |

Proposition 2.15 For every finite set {vy, . ..,v,} with V(vg) C ... C V(v,) there is
aset {ko,...,k,} C N such that V(kj) = V(v;) forall j < n.
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Proof We fix {vo,...,v,} and consider the following statement about V:

If i is the least such that V C V(v;) [or i = n + 1 if V(v,) C V], then there exists
S ={ki,... k,} [or S = @, resp] such that V(k;) = V(v;) forall i <j < n.

The statement is trivially true for V 2 V(v,). So by Granularity there is a coarsest
level V for which it is true. If V C V(vy) we are done. If V(vg) C V C V(v;), we
have {ki,...,k,} such that V(k;) = V(v;) for 1 < j < n. We fix some ko such that
V(ko) = V(v) [Lemma 2.2(a)], let S = {ko, k1, ...,k,}, and we are done. Finally,
let V(v;) €V C V(v;41) for i > 0 [by Lemma 2.14, these are the only possibilities].
Then there is a set {kjt1,...,k,} such that V(k;)) = V(vj) for i+ 1 < j < n. We
fix k; such that V(k;) = V(v;) and let S = {k;, kiy1,...,k,}. The statement holds for
V := V(v;_;) C V with this S, a contradiction. O

Corollary 2.16 For every finite set {vo,...,v,} with V(vg) C ... C V(v,) there is
a set {hg,...,h,} C R such that, for all j < n, V(hj) = V(v;) and h; is ultrasmall
relative to all V. C V(v)).

Proof Let {ko,...,k,} € N be as in Proposition 2.15. Let h; := 1/k;. Clearly
V(hj) = V(kj) = V(). f V.C V(v)) and k e NNV, then k < k; and 0 < h; < 1/k.
This shows A; is V-ultrasmall. |

We can now prove the second part of Theorem 2.10.

Proof Let {ho,...,h,} beasin Corollary 2.16; as V(vg) = V(-), we can take hy = 1.
For 1 <i<nletf;:[0,1] — [0, 1] be defined by

P if0 < x < hi/2;
fio) = =2t xtomiy i /2 < x < s
0 ifh; <x<1.

If n is odd, let f(x) := > i filx— I.J%l). It is easy to check that f is not V-continuous
j odd

for V C V(v;) and for Vl(\(;,') C V C V(vi11) when i is even, and is V-continuous for
V(v;) CV C V(v;3+1) when i is odd.

If n is even, take > ",_, instead; the pattern of continuity versus not-continuity is

1 even
reversed. Both cases are easily modified to produce the opposite pattern. a

The notion of V-continuity has a natural generalization.
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Definition 2.17 A function f is (uniformly) (V;, V2)-continuous if x ~y, x’ implies
f(x) >y, f(X), for all x,x" € domf.

We forgo the detailed study of (V1, V,)-continuity and prove only the basic result.

Proposition 2.18 Iff € V, and f is (V1, V2)-continuous, then f is continuous.

Proof If V; C V; and f is (Vi, Vy)-continuous, then f is V-continuous for all
V1 € V C V,, in particular, it is V;-continuous. If also f € V,, then f is continuous.

The case Vo C Vj is less trivial. Let x ~y, x/, x,x’ € domf. By Density of
Levels [Proposition 2.4], there is Vl+ such that V; C Vfr and x ~y+ x', and by
1

Polytransfer 1.10(8), f is also (Vfr7 V1)-continuous; hence f(x) ~y, f(x'). O

3 Lebesgue measure in GRIST.

This section is concerned with some aspects of Lebesgue measure and integral. Our
goal is to showcase the tools available in GRIST for dealing with such matters, not to
give a systematic development of the theory of integration. For this reason, we limit
ourselves to the representative simplest case, that of Lebesgue measure on [0, 1]. A
more complete treatment of the theory of measure and integration in (a weak subsystem
of) GRIST can be found in [18].

We give three nonstandard definitions of Lebesgue measure on [0, 1] and prove their
equivalence to the usual one. Letters A, B denote subsets of [0, 1], and /,J are finite
non-degenerate intervals; /(1) is the length of I.

Definition 3.1 (Lebesgue)
o [o.¢]

mo(A) := inf { ZE(I,-) i AC UI,-, where {I;}7° is a system of open intervals}.
i=0 i=0

It is well-known that mg is an outer measure on P([0, 1]), mo(I) = £(I) for all
I C [0,1],and aset A is Lebesgue measurable if and only if mg(A)+mp([0, 1]NA) = 1.

The most useful nonstandard approach to integration is due to Loeb (see eg [1]). Loeb
showed that every finitely additive measure p on an algebra of sets A gives rise to an
external (countably additive) measure L(u) on an external o-algebra L(A) generated
by .A. This construction uses external sets in an essential way (see Section 4). Loeb
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also showed that Lebesgue measure can be obtained as an image of a suitable Loeb
measure by the “standard part” mapping (‘“neighbor” n in our notation). There are
several choices of A and p natural for this purpose.

One elegant approach is to “approximate” [0, 1] by a “hyperfinite time line.” We
fix a level V and N € N ultralarge relative to V, let #; := i/N for i = 0,...,N,
T := {t,t1,...,tn}, A := P(T), and let p be the counting measure on A, ie,
w(X) := |X|/|T| for all X € A. It can then be shown (see [1]) that a set A € V is
Lebesgue measurable if and only if ny, 'TA1N T is Loeb measurable, and the Lebesgue
measure of A is the Loeb measure of n(,l [AINT.

Loeb measure is obtained from the externally finitely additive measure ny o p on A
by Carathéodory extension theorem. Explicitly, the Loeb measure of an external set
E C [0, 1] is the (external) infimum of ny(u(X)) taken over all (internal) sets X D E,
X € A. Hence the Lebesgue measure m(A) of A € V according to Loeb is given by

) m(A) = infy {nv(u(X)) ny'[AINTCX, X € A}.

The collection n;l [A] is usually external—it is not a set. Similarly, the collection of
numbers whose infimum needs to be taken to obtain m(A) is external; we indicate this
by the use of boldface braces. The notation infy stands for the greatest lower bound in
V, that is, in the external set RNV, ordered by <. Extensions of GRIST that formally
allow external sets are discussed in Section 4. Howeyver, it turns out that the use of
external sets in (x) and elsewhere in this section is only for notational convenience, and
could be eliminated (see Remark 3 below). Nevertheless the question arises whether
such external collections do have a supremum and infimum. The positive answer is
provided by the following proposition.

Proposition 3.2 Let P(r,x;V) be a V-formula. If {r € RNV : P(r,x;V)} is
nonempty and has a lower bound [upper bound, resp.] in 'V, then it has a greatest lower
bound [least upper bound, resp.] in V.

Proof By FRIST Standardization, there is a set S € V such that (vVr € V)(r € § <»
r € R N P(r,x;V)). Using Transfer, it is easy to verify that S is nonempty and
bounded below, and that inf S has the desired properties. O

Our objective in this section is to compare Loeb’s construction with other definitions
of Lebesgue measure, which are stated in terms of systems of intervals. It is trivial to
see that () is equivalent to
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n n
(%)  m(A) := infy {nV (Z €(I,-)> :ng'[AINT C U I; }
i=0 i=0
where {I;}"_, is any finite system of intervals of the form [z, #xy1) (or [ty_1,tn] if
k=N-—-1).

For the purposes of this section it is preferable to use a variant of () where n;l [AINT
is replaced by ny; ! [A]N[O, 1] and arbitrary systems of intervals are allowed. This leads
to the following definition.

Definition 3.3 (Loeb)

mi(A) := infyg) {nV(A) <Z €(I,-)> sy ylAalnio, e Jn }

i=0 i=0
Remarks

(1) In this definition, {/;}_, ranges over all finite systems of intervals. It is easy to
see that m(A) remains unchanged if we restrict it to finite systems of open intervals,
or to finite systems of non-overlapping closed subintervals of [0, 1].

(2) The above remarks about the existence of infy apply.

(3) Because of the appearance of external sets in Definition 3.3, it is not immediately
obvious that my is a function (ie, a set). However, this follows from the Definition
Principle, because the statement m(A) = r, when spelled out in full, is equivalent
to an internal formula. Let Q(A, r; V) be the V-formula expressing “for every finite
system of intervals {[;}!_,, if (Vx,£ € [0, I1Dx € ANV A Exyx — &€ Uy,
then r < ny (Y. 4U)).” Then mi(A) = r is equivalent to (VV)A,r € V —
[QA, V) A (Vse RNV)QA,s; V) — s < r)]), which is an internal formula.

(4) Henson [11] proved that Loeb’s definition and Lebesgue’s definition of outer
measure agree, ie, mgy = m.

(5) We prove that m(A) = m(A).

Let V := V(A). First, note that n;l[A] N T can be replaced by n;l[A] N [0,1] in
(+%). Indeed, if ny'[A1NT C U7y I and € € ny'[A]1N [0, 1], then & ~y a for some
acANV,and t; < £ <ty for some j. Thenalso t; ~y a,so t; € n;l[A] N T, the
interval [#,14.1) = I; for some i, and £ € | J;_, I;; hence n;l[A] N[o,11 C U, L.

It is now clear that m;(A) < m(A). We assume m(A) < m(A) =: s and obtain a
contradiction. From the definition of m;(A) and Remark (1) it follows that there is a
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finite system of non-overlapping intervals {J;}_, such that n;l[A] N[o,1] C U]"n:O Jj
and nV(Z}": 0 ¥J;)) < s. By Relativization (v), there is a level V' O V such that
N ¢ V'. By Polytransfer 1.10(8), we can assume that the system {J;}?", with the
above properties is in V'. Let {I;}”_, be the collection of all intervals of the form
[#k, tk+1) that have a nonempty intersection with some J;. Then ny 1[A] N[0,1] C
Uito i € Uilo i and 37700 €J) < D710 €0 < 37700 4T + 2(m + 1/(N + 1), so
m(A) <ny (37, €U;)) < s [note m € V, N ¢ V], a contradiction.

In order to motivate the next two definitions of Lebesgue measure (Definitions 3.9
and 3.10), we briefly summarize the nonstandard approach to the Riemann integral and
the integrals of McShane and Henstock-Kurzweil. For the standard theory of these
integrals see for example Bartle [4] and Pfeffer [24].

Definition 3.4 A tagged interval is a pair (/, #) where [ is aclosed interval and 7 € R.
A tagged covering is a finite system J := {(f;, ;) }!_, of tagged intervals. A tagged
partition is a tagged covering where {/;}_, are non-overlapping. It is a partition of
[0, 17 if U, I; = [0, 11; similarly for coverings. A tagged covering is anchored in A
if {#;}"_, C A. Atagged partition is a Riemann partitionif #; € /; foralli = 1,...,n.
A Riemann partition J is fine relative to V if all ¢(/;) are ultrasmall relative to V.

Definition 3.5 Let f : [0, 1] — R be a function.

For all tagged coverings J, the Riemann sum ) (f;7J) is defined as >\, f(1;) - {(I).
The function f on [0, 1] is Riemann integrable if there is R € R N V(f) such that
> (f33) ~v() R for all Riemann partitions J of [0, 1] that are fine relative to V(f). If
this is the case, we let [ f(x) - dx := R = ny()(X(f3 7).

One of the inadequacies of Riemann integration is that it is not a true inverse to the
operation of differentiation: If f' is continuous, then f’ is Riemann integrable and
the (indefinite) integral gives back f (up to a constant), but /' need not be Riemann
integrable in general. Relative analysis sheds some light on the reasons for this
phenomenon. Let us consider a differentiable function f and a fine Riemann partition
Jof [0,1], where I; = [xi—1,x], 0 =xg <x1 < ... <x,=1,and x;_| < t; < x;,
forall i = 1,...,n. If f is uniformly differentiable on [0, 1], or equivalently, f’ is
continuous, one proves easily that

(%) fq) = fxiz) = f1 @) - UI) + € - £1;) where €; 2~y 0.

Adding these equations then gives

FO=fO) =" fa)- L)+ & L)
i=1 i=1
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where Y €; - £(I;) ~v(s) 0, and hence f is integrable and folf’(x) ~dx = f(1) — f(0).

However, if f is merely “pointwise” differentiable, () is valid only under the assump-
tion that £(I;) is ultrasmall relative to V(f,#;); the assumption that £(/;) is ultrasmall
relative to V(f) is not sufficient. These considerations suggest that every derivative
would become integrable if we used, in place of fine Riemann partitions, superfine
partitions, defined as those tagged partitions where each ¢(/;) is ultrasmall relative to
the level V(f,t;), dependent on ¢;. It turns out that superfine partitions of [0, 1] in this
strong sense do not exist—see Theorem 3.12 in the Appendix to this section. The idea
does work if one employs instead a weaker notion of relative ultrasmallness due to
Benninghofen and Richter [6] and Gordon [9, 10].

Definition 3.6 Given a € R, we say that a real number ¢ is a-ultrasmall relative to
V if |e] < ¢(a) for all positive functions ¢ € V defined on R.

Definition 3.7 A tagged covering J is superfine relative to V if |x—#;] is #;-ultrasmall
relative to V for all x € [; and all i = 1,...,n. For Riemann partitions, this is
equivalent to ¢(I;) being t;-ultrasmall, forall i = 1,... n.

Let ¢ be a positive function on [0, 1]. We say that a tagged covering {(/;,#;)}", is
subordinate to ¢ if (Vx € L)(|x — t;| < @(;)), forall i = 1,...,n. A well-known
classical result (Cousin’s Lemma) states that for each positive ¢ there exist Riemann
partitions of [0, 1] subordinate to ¢. The existence of Riemann partitions of [0, 1]
superfine relative to V follows from this by Idealization.

If the word “fine” is replaced by “superfine” in Definition 3.5, one obtains a notion
of integral that is equivalent to the one introduced by Henstock and Kurzweil. The
standard definition is as follows.

Definition 3.8 A function f on [0, 1] is Henstock-Kurzweil integrable if there is
a real number R such that for every ¢ > 0 there is a positive function ¢ such that
| > (f;3) — R| < € holds for all Riemann partitions J of [0, 1] subordinate to ¢.

Henstock-Kurzweil integral agrees with Lebesgue integral on nonnegative functions
(more generally, on absolutely integrable functions), but there exist functions that are
Henstock-Kurzweil integrable but not Lebesgue integrable; in particular, all derivatives
are Henstock-Kurzweil integrable. The nonstandard theory of Henstock-Kurzweil
integral is worked out in some detail in Benninghofen [5] and in [18].
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A weaker notion of integral is obtained from the (standard or nonstandard) definition
of Henstock-Kurzweil integral by replacing the words “Riemann partitions” by “parti-
tions” [so the tags #; need not belong to I;]. This yields an integral due to McShane,
which is known to be equivalent to Lebesgue integral.

The next two definitions of the outer measure of a set A are motivated by the nonstandard
definitions of the integral of the characteristic function of A, in the sense of McShane
and Henstock-Kurzweil, respectively.

Definition 3.9 (McShane)

n
my(A) := supV(A){nV(A) <Z E(I,-)) {;, 1)} is a tagged partition anchored in A

i=1

and superfine relative to V(A)}.

Definition 3.10 (Henstock-Kurzweil) m3(A) is defined as above, with “partition”
replaced by “Riemann partition.”

We illustrate the capabilities of GRIST by giving a direct proof of the fact that the
above four definitions of Lebesgue measure are indeed equivalent.

Theorem 3.11 my(A) = mi(A) = mp(A) = m3(A), forall A C [0, 1].

Proof my(A) < mg(A):

It suffices to show: If A C | J°, I; where I; = (a;, b;) are open intervals and {/;}3°, €
V(A), and if {(J}, tj)}J’.‘:1 is a tagged partition anchored in A and superfine relative to

V(A), then S5 £(J;) < S350 UT;).
We define ¢ : R — R as follows:
- min{x — a;, b; — x} where i is the least such that x € I;;
X) =
4 1 otherwise.

Thus ¢ € V(A) is a positive function. For every 1 < j < k, (Vx € Jj)(|x — 1] is
tj-ultrasmall relative to V(A)), hence (Vx € Jj)(|x — t;| < ¢(t)). Ast; € A C U1,
this implies that J; C I;, for the least i such that #; € I;. The intervals J; are non-
overlapping, and thence Z}‘:l UJj) < D2, U).

mi(A) < my(A):
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Let us assume that A C (0,1) and my(A) < m < m;(A) holds for some m € V(A),
and deduce a contradiction. If for every positive ¢ € V(A) there is a tagged partition
{U;, 1)}, subordinate to ¢, anchored in A, and such that ) ¢(I;) > m, then by
Idealization there is a tagged partition {(f;, t,-)};?:1 superfine relative to V(A), anchored
in A, and such that ) ¢(I;) > m, a contradiction. Hence there is a positive ¢ € V(A)
such that ) ¢(I;) < m for all tagged partitions subordinate to ¢ and anchored in A.

For each a € A let J, := [a — %go(a),a + %gp(a)]. Let F be a finite set such that
ANV(A) CF C A [Idealization]. If a € AN V(A) and x ~y@) a, then x € J,,
SO n;(lA)[A] C UaepJa- Tt is now easy to construct a tagged partition {(I;, #;)}"_,
with {#;}?_, C F such that J_, I; = U,cpJo and [; C J;, forall i = 1,...,n. In
particular, (Vx € I))(|x — ;| < ©(2;)), so {(I,, 1)}, is subordinate to ¢ and anchored
in A, and hence »_ /(I;}) < m. As also nV( A) [A] C Ul:1 I;, we have a contradiction
with m < m(A).

mo(A) < my(A):

First let A be compact. Then A C n;(lA)[A] hence nV(A)[A] - U?:o I; implies
A C U?:o I; and (using properties of Lebesgue measure) mp(A) < Z?:o mo(l;) =
oo ;). Hence mo(A) < my(A).

Now let A be open. From properties of Lebesgue measure it follows that my(A) =
sup{mo(F) : F C A, F compact} < sup{m(F): F C A, F compact} < m;(A), using
monotonicity of m, evident from Definition 3.3 and Transfer.

Finally, let A be arbitrary. We define the inner measure m; by

n
m; (A) .= supV(A){nv(A) <Z E(I,-)) U I; C nV(A) [A] where [; are non-overlapping
i=0

closed subintervals of [0, 1]}.
It is immediate from the definitions that if A U C = [0,1] and A N C = &, then
mi(A) +m; (C) = 1.

Let {I;}!_, be a system of non-overlapping closed subintervals of [0, 1] such that
U I, C n;(lA)[A] Let F = ShV(A)(U?:oli) € V(A). F is compact [Propo-
sition 2.7(b)], U I, C nQ(IA)[F], and F C A. We conclude that, for any A,
my (A) = sup{m| (F ): F C A, F compact}, hence, by taking complements, m;(A) =
inf{m;(U): A C U, Uopen} > inf{my(U) : A C U, U open} = my(A).

m3(A) < my(A): Trivial.
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ma(A) < m3(A):

For every tagged partition J = {(f;,#;)}}_, anchored in A we construct a Riemann
partition J = {(Jj, sj)};”: , anchored in A with (JI_, [; C UJ’”: 1 Jj, hence Y7 UL <
Z]m:] £(J;), in such a way that if J is superfine relative to V, then J is also superfine
relative to V. [More strongly, if J is subordinate to ¢, then J is subordinate to ¢, for

any ¢ > 0.] From this result, my(A) < m3(A) follows immediately.

Let I; = [a;,b;] and let (ri,...,r,) be a one-one enumeration of {r;,...,t,}. If
re=t, =...=t, and rp # t; for i #iy,..., i, let
€ :=max{ry — a;,, bi, —r¢,...,re — aj, by, —re}.

Note that €, > 0, and if J is superfine relative to V, then ¢, is ry-ultrasmall relative
to V [if J is subordinate to o, then €, < ¢(r;)]. The collection € := {(Cy, rg)}lézl,
where Cy := [rp — €y, ¢ + €¢], is a covering anchored in A and U?:] I; C UIZ:I Cy.
Moreover, € is superfine relative to V [subordinate to ¢ ] whenever J is.

Claim: There is a Riemann partition J = {(J;,s)}}2; such that (J,_, C, = UL, J;
and for each j there is ¢ such that s; = r, and J; C Cy.

Clearly, if € is superfine relative to V [subordinate to ¢], the same holds for ¥, and
this concludes the proof.

Proof of Claim. The construction is by recursion. Wlog we assume that ¢; =
max{ey,...,e}. By inductive assumption, for the covering {(Cy, r¢)},_, there is
J= {(Jj,sj)}]’.”: | satisfying the Claim. First, we omit from J those (J;,s;) where
J; € Ci. Letj~ and j© be such that r| — € € J;- and r| + € € J;+, if they exist.

Ji- Ji+
c J sj— d- C+ J sj+ d-i-
| L o< | - | ul ° |
| T 1 | 1 |
r — €] r r + €
Cy

We note that j~ # j*, because of maximality of €. Let Ji- =1lc,d7], Ji+ =

[c™,d*]. We note that 5;- < ri because s;- — ¢~ < ¢- < €, by maximality
of € similarly r; < s;+. Next, we replace in J the tagged interval (J;-,s;-) by
(le™, max{s;—,r1 —e1}],5-), (Jj+,s;+) by ([min{s;+,r +€1},d"],s;+), and add to
J the tagged interval ([max{s;-,r1 — e1}, min{s;+, 1 +e€1}],7r1). If j© does not exist,
we replace only (J;-, s;-), and add ([max{sjf ,r1 — €1}, r1 + €11, r1); similarly in case
j— does not exist. If neither exists, we only add C; = [r; — €1, 71 + €1]. Itis easy to
see that the resulting Riemann partition has the required properties. a |
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Appendix
Theorem 3.12 Supertine coverings of [0, 1] in the strong sense do not exist.

Lemma 3.13 If (h, : a € A) is a finite sequence, A € V, and h,, is ultrasmall relative
to'V forevery a € A, then ) ., h, is ultrasmall relative to V.

Proof Let i := max{|h,|:a € A} and n := |A|. Note that n € V and # is ultrasmall

relative to V; hence | ) 4 hy| < k-1 is ultrasmall relative to V. O

Proof of Theorem 3.12

Let {(Z;,t;)}}_, be a tagged covering of [0, 1] such that (Vx € [)(|x — | is ul-
trasmall relative to V(#;)). Wlog we assume that #; € [; and f; # t;, for all

1 <i#j<n. Indeed, if [; = [a;,b;] and t;, = ... = t;,, = t, we can replace
the tagged intervals (;,1;,),...,;,t;,) with a single tagged interval (/,7), where
[ = [min{a;,...,a;,t}, max{b;,...,b;,t}]. Welet T := {£;}""_, and write I; in

place of I; for t = t;.

Claim Forevery V thereis A € V, A C T, such that ZIGT\A ;) ~vy 0.
Proof of Claim We consider the following assertion about V:

® OV 2IVEAEVIACT A Y, ) =y 0).

Clearly (%) istrue if T € V [let A := T]. By Granularity, there is a coarsest level V
for which (x) is true. We assume V(-) C V and deduce a contradiction.

Let A € V, A C T be such that ZleT\ 4 UI;) ~v 0. By FRIST Standardization, there
is B € V such that

VteV)te B+ teA N LI)is not ultrasmall relative to V).

We can assume B C A [replace B with B N A if necessary]. As A C T is finite,
teA —teV][1.10(13)(b)] and we have (Vi)(t € B <>t € A A £(I,) is not ultrasmall
relative to V). Moreover, there is V C V such that B € V [if not, then V would be
the coarsest level where B appears, hence the coarsest level where some ¢ € B appears
[1.10(12)], but then £(I;) would be ultrasmall relative to V, a contradiction].

Now > cr gl = 3 ier a tUD) + 3 yeap ) 2=2v 03 indeed, 3 7 4 €11 ~=2v O
by (x) and ZteA\B () ~vy 0 because A ~ B € V and each /(I;), t € A\ B, is
ultrasmall relative to V (Lemma 3.13). Hence » .. g ((I;) ~y O forall VC V' C'V
and () holds with V in place of V, a contradiction. O
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Let now A € V(-), A C T be such that ZIGT\A 1) ~yi) 0. We also have
> iea Y1) ~v() 0 because A € V(-) and each /(I)), for t € A, is ultrasmall relative
to V(-) (Lemma 3.13 again). Hence ZteT (1) ~vy 0, contradicting ZteT 1) >
1. m]

4 GRIST and external sets.

Relative set theory enriches the €-language of set theory by additional means: the
binary relative standardness predicate T, or equivalently, variables over levels. In
this extended language it is possible to describe subcollections of sets that are not
themselves sets. We use the term external sets in the inclusive sense, to refer to such
collections as well as to the “usual” sets, sometimes called internal sets for emphasis.

There are two important reasons for expanding relative set theory to a theory of
external sets. The first is foundational: the tendency to abstraction, so prominent
in mathematics since at least the time of Cantor, makes us employ such collections
almost automatically; “they are there.” The second reason is pragmatic: while the
work of Nelson and the IST school shows that much can be accomplished by purely
internal means, and while the techniques based on GRIST further facilitate and extend
the internal approach, most of the practitioners of nonstandard analysis use some
version of the Robinsonian model-theoretic framework, grounded in superstructures
and characterized by heavy use of non-internal sets. If relative set theory is to serve
as a universal vehicle for nonstandard analysis, it has to accomodate non-internal sets
and the model-theoretic framework.

Here we consider four increasingly powerful extensions of GRIST to a theory of exter-
nal sets, motivated mostly by pragmatic considerations. We believe that all arguments
of current nonstandard practice can be formalized in (the strongest of) these systems.
The issues at play in this section are similar to those that arise from attempts to extend
BST to a theory of external sets. We rely heavily on the monograph [19] of Kanovei
and Reeken, which contains a systematic comparative study of such extensions.

The most elementary use of external sets in relative set theory is as extensions of
formulas of the language of GRIST. For example, given r € R, we can define

V-monad of r: my(r) := {x € R : |x — r| is ultrasmall relative to V};
V-galaxy of r:  gy(r) :== {x € R : |x — r| is limited relative to V};

the monad of r € R is then my(,(r), and the galaxy of r € R is gy(7);
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V-proximity relation Ey CR x R: (x,y) € Ey & x>~y y;

V-neighbor function ny C R x R: y = ny(x) if and only if x is limited relative to
V,ye€ V,and x >~y y.

External sets from these examples are typically used in nonstandard analysis for the
sake of convenience; their use can be eliminated by replacing them with their defining
formulas. We begin with an axiomatic system which is suitable for a formalization of
such book-keeping use of external sets (and a bit more).

E;—GRIST

We use boldface letters for variables of the theory; they are intended to range over
external sets. There are two primitive binary predicates, € and =. We say that x is
internal [written x € [] if x C x, and use lightface letters as variables over internal
sets, as was our practice hitherto. We continue to refer to internal sets as sets. The
axioms of E{— GRIST are:

e GRIST! [the axioms of GRIST where all quantifiers are restricted to internal
sets]. We can identify GRIST! with GRIST.

e Transitivity of I: (Vx € I)(Vy € x)(y € I).

e External Extensionality: (Vx,y)[(Vz)(z€x<+<z€y) > x=Y].

e External Separation: (VA)(@B)(Vx)(x € B <> x € A A P(X,X1,...,X1)),

where P is any formula of the €-C-language.

We say that x is standard [written x € S]if x € I A x C 0 [ie, S = V(-)]. An
external set X is N-closed if (VX,y)(x,y € X — xNy € X). X is of standard size if
there is a function F and A € S such that (Vx)[x € X +> (da € AN S)(x = F(a))].

o External Restricted Standardization:
VX)VA € S)(AB € S)(BNS=ANXNS).

o External Saturation: If X C I is a N-closed external set of standard size and
if (Vx € X)(x # 9), then X # @.

e Standard Size Choice: If X is of standard size, then there is an external
function F such that (Vx € X)(x # @ — F(x) € x).

It is easy to check that the examples of external sets given at the beginning of this
section can be formalized and proved to exist in E;—GRIST, even without recourse
to the last three axioms. It is also easy to obtain a model of E; —GRIST minus the last
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three axioms from any model 90t = (|9, €™, C™) of GRIST: add to |901| all sets of
the form {x € M| : MEx €a N P, x;,...,x)} where a,xi,...,x € || and
thereisno b € |9 such that M F (Vx)[x € b <> x € a A P(x,x,...,x)], and extend
€™ and C™ to this enlarged universe in the obvious way [let C™ be false unless both
arguments are in |97|]. Construction of an interpretation that satisfies also the last
three axioms requires a bit more care and is described in the proof of Theorem 4.1.

The extra axioms allow for a more serious use of external sets than just book-keeping.
In particular, one can define the set of external natural numbers N and use External
Restricted Standardization to show that it equals N N'S. Similarly for the set of exter-
nal integers and external rational numbers. External real numbers can be defined, and
Standardization provides a natural correspondence between them and the standard real
numbers [elements of R NS]. A detailed discussion of these issues can be found in the
author’s [13]. The actual external set R of external real numbers cannot be proved to
exist in E;—GRIST, which does not guarantee existence of sets beyond the first level
of the external cumulative hierarchy over I. This defect is remedied by our second
theory, an extension of E;—GRIST that postulates that the universe of external sets
satisfies ZC, Zermelo set theory with Choice.

We add the following axioms to E|—GRIST:

e External Pair: (Vx,y)(dz)(Vu)(u€ez<u=xV u=Yy).

e External Union: (Vx)(Jy)Vuw)u€y <+ (Fz)(uez A Z € X)].

e External Power Set: (Vx)(dy)(Vu)(u € y <+ u C x).

e External Choice: (VX)(dF)(Vx € X)(x # @ — F(x) € x).

e Regularity over I: (Vx # @)(dy € x)(yNx C D).
We note that there are infinite internal sets, for example N, so “External Infinity” is
not needed. There are external sets for which Regularity fails, for example {n €
N:0C n} ={n € N:n¢S},; Regularity over I is a substitute. The classical

proof of Zermelo establishes the Well-Ordering Principle: Every external set can be
well-ordered.

In E,,— GRIST there is actually an external ser R of all external real numbers. The first
presentation of Loeb measures in a framework of an axiomatic nonstandard set theory
(NST) is given in great detail in the author’s [13]; it carries over to E ,,— GRIST without
any essential changes. External Saturation and (Standard Size) Choice are instrumental
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in proving countable additivity of Loeb measures. Kanovei and Reeken [19, Section
9.5] observe that the essence of the construction of Loeb measures can be carried
out already in much weaker systems, such as E;—GRIST [this is why we included
External Saturation and Standard Size Choice in it], except that the Loeb algebra and
the measure itself are not sets. E_,—GRIST adds the External Power Set axiom to
remedy this last difficulty.

The universe of E,— GRIST resembles a superstructure over I; with the addition of
two more axioms we can obtain something like the familiar model-theoretic framework.

Following [19, Definition 8.1.3], a set x € S is condensable if there is an external
transitive set T 3 x andamap y — y definedon TNS and suchthaty = {z : z € yNS}
holds forally € TNS.

Eq—GRIST is E,,— GRIST plus the axioms:
e Transitive Hulls: (vVx)(dT)(x € T A T is transitive).

e Standard Condensation: (Vx € S)(x is condensable).

Let H be the class of all external sets and WEF the subclass of all externally well-
founded external sets. We let W := {X : x € S} be the class of all feasible
well-founded sets [W = WEFeas in the notation of [19]]. It can be shown that either
W = WF or W = Vg for some external ordinal £, where (V¢, & € Ord) is the
external von Neumann cumulative hierarchy. It then follows [19, Exercise 8.2.6] that
there is a uniquely determined €-isomorphism * : W — S C I. Hence W is an
interpretation of ZFC (ie, P" holds for all axioms P of ZFC) and * : W — I is an
€-elementary embedding [ie, (VX € WPV () + PLX)) holds for all €-formulas
P]. This is the scheme “WEFfas % [ in H " in the terminology of [19]. The analogy
with the model-theoretic framework is very close. In the model-theoretic terminology,
elements of W are the standard sets, elements of S are the standard copies, 1 is the
universe of internal sets, and the entire universe H of Eq— GRIST is the “super-
structure” of external sets. Most arguments of model-theoretic nonstandard analysis
readily transfer into this setting; see Kanovei and Reeken [19, Chapter 2] for an ex-
position of nonstandard analysis in the closely related framework of “WF = I[ in H].”

We extend the theory once more, again for both practical and fundamental reasons. The
external universe of Eq— GRIST satisfies all of ZC, but not necessarily Replacement.
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From the point of view of applications there is also something missing. For example,
the Loeb measure L(u) is an external set; but we might like to have a measure with the
properties of L(u) in the standard universe S, or in its well-founded counterpart W.
These shortcomings are overcome in the theory obtained from Eq— GRIST by adding
yet two more principles.

¢ External Collection: (VA)(dB)(Vx € A)[(Fy)P(x,y,X) — (dy € B)YP(Xx,y,X),
where P is any formula.

e External Transfer: (Vxi,...,x; € W)(PV(x1,....x0) < PVE(x1,....X0),
where P is any €-formula.

In the absence of Regularity, External Collection is stronger than External Replacement.
E—GRIST implies that every external set is in one-one correspondence with some
element of WIF (in fact, with some external ordinal). Hence L(u) is isomorphic to
some measure my € W, in any appropriate sense of “isomorphic.” Next, by External
Transfer, there is a measure m € W that has “the same properties” as mg, at least as
far as these properties can be expressed by €-formulas in WIF. Finally, *m € S is a
standard measure isomorphic to m, via the isomorphism .

One consequence of E—GRIST is perhaps unexpected and worth pointing out. By
[16, Proposition 12.33], in GRIST one can define a mapping of the (internal) set N
of natural numbers onto the class of all standard ordinals. The composition of this
mapping with the internal von Neumann cumulative hierarchy £ — V¢ maps N onto
{V¢ : £ € S}, and External Collection implies that the latter is an external set. Hence
[External Union] Uges Ve = T is an external set. We conclude that I, S € I and W
[the inverse image of S by *] are external sets! [This conclusion does rot hold in
weaker theories, such as Eq— GRIST; see the proof of Theorem 4.1.]

This observation suggests that, in E—GRIST, the universe H of external sets, or
perhaps its well-founded part W, should be regarded as the “usual” universe of sets,
while I, S, and W are just “models” of set theory, with x : W — S < I being close
to the Robinsonian model-theoretic framework.

Theorem 4.1 E —GRIST is a conservative extension of ZFC.

Proof and further discussion of Theorem 4.1

We rely heavily on the material in Kanovei-Reeken [19, Sections 8.1, 8.2]. The
preceding remarks indicate that E—GRIST is similar to Kawai’s theory KST. The
principal differences are:
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e In KST, the internal universe (I, €,S) is an interpretation of IST, while in
E—GRIST, (I, €, C) is an interpretation of GRIST.

e KST postulates Strong Saturation [for S-size external sets X C I, while
E — GRIST postulates (External) Saturation only for standard-size external sets.

e The axiom of External Transfer is a new idea that is not part of KST. How-
ever, the interpretation of KST used by Kanovei-Reeken [19] to prove their
Theorem 8.1.5 satisfies External Transfer; hence KST+ External Transfer is a
conservative extension of ZFC.

To prove Theorem 4.1 we follow closely the proof of Theorem 8.1.5 in [19]. We
argue in ZFC?¥ and let V := Vy. In [19], the initial Py is taken as *V, where
*v = (*V,*€,*st) is a YT -saturated interpretation of IST with an €-elementary
standard core embedding * : V — *V. We start instead with an interpretation of
GRIST, )\ (V) = (V*,=*,€*,C*), constructed inside V := V as in [16], and form
the quotient structure *v = (*V,*e,*C) modulo the congruence relation =*. This is
a 1-saturated interpretation of GRIST. Using this *V as Py, we define the sets P¢ for
all £ asin [19], and let P := UgeOrd P:. [[19] has £ < + in place of £ € Ord; this
appears to be a misprint.]

The claim that the structure (P,* €,*C) interprets E—GRIST can be proved by
arguments similar to those in [19]; in particular, 1J-saturation of *v suffices to prove
that External Saturation holds. External Transfer follows from the axiom schema (x)
of ZFC® (Transfer from Vy to V).

To obtain interpretations of E;— GRIST, E,,— GRIST and E— GRIST, it suffices to
take P, P, and Py, resp, in the place of P. In all these interpretations, I is an external
set. While this is necessarily so in the case of E—GRIST, the other theories have
also interpretations in which I remains a proper class and, in fact, full Standardization
holds in the form

e External Standardization: (VX)(3B € S)(BN'S =X NS).

Addition of this axiom makes these theories resemble NST [12, 13, 19, Section 8.2]. To
obtain interpretations that satisfy External Standardization, proceed as in [19, Exercise
8.2.15], again starting with &y (Vy), and taking v = 1,w and ¥, resp. |

The theory E — GRIST accomodates arguments of the traditional model-theoretic non-
standard analysis to the full extent. On the other hand, this theory is rather ad-hoc,
and far from providing a foundationally satisfactory, philosophically coherent system.
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Before discussing this matter further, we consider the simpler nonstandard set theory
IST.

IST is a conservative extension of ZFC, and can thus be viewed as merely a formal
tool for proving theorems of ZFC. However, most users of IST wish to identify the
“usual” sets with some objects provided by IST. For this purpose there are two choices.
The “official” philosophy of Nelson, enshrined by the IST terminology, is to regard
the internal sets as the “usual” sets. This is the view we follow in GRIST as well. It
has significant pedagogical advantages, as discussed in detail in [17]. However, one
can equally well take the view that standard sets of IST are the “usual” sets. This
is the philosophy of the author’s [13]; many working mathematicians seem to find it
more palatable. The point we wish to stress is that there is no mathematical reason for
preferring either alternative. The standard universe S and the internal universe I have
equal claims to being the “usual” universe of set theory.

On the other hand, if we look at not just the universes themselves, but also at the way
they are embedded in the wider “cosmos” of IST, we notice some essential differences;
most important for mathematical applications, infinitesimals (ultrasmall numbers) exist
relative to the standard universe (level) S, but not relative to the internal universe I. It
is precisely this asymmetry that is remedied by relative set theory. In fact, the guiding
principle behind the development of GRIST was the desire to make all levels have
the same view of the surrounding “cosmos” (technically, to make Transfer hold for all
€-C-formulas, a feature we refer to elsewhere as “Full Relativization”).

Coming back to E—GRIST: We have already noted that there are several universes
that with some justification can be regarded as the “usual” universe of sets: I, S, W,
WF, H (and possibly any level V C T). If we follow the ideas that led from IST to
GRIST, a picture of an extension of E—GRIST emerges wherein every universe can
be regarded as the “usual” one, and all universes have the same view of the “cosmos”;
in particular, every universe has a stratification into levels that satisfies GRIST, has
its own external universe, and in this external universe it is isomorphic to a transitive
universe, via its own .

The “relativistic” perspective on axiomatic nonstandard set theory was advocated and
developed by Ballard in [2]. In a later unpublished paper [3] Ballard realized that
the foundational issues raised by many universes of axiomatic nonstandard analysis
are similar to those raised by many universes obtainable by forcing in traditional set
theory, and proposed a coherent, uncompromisingly relativistic theory of the mathe-
matical “cosmos” that accomodates both nonstandard and forcing extensions. A truly
universal and philosophically satisfying theory of the nonstandard appears to require
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such relativism; however, the construction of an extension of GRIST to such a theory
presents a number of technical, mathematical and philosophical challenges. We hope
to address these issues in greater detail elsewhere.
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