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Relative set theory: Strong stability
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Abstract: GRIST is an axiomatic framework for nonstandard set theory with many
“levels of standardness.” The paper establishes a number of general consequences
of GRIST, in particular, a very strong form of Transfer principle.
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This is the last in a series of three articles devoted to GRIST, an axiomatic presentation
of nonstandard analysis with many “levels of standardness.” The two previous papers,
[4] and [5], will be referred to as RST and RST?2, respectively.

Itis shown in RST that GRIST is complete over ZFC: If an extension of GRIST proves
a theorem that is not provable in GRIST, then it proves a theorem in the language of
ZFC that is not provable in ZFC [see Proposition 6.5]. In other words, no additional
principles can be added to GRIST while keeping it conservative over ZFC. Yet in
mathematical applications it is sometimes awkward to argue directly from the axioms of
GRIST. It is convenient to have at one’s disposal other principles, provable in GRIST,
but tailor-made for certain kinds of applications. A number of such consequences
of GRIST is derived in RST, Section 12; see also RST2, Proposition 1.10. For
applications of relative set theory see RST2 and [3, 6, 10].

This paper focuses on deducing some further useful principles in GRIST. Foremost
among them is Strong Stability, perhaps the ultimate generalization of Transfer. Sec-
tion 1 begins with a formulation of Strong Stability. Strong Stability is then used to
prove that levels represented by elements of a given set are precisely those from a finite
union of singletons and closed intervals (in the ordering of levels by inclusion).

Section 2 contains the proof of Strong Stability in GRIST. It relies heavily on the
development of GRIST in RST. Counterexamples to some “natural” strengthenings of
Strong Stability are also constructed there.

Section 3 deals with some variants of Idealization and Choice that are provable in
GRIST. It also presents a generalization of Robinson’s Lemma due to Andreev.
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2 Karel Hrbacek

In Section 4 we complete the study of (V, V,)—continuity initiated in RST2.

In GRIST, the ordering of levels is dense (and there is a coarsest level). Alternatively,
one can postulate that levels are discretely ordered (each level has an immediate
successor, and each but the coarsest level has an immediate predecessor). There are
other possibilities, and weaker theories (FRIST [2], Péraire’s RIST [9]) agnostic on
the details of the ordering of levels. In Section 5 we show that all these theories prove
exactly the same open formulas (formulas where no quantification over levels occurs).

Finally, in Section 6 we fill a gap in the proof of Proposition 6.10 in RST, and add a
few easy but useful observations on GRIST that have not been made explicit in RST.

For convenient reference, the axioms of GRIST are listed below [see RST2, page 4].
In addition to ZFC, they are

Relativization The conjunction of:

) YU,V[(Vx)x e U+ xeV)—U=V];

A V)EAV[xeV A YU)xe U —V CU)

(this uniquely determined level V is denoted V(x); V(-) := V(0) is the coarsest level);
@) VW0 eV A @ExeV)VU)xe U -V C U);

(i) VU, V)(UCV Vv V C U);

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

VU VHYUCV > EFW)YUCWCV).

Transfer (or Stability)
ForallU CV andall xy,...,xx € U, Pxi,...,x;U) < Py, ..., x; V).
Standardization

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

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

Idealization

For all U,V A suchthat A€ U CV, and all xy, ..., x,

(Va € PIAYYW C V) [a € W — 3y)(Vx € )P(x,y,x1, ..., x: V)] <
(F)(x € AYW C V)[x e W — P(x,y, x1,...,x V).

Granularity
Forall xi, ... ,x;, if QU)P(x1,...,x; U), then
WPy, .. xU) A YWYV CU = =Py, ..., x V).
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Relative set theory 3

1 Strong Stability and ‘sets of levels’.

The key principle of GRIST is Transfer, also referred to as Stability:
ForallVV C V' andall x1,...,xx €V,
Pxi,...,x V) & P, ..., xq V),
where P(x1,...,x; V) is any V-formula, ie, a formula where all quantifiers over

levels are of the form (YW D V) or (W D V).

The most irksome limitation of Transfer is the restriction xy,...,x; € V; but without
it the principle fails as stated [consider V C V', x € V'V, and the formula P(x; V) :
x € V]. The first step towards transgressing this limitation is made in the Local
Transfer principle.

Local Transfer [RST2, Proposition 1.10 (6)]: For any sets xj1, .. .,Xx, and any Vg
there is " D Vg such that, forall Vg CV C V' and all x1,...,x; € Vo,

P()C],. . 'axkvxk-i-lv"-)xn;VO) <~ P(xlu"' s Xy Xk+15 -+ - .,Xn;V).

‘We also have

Support Principle [RST2, Proposition 1.10 (5)]: Given a V -formula P (xy, ..., x; V)
and sets xi,...,xy, there is a finite set {vy,vi,...,vn} such that V(-) = V(vp) C
V(vi) C ... C V() and for all i < n and all V. with V(v;) C V C V(vit1)
[V(vi) CV ifi=n],

P(xla ey Xk V(V,)) — P(xla o ,Xk;V) = P(xla .. ,Xk;V(VH_l)).

In this section we formulate a principle (Strong Stability) that generalizes all of the
above, and give an example that illustrates its use.

Definition 1.1 (RST, Definition 8.3; see also RST, Proposition 8.6, and Section 2 of
this paper.) A set L is a level set if for all x,y € L, V(x) = V(y) implies x = y.

Level sets are finite, and the relation C defined on L by x C y <> V(x) C V(y) is
a well-ordering. We always describe level sets in the increasing order by C; ie, if
L ={zo0,21,...,2¢} is alevel set, then V(z9) C V(z1) C ... C V(z¢).

Definition 1.2 Let L be a level set. We write V =, V' if V C V(z) & V' C V(2)
and V(z) CV < V(z) C V' hold forall z € L.

Inother words, if L = {zo,z1,...,z¢},then V 22 V' means thateither V = V' = V(z))
for some j < ¢, or V,V' C V(z9), or V(zj) C V,V' C V(z4) for some j < ¢, or
V(zy) C V,V'. Thus = classifies all levels into 2¢ + 3 classes.
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4 Karel Hrbacek

Recall [RST2, page 4] that P(xy, ..., Xk, V1,--.,Ye; V, V1, ..., V,) denotes a formula
of the language of GRIST where all quantifiers over levels are of the form (YW D V)
or (AW D V). For brevity, we often write X and y for the sequences xi,...,x; and
Yi,-..,Ye, respectively. Then (x) denotes (xi,...,xx), etc.

STRONG STABILITY: Given y1, ...,y there is a level set L such that if V C V1,
V Cc V| and V| =, V), then

(VX € V(P& 5V, V1) & P&, 5V, VD).
The proof is postponed until Section 2, where also a stronger version, for several levels
simultaneously, can be found. Here we give a simple example of an application of this

principle. We show that every “set of levels” is a finite union of singletons and closed
intervals in the linear ordering of levels by C.

Theorem 1.3 For every X # & there exist level sets L = {ay,...,a,} and L' =
{ag, ..., } such that V(a;) € V(o) forall i < n, V(c)) C V(ayy) forall i < n,
and

(1) (Vx € X)3i < n)(V(a;) € V(x) C V(ay),

2) (YW)(Vi <m)[V(ew) SV C V(o)) = (3x € X)(V(x) = V)]

if X is finite. If X is infinite, (1) and (2) hold with V(a,) C V(x) C V(«),) and
V(a,) €V C V() replaced by V(o) € V(x) and V(«,) C V, respectively.
Lemma 1.4 If V(o) C V(&/) and (3x € X)(V(x) = V) holds for all V such that
V(o) C V C V(d), then also

(A) (3x € X\)(V(x) = V() and

(B) (Ax € X\)(V(x) = V().

Proof (B) Let a be a finite set, V(a) C V(c/). Fix V such that V(a), V(o) C V C
V(') and x € X such that V(x) = V. By RST2, Proposition 1.10 (13), y € a implies
y € V(a), so y # x. Hence (Vi"a)[V(a) C V(¢/) = (3x € V())(Vy € a)(x €

X Ay # x)]. By GRIST Idealization we obtain x € X, x € V(a/), such that y # x
holds for all y € X with V(y) C V(). Then x € X and V(x) = V().

(A) If V(«r) = V() [the coarsest level], consider the statement

PX:V): (GExeX)(xeV).
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Relative set theory 5

P(X;V) holds for all V such that V(-) C V C V(</), by the assumption. By
Granularity, there is a coarsest level V for which P(X;V) holds. From density of
levels [Relativization (v)] we conclude that P(X;V(-)): (Ix € X)(x € V(+)) holds.

If V() C V() and for every V C V(a) there is x € X such that V C V(x) C V(«),
the argument in the proof of (B) [with V(-) in place of V(«) and V(«) in place of
V(a')] shows that (3x € X)(V(x) = V().

It remains to consider the case when there is a V C V(«) such that —(3x € X)(V C
V(x) C V(a)). Fix such V =: V. For every finite a with V(a) C V thereis Y € V, Y
finite, such that (Vx € a)(x € X — x € Y) [let Y := a]. By GRIST Idealization, there
is a finite ¥ € V such that (vx € X)(V(x) CV — x € Y). Let Z := X ~. Y and note
that (Vx)(x € Z <> x € X AV(a) C V(x)) [Y € V is finite, so x € Y — x € V, by
RST2, Proposition 1.10 (13)]. As in the proof of the V(a) = V(-) case, we consider

PZ:V): (FxeZ)(xeV).

We observe that P(Z; V) <> P(X;V) for V 2 V(«), and hence P(Z; V) holds for all
V such that V(o) C V C V(). Also, P(Z; V) fails for V C V(a). By Granularity,
P(Z;V(a)) holds. Hence (x € Z)(x € V(a)); as x € Z — V(x) D V(a), we have
x€e€Z CXand V(x) = V(o). O

Proof of Theorem 1.3 We apply Strong Stability to the statement
PX:V(E), V) ExeX)(Vx) =V)

[in detail: (dx € X)(YW D V())(x € W & V C W)] and obtain a level set M =
{70, - - -, Y} such that, wlog, V(v9) = V(-) andforall i < k, V(7;) C V,V' C V(7i11)
[V(v) € V,V"if i = k] implies P(X;V(-),V) < PX;V(),V'). By Lemma 1.4,
if P(X;V(-),V) holds for all V(v;) C V C V(vi+1), then also P(X; V(-), V(v;)) and
P(X;V(),V(vir1)) hold. By Proposition 6.4 proved in Section 6 and Examples (2)
and (3) that precede it, the sets {z € M : (Ix € X)(V(x) = V(2))} and {z € M :
VWV D V() — (3x € X)(V(z) C V(x) C V)]} exist. From these sets one easily
obtains the sets L and L’ as in the Theorem, by amalgamating adjacent intervals when
necessary. a

By RST2, Proposition 2.15, the level sets L and L’ can be taken to be sets of natural
numbers: L = {ko,...,k,} and L' = {k{,...,k,}, with V(k;) C V(k}) forall i < n
and V(k!) C V(kiyy) for all i < n. We can assume that V(k;) = V(k/) implies
ki = k. [{k; : V(k;) = V(k})} is a set, again by Proposition 6.4, because the formula
Fi<n)z=k N zCkl A k] Cz)isstablein z.]
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6 Karel Hrbacek

Let [k, k'] :={i e N: k <i <K} and [k,00) := {i € N : k < i}. We define
S := Ujcnlki, k] and S := §" U [ky, ky] if X is finite; S := §' U[k,, 00) if X is infinite.
Then

(Vx € X\)(Fi € $)(V(x) = V(i) and (Vi € S)(Ix € X)(V(x) = V(i)).

In the terminology introduced on page 12, every set is level-equivalent to a finite union
of singletons and closed intervals on N.

2 Proof of Strong Stability in GRIST.

This section relies heavily on the development of GRIST as given in RST. For this
reason, it is convenient here to work with the original formulation of GRIST in terms
of C, rather than use the language of levels (GRIST V) introduced in RST2.

In the €—C-language, L is a level set if for all x,y € L, x Hy implies x = y. We
recall that x H y is shorthand for x C y Ay C x.

We write o =) fifaE v+ SCE~vand yC a <+ C § holdforall v € L.

In other words, if L = {70,71,..., 7}, then a =; 3 means that either o« B 3B ~; for
some j < ¢, or o, B C 0, 0r 7j C o, B C j41 forsome j < £, or v, C o, 3.

Pxt,. s Xy V15 ---,Y0521, - - -, Zn) denotes a formula of the €-C -language where the
variables zi, .. .,Zz, appear only in the scope of C [RST, Definition 12.25].

The Strong Stability principle in this language goes as follows [we recall that S, :=
{x:x C a}, and P is the formula obtained from P by replacing every occurrence
of C with T, definedby x C,y < xCy V x C a].

Theorem 2.1 (Strong Stability) Given yy,...,y,, thereis a level set L, independent
of P,suchthatif o« C 3, a C 3 and 8 = [3', then

(VX € S))(PY(X,3; B) <> P, ; B).

One can take L = ran i where i is a pedigree for (y) over some A € Sy. The notion of
pedigree is the key technical tool for detailed study of GRIST. Roughly speaking, types
of objects in the universe of GRIST are described by stratified ultrafilters. Pedigrees
are finite sequences of stratified ultrafilters that describe, level by level, how the object
realizes its type. We state the definitions of these concepts here for convenience [see
RST, Sections 9 and 10].
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Relative set theory 7

We recall that 3X is the set of all ultrafilters over X (the Stone-Cech space over X),
and U ~ V means that U NV is an ultrafilter. For an arbitrary nonempty set A we
define by recursion on ordinals:

(0) ByA = A.

(1) For § > 0, B_(A := Un<§'6nA and BA = B AU{U € B(BA) : U is
nonprincipal and B8_,A ¢ U for any n < {} = B, AU{U € B(B.A) : U is
nonprincipal and there isno V € B_A such that U ~ V}.

Elements of B,A = Jecp, BeA are called stratified ultrafilters over A. For
U € B, A welet DomU := A. As usual, the recursive definition assigns to each
stratified ultrafilter an ordinal rank. Stratified ultrafilters of rank 1 are the nonprincipal
ultrafilters over A; stratified ultrafilters of rank 2 are the nonprincipal ultrafilters over
BA that concentrate on nonprincipal ultrafilters over A [ie, such that (3A \ A) € U],
and so on.

Let x € A € S,. An a-pedigree for x over A is a sequence i = (u, : n < v) where
v € w and

(i) every uy, is a stratified ultrafilter over A [ie, u, € B Al;

(i) up € a3 uy = x;

i)aCur AWVe,m)(1 <n<m<v—u, C up);

(1v) (Vz C up41)(2 € Uy = U1 € 7), forall n < v.

The ultrafilter ug is called the «-type of x over A and denoted tp,(x; A). We also use
Ut = (u, : 0 < n <v). We write xM,U as shorthand for: “There exists a [good;
see Proposition 2.7] a-pedigree i = (u, : n < v) for x over some A € S, such that

U = up,” and note that U is then an a-type of x. Pedigree and type mean 0-pedigree
and O-type, respectively.

We also recall that, for a € A and U € ,BgB, U, € ,Bg(A X B) is the unique stratified
ultrafilter such that 7(U,) = a and 7 (U,) = U [RST, Proposition 9.7].

The main technical result needed for the proof of Theorem 2.1 is the following propo-

sition.

Proposition 2.2 Let i = (ug,uy, ..., u;,uiy1,...,u,) be a pedigree fora € A € Sy
over A, andlet V,B € Syo, V € 3B~ ByB. Letu; C 5 C ujyy [u, C B ifi =v],
and let b 8B  be such that bMyV [ie, b has the pedigree (V,b) over B; see RST,
Proposition 12.15]. Then the pedigree v for (b,a) over B x A has the form

(Vo -« s Vi, Wb, Wit 1 )by - - -, (U))

where v,, = uiMV is defined in Proposition 2.4 below, and vy, . . ., v, are independent
of the choice of 8 and b.

Journal of Logic & Analysis 4:11 (2012)



8 Karel Hrbacek

Proposition 2.2 shows how to extend a pedigree for a set a to a pedigree that also
“fixes” a particular level 5. The proof requires two lemmas.

Lemma 2.3 ((u;)p, (Ui+1)p, - - -, (uy,)p) is the (-pedigree for (b,a) over B X A.

Proof Let f : A — B x A be defined by f(x) = (b,x). By RST, Theorem
10.10 [see also RST, Proposition 10.14], the range of the (-pedigree for (b,a) is
{f(ul’),f(ui_l’_]), . ,f(uy)}. We prove that ﬁ(f(uj)) = b and 7?2(]7(14]-)) = uj, for all
i <j < v. We begin with noticing that m(f(x)) = b and m(f(x)) = x. It is easily
verified, from RST, Definition 9.3, that k,(x) = b forall u € BoA, where ky, : A — B
is the constant function with value . From this and RST, Proposition 9.4, we get
T1(f(wy)) = 71 o f(u) = kp(u;) = b and T2(f(u;)) = 7 o f(uy) = 1da(uj) = u;.

From the uniqueness in RST, Proposition 9.7, it follows that f(uj) = (u;)p. Finally, we
notice that (u;), Bg uj: we have (u;), Cg u; because (u;), is €-definable from u; and
b € Sg, and u; Cg (uj), because u; = m((uj)p).

From these observations it follows that ((u;)p, . .., (u,)p) is the S-pedigree for (b, a)
over B x A. O

Proposition 2.4 (ZFC) LetV € 3,B \ BB; for every U € BA there is a unique
W € B¢y (B x A) such that {Uy : y € B} € W and mi(W) =V, (W) = U. We
denote this unique W by U™V .

Proof Assume U € BcA N B_.A and let 7y : B — [¢(B x A) be defined by
Tu(y) = Uy.

Existence: We let W := 7y[V]. As 7y is one-one and rank(U,) = rank U for all
y € B, clearly W € B¢ (B X A) \ Be(B xA). If Y €V, then 1y[Y] € W and
Y = w[mylY]l € 7 [W]. Both V and 7;[W] are ultrafilters over B, so V = 7[W]
and V = m(V) = m(m [W]) = m(W).

T2 [W] is generated by sets of the form 7;[7y[Y]] where ¥ € V. But m[myl[Y]] =
{mUy):yeY}={U:yeY}={U}. Som[W]is a principal ultrafilter generated
by U and (W) = m(m;[W]) = U.

Uniqueness: Let W have the required properties. The map 7y is one-one, so 7, 1(Uy) =
y = 71(Uy); ie, W-almost everywhere 71 = 751 T (W) =V, then T [W] = V [as
{U,:y€B} € Wl,s0 7' [W]=V,and W = 7y[V]. O
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Relative set theory 9

Lemma 2.5 (u*V, (u;)p, (Wis1)p, - - -, (y)p) is the u;-pedigree for (b,a) over B x A.

Proof By Lemma?2.3, ((&)p,...,(u,)p) is a f-pedigree for (b,a) over B x A. By the
choice of b, bM.,V holds for all u; E v C 3. Hence (u;), = 7,,(b)My7,[V] = ul'?qV
holds for all such ~ [see the proof of Proposition 2.4]. As u',-X'V Bu; and (1), HbH S,
WV, Wu)p, - . ., (w,)p) is a u;-pedigree. O

We can now complete the proof of Proposition 2.2.

Proof of Proposition 2.2 By Lemma 2.5 and RST, Corollary 10.6, the pedigree v

for (b,a) over B x A has the form (vo,...,Vm, s, ..., (u,)s) Where v,, = u'V.
For ' H ’'such that u; C ' C w1 [uy, T B if i = v] and b’MyV, the pedigree for
(', a) over B x A has the form V' = (v(,, ..., V.., Uy, ..., (u)p) where v/, = u*V.
However, it is trivial to verify that (vo, ..., v, (), - .., (u,)p) is also a pedigree for
(b',a) over B x A. By the uniqueness of pedigrees [RST, Corollary 10.6], m = m'
and v}:vj forall j < m. O

Proof of Theorem 2.1 (Strong Stability) It suffices to give the proof for the case « HO;
the general case follows by Transfer.

Let L := rani where & = (uy, ..., u,) is the pedigree for (y) € A over some A € Sy,
and let 8 = /. If S8 B Bu; for some i < v, then P, y; 8) < P&, y;u;) <
P,y; "), as the variable z appears in P(X,y;z) only in the scope of T [RST,
Definition 12.25].

Assume now that u; = 3,3 T wujyy forsome i < v [u; © 3,8 if i = v]. Fix
V.b €Sy, VBB~ BB, and b, b’ such that b8 3, bMyV and &' B 5, M,V
By Proposition 2.2, the pedigrees for (b, (y)) and (', (y)) have the form, respectively,
(VOy -+ o s Vi @)y« -5 (uy)p) and (Vo .« oy Vi, @)y s - -+, (U)pr) -

To obtain the pedigrees for ((x), (b, (y))) and ((X), (V', (y))) where (X) € So, it is
only necessary to subscript all terms of the above pedigrees by (x) [Lemma 2.3]; in
particular, both ((X), (b, (¥))) and ((x), (¢, (y))) have the same type (vo) . It follows
that (x,y,b) and (X,y,b’) have the same type. [Apply RST, Theorem 10.10 to the
natural mapping 7 : ((X), (z, (y))) — (X,,z) and its inverse.]

By RST, Theorem 12.11 (Normal Form Theorem), P(x,y;b) <> P(x,y;b’). As the
variable z appears in the formula P(x,y;z) only in the scope of T, we have also
P&, y; 8) < P, y;b) and P(x,y; 5') <> P(x,y;b'). This proves the theorem. O

Stability for several levels simultaneously is expressed by Polytransfer [RST, Propo-
sition 12.26; RST2, Proposition 1.10 (8)]. The argument in the previous proof can be
pushed to establish a version of Strong Stability that generalizes Polytransfer.
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10 Karel Hrbacek

Theorem 2.6 (Strong Stability for several levels) Given y,...,yy, there is a level
set L such thatif a C 1 C ... C By, @ T f) C ... C By, and 3; = B for all
i,j < n, then

(VX € SQ)(P*®X, 3 81, -, Bu) € PUEV; By, - -+, By)-

Proof We give the proof for « H0 and n = 2. Using the notation from the proof of
Theorem 2.1, let u; T f31, B2, 81, By T uir1. Let b; B 3;, biMoV, b, B 3], biMyV, for
i = 1,2. By Proposition 2.2 applied twice, the pedigree for (b, (b, (y))) then has the
form

(V0y s Vs W Vy s (W) oy 5 -+« 5 (U )y )

and vo, . .., v, = @'V)™V are independent of the choice of 3y, 52, b1, by. It follows

that ((x), (b1, (b2, (¥)))) and ((x), (b}, (b3, (¥)))) have the same type, namely (vo)) -
The theorem follows from this observation. O

Theorem 2.6 suggests a further generalization, in which the condition “5; =, B]{ for all
i,j < n” would be weakened to “3; = (! forall i < n.” However, such generalization
is false. Below, we give a counterexample.

First we need some observations. The technical notion of good «- pedigree is defined
in RST, Definition 10.8. The following fact is used implicitly in RST.

Proposition 2.7 (SST’; hence GRIST) Every a-pedigree is good.

Proof The axiom (B,) [RST, page 65] implies that for every y € B € S, there is a
good a-pedigree v for y over B. Indeed, fix x € A € S, where x € S, ; then (x) is a
good a-pedigree for U = x over A, DomU = A, and xM,U holds. Let F: B - A
be the constant function with value x; so F € S, and ran F C Dom U. By (B,,) there
is V€S, with U = F(V) and yM, V. The last statement asserts that there is a good
a-pedigree vV = (v, ..., v,) for y over some B’ € S, with vy = V. But, F(V) being
defined implies DomV = B; as Domvy = B’, we have B = B’. If now i is any
a-pedigree for y over B, then i = V by RST, Proposition 10.3, so i is good. ad

Proposition 2.8 If ii is an a-pedigree (for x over A € S,,), then

(Salidl, =, €,Ca) F (YW)(Fk € w)(w B uy).

Proof The claim follows from RST, Proposition 10.20. By RST, Definition 10.8 (and
the fact that, in GRIST, all pedigrees are good), the interpretation [L/£#(V; X w)]5* is
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Relative set theory 11

isomorphic to S,[id] via j = jaxa, and (D) = D@t) = ut, (E) = E@") = x, in
the notation of RST, Proposition 10.20. By the same proposition (valid in ZFC),
UV, X ) E (vf 3 0)(Fk € w)(f B Dy).

As S, < I, the same is true in [U#(V; X u)]5, and via the isomorphism j, in S, [u].
Hence
Salid] F (Yw 3 0)(3k € w)(w B (i) = upr1).

Of course, S, [i] EwBug, if wHO. O

Note: In RST, the notations Ut(V;U) and ULH(V; X U) are used interchangeably.

Proposition 2.9 If i = (ug, ...,u,) is an a-pedigree and v € S, then rank ug = v.

Proof It suffices to give a proof for « H 0 [then use Transfer]. We prove that
rank u,_; = i by External Induction [RST, Proposition 12.19]. If i = 0O, then u,_; =
u, =ac ByA. If u,—; € B,A ~ B,_1A, then u,_(;+1) is nonprincipal and generated
by u,_; over B;A, so it belongs to 3;,1A \ BA. d

Construction of the example.

Let A € Sy be an infinite set and U € B,A \ B__A be a stratified ultrafilter over A
of rank w. The axiom (F) [RST, page 66] guarantees that there is an a € A such that
aMyU holds. We fix suchan a and V,.B € Sy, V € 8,B \ ByB.

Consider the statement P(A, V, B, a; 51, B2):

“For every b € B such that bB [, and bMV, and for every pedigree v = (v; : j < 1)
for (b,a) over B x A, there exists some j < ji such that v; B [3;.”

Let L = {wo,w1,...,w,} be any level set; wlog wo 5H0. We find 8 =, ] and /5,
such that P(A, V, B, a; 1, 3,) is true and P(A, V, B, a; 3], 52) is false.

Let i = (up,uy,...,u,) be the pedigree for a over A; we have uy = U. We note that
v ¢ Sp; otherwise U would have rank v € w, by Proposition 2.9.

Fix a level v such that 0 C v C uy,w;. Fix W € Byw \ Bow and ¢ H vy, cMoW.
Then ¢ € w and ¢ ¢ Sy because W is nonprincipal. We claim that ¢ < v. Assume to
the contrary that v < ¢, so v € S,. As (ug,...,u,) is also a y-pedigree for a over
A, by Proposition 2.9 rank U = rankug = v and U € B__A, a contradiction.

Fix (3, such that u, — 3 C u.y1. We observe that b, a, i € Sy[V] [the last by RST,
Corollary 10.18] and ¢ is €-definable from #, v and b: c is the least j such that
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12 Karel Hrbacek

(uj)p, = vx for some k < 1. Hence ¢ € Sy[v] and, by Proposition 2.8, ¢ H v, for some
£>0.

The statement P (A, V, B, a; 51, 82) holds for 3; := v and (3, because then 5;HcHvy.

On the other hand, by density of levels, there exist ﬂi such that 0 ﬁi C v CE
v¢ B~ T w;. Then 5] =, 51 and P(A,V, B, a; 3], B2) fails. O

This example can also be used to show that Polytransfer [RST, Proposition 12.26] does
not hold for arbitrary finite (in the sense of GRIST) sequences of levels.

We say that sets S| and S, are level-equivalent if (Vx € S))(3y € S;)(x Hy) and
My € $»)(dx € S)xBy).

Claim For A, U,a as above, the length v of the pedigree i for a over A has itself a
pedigree of the form (vo,v1), where vi Bu.

Proof Refer to RST, Proposition 10.20. The interpretation (Sy[if], =, €, C) is isomor-
phic to [LLt(V; X U)1S0, and ¥+ corresponds to D in this isomorphism. This means that
v corresponds to the function F : ¢ — |¢| defined for r € X U. Each such ¢ has the form
(uy ~ s, for some u € U. As the rank of U is w, ranku € w, and hence |s| = ranku
is independent of s. Define f : [Tylo = U — w by f(u) = rank u; the above remarks
show that F(f) = f(u) holds forall ¢, ie, U¢t(V; ¥ U) = FBD'. Hence U(t(V; X U) sat-
isfies the statement “The range of the pedigree for F is level-equivalent to {D°, D'}.”
As S, < I, the same is true in [UH(V; 2 U)]SO. The isomorphism then establishes
that So[u] satisfies the statement “The range of the pedigree for v/ is level-equivalent
to {ug,u;},” and by RST, Proposition 10.17, the range of the pedigree for v is level-
equivalent to {ug, u; }. O

Let now A = {I/t() Cwu C ... C u,,_l} and A, = {M() Cu C...C ul,}. The
statement: “There is a pedigree V such that ran v is level-equivalent to A” is true about
Ay [{uo,ur, ... uy—1) is a pedigree for u,_; € 3,A € Sp], but false about A, [there
can be no such pedigree, because v would be €-definable from it, and the range of the
pedigree for v is level-equivalent to {ug, u; }; but u; Bu; does not hold for any j # 1,
contradicting Proposition 2.8 and RST, Proposition 10.17].

A weaker generalization of Theorem 2.6 does hold. We state it only for n = 2; the

higher values of n can be treated similarly.

Theorem 2.10 Given y,...,yy, there is a level set L such that for every 3, there
is a level set M, dependent only on the =2 -equivalence class of (3, such that if

aC PTG, aC BT B B B;and By =y By, then
(VX € So)(P(,3; B1, B2) > PR, 3; 81, 52)-
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Proof Choose V, by, by, b}, b} as in the proof of Theorem 2.6 (let n = 2). The
pedigree for (b, (¥)) is (Vo, - - -, Vi, Uy, - - - (Uy ), ), Where vy = UV, 50 v, By,
and vy, . . ., v, depend only on the = -equivalence class of 5. Let M := {vo, ..., v }.

If v; C 81 T vjg1 [vj T B if j = m], the pedigree for (b1, (by, (3))) is

Wos - s Wo Wby Wik Ds -+ iy (Wb)y s - -+ ((U)by)by ) s
where w), = v;q V,so w, Hvj, and wy, ..., w, are independent of the choice of by, b;.
Hence ((x), (b1, (b2, (y)))) and ((x), (b}, (b}, (y)))) have the same type (wo)(, and
the theorem follows. O

3 Miscellaneous other principles.

In this section we derive, in GRIST, several versions of Idealization and Choice that
have been found useful in applications. In this section, P is always a V-formula,
unless stated otherwise.

Local Idealization combines Idealization and Local Transfer.

Local FRIST Idealization:
Given U and x1, . .., xy, there is V. D U such that for all A,B € U,

(Va € Phingn U) Ty € B)(Vx € a)P(x,y,x;U) < (dy € B)(Vx € ANUP(x,y,x; V).

Proof By Local Transfer there is V O U such that forall A,B € U and all a € U,
Fy € B)(¥Vx € a)P(x,y,x;U) < 3y € B)(Vx € a)P(x,y,x; V).
Hence the left side of the claim is equivalent to
(Va € P™ANU) 3y € B)(Vx € a)P(x,y,%; V),

which is equivalent to the right side by FRIST Idealization. |

Local GRIST Idealization:
Given U and x1, . .., xy, there is V. D U such that, forall A € U,

(Va € PM™ANU)3y)(Vx € a)P(x,y,% U) < Gy)(YW C V)(Vx € ANW)P(x,y, % V).
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14 Karel Hrbacek

Proof By Local Transfer there is V O U such that, for all A € U,
(Va € PMANU)3y)(Vx € a)P(x, y,%; U) < (Va € PIANV)(3y)(Vx € a)P(x,y,%; V)
and, for all finite a € U,
(Fy)(Vx € )P x,y,x;U) <& (Ty)(¥Vx € a)P(x,y,x; V).
Assume that (Va € Pi"A N U)(3y)(Vx € a)P(x,y,x; U). Then in particular
(YW C V)(Va € P™ANW)Ey)(Vx € )P (x,y,% V),
which is the left side of GRIST Idealization. The right side follows.

Assume now that (Fy)(VW C V)(vVx € A NW)P(x,y,x; V), and let W = U to
obtain (Fy)(Vx € AN U)YP(x,y,Xx; V). It follows that (y)(Vx € a)P(x,y,x; V) holds
for all ¢ € Pi"A N U [because a C A, by RST2, Proposition 1.10 (13)], and hence
(Fy)(Vx € a)P(x,y,x; U) holds. O

We recall the principle of Standard Size Choice [RST2, Proposition 1.10 (10)]:
For every A € V such that (Vx € ANV)(3y)P(x,y,x; V), there exists a function f
with domf = A such that Vx € ANV)P(x,f(x),x; V).

We call f a choice function for P on A.

Strong Standard Size Choice: For every V = V(«) there is V' D V such that for
all A € V there exists a function f with domf = A such that, for all x € A with
V() C V', @GP, y,%V(a,x) = P, f(x),% V(a,x).

The level V' depends on the parameters x. If V' were allowed to depend also on f, the
principle would follow easily from Standard Size Choice and Local Transfer. To prove
it as is, we follow the argument of RST, Proposition 12.28 («-Standard Size Choice)
with minor changes, except for the proof of Claim, where the use of Local Transfer has
to be replaced by an appeal to Strong Stability.

Proof We first reformulate Strong Standard Size Choice in the €-C —language.

Let P(x,y,x) be an €-C-formula. For every « there is 3 1 « such that for all
A C « there is a function f with domf C A such that, for all x € A, x C (5,
APy, %) = PO (2, f(2), D).

We fix X and «. Let P’(z,y) be the formula (Ix,X)[z = (x, (X)) A P(x,y,%)], and
let Q(V) be the e-formula corresponding to P’ by the Normal Form Theorem. If
a v, (xyM,U and x € S, we then have

P, 3, %) < @AN[T(V) = Ux A Q)]
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The ZFC principle of Selection: Let R(x,y,p) be an €-formula;

(Vp)(VA)(Vx € A)E)R(x,y,p) — F)(f is a function N (Vx € AYR(x,f(x),p))],
which holds in (S,, €), implies that for every A C « there are functions V,B € S,
such that domV = domB = {x € A : @V)[71(V) = U, A Q(V)]}, and for all
x €domV, V(x) € B, ,Bx) A m(V(x)) = Uy N Q(V(x)). It remains to prove the
following.

Claim. There is a level § 1 «, and for every A T « there is a function V with
domV = dom V such that for all x € domV, x T (3, V(x) = (v(x)o, . .., V(X)) is an
(o, x) -pedigree over B(x) with v(x)g = V(x) and v(x),) = ({x, (X)), y(x)) for some
(uniquely determined) y(x).

The function f on A defined on domV by x — y(x) then has the property that,
for all x = B such that (Gy)P {9 (x,y,%), ((x, (X)),f())MyVx) A QV(x); so
(P2 ((x, (%)), £(x)) holds, ie, P{**) (x, f(x),X) holds.

Proof of Claim.

Let u = (uo,ur,...,u,) be an a-pedigree for (x). We fix a level 3 such that
aCBCuy[aCBifu=0]. LetxedomV,xC 3.

By Lemma 2.3, i, := ((uo)x, (U1)x, - - ., (u,)x) is an («,x)-pedigree for (x, (x)), and
(j)x Bia,xy wj forall j < pu. Let V= (v, v1,...,Vy()) be some («, x)-pedigree over
B(x) with vop = V(x) and v,y = ((x, (X)),y), for some y. If § C vy [orif p = 0],
then V is also a B-pedigree. If vi B~y C [, fix  sothat 5 C § C uy [B C 6 if
w = 0] (density). Then v =, § for L := ranii,, so by Strong Stability, there is an
(o, x) -pedigree V as above with vi Hd 3 . We again conclude that v is a 3-pedigree.

The above argument shows that for every x € dom V there is a 3-pedigree V over B(x)
with vo = V(x) and v,y = ((x, (X)), y) for some y.

Similar to the proof of RST, Proposition 12.28, using «-Finite Choice and GRIST
Idealization we obtain a function v with dom v = dom V such that forevery x € dom V,
x C (B, V(x) is a S-pedigree with the required properties. As v(x)o = V(x) C (a, x)
and v(x); 3 8 3 (o, x) [if v(x) > 0], ¥(x) is an («, x)-pedigree. m| O

The last principle we consider was proposed by Andreev [1] in the context of IST. It
is a strengthening of the well-known Robinson’s Lemma. The most important case is
A = N. If Q(n,y,7) is an internal statement [RST2, page 12; [6]], F is a function on
N, and Q(n, F(n),z) is valid for all n € V, then by overflow it remains valid for some,
but not necessarily all, n ¢ V as well. Andreev Principle says that we can do better, at
least for internal statements with parameters from V.
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16 Karel Hrbacek

Definition 3.1 A function F' with dom F = A € V is called adequate relative to V
if VXeVFIVCX—FCX).

The usefulness of adequate functions comes from the following observation.

Let Q(x,y,7) be any internal formula. If 7 € V and Q(x, F(x),z) holds for all
x € ANV, then it holds for all x € A.

Proof Fix B € V such that ranF C B and let X = {(x,y) € A x B: Q(x,y,2)}.
Then X € V and the definition of adequacy for this X translates into the preceding
observation. i

Theorem 3.2 Forevery function G definedon A € V there exists an adequate function
F definedon A suchthat F |V =G [ V.

Proof Let G : A — B be given, with A, B € V. By FRIST Standardization, there is
aset KeV,K CPA xB),suchthatforall X CAXxB,XeV,

X €K < (Vxe ANV)((x,Gx)) € X).
We note that X1, X, € KNV implies X; N X, € K, hence, by Transfer, K is closed
under finite intersections. Also, (Vx € A)(Jy)({x,y) € X) holds forall X € KNV,
hence, by Transfer, for all X € K.
Foreveryac€ Alet L, = {(x,y) € AXxB:x=a—y=G(a)}.
It is now clear that for every finite {X;,...,X,} C KNV and {ai,...,an} CANV
there is a function F : A — B such that

FCXiNn...NXyNLy N...NLg,.

By Saturation (Idealization) there is F such that F C X N L, forall X € KNV and
a € ANV. Clearly F is adequate and F [ A = G [ A. m|

Corollary 3.3 (Andreev Principle) Every external function defined on ANV has an
extension to a function F defined on A such that it Q(x,y,7) is any internal formula,
z € V and Q(x, F(x),7) holds for all x € ANV, then it holds for all x € A.

A typical application of Andreev Principle.

Let {a, : n € N) be an adequate sequence where each a, ~ 0 relativeto V, forn € V.
Then ¥ 32 |an| ~ 0 relative to V.

Proof For any fixed ¢ > 0, ¢ € V, the statement Q(n,a,¢) : |a| < /2" is internal
and |a,| < €/2" holds for all n € NN V. Hence, |a,| < /2" holds for all n € N. It
follows that X 2° ) |a,| < 2e. As € € V is arbitrary, ¥ 2 |a,| ~ 0. O
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4 Relative continuity

Definition 4.1 (RST2, Definition 2.17) The function f is (uniformly) (V,V3)—
continuous if x ~y, x’ implies f(x) ~y, f(x'), for all x,x’ € domf. The function f is
V —continuous if it is (V, V)-continuous.

RST2, Theorem 2.10 shows that for every function f there is a finite set {vo,...,v,}
such that V(-) = V(v9) C V(v1) C ... C V(vy) and, for all V(v;) CV C V(v;y) [all
V(v;) C Vif 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;;1)—continuous. Here we study (V;, V,)—continuity for
V| # V,. We consider only functions f : [a,b] — [c,d] where a,b,c,d € V(-), for
simplicity.

@O  (Vy,Vy)—continuity for V| C V;.
Definition 4.2 The function f is V—constant if (Vx,y € domf)(f(x) ~v f(y)).

Proposition 4.3 If V| C V; and f is (V1, V,)—continuous, then f is \V, —constant.

Proof Fix a natural number N € V,, N ¢ V;. For x,y € [a,b], x < y, let
Ax:= (y—x)/N and x; := x+i-Ax for i < N. Then Ax ~y, 0, s0 x; >y, i1, and
fxi) v, f(xiy1) by (V1, Va)—continuity. Let € := max{| f(xiy1) —f(x) |1 i < N};
note that € ~y, 0. We have | f(y) —f(x) |[< Zicn | fGxit1) —f(x) [< e N =y, 0,
because € >y, 0 and N € V. Hence f(x) ~v, f()). O

Corollary4.4 Iff is (V,V,)—continuous for V| C V,, thenf is (V, V,)—continuous
for all V', and V —continuous for all V C V,.

If f is V—constant for all V, then f is constant. Otherwise, there is a coarsest level V
such that f is not V—constant [by Granularity]; we denote it V. Then f is (V1, V2)-
continuous for all Vy and all V, C Vy, and is not (Vy, V)—continuous for any
V, C V, when V; C V,. These observations completely describe the behavior of
(V1, V;)—continuity for the case V| C V.

In (Vy, Vy)—continuity for V, C V.

If f is V—continuous for some V such that V, C V C V|, then trivially itis (V, V,)—
continuous. Hence it remains to investigate the case when V(v;)) C V, C V| C V(vj41)
and f is V—discontinuous for all V(v;) €V C V(vj;1).
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18 Karel Hrbacek

Let us fix V, such that V(v;) C V, C V(vj41). Since f is V,—discontinuous,
(3x,x" € [a,bD)(x >y, X' A [f(x) —f(XD)] > ©)
holds for some € > 0, ¢ € V;.

By Local Transfer, (3x, X’ € [a,b])(x =y X' A |f(x) —f(xX)| > ¢) is then true for some
V D V,, so f is also (V, Vy)—discontinuous. This argument also shows that there is
no finest level V such that f is (V, V;)—discontinuous.

Each such V, determines a “cut” in the ordering of levels by C. The “lower class”
of the “cut” consists of those V for which f is (V, V;)—discontinuous, and the “upper
class” of those for which f is (V, V;)—continuous (the latter can be empty). These
“cuts” increase with V,: If V, C V’z and f is (V,Vy)—discontinuous, then f is
(V, V))—discontinuous. The “upper class” may or may not have a coarsest “element,”
as the two following examples show.

Example 1. Let h ~y 0 for all V C V() D V(-) [see RST2, Corollary 2.16].

4,1

g1:

(3,h) (1,h)

(0,0) (h,0) (3,0)

The function g; is V—discontinuous for all V. If V C V(h), then g; is (V,V(-))-
discontinuous. If V(k) C V, then g; is (V, V(-))—continuous.

Example 2. Let {vo,...,v,} be alevel set with n ¢ V(-), and {ho,...,h,} be as in
RST2, Corollary 2.16; ie, V(h;) = V(v;) and h; is ultrasmall relative to all V C V(#;).
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1 2 2 n—1 n
§+l’l2 § §+h3 I— 1

0 h

=

If V C V(k;) for some i € V(-), then g, is not (V, V(-))—continuous, because of the
spike at 1 — 1/i, of width h; ~y 0 and height 1/i € V(-).

Otherwise, V(h;) C V for some i ¢ V(-) [see Proposition 6.2]. As {hg,...,hi_1} €
V(hi_1), the function g [ [0,1 — 1/i] € V(h;—;) [it is definable in V(h;—1)] and is
continuous, ie, V(h;_1)—continuous, hence (V, V(-))—continuous. The function g, |
[1—1/i,1] isalso (V, V(-))—continuous, because it is bounded by max{%, hn} >y 0.
Hence g; is (V, V(-))—continuous.

Finally, we note that g, is not V—continuous for any V, because of the spike at 1 —

i+l
if V(h;) €V C V(hi11), and because of the jump at 1 — # if V(h,) C V.

5 Conservativity of variants of relative set theory over BST.

In GRIST, the ordering of levels by inclusion is dense. In contrast, Discrete GRIST
[see RST, Section 12] postulates that the ordering of levels by inclusion is discrete.
O’Donovan raised a question of the extent to which these two theories agree. On the one
hand, they both are conservative extensions of ZFC, and hence they prove the same
€-statements (namely, exactly those that are provable in ZFC). On the other hand,
clearly there are statements about levels where the two theories differ. In this section
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we obtain a general result showing that provable statements in which no quantification
over levels occurs are exactly the same in GRIST, Discrete GRIST, and other similar
theories.

The theory BST is a modification of Nelson’s IST [8], introduced by Kanovei (see
Kanovei-Reeken [7] and RST, Section 5). The language of BST has € and a unary
predicate st(-) (““ - is standard ™).

If P(xi,...,x,) is a formula of the €-st-language, we let P(xy,...,x, | V) be the
formula obtained from P(X) by replacing each occurrence of st(x) by x € V. We note
that P(x | V) is a V-formula in the sense of RST2, as no quantification over levels
occurs in it. Conversely, every formula Q(x, V) of the language of GRIST in which
no quantification over levels occurs is of the form P(x | V) for some €-st-formula
P(x). The formula ’PW(X | V) is obtained from P(x | V) by replacing each occurence
of (Vx)(...) by (¥x € W)(...) and each (3x)(...) by (Gx € W)(...).

Let T be a theory in the language of GRIST. We say that 7 is locally BST if
(0) T F RY(o — iv) [see RST2], ie, T proves that levels are linearly ordered by

inclusion and there is a coarsest level S := V(0) = V(-);
(1) TEFPE|V) and TV, CV, = PV2x| V),
where P(X) is any axiom of BST; and

(2) For every countable model M of ZFC there is a countable model N of 7 such
that M is isomorphic to N | SN.

Condition (2) holds if 7T~ is realistic over ZFC in the sense of RST, Section 1. The
theories GRIST, Discrete GRIST, and FRIST (more precisely, the theory called

FRBST, in [2]) are all locally BST. It is also easy to formulate a “bounded” version
of RIST which is locally BST.

Theorem 5.1 If T is locally BST, then T + P(x | V) if and only if BST  P(x).

Proof The “if” direction is an immediate consequence of condition (1) [and the fact
that the translation P (X) — P(x | V) preserves logical axioms and deduction rules].

For the “only if” direction, assume that BST I/ P(x). Then there is a countable model
P of BST A (3x)~P(x). Let M := P | S¥, where S := {x : st(x)}. Condition (2)
implies that there is a countable model N of 7~ with N | SN isomorphic to M. By
condition (1), P := (|N|, €,SN) is a model of BST. In RST, Corollary 5.9, it is proved
that if P, P are countable models of BST with isomorphic standard universes, then P
and P are isomorphic. Hence P F (3x)~P(x) and N F (Ix)~P(x | S). This shows
THPE|V). m|
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Theorem 5.1 can be extended to formulas with any finite list of levels. Let BST} be
the theory in the language with € and unary predicates sty, . .., st;, postulating

(i) stij(x) — sta(x) — ... — sty(x), and

(i) P'R) for 1 < i < k, where P(X) is any axiom of BST, and P'(¥) is obtained
from P(x) by replacing each occurence of st(x) by st;(x) and, if i < k, each (Vx)(...)
by (Vx)(sti11(x) — ...) and each (Ix)(...) by (Fx)(stir1(x) A ...).

We note that BST| is BST (with st replaced by st;) and BST, is “BST iterated &
times.” It follows immediately by induction that if P, P are countable models of BST
with isomorphic standard universes [ie, P [ {x € |P| : P E st;(x)} is isomorphic to
P | {x € |P|: PFE st;(x)}, then P and P are isomorphic.

Let P(x | V1,..., Vi) be the formula obtained from P by replacing each occurence
of st; by x € V;, forall 1 <i < k. The argument in the proof of Theorem 5.1, with
obvious modifications, proves the following theorem.

Theorem 5.2 If T is locally BST, then

TEV CV,C...CV; —)’P(X|V1,V2,...,Vk) ifandonlyifBSTk FPX).

Corollary 5.3 If T is locally BST, then T + PX | V1,Va,...,Vy) if and only if
GRIST - P(x | V1,V2,..., V).

Proof For k = 2 the formula P(x | Vi, V>) is equivalent to
(V] (- V2 — P(f ’ V],Vz)) A (Vz C V] — 'P(f ‘ V],Vz)) A ’P(.Y ’ V],V]).

The claim follows from Theorems 5.2 and 5.1. Similarly for £ > 2. a

6 Corrections and additions to RST.

The simplified proof of Proposition 6.10 in RST given there does not establish that
T' <y T. Below we give the original inductive proof.

Proposition 6.1 (RST, Proposition 6.10) For every A : C X T — w such that
{teXT:\0) <|t|]} € XU thereis T' <y T with A\pr =x 1 A.
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Proof We proceed by induction on the rank of 7. The claim is clear if T = {0}.

If {re XT:\r) =0} € XU, then T" = {0} has the required properties. From now
on we assume that {r € X7 : A\(r) > 0} € X U.

By RST, Definition 6.2, X := {i : (X)(; € LUy} € U(0). Foreachi € Xo, s € (X);
implies (i) ~ s € X, 50 A({(i) ~5) > 0; let \i(s) = A((i) ~ ) — 1. By the inductive
assumption, for each i € X, there is T/ <y T and a set X; C (X)<,->, X; € EU<,-),
such that Az:(s) = A\i(s) for all s € X;.

Now let 7" := {0} U Ujex, (i) ~ T;; clearly 7" < T. Theset Y := {(i) ~s:i €
Xo,s € Xi} € XU andfor t = (i) ~s €Y, Ap(t) = |mpr 7(1)] = ‘7TT[/7T<I.>(I)‘ +1=
Ai(9) 4+ 1= M) + 1 = A®). 0

The next proposition generalizes RST, Proposition 10.5 from pedigrees to level sets.

Proposition 6.2 Let L = {~,...,7 .} be a level set. For every x either x T -y or
Vi E x C 741 forsome i < n, or~, C x.

Proof Either x H~; for some i < n, or LU {x} is a level set, hence well-ordered by
C. From this, the claim follows. O

The following proposition is often useful for specifying subsets of level sets.
Definition 6.3 A formula P(z,X) is stablein z if o C z — (P(z,X) < P (3, X)).

Examples. (1) P(z,X): zC x isstableinz. [Fora Tz, zC x4z 4 X.]
(2) Similarly, P(z,X) : (3x € X)(xHz) is stable in z.
B) P(z,X): (WzCv— (Fx € X)(zC x Cv)] isalso stable in z.

Proposition 6.4 Let P(z,x) be stable in z. For every X and every level set L there is
a (level) set M such that (Vz)(z € M <» z € L N P(z,%)).

Proof Let L = {7o,...,7V.}; we consider the statement
QLX) : (@ANNVizeN<wze€L A z3,0 A Pz, X))

and use Granularity to prove Q°(L,%).
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The statement is true when L C «, with N = &. [Recall that L C « implies z C «
for all z € L; see RST2, Proposition 1.10 (13); also note that L H ~,.]

By Granularity, there is a C-least level o for which Q%(L,x) holds; by the above,
al vy, BL.

By Proposition 6.2, either o« C g or v; C o I ;41 for some i < n, or a H,.

In the first case, Q*(L,%) clearly implies Q°(L,%), with the same N. In the second
case, Q%(L,x) implies Q" (L,x) (with the same N), so a H~;. Let v, C 8 C
[B C v if i =0 and +; O 0]. By stability of P in z, PP(z,%) < P(z,%) < Pz,X)
forall z 3 a. If PP(4;,%), let N := N U {v;}; otherwise let N’ := N. Then Q°(L,%)
holds (with N’ in place of N), and we have a contradiction. Thus o H 9 B 0, and
QO(L, X) holds in this case, too. The third case is like the second, with i = n.

Let now N be such that (V2)(z e N<>z€ L A z30 A P(z,X)).

Weset M :=NU {7y} if B0 A P(y0,%), and M := N otherwise. Clearly M has
the required properties. a

In RST, Corollary 12.7, the completeness of GRIST over ZFC is formulated as follows:

If T D ZFC is a complete consistent theory (in the €-language), then T + GRIST is
a complete consistent theory (in the €-C-language).

Here we give a reformulation that is perhaps more striking.

Theorem 6.5 Let P be any formula (in the €-C-language). If GRIST + P is a
conservative extension of ZFC, then GRIST + P.

Proof Assume that GRIST + (—7P) is consistent. Let G be a complete consistent
extension of this theory, and let T be the restriction of G to formulas in the €-language.
Then T O ZFC is complete and consistent. By RST, Corollary 12.7, T + GRIST is
complete and consistent, so T + GRIST = G and T + GRIST - =P. Hence T +
GRIST + P is inconsistent. It follows that GRIST+ P + —Q for some Q € T.
Since GRIST + P is assumed to be a conservative extension of ZFC, we have also
ZFC - -Q and -Q € T, a contradiction. O
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