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Abstract

It is well known that the Ackermann function can be defined via di-
agonalization from an iteration hierarchy (of Grzegorczyk type) which is
built on a start function like the successor function. In this paper we
study for a given start function g iteration hierarchies with a sub-linear
modulus h of iteration. In terms of g and h we classify the phase transi-
tion for the resulting diagonal function from being primitive recursive to
being Ackermannian.

1 Introduction

This paper is part of a general program on phase transitions in logic and com-
binatorics. In general terms phase transition is a type of behavior wherein
small changes of a parameter of a system cause dramatic shifts in some glob-
ally observed behavior of the system, such shifts being usually marked by a
sharp ‘threshold point’. (An everyday life example of such thresholds are ice
melting and water boiling temperatures.) This kind of phenomena nowadays oc-
curs throughout many mathematical and computational disciplines: statistical
physics, evolutionary graph theory, percolation theory, computational complex-
ity, artificial intelligence etc.

The last few years have seen an unexpected series of results that bring to-
gether independence results in logic, analytic combinatorics and Ramsey Theory.
These results can be described intuitively as phase transitions from provability
to unprovability of an assertion by varying a threshold parameter [13, 16, 17, 21].
Another face of this phenomenon is the transition from slow-growing to fast-
growing computable functions [15, 18].

In this paper we investigate phase transition phenomena which are related
to natural subclasses of the recursive functions. In particular we take a closer
look at the Grzegorczyk hierarchy from the phase transition perspective. For
this purpose let us assume that we have given two functions g, h : RN [0, 00) —
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RN[0,00). Further, for r € R, let | r | denote the largest integer not exceeding
r.
Define for x € N

B(g,h)o(l‘) = g(x),
B(g,h)k+1(z) = B
B(g,h),(z) = B

g,h)}gh(x”(x) i.e. | h(z) | many iterations,
9,h) 2 (2).

We allow here for real number values in the range of B(g, k) to avoid messy
rounding to integers at every step of the calculation. This would be necessary
if we would deal with number-theoretic functions only.

We recall that Ackermann’s function is defined as Ack(n) = B(g,h)w(n)
where g(z) = ¢+ 1 and h = Id, and that A;(n) = B(g,h);(n) is called the
i-th approximation of the Ackermann function. It is well known (see e.g. [4])
that each approximation A; is primitive recursive and that every primitive re-
cursive function is eventually dominated by some A;. Thus the Ackermann
function eventually dominates every primitive recursive function. We use the
term “Ackermannian” to mean “eventually faster than every primitive recur-
sive function”. There is no “smallest” Ackermannian function; if B : N — N
is Ackermannian, then so is B/2 or B2 ete. If the composition f o g of two
nondecreasing functions is Ackermannian and one of {f, g} is primitive recur-
sive, then the other is Ackermannian. It is also important to note that there
are functions B : N — N which are neither Ackermannian nor bounded by any
primitive recursive function. [In our paper we only consider Ackermannian func-
tions which are elementary recursive in the standard Ackermann function, so
this extra requirement might have been added safely to the definition of being
Ackermannian. |

For an unbounded function g : N — N define the inverse function g=! : N —
N by g~ !(m) := min{n : g(n) > m}. Let us remark that although Ack is not
primitive recursive, its inverse Ack™!is primitive recursive.

To avoid trivialities we assume that for some € > 0 we have g(z) > = +
¢ for all but finitely many = [an iteration of the identity map would in our
context of course be senseless| and we assume that h is weakly increasing and
unbounded. Now, fixing g, one may ask for which A the function B(g,h),
becomes Ackermannian. Similarly, fixing h, one may ask for which g the function
B(g,h), becomes Ackermannian. So in contrast to the situations previously
considered the phase transition depends on two order parameters and we will
indicate that the phase transition has a surprisingly rich structure.

2 Iteration hierarchies for g(z) ==z + 1

In this section we fix g(x) := x + 1. This particular case was considered and
partially solved in [8]. The result of [8] was later on improved in [5]. The results
given in these two papers were rather indirect and involved the phase transition



for the Kanamori McAloon result for pairs. Nevertheless, they have indepen-
dent interest since they show how regressive Ramsey functions are intrinsically
related to parameterized iteration hierarchies. The following yields a rather
sharp threshold on the behavior of such function hierarchies. Using the nota-
tion of [8, 5] we denote B(g,z'/*), where t € N is a constant, by (f;). Namely,
(fo)}(x) = B(g,h)}(z) for all i,j and z, where g(x) = z + 1 and h(z) = 2'/*,
Moreover let || be the nonnegative part of the logarithm function with respect
to base two. Thus |z| = max{log,(z),0}. Alternatively we could have used the
binary length instead but this would have caused certain extra complications.
Moreover let ||z|| := |(]z|)]-

Claim 2.1. For every t > 0 and n > max({4,3",¢'}) it holds that

(f)ittz42e2(n) > Ai(n).
Proof. See Claim 2.12 in [5] O
Claim 2.2. For every i € N and for every n € N such that:
1. n>i+ (||n]|)? +2||n|| + 2 and
2. Ack(||n]]) > Ai(n)

1
it holds for hpck(n) := nAs=1(x) that

B(g, hack)it (|l +2|nl|+2(1) > Ai(n).

Proof. To show that, we examine two cases. First, if it holds that

B(g, hack)i+(||n|])2+2||n||+2(1) = Ack(||n||), then we are done by demand 2. Oth-

erwise, we may fix ¢t := ||n|| and we have that for all y € {0,...,Ack(t) —
1

1} it holds that y% < yAsk~'w. Since hack is nondecreasing, we have that
B(g, hack)itt212¢+2 is also nondecreasing. Thus, it holds that B(g, hack)ire2r2t12(n) >
(ft)irt24ot42(n) which by Claim 2.1 is larger than A;(n).

O

We remark that the choice of ¢t = ||n|| is arbitrary and any o~ !, such that
« is a monotone increasing primitive recursive function and a(x) > x* for large
enough x, would do the job.
1
Theorem 1. Let g(z) := x + 1 and ho(x) := 2 B@ida" @ . Then B(g, ha)w 18
Ackermannian iff « = w.

Proof. The ‘if’ direction is in fact the claim that if h,(z) = xm, then
B(g,ha). eventually grows faster than any primitive recursive function. It
would suffice to show that for every i € N, there exists xy such that for all
x > xp, it holds that B(g, ha)w(z) > A;(z). Now, this is a direct corollary
of Claim 2.2, since it is clear that for every such ¢ there exists some xy €
N such that for all x > xzg it holds that Ack(||z||) > A;(z) and such that



B(g,ha)e(x) > B(g, ha)it(||z]))2+2||||+2(x) which by Claim 2.2 is larger than
A;(z). In other words, for every primitive recursive function f, B(g,hqs).(x)
eventually dominates f.

The ‘onlylif ” direction is the claim that if o = i for some 7 € N, and therefore

ho(z) = 22 @ | then B(g,ha)w () is not Ackermannian in terms of 2. Note

1
this implies the same for any h, of the form h,(z) = 27 1= where [ is a
non-decreasing unbounded primitive recursive function. To show this direction,
— 1
for a =i > 3 and ho(z) = 2 @, fix hg(z) == 4(ha(x))? = 25 '@ where
-1
B~ Hz) = mﬁ%&. We again refer to [5]. Corollary 2.3 in [5] states that
the hg-regressive Ramsey number R} (k) is primitive recursive in k since A;
s

is primitive recursive. On the other hand, Corollary 2.25 in [5] asserts that
if B(g,ha)w(k) is Ackermannian in k, using the function puy,(k) = k¥, we
may obtain an Ackermannian lower bound also for R}™(k), but this would be
a contradiction. For the case of a < 3, observe that h, < hgy1 and thus

B(g7ha)w(k‘) < B(gahaJrl)w(k)- O

3 Slow growing iteration hierarchies

For the rest of this section let Fy(x) := 2% and Fiy1(z) := Ff(z). Then Fj
is primitive recursive (in each k). Further let F(z) := Fy(x). Then F is a
slight variant of the Ackermann function, hence Ackermannian and of course
not primitive recursive.

In addition let 2(x) := Fj(z). Let |z|,, | := |[«||, where |z|, := 2. Then ||,
is the I-th iterate of |-| so that |2;(z)|, = .

For the rest of the paper fix e > 0, let go(2z) := « 4+ ¢ and define recursively
gr+1(x) = 29x(12) " Then

gi(@) = 2(|z], +€).

These scaling functions grow faster and faster when [ becomes larger but no
g; is of exponential growth.

The following result classifies slow growing iteration hierarchies for a rather
large class of order parameters.

Theorem 2. Let1>¢>0 alnd let d be a natural number.
Define h[d,l|(z) := |3;|le‘1<\zh,> and

Bld,l]i(x) :== B(gi, h[d,1])(z).

—
Let C = max{2;(F4(2"2))}. Then for all x > C and all i < |z =0 e
have
Sk+1
Fy el

Bld, 1]}, (x) < 2i(|z; + ||, ).

Hence the diagonal function B[d,l] is elementary recursive.



Proof. Since g; and hence B[d, l]; are monotone in € we may assume that e = 1.
We prove the claim by main induction on k. If k = 0 then B[d,[]}(z) = g{(z).
We prove the claim by subsidiary induction on i. Assume first that ¢ = 1. We
prove the claim by another subsidiary induction on I. Assume [ = 0. Then for
x> C:

Bld,0]g(z) = go(z) = a+1

Py (zlo)

20(|33|0 + |3C|0 )-

IA

Assume now [ > 0. Then the induction hypothesis for [ — 1 yields for z > C"

Bld,ljj(z) = a(x)
— 291—1(\10
< g2alllall_yHlall 4 )
2
S
_ 2[(‘x|l + |;C|le (=) )
T
Now consider the case 1 < ¢ < |:c\lpd "1V Then we obtain by the subsidiary

induction hypothesis

BlLUi (@) = Bld,Uo(Bld, ()
< Bl o2 (|al, + [z, 7V i)
= (2o, + 2l ), + 1)
= 2l + ol i)
< 2 (Jaf, + 2,7 - (4 1)

since by assumption z > C = 2;(F4(2F+2)).
Now assume that k > 0. We prove the claim by subsidiary induction on .
If ¢ = 1 then the main induction hypothesis yields

F*ltu
Lzl 1710
Bld,l]i(x) = Bld,l]; (x)

ok

1
FL(z) Fr(lelp)
< 21(|$|l+|$|zd Yl el J)

ok+1

o T
< 2(jel, + 2, ).

=T
If1<i< |z ZF” 471" then we obtain by the subsidiary induction hypothesis
Bld, ;" (z) = Bld x(Bld.];(z))

ok+1
)

< B[d’l]k(Ql(|x|l+|x‘l “1)).




ok+1
Frlely)
l
1

S TN
hypothesis and i < |z, 410" that

Now set y := 2;(|z|, + || -4). Then we obtain from the main induction

1
Fr vl
Llvl, ¢ ]

B[da l]?_l(x) S B[da l]]q;l (y)
2k 1
RN T
< 2l + - Ll )
ok+1 2k 41
—1 —1
< 2z<|x\l + \x|le = 4 \l/|le (lym)'

The claim would now follow from

PLES 2k+1

|y|F;1<\ym < |x|F;1<\mm
l =T :

2k+1 1
= . — . (= .
Since F(jz|, + [«f, " i) > F7(|a],) and i < |z, """ this would

follow from
ok+14 1 ok 11 ok+1

P el \ oot Fol(l=1))
(J|, + ][, * R P P

hence from
ok+14q

Frlel)

]y + |,
This finally follows from the assumption that @ > C' = 2;(F;(2%+2)).

ok+1
< Jal™

4 Fast growing iteration hierarchies

In this section we show that replacing the functions hl[d,!] from Theorem 2 by
slightly faster growing functions yields Ackermannian growth of the induced
iteration hierarchies. Let us recall the definition of the Ackermann hierarchy
from Section 1. We put Ag(z) := z + 1 and Ax11(x) := A7 (x). Thus, if we put
Ack(z) := Ay (), then Ack is Ackermann’s function which eventually dominates
every primitive recursive function. Further recall that our scale functions are
defined as follows: go() := z +¢ and g1 (x) := 292D, Let us further assume
from now on that d > 0.
Let us fix constants C}; for k > 0 and [ > 0 such that

=
alx

k=1 ,
Lzl |zl > [zl

N =

for > Cj,;. We may assume that the function k — C},; is primitive recursive
in k for any fixed I.



Theorem 3. Assume 1 > ¢ >0 and let d be a natural number.

Let
3.d

COld] := max{Cs.q1,2(| %J 1))

hd.1)(2) = {flal,

B[d,]x(x) == B(g, h[d,1])r(x)

Define

and

Then we have
Bld, 3.azit1(2(x?)) > 2((Ai(z))?)
for x> Cld].

Proof. Recall that that g;(x) = 2;(e + |z|,). By induction on i one verifies
B[d,1]§(x) = g{(x) = 2(e - i + |z],). Let e := 5z Now we claim

A k
Bld, }.(x) = 2i(ex - i - o] + |2];) (1)
for i,k > 1 and x > Cj,;. We prove claim (1) by main induction on k and
subsidiary induction on i. Assume that kK = 1. Then we obtain for ¢ = 1 that
H»Lll
Bld, " “(z)
(e Ll |+l
1
> (e [zl +|al)

B[d,1];(1)(=)

v

since x > C} ;. The subsidiary induction hypothesis yields

Bd, 1" ()
Bd,1]1(B[d, 1] (x))

1
> Bld, i (2(er i - |l + |2],))
i 1 1 . i
2 2(er- ([2u(er - [ + |zl + (201 i 2| + |2])],)
1 1
> 2(er-|x|f +er-i- |zl + ).

Assuming claim (1) for k& we show it for k + 1 by subsidiary induction on i as
follows: First let ¢ = 1. Then

Bld, l]]k+1( )

Y Tt

> 2en- Lol ] - lalf + o)
i

> 2(ensr- ;T +2l)



since & > Cj41,. For the induction step of the subsidiary induction we obtain

Bld, I} (=)
Bld, 541 (B[d, 11 (x))

k+1
> Bld, k1(2u(epr i~ |z, © + |z[})
. k41 k+1 . k41
> 2ersr - (120 -t Jzlp T +[zl)]) T + [20(Erer - [z T+ [a])])
kt1 ket
> 2l(5k+1'|$|zd +5k+1‘i'|$|zd +|x‘z)

Claim (1) yields B[d,]s.q(x) > 2l(|x|12) for > C[d].
By induction on ¢ this yields
Bld, 5.q(x) > 2|2} )
for x > C[d].
We claim now that
Bld, [as+i+1(2(2?)) = 20((Ai(2))?)
for z > C[d]. Proof by induction on i. For i = 0 we find by (2)
Bld, ]s.a+1(2:(=?))
Bld, 15 4(21(x?))
20((121(=))*")
20((Ao(2))").

Assuming the claim for ¢ we obtain it for ¢ + 1 as follows:

(AVARAVARLYS

Bld, I]3.q11+:(2i(x%))
B[[d, l]]g-d+i(2l($d))
20((Af (2))9)
20((Ais1(2))?).

AVARLY,

Theorem 4. Assume 1> ¢ > 0. Let C[d] := max{Cs.q4,, 2i(| %j +1)}.

Define h[i]*(z) := |x|lAck*1‘<f). Let

B[l (z) := B(gi, h[l]" )k (z)
and
B[l]*(z) := B[d, ]}, | (2).

Then we have
BII*(2:((4 - d + C[d])?)) > Ack(d).

Hence B[I]* is not primitive recursive.



Proof. Assume for a contradiction that Ack(d) > B[I]*(2:((4 - d + C[d])?)).
Then for any i < B[I]} 44 cjq(20((4-d + C[d])%)) we have Ack™'(i) < d hence

s T
il < il and therefore by Theorem 3

BT (2u((4-d+Cld)") > Bld, 141024 d+ Cld)?)
> Bld,]s.arca)(20(4-d+ Cld])?)
> 2(Aq(4-d+Cld))?
> Ack(d).

Contradiction! Hence B[I]* is not primitive recursive since d — C'd] is primitive
recursive. O

It seems plausible that Theorems 2, 3 and 4 hold for all start functions ¢g;
where z + ¢ < go(z) < x + z° for some fixed ¢ < 1 and the same functions h(d),
and h(l)*. So we expect that our phase transition results will be structurally
stable under small perturbations of the starting function g.

For the record let us consider the situation when one starts with an exponen-
tial or double exponential function. This leads rather quickly to Ackermannian
growth

Theorem 5. 1. Let g(x) := 2% and h(x) = |z|,. Then B(g,h), is Acker-
mannian.

2. Let g(z) = 22" and h(z) := min{l : |z|, < 1}. Then B(g,h), is Acker-

mannian.

Proof. 1. By induction on k one easily shows B(g, h)i(2x(z)) > k
2. By induction on k one easily shows B(g, h)x(2x (7)) > 24, () (Ar(2)).

In general we expect that sharp phase transition thresholds can be obtained
for any start function g(x) = Ag(z) and we expect that the resulting thresholds
are all different. We intend to cover this material and structural stability of
resulting phase transitions in a sequel paper. We intend also to cover phase
transition thresholds for the transfinite extensions of the Ackermann hierarchy
which is also known as Schwichtenberg-Wainer hierarchy. We expect essentially
that stepping up in the ordinals by one power of w will allow for one additional
iteration of the binary logarithm function in the threshold function.

Problem: The functions g; considered in this paper render prominently in
weak arithmetic. It seems to be of general interest to explore possible connec-
tions.

Acknowledgements: We would like to thank the referee for some helpful
remarks.



References

[1]

2]

T. Arai, On the slowly well orderedness of €9, Math. Log. Q., 48 (2002),
125-130.

W. Buchholz, A. Cichon and A. Weiermann, A uniform approach to fun-
damental sequences and hierarchies, Math. Log. Q., 40 (1994), 273-286.

L. Carlucci, G. Lee and A. Weiermann Classifying the phase transition
threshold for regressive Ramsey functions. Preprint 2006 (submitted to
JAMS).

C. Calude. Theories of computational complezity, volume 35 of Annals of
Discrete Mathematics. North-Holland, Amsterdam, 1988.

M. Kojman, G. Lee, E. Omri and A. Weiermann, Sharp thresholds
for the Phase Transition between Primitive Recursive and Ackermannian
Ramsey Numbers, Preprint, 2005 (submitted to JCTA). Available at:
http://www.cs.bgu.ac.il/ kojman/paperslist.html

M. Kojman and S. Shelah, Regressive Ramsey numbers are Ackermannian,
J. Comb. Theory Ser. A, 86 (1999), no.1, 177-181.

G. Lee, Phase Transitions in Aziomatic Thought, PhD thesis (written under
the supervision of A. Weiermann), Miinster 2005, 121 pages.

E. Omri, Thresholds for Regressive Ramsey Functions. Master Thesis.
Be’er-Sheva, Israel 2005.

H. Schwichtenberg, Fine Klassifikation der eq-rekursiven Funktionen, Z.
Math. Logik Grundlagen Math., 17 (1971), 61-74.

Rick L. Smith: The consistency strength of some finite forms of the Higman
and Kruskal theorems. In Harvey Friedman’s Research on the Foundations
of Mathematics, L. A. Harrington et al. (editors), (1985), pp. 119-136.

S. S. Wainer, A classification of the ordinal recursive functions, Archiv fir
Mathematische Logik und Grundlagenforschung, 13 (1970), 136-153.

A. Weiermann, How to characterize provably total functions by local pred-
icativity, J. Symbolic Logic, 61 (1996), no.1, 52—69.

A. Weiermann, An application of graphical enumeration to PA, J. Symbolic
Logic 68 (2003), no. 1, 5-16.

A. Weiermann, An application of results by Hardy, Ramanujan and Kara-
mata to Ackermannian functions, Discrete Mathematics and Computer Sci-
ence, 6 (2003), 133-142.

A. Weiermann: A very slow growing hierarchy for I'g. Logic Colloquium
’99, 182-199, Lect. Notes Log., 17, Assoc. Symbol. Logic, Urbana, 1L, 2004.

10



[16]

[17]

[18]

[19]

[20]

A. Weiermann, A classification of rapidly growing Ramsey functions, Proc.
Amer. Math. Soc., 132 (2004), no. 2, 553-561.

A. Weiermann, Analytic Combinatorics, proof-theoretic ordinals and phase
transitions for independence results, Ann. Pure Appl. Logic, 136 (2005),
189-218.

A. Weiermann: An extremely sharp phase transition threshold for the slow
growing hierarchy. Mathematical Structures in Computer Science (to ap-
pear).

A. Weiermann, Classifying the phase transition for Paris Harrington num-
bers, Preprint, 2005.

A. Weiermann: Phase transitions for some Friedman style independence
results Preprint 2006, to appear in MLQ.

A. Weiermann, Phase transition thresholds for some natural subclasses of
the computable functions. Logical Approaches to Computational Barriers,
Second Conference on Computability in Europe, CiE 2006, Swansea, UK,
June 30-July 5, 2006, Proceedings. Lecture Notes in Computer Science
3988, Springer 2006, 556-570.

11



