COMPUTABILITY III
TOPICS IN COMPUTABILITY

ARISTOTELIS PANAGIOTOPOULOS

INTRO

This is a topics course in computability. Among others we will cover:

undecidability of the word problems for groups;

quantifier elimination and decidable theories;

computational complexity;

dependence of P=NP from oracles;

The Paris Harrington theorem and the independence of Ramsey theoretic
statements from Peano arithmetic;

recursion theoretic forcing and undefinability of definability.

Time permitting we will also cover some basic effective descriptive set theory.
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1. SOME MORE EXAMPLES OF UNDECIDABLE THEORIES

Recall our technique for showing that a theory 7' is undecidable: find a strongly
undecidable structure M with M = T.

To show that an L-structure M is strongly undecidable it suffices to show that
some other strongly undecidable structure M’ in a possibly different finite language
L' is definable in M (perhaps with parameters).

We have already established that N = (N, 0, S, +, %, <) is strongly undecidable
and that there is a strongly undecidable graph G = (V, E).

Let us remind the technique by using it to show that the theory of posets and that
the theory of lattices is undecidable. Recall that a poset is a structure P = (P, <)
where < is a binary relation so that

(1) PEVaVyz ((z <yAhy<z) = z<z);

2) PEVZVYy (r<y = —(r=yVy<uz);
A poset is a lattice if every finite subset F' of P has a unique least upper bound
and a greatest lower bound.

Theorem 1. There is a strongly undecidable lattice P = (P,<). As a consequence
the theory of posets and the theory of lattices is undecidable.

Proof. Let G = (V, E) be a strongly undecidable graph. We will define a lattice
P = (P, <) in which G is definable.
Let P be the set of all subsets A of VU E with the property that

(a,b) e A = ac Abe A

Let also < be the inclusion, i.e., set A < B if and only if A C B. Notice that P
is closed under N, U and therefore it is a lattice. In fact, since ),V UE € P it is a
bounded lattice.

Let V' C P be the collection of all atoms of the lattice which is definable:

AeV < A#(0ANVB(B<A = B=10),

and into one-to-one correspondence with V. Let also E’ be the binary relation on
V' defined by the formula

AE'B <~ EIC’EID((A,B < C < D)A

VD'(D'<DAD €V = D’zAVD’zB)).
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It is easy now to see that the assignment (V, E) — (V', E’) provides a definition
of G inside P. O

A language L is called non-trivial if £ contains a binary relation or a binary
function symbol or at least two unary function symbols.

Theorem 2 (Church). Let L be a non-trivial language. Then the collection Taut(L)
of all tautologies in L is undecidable.

Proof. 1f L C {R} with R binary then we can find a strongly undecidable £L-structure
using the strongly undecidable graph G (How?).

If £ C {f} with f binary then we can find a strongly undecidable L-structure by
using the previous example and using f as the interpretation of the characteristic
function yg of R.

If £ C{d,r} with d,r unary then we can find a strongly undecidable L-structure
as follows. Let G = (V| F) be a strongly undecidable graph and set B = V U E.
For every a € V set d(a) = r(a) = a and for every (a,b) € E let d((a,b)) = a
and r((a,b)) = b. This determines an {d,r}-structure B = (B, d?,r?) which can
be extended to an L structure (by arbitrarily defining the interpretations of the
remaining symbols). Notice that ”V” is definable by the formula d(z) = z and F is
definable by the formula

olz,y) =3z(—d(z) =z Nd(2) =z Ar(z) =y).

2. THE WORD PROBLEM

2.1. Intro. A semigroup is a set S together with a binary associative operation
S xS — 5. We will consider here monoids which moreover have an identity
element, i.e., some 1 € S with 1-s = s-1 = s, for all s € S (these are usually called
monoids). A semigroup S is a group if it is endowed additionally with a unary
operation s — s~ !, the inverse, so that s-s! =s71.5=1for all s € 5. We will
usually denote groups by I'. In most cases one defines a semigroup by providing a
presentation
S = <a1,...,an ‘ Rl;--'Rk>7

where R; is an expression of the form w; = v;, with w;,v; € {ay,...,a,}*. The
semigroup defined by such presentation is the quotient A*/ ~ of A* = {ay,...,a,}*
via the the equivalence relation that is “spanned” by the relations Ry,... Ry (see
Definition ?7). Similarly the group defined by the presentation

I'= <a1,...,an | Rl,...Rk>,
is the quotient (AU A1)/ ~ of (AUA™Y)* = {ay,...,an,a;", ..., a;'}* via the the

'

equivalence relation that is “spanned” by the relations Ry, ... R; and the relations
a;'a; =1 = a;a;* for all i < n. Here are some examples (draw pictures):

)

F3¢™ = {(a,b) = all finite words in alphabet {a,b} under composition.



4 ARISTOTELIS PANAGIOTOPOULOS

A5“™ = (a,b | ab = ba) = the abelian version of the above.

Similarly we have the group versions of these two. For example Fy, = (a,b) is
the collection of all words in @ in alphabet {a,b,a™', b1} where any instance of
a ta,aa™t,b71b, bbb~ is collapsible to the empty sequence 6, and similarly for As,.

The word problem. Given a presentation (ay,...,a, | Ry,... Ry) of asemigroup
find an algorithm which in input (w,v) € A* = {ay,...,a,}* decides whether w ~ v.
Similarly for presentations of groups.

For example, in F3™ we have that w ~ v iff w = v. For A$*™ one can easily
implement an algorithm bringing every word w in the form (a*wb'*) and then one
sees that w ~ v iff k, = k, and [, = [,. Here is another example. Consider the
group

I = {a,b|ab=ba,a®=1).
Again there is a simple algorithm which, given w € (AU A™1)*, it finds a word
equivalent to w, of the form (a*b) where k,, € {0,1,2} and w ~ v iff k,, = k, and
ly = 1y.
aabab~tab — aaabb 'ab — aaaab — ab.
We have the following theorem.

Theorem 3 (Post, Markov (1947)). There are semigroups for which the word prob-
lem is undecidable

Of course this does not directly imply that the word problem for groups is unde-
cidable in general. For example in the case of groups problem of deciding, given any
w, v, whether w ~ v reduces to the seemingly simpler problem of deciding whether
w’ ~ 1 for any given w’. Indeed the proof f the next theorem is significantly harder:

Theorem 4 (Novikov (1955), Boone (1959)). There are groups for which the word
problem is undecidable.

Our first task is to prove Theorem 4 by reducing it to the more general problem
of solving semi-Thue processes and showing that this latter one is undecidable.

2.2. Semi-Thue processes and the word problem for semigroups. Let A =
{ai,...,a,} be a finite alphabet. A semi-Thue production is a pair of words
(w,w) which we denote by w — w. Asemi-Thue process is a finite list II of
productions P. If P is the production w — w and u,v € A* then we write

u =p v whenever Jx,y € A*(u = zwy A v = Twy)

Write u =1 v whenever Jp € II(u =p v). Finally we write u = v if there is a
sequence of productions leading from w to v.

Word problem for II. Is there an algorithm which decides, given u,v € A*,
whether u =1; v7 If so, we say that II is solvable. Otherwise it is unsolvable.

Exercise.
(1) If A= {a} then any production system II on A is solvable.
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(2) In any alphabet A, if II consists of one production then II is solvable.
Theorem 5. There is an unsolvable semi-Thue process Il is some alphabet A.

Proof. For every Turing machine M we define a semi-Thue process II;; with the
property that the halting problem for M reduces to the word problem for ITj,.

It suffice to consider Turing machines in alphabet {1}. Let M be such a Turing
machine and use the symbol 0 to represent the empty squares of the tape. Let
Qo, - .-, Qn be the collection of all states of M where @)y is the initial state and
@n is the terminal state and recall that M is entirely determined by a finite set of
instructions, which are 5-tuples of the form (Q;,a,b, D, @Q;), with a,b € {0,1} and
D e {Left, Right}, so that b, D, (); are uniquely determined by @), a.

We define a semi-Thue process I1); in the alphabet A = {0,1,Qo,...,Qn,Q,Q', #}.
We will use words of the form #uQ;u# with u,v € {0,1}* to represent the situation
description of M which is in ); state and has the string wv in the (so far explored or
written)tape with the read-write head in the first letter of v. II,; contains precisely
all productions from the following four categories:

(1) For every instruction of the form (Q;, a, b, Right, ;) include:

QZaO — bQJO Qlal — bQ]]_ Q,a# — bQJO#
(2) For every instruction of the form (Q;, a, b, Left, @);) include:

OQzCL — Q]Ob 1QZCL — leb #Q,a — #QJOZ)
(3) Include Qn0 — Q0 and Qn1 — Q1
(4) Include Q0 = Q, Q1 —Q, Q# — Q'#, 0Q =, 1Q —

Notice now that all possible initial states of M correspond to the words:

#Qo0#  H#Qol#  #Qoll# - #QolM#

where 1 stands for n-many 1’s. If M halts at the input 1 then it is immediate
that for some u,v € {0,1}* we have that

#Qu1MH# =7 #uQnv# =) HuQuEE =T HuQHE =T #Q'H.
Claim. Conversely, if #Qol1™# =% #Q'# then M halts at the input 1),

Proof. The only way to reach #Q'# uses productions of the type (3),(4). Hence,
by backtracking we see that #Qo1™# =% #HuQyv#, for some u,v € {0,1}*.
Notice that this later production can only use moves of type (1),(2) which correspond
precisely to the computation of M and since )y is terminal M terminates for the
desired input. U

Let now M be any Turing machine whose halting problem is not decidable (for
example the universal Turing machine). The semi-Thue process Ty, for this M will
not be solvable. O
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2.3. Thue processes. To each production w — w we associate its inverse w — w.
A Thue process Il is a semi-Thue process which is closed under inverses. We can
therefore write w —w without indicating direction and as a consequence ={; induces
an equivalence relation u ~p v on A*. We write [u] = [u]lg = {v € A" | u ~ v}
for the equivalence of u and set S = Sy = A*/ ~ be the collection {[u] | u € A*}.
Notice that concatenation in A* pushes forward to a multiplication - on .S since

u~pgtv and v~pv imply wv ~pu'v’

So (S,), with [u] - [u] = [uv] is a semigroup which has [f] as an identity element.
Conversely notice that every semigroup presentation corresponds to a Thue process
IT and we set Sp; to be the semigroup defined by the presentation. This formalizes
what we previously called “semigroup defined by the presentation”.

Theorem 6. There is a semigroup S with finite presentation whose word problem
1s undecidable.

Proof. Recall that in the proof of Theorem 5 we associated to each M a semi-Thue
process II;,. Let 11}, be the Thue process resulting from additionally including all
inverse productions of 1I,,. With the notation of the proof of Theorem 5 we have:

Claim. #Qol™# =u, #Q'# if and only if #Qo1M# ~f.  #Q'#.

Proof. The = direction is obvious. For the other assume that #Q,1™# NER; #Q'#
and let

Wy = p; W1 =p; - =pr Wy

be a witness to this, i.e. wyg = #Qo1™#, w, = #Q'# and Py € I}, for all i. We
will extract from this a production in II; from wq to w,,.

Let i < n — 1 be the largest possible ¢« with the property that P* ¢ II,. Notice
that ¢ has to be strictly less than n — 1 because there is no production in II;; which
transforms #Q'#. Consider now the subsequence

Wi = pr Wit1 =Py, Wit

and notice that by our assumptions we have that P := (P)~! andR := P}, are in
IT;;. So we have the following diagram in II,;:

W; <=p Wit1 =R Wit1

But notice now in each of the wy, ..., w, there is a unique appearance of some “Q)”
symbol and by looking carefully at the rules of II,; we see that there is a unique
rule applying to w; 1, i.e. P = R. We therefore have that w; = w;,.

Inductively we can therefore remove all P which are not in IIj,. g

By the claim (and the argument in Theorem 5) the proof of the theorem follows.
d
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2.4. Parenthesis: origin constrain domino tilling problem. By a domino
type we mean a square of unit size with each edge labeled by some letter. Let D
be a finite set of domino types and let dy € D. A (D, dy)-tilling of R? is a way of
covering the entire R? by squares of type D so that

(1) the vertexes of each domino are placed on the lattice Z?;

(2) a domino of type dp is placed in the origin {(0,0), (0,1),(1,0),(1,1)}

(3) adjacent edges have the same labels.

Is there an algorithm which, given finite D and dy, decides whether there is a

(D, dy)-tilling?
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2.5. The word problem for groups. Recall that a group presentation consists
of finite alphabet A = {a4,...,a,} together with a finite collection R of relations
Ry,... Ry where R; is an expression of the form, w; = w; with w;,w; € A*. The
group I' = (ay,...,a, | Ry,...Ry) generated by the presentation is the semigroup
associated to the following Thue process Hfﬁz on alphabet ANA™! = {ay,...,a,}U

{a7', ..., a;'}. We include the following two types of productions: for every a; € A
we add the productions a;a; 1 — ¢ and a;a; 1 — 9, for every relation R; = w; = wj; in
the presentation we add the production w; — w;. See subsection 2.3 for details. The

main theorem of this subsections is the following:

Theorem 7 (Novikov, Boone). There is a group presentation whose word problem
is undecidable, i.e., there is a presentation A, R whose associated Thue process Hirf;z
has undecidable word problem.

For the proof of this theorem we will nee to: review some standard group theo-
retic constructions such as free products and HNN constructions; introduce modular
machines as models of computation and show that one can reduce one them the
halting problem; show that the halting problem for modular machine reduces to the
word problem for presentations of groups.

We start by reviewing some group theoretic constructions. Let I'y,I'p we two
groups with presentations A = {a1,...,a,}, Ry,...,Ryand B = {by,...,b,},S1,...,S5
respectively. Assume that AN B = (). Their free product is simply the group

FA*FB = <a1,...,an,b1,...,bm|R1,...Rk,Sl,...,Sl>.

Since AN B = (), it is not difficult to see that every word in A U B is equivalent in
['y*I'g to a word of the form wqw; - - - wy where w; is either a word in A or a word
in B with A, B alternating from ¢ to ¢ + 1 and for every ¢ > 0 we have that w; # 6.
In particular the free group in two generators (a,b) is the special case Z x Z of this
construction. Geometrically one can think of I'y * I'p as tree (draw tree).

Recall that a group homomorphism is a map ¢: I' — A between groups with
©(gh) = p(g)p(h). It is an isomorphism if ¢ is bijective. An isomorphism from
I to itself is called an automorphism. A special type of an automorphism I' — T’
is given by conjugating by a fixed element h € T, i.e. g — h~'gh. These are
precisely the inner automorphisms of I'. Let now H, K be subgroups of I" and let
¢: H — K be an isomorphism of I". One often cares about the case when ¢ can be
“implemented” by a global symmetry of the group, i.e., one often would like to be
able to find some automorphism ¢ of I' which extends ¢. Of course this is not always
possible but one following construction shows that if we are allowed to extend I' to
a slightly larger group I', then we can find, in fact, an inner automorphism of I',
which extends ¢.

Let I' = (ay,...,an | Ry,..., Rg) and let ¢: H — K be an isomorphism between
subgroups of I'. The HNN extension of I' with respect to ¢ is the group

F@ = <CL1, c. ,an,t ’ Rl, .. .,Rk, (tilht = So(h>>h€H>
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In fact it suffice to include a relation t~'ht = ¢(h) for every h in a fixed generating
set of H. We call ¢ the stable letter of the HNN extension. We will need two facts
regarding HNN extensions which we will take for granted for now and later derive
both of them from a common lemma.

Lemma 8. The homomorphism g v+ g from I' to 'y, is injective, i.e., ' C T',,.
Proof. Postponed for the end of the section. U
A subgroup L of I" is balanced with respect to p if p(LNH)=LNK.

Lemma 9. If L is a balanced subgroup of I' then the subgroup L' of I', generated by
L and t is the HNN extension Lyipam of L with respect to o|LNH and L'NT = L.

Proof. Postponed for the end of the section. U

Sketch some topological perspective on presentations, free products and HNN
extensions. Van Kampen theorem. Wedge sum. Adding mapping cylinders.

Next we introduce modular machines as a model of computation. This is an alter-
native to Turing machines that is slightly less handy for performing computations
but it has the advantage of being easily reducible to the word problem. A mod-
ular machine M consists of a natural number M > 1 together with a finite set
of instructions, i.e., quadruples of the form (a,b,c, D) where a,b < M, ¢ < M?,
and D € {L, R}. We assume that for every (a,b) there is at most one instruction
(a,b,c, D). A configuration for a modular machine is just a pair (a, 3) € N2. We
write (a, 8) —aq (o, ) if and only if @« = uM +a and 8 = vM + b and there exists
¢ so that either:

(1) (a,b,¢, R) € M and o/ = uM? + ¢ and 8/ = v; or
(2) (a,b,¢,L) € M and o/ = u and ' = vM? + ¢;
We write (a, 8) =3, (/, 3') if there is a finite sequence

(a, B) = (@, Bo) —m (@1, B1) = - = (i, Bn) = (o, )

A better way to think about modular machines is as follows: if («, 3) is a config-
uration then write o = ¥ ja;M? and 8 = X!_3;M* in M-ary expansion and think
of a and  as being the two lists:

(o, 1,00, .. ) & (Bo, Br, Ba, -, )
If (a,b,c, R) applies to («, 3) then write ¢ = ¢y + ¢; M and notice that (o, ')
corresponds to

(co,cr,an, o, an) & (Br, B, .-, )
Similarly, if (a, b, ¢, L) applies to («, ) then (o/, ") corresponds to

(al,Oé27...,Oék) & (CO7017617627"'7ﬁl>'

Theorem 10. There exists a modular machine M so that the halting set

H(M) = {(a, f) =} (0,0)}

1S not recursive.
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Proof. Let T be a Turing machine so that the set of all halting positions if not
recursive. By adding some additional code to T" we can make sure that whenever T’
halts the tape of T' is empty.

Use the numbers 0,1,..., N — 1 to represent states of 7" and the numbers N, N +
1,..., M —1to represent the alphabet of the tape of T'. To each situation description
ap Qp—1 ... alQabl bz bl—l bl
where the head is on the cell containing a and T is in state () associate the following

two configurations of M:
Configuration 1. (Q,a1,as,...,a;5) & (a,by, by, ... b).
Configuration 2. (a,a1,a9,...,ar) & (Q,by1,by, ... 0p).

For every rule (Q, a,b, D, Q") of T add in M the instructions (a, @, Q" +bM, D) and

(Q,a,Q +bM, D). Notice for example if (Q, a,b, R, Q') is a rule in T" and the Turing
is in the above situation then the next situation would be

ap ap—1 ... a1 b Q by by ... bi_1 b
which is corresponds to the configurations
Configuration 1’. (@', b,ay,a9,...,a;) & (b1, by, ..., 0).
Configuration 2'. (b1,b,a1,a9,...,a;) & (Q' by, ..., b).
We leave now to the reader to wrap up the proof. U
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Next we describe the construction of a finite group presentation whose word prob-
lem is not decidable. The plan is to start with the group

G = (t,z,y| vy =yz) =L+ 2*

and extend this presentation by taking finitely many HNN extensions, in a way that
the halting problem for M in the theorem above reduces to the word problem for
the resulting group presentation. For every state («, 3) € N? consider the word:

t(a, B) ==z~ %y tay®
and let T = (t(a, ) | o, 5 € N) be the subgroup of G spanned by {t(c, §)}a,sen-
Claim. T is freely generated by {t(c,3) : a, f € N}.

Proof. Recall that a word vgv; - - - v, in some alphabet (A U A™1)* is call reduced

there is no i < n so that v; = v} or v;' = v;11. We need to show that any non-

empty reduced word vgv; - - - v, in ({t(a, 8) 1 @, 8 € N}U{(t(e, 8)) 't a0, B € N})*
is not equal to 1 in GG. This follows by an easy induction on n. U

Having “coded” the state (a, ) by the word t(a, f) we proceed now to “code”
the instructions of the machine M. For every instruction (a,b, ¢, R) in M we will
introduce an isomorphism ¢ between certain subgroups GG and then pass to the HNN
extension G, with stable letter . Similarly for (a,b, ¢, L) in M we will introduce an
isomorphism 1 between certain subgroups GG and then pass to the HNN extension
G, with stable letter [. The fact that we can realize all these HNN extensions
simultaneously is just a consequence of Lemma 9.

Let (a,b,c, R) in M. We want this operation to “transform” every word of the
form t(uM + a,vM + b) to the word t(uM? + c,v). That is, we want

xfuM —uvM (

uM , vM
Yy

a~ %ty )My
to get “transformed” to
x—uMQy—v(x—ctxc)xuM2yv‘
This transformation can be implemented by the assignment:
M 2™ yM sy t(a,b) - t(c, 0).
This assignment describes an isomorphism ¢: G%M — G%Q’l between the sub-
groups
MM = (M M 4(a,b)), G = (2™ y, 1, 0))
of G which are both isomorphic to Z * Z?. Similarly if (a,b,c, L) is in M then we
consider the isomorphism : G%;M — G(l]:iw between the subgroups

G = @My t(a, b)), Gl = (o™ 4(0,0)
of G, given by the assignment

Mz g™ s M t(a,b) = 10, ¢).
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Given a modular machine M defined by M and the collection of instructions
{(ai,bi,ci, R) 1€ I} U {((Ij, bj,Cj, L) 1 E J}

we define the group Gy, given by the following presentation. For every ¢ € I we
introduce a new letter r; and we let G; be the HNN extension of G with respect to
the corresponding (; described above and with stable letter the letter r;. Similarly,
for every j € J we introduce a new letter [; and we let G; be the HNN extension of G
with respect to the corresponding 1; with stable letter the letter [;. By Lemma 8 G
is a subgroup of GG; and G for all 7, j and by Lemma 9 we can realize all these HNN
simultaneously in the following presentation where i, j range over I, J respectively

1 MM MM\ -1 ~M,M MM
Gm = (z,y,t, 74, L | vy = yz, 1 lGai,bi ri=¢i(G ) lj 1Gaj,bj lj = wj(GajJ?j ))-

7 a;,b;

Let now Hq be the subgroup of Gy that is generated by the elements
{ri:iel}U{lj:je JU{t(a,5): (o, 5) =7 (0,0)}
and let F)y( be the subgroup of G that is generated by the elements
{rizielI}U{l:je J}U{t}
Lemma 11. We have that Hpyg = Faq.

Proof. Trivially we have that ¢t = 2%°t2%° = ¢(0,0) and (0,0) —%, (0,0). Hence
we have that Haq O Fy.

Conversely, we show by induction on the length of the computation of —%, that if
(e, ) =4 (0,0) then t(a, B) € Fa. For the induction step assume that (o, 3) —
(o, ") and that t(/, ") € Fp. Assume that this transition is performed by an
instruction of the form (a, b, ¢, R), say the i-th instruction (a;, b;, ¢;, R). The obser-
vation now is that the subgroup of G generated by {t(c, 3): (v, 8) =3, (0,0)} is
a balanced subgroup of G (with respect to ¢;) and therefore, within H, we still
have r; 't(a, B)r; = t(o/, 3'). Hence, t(a, B) = rit(a/, 3)r; !, and it follows by the
induction hypothesis that t(a, 8) € Fu. O

The last lemma reduces the problem of checking whether (a, 3) halts in M to
checking whether t(«, 5) as an element of G is actually an element of Fi. The
next trick allows us to reduce it further to the word problem of a group presentation.

Theorem 12. There is a finitely presented group G%, with unsolvable word problem.

Proof. Let M be the modular machine from Theorem 10 and let G4 be the as-
sociated group and F) its subgroup, both described in the previous paragraphs.
Let
G = (G, 8| 57 Fys)
be the HNN extension of G, with respect to the isomorphism id: Fy; — Fly. Since
F\ is finitely generated the above presentation is finite. Moreover, by Lemma 9 and
the claim after the definition of G we have that s7'gs = ¢ if and only if g € F,.
Thus
(,8) =34 (0,0) <= ta,B) =s"t(a,B)s in G},



COMPUTABILITY III TOPICS IN COMPUTABILITY 13

g

We are left to prove Lemma 8 and Lemma 9. Both will follow from the normal
form theorem for HNN extensions.
Let ¢: H — K be an isomorphism between subgroups of the group I'. Let also

r,=({t|t"'Ht=, K)

be the HNN extension of H with respect to . Fix a section Sy C ~ for the
right cosets of H in I' and a section Sx C ~ for the right cosets of K in T, i.e.
I' = Uges, Hg and similarly I' = Ugeg, Kg. We assume the elements g € Sy and
g € Sk representing H and K are equal to 1. A normal form (w.r.t. Sy, Sk) is
a sequence
got™ g1t gy - - - 17 gn,

with ¢, € {—1,1} and g; € I, so that for all ¢ we have

(1) if ¢, = —1 then ¢; € Sy;

(2) if ¢, = 1 then g; € Sk;

(3) teig;t+ is never equal to t°1¢¢.
A variant of the following theorem is often referred to as Britton’s lemma.

Theorem 13. For every I', H, K, ¢, Sy, Sk as above, every word w € I x (t) is
equivalent in I'y, to a unique normal form.

Proof. First we show that every such word w is equivalent in I', to some normal form.
Since t"*Ht =, K holds in I', we have the following quasi-commuting relations:

tth=ph)t™" and tk=¢ k)t
for every h € H and for every k € K. As a consequence, given any word

w =Yttt Y,

we can use these relations going right to left and transform gradually w to a normal
form. For example if €, = 1 then the second relation applies: write v, as kg, where
gn € Sk and use the quasi-commutation to transform w to

w' = Yot Ity -t 0T () g

After we reach to the end we cancel out all possible instances of (3) and repeat
the process. Every time we cancel out all possible instances of (3) the length of w
strictly decreases so the process eventually terminates.

To show uniqueness we employ an idea of Artin & van der Waerden. Let W be
the collection of all normal forms and let S(W) be group of all permutations of the
set W. We define an action of I', on W, i.e., a homomorphism ®: I', — S(W).
For that it suffices to explain where t maps and where each ¢ in I' maps and make
sure that all relations coming from ¢t 'Ht =, K, v3~' = 1 =479, push forward to
relations which hold in S(W). If g € I set

D(9) (ot g1t ga - - - 1 gn) = ggot g1t2ga - - - 1" g
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When it comes to t we distinguish two cases. If gy € K and ¢! = ¢~! then set

(1) (got ™ g1t2g2 - - -t gn) = @ (90) 1t g2 - - - 7 G-
Otherwise set

() (got g1t ga - - -t gn) = 0 H(k)tgot it ga - - -t g,
where go = kg(, with go € Sk.

Exercise 14. Show that ® is a homomorphism, i.e., show that ®(t) (for ®(g) it is
immediate) is a permutation (hint: define an inverse) and show that all the relations
from the HNN presentation push forward to relations of S(W).

Notice now that if got g1t gy - - -t g, is in normal form then

(got g1t ga - - 17 gn) (1) = got™ 1t% g2 - - -t g
So the elements in I'y corresponding to two distinct normal forms map via ® to
different elements of S(1¥) and therefore they are distinct elements. O

3. DECIDABLE THEORIES

Contrary to the theory of (N,0,S5,+,*, <), the theory of partial orders, or the
theory of graphs there are many first order theories which are decidable. To study
decidability one has, for starters to restrict to recursive languages. This is not a real
restriction since we will mostly deal with finite language which are always recursive.

A language £ = {RE’”, . f;m), ...y Cp, ...} is recursive if the set

{(n,i,m,j. k) | R, £ e, € £}

is recursive. Given a recursive language it is not difficult to see that the collections
of all formulas and of all sentences are recursive.

The most useful technique in showing that some theory 7" is decidable (i.e. recur-
sive) is quantifier elimination.

3.1. Elimination of quantifiers.

Definition 15. An L-theory T admits elimination of quantifiers if for every
formula ¢(z1,...,x,), there exists a quantifier-free formula ¢*(x1,...,z,) so that

TEop(xy,. .. ,x,) <= ¢ (21,...,2,)

It is important in the above definition that ¢* is in the same set of variables with
. There is one problem with this steaming from the way we defined first order logic:
if £ has no constant symbols then it has no quantifier free sentence and therefore if,
for example, xVyq(x,y) is an L-sentence (say in prenex normal form) then we will
not be able to get read of both quantifiers. To resolve this we could have defined
first order logic to contain the O-ary predicates T and L which are always true and
false respectively L-sentences for each L.

Since we will often work with £ that contains constants we will not do this. Instead
whenever £ has no constants and ¢ is a sentence we will allow in the definition above
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©* to be either Jx(z = ) or x—(xr = z) which function like T and L but have
quantifiers.

Of course when £ contains no constants if 7" has quantifier elimination then 7 is
complete since every L-sentence is provably equivalent to either T := Jz(z = z) or
1:=dx—(x = x). However, even if £ has constants, quantifier elimination reduces
the validity of any sentence to the validity of a quantifier-free sentence which is much
easier to deal with. In fact, showing that a theory T is decidable often reduces to
the following two steps:

(1) show that there is an algorithm for reducing ¢ to ¢*;
(2) show that there is an algorithm for deciding 7" I+ ¢” for all quantifier free
formulas.

Examples. Let Tk be the theory of (R, 0,1, +, %, <) and consider the sentence
Jw(az® + b + ¢ = 0).
Then one can eliminate the quantifier 34 since this sentence is Tg-equivalent to
(b* —dac>0)V (b* —dac=0Aa#0)V(a=b=c=0)
Similarly the sentence 3;35(ax1 + bzy = 0 A cxy + dxg = 0) is equivalent to
ad —be # 0
The following criterion for quantifier elimination, while very basic, it is quite useful.

Lemma 16 (QE-criterion 1). T' admits elimination of quantifiers if and only if T
admits elimination of quantifiers for all formulas of the form

Ely(al(ya i.) ARERNA an(y7 i))>
where a;(y, T) is either an atomic formula or a negation of an atomic formula

Proof. Assume that T eliminates quantifiers for this special type of formulas. Then
we prove inductively that it eliminates quantifiers for all formulas:
(1) if ¢ is quantifier-free then set ¢* = ¢;
(2) (=) =~
(3) (o AW)" =" AYp™;
(4) To define (Jyp)* we proceed as follows. First let ¢* be the quantifier-free
formula equivalent to ¢ which exists by inductive hypothesis. We can always
write such ¢* in disjunctive normal form, i.e.,
Tt < ((af A Napgy) Ve V(b A Aapgy))
and therefore we have that
TH3ye" < Fy((g A Aapg) V-V I(af A Aakyy))
But 4 distributes over V and therefore by assumption

TF Jyp* <— £1\/'--\/£k,



16 ARISTOTELIS PANAGIOTOPOULOS

where £ is the quantifier free formula equivalent to af A --- A Oéfl(i)' Set
Fyp)* = Vil

O

We can now directly apply this criterion to the following example. Let £ =

{<} and consider the L-theory of dense linear orderings without endpoints
DLO4. This theory is axiomatized by the following axioms

(1) VxVy(x<y — (—ny<x/\ﬂ$:y))
(2) VaVyVz((z <y Ay <z) = < z)
(3) VaVy(z <yVzx=yVy<zx)

(

(

)

3)

) VaVy(z <y = F(z <zAz<y))

5) Vady(z < y), Vedy(y < z)
Here (1)-(3) declare that < is a linear ordering, (4) says that it is dense, and (5)
that it has no endpoints. The prototypical example of a structure which satisfies
this theory is (Q, <). Another example is (R, <).
Theorem 17. The theory DLOL., admits elimination of quantifiers.

Proof. We will use the criterion provided by lemma 16. So consider any L-formula

p(z) = Jy(ar(y, ) A A an(y, 7)),

where «;(y, ) is either an atomic formula or a negation of an atomic formula. The
possible forms of «;(y, Z)’s are:

(a<b), (a=b), —(a<b), —(a=Dh),

where a and b can be either equal to y or any entry from z. Notice that we can
assume without loss of generality that ¢(Z) uses only the first two forms. To see
this, notice that DLO., proves that:

“(a<b) < ((a=b)V(b<a)) and =(a=0b) < ((a<b)V(b<a)),
and since 3 distributes over V the formula ¢ is DLO4-equivalent to a formula:
Jylat A---Aat) v Fy(@2A---Ad?) V... .oV Tylab - A k).
Where each o is either of the form (a < b) or (a = b). For example if oy = =(a = b),
DLO4io F ¢ <— Ely((a< b)/\a2/\-~/\an) \/Ely((b<a)/\a2/\~~/\an)

So we assume that ¢ involves only (a < b) and (a = b) where a,b € {y,z}. Moreover
if y does not appear in some «; we could remove it from the scope of the Jy. Finally
if y = y appears somewhere we can remove it and if y < y appears somewhere,
axiom (1) implies that DLO4 F (¢ <= L1). So we can assume that ¢(z) is of the
form:

y(zi, <yA.. Az <y)ANy<zp A Ay<z)Aly=z, A...Ay=1,))
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But if the last parenthesis is non-empty, say y = z,, is there, then we the formula
is equivalent with the formula attained by removing dy and replacing all instances
of y with x,,. We can therefore assume that ¢(z) is of the form:

Fy(zs, <yA... Az <Y Ay <z A Ay <zj))

If either of the two parenthesis is empty then by Axiom (5) we have that DLOL, F
(p <= T). Otherwise, by Axiom (4) we have that

DLO:I:OO + ((,O(ZE) <~ /\ x;, < ZL‘jm) .

n<k,m<l

g

Corollary 18. Since L in DLO4. contains no symbols the above theorem shows
that every sentence o is either equivalent to T or to L. In other words DLO4
is complete. It is moreover decidable. One can see that either by Corollary 62 of
the notes in math117b or from the fact that the QFE procedure described above is
algorithmic.

3.2. Model theoretic criteria for QE. Lemma 16 can be thought of as a “syn-
tactic” criterion for quantifier elimination. Here we develop a very useful “semantic”
criterion. That is, a criterion that is implies QE for some theory T" as long as the
the collection of all models of T" behave nicely under “extending” and “gluing.” We
start with a lemma.

Lemma 19. Let T' be an L-theory and let o be an L-sentence. The following are
equivalent:

(1) there exists a quantifier free * so that T+ (0 <= o*);
(2) for every two L-structures A,B with A,B = T, if A, B satisfy the same
quantifier-free sentences, then A =0 <= Bl=o.

Proof. (1) = (2) is clear.

(2) = (1). Before we prove it in complete generality let see what does this
say about the case where £ has no constants. In that case, the assumption “if A, B
satisfy the same quantifier-free sentences” is always satisfied simply because there
are no quantifier free sentences. So (2) becomes

“for every A, BE=T wehave Ao <— BEo.”

But then, by Godel’s completeness theorem we know that T F ¢ and therefore
ThH (o < T).

Let now £ be arbitrary and assume (2). Consider the collection S of all quantifier-
free sentences with TU {c} F S. Notice that it is enough to show that TUS F o
because then (since proofs are finite) there would be o1, ...,0, € S so that

Tl‘(O’l/\.../\O'k) — 0
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But since 0* := 01 A ... A 0}, is quantifier free o* € S (why?) we would have
Tho" < o
Claim. We have that T U S |- 0.

Proof of claim. If this fails then by Godel’s completeness theorem there is a model
A of TUS so that A = —o. Let S4 O S be the collection of all quantifier free
formulas satisfied by A. By assumption of (2), and since quantifier-free formulas
are closed under negation, every B with B = T U S 4 should also satisfy —o. That
is T US4 F —o so as above there is a single 04 € S4 with T+ 04 = —0. Hence,
T+ o = —04 and therefore —o 4 € S which contradicts that A |= S. O

g

Before we provide the model-theoretic criterion for quantifier-elimination, here is
an example of a theory T" which has models infinitely models which pairwise disagree
on the quantifier free sentences, yet we will see later that T admits elimination of
quantifiers. Let £ = {0,1,+, *} and consider the theory ACF of all algebraically
closed fields. This theory is axiomatized by:

(1) all axioms for fields;
(2) for every n the axiom Vzq--- Vo, Jy(z, #0 = x,y" + -+ 11y + 29 = 0)

Notice that ACF is satisfied by both the algebraic closure @ad of Q as well as the
algebraic closure F_pad of IF, for each prime p. Notice that the following quantifier

free formula is satisfied only by Ead iff p = ¢, and for no ¢ in the case of @ad:
q

—
14+ +1=0
Consider now the following two properties for the collection of all models of T'.

Definition 20. Let T be an L-theory. We say that T has the isomorphism
property if for every A, B with A, B |= T and every isomorphism fy : Ay — By,
between substructures Ay, By of A, B (possibly empty, do not model T" in general)
this isomorphism extends to an isomorphism f;: A; — B; between substructures

.Al Q A,Bl Q B with .Al,Bl }: T.

Consider the example the structures A = (Q, <) and B = (R, <) of DLOq, let
Ao, By be empty and find f;...

Or consider the language £ = {<,c1,¢s,...} and consider the theory DLO
together with the axioms ¢; > ¢;;1 for all . Consider the previous structures where
the constants span out the substructures Ay = ({1,1/2,1/3,...},<) and By =
({—1,-2,-3,...},<) and find f;.

Definition 21. Let T be an L-theory. We say that T has the absorption prop-
erty if for every A C B with A, B =T, any formula ¢(Z) of the form Jy(a; A- - -Aay,)
where «; is atomic or negation of atomic, and every tuple a from A, we have that

Al (@) <= B y(a)



COMPUTABILITY III TOPICS IN COMPUTABILITY 19

The combination of these two model theoretic properties provides a criterion for
quantifier elimination.

Theorem 22. Let T be an L-theory. If T has the absorption property and the
1somorphism property then T admits quantifier elimination.

Proof. Let ¢(z) of the form Jy(a; A -+ A ay,) where «; is atomic or negation of
atomic. We will find ¢*(Z) so that T+ ¢ <= ¢*.

We introduce a constant ¢; for every x; in & and consider the language £ =
LN e, cn}. Weview T as an L'-theory. Consider now the £'-sentence o = ¢(¢).
Since we have not added any axioms for the ¢;’s, notice that if we find a quantifier-
free L'-sentence o* so that T'F ¢(¢) <= o* then we have T' F ¢(Z) <= ¢*(2)
for the unique quantifier-free L-formula ¢*(z) with o* = ¢*(¢).

So we will now focus on finding a quantifier-free L£'-sentence o* so that T +
p(¢) <= o

Claim. The L'-theory T has the absorption property and the isomorphism property.
Proof. Tt easily follows from the definitions and we leave it as an exercise. O

To find the desired o*, by Lemma 19 it suffice to show that for every two L'-
structures A, B with 7' = A, B and which satisfy the same quantifier free sentences,
we have that A = ¢(¢) <= B ¢(¢). So let such A, B and consider the smallest
substructures Ag,By of A, B respectively. These are precisely the structures which
are generated by the constants of £'. Since A, B satisfy the same quantifier-free
formulas, the map fo: Ay — By defined by t* — 5 for every closed term ¢ is an
isomorphism. By the isomorphism property it extends to an isomorphism f;: A; —
By with A; C A, By C B which satisfy T . In particular A; | ¢(¢) <= B; = ¢(¢)
and by the absorption property (since ¢ names elements of A, B) we have

AE o) <= A EFye) <= BiEp(c) < BE @)
O

We can now sketch the proof that the theory of algebraically closed fields defined
above has quantifier elimination. From that we will deduce some completeness and
decidability results.

Theorem 23. The theory ACF of algebraically closed fields admits elimination of
quantifiers.

Sketch of proof. By the last theorem it suffice to verify that ACF satisfies the iso-
morphism and the absorption property.

Isomorphism property. Let A, B = ACF and let fy be an isomorphism between
any substructures Ag, By of A, B. Notice that if it happened that the characteristic
of A, B is 0 then Ay, By are not even rings.

Step 1. Extend Ay, By to substructures Aj, Bj, of A, B which are rings and fy to
an isomorphism f between them.
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This is done as follows: for every a,a’ € Ag the formula z+a = @’ defines a unique
element in A which may or may not be in A4y. Add all such elements in Af, and check
afterwards that A{ is a ring. Similarly for B,. Finally extend fy to f] by sending
the unique solution of z + a = @’ in A to the unique solution of x + fy(a) = fo(a')
in B. Check that fy is an iso implies f§ is an iso.

Step 2. Extend Aj), B, to substructures Ay, Bj of A, B which are fields and f to
an isomorphism f{ between them.

Similar to the previous step: for every a,a’ € A} with a # 0 define A by adding
all solutions to the formula x xa = d’...

Step 3. Extend Aj, Bj to substructures A;, By of A, B which satisfy ACF and f{
to an isomorphism f; between them.

Similar to the previous step: see any algebra book (or notes from Mab).

Absorption property. Let A, B = ACF with A C B and let ¢(z) be a formula
of the form Jy(a; A --- A ), where o; is atomic or negation of atomic. Fix also a
a from A. Every «; has one of the following two forms

t(z,y) =s(x,y) or —t(z,y)=s(,y).

So there exist polynomials in one variable fi,..., fx and g1, ..., g with coefficients
from A so that , B satisfy o(a) iff the following system has a solution in :

) =0,....fiy) =0, q(y) #0,...,9(y) #0.

If £ > 0 then since the coefficients of f; are from A any solution of the system within
B lies actually in A. So in this case we indeed have A = p(a) < B E ¢(a).

If £ = 0 then we have a finite system of inequalities. Since each g; has finitely many
possible solutions then the system always has a solution in A (or B, respectively)
if A (or B) is infinite. But an algebraically closed field is always infinite since if it
was finite we could enumerate it ai, as,...,ay and construct a polynomial without
a solution:

(x—a))(zr—ag)---(r—an)+1=0
U

Corollaries.

(1) Definable subsets of A in any model A of ACF are defined equivalently by
quantifier-free formulas. As a consequence they are either finite or cofinite,i.e., ACF
is minimal.

(2) While ACF is not complete, the theory ACF, where p is prime or 0 is com-
plete. By ACF, we mean the theory ACF to together with the axioms declaring
the characteristic of the field. To see this notice that since every sentence o is prov-
ably equivalent to a quantifier free o* then ACF, - o iff (Q,0,1,+,%) = ¢* and
ACF, o iff (F,,0,1,4,%) = o™

(3) ACF axiomatizes (C,0, 1, +, ).

(4) ACF as well as ACF), are decidable.
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3.3. Presburger arithmetic. We have seen that Th(N, 0,5, +, %, <) is undecid-

able. Similarly it was a homework problem last quarter that (N, 0, S, %, <) defines

addition and therefore the theory of the later is also undecidable. Here we will show

that if we remove * rather than + the complexity of the theory drops significantly.
By Presburger Arithmetic Tp,cs, we mean the theory of (N, 0,5, +, <).

Theorem 24. Presburger arithmetic Tpres, 1S a decidable theory.

In order to prove this theorem we will establish first a quantifier elimination type
of result for Tp,es,. We say type of result because Tp.eq, does not have QE as such.
For example notice that the following formula has no equivalent quantifier free one:

p(r) =Jyly +y =)

Exercise. Prove this fact.

As a consequence we will need to introduce a collection of new predicates which
will replace some formulas which do not admit QE within 7Tp.e,. For every m > 1
consider let z =, y be the binary relation x =y mod m in N and notice that this
relation is already definable (N, 0, .5, 4+, <) by the 3,

B m—times m—times
om(@y) = F(z=y+2+ - +2)Vy=a+2+-+2))
Let Th.., = Th(N,0,S,+,<,=2,=3,...,=m,...). The following theorem shows

that the only formulas which do not admit QE in Tp.., are essentially these con-
gruences.

Theorem 25. Ty, = Th(N,0, 5, +, <,=5,=3,...) admits quantifier elimination.

T

Proof. We will use Lemma 16, i.e., we will show that any formula ¢(z) of the form

(*) Jy(ar(z,y) A+ Nan(T,y))

with a; atomic/negation of atomic, is equivalent to a quantifier free formula. First
we will show that we can restrict our attention to certain special such .
Step 0. An easy induction shows that every term in variables Z,y is of the form

ny +t=ny+ (s + -+ ngag +n')

where ny = S(---(S(y))---) n-many times, n = S(---(S5(0))---) n-many times,
and for the purposes of this proof it suffice to condense the parenthesis above to the

term ¢t = ().
Step 1. Each «; can take one of the following forms:
(**) tl = t27 tl < tg, tl =m t27 or tl 7é t27 tl jé t27 tl §ém tg.

The first observation is that we can re-express everything as a disjunction of ex-
pression like in (%) so that each «; there uses only the first three forms from ().
To see this just use the fact that Vv distributes over 3 after you replace t; # t,
with (tl <ty Viy < tl), t1 % ty with (tg <t Vit = t2) , and t; §ém ty with
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(VI 'ty =, ta +1)). We can assume that y appears in each «; (otherwise we can
take it out of (Jy)) so each «; is in one of the forms:

ny+t=Ily+s, ny+t<ly+s, ny+t=,ly+s.
By cancelling out y’s we have that each «; is in one of the forms:
ky+t=s, ky+t<s, t<s+ky, ky+t=,s.
Step 2. Uniformize all the y-coefficients to py by multiplying each ky with p/k

where p is the lower common multiple of all k£ coefficients. Here each ky +t =, s
will change to py +t * (p/k) =@ k)am s * (p/k). So each o is in one of the forms:

py — “S_t”, py < “S_t”, “t_S” <py7 py Em “S_t”.

where p is common across all o; and “t — s” < py stands for t < py + s (since we
have no “—" we cannot literally write ¢t — s but it is easier to read this way). Finally
we can replace py with a new variable z and add a new «; at the end of the form
z =, 0. So in other words we have reduced (*) to an expression that involves only
a; of the form z =s—t, 2 <s—t, 2> s—t, z =, s—t (for readability we omit

Step 3. If there is any «; of the form z = s — t then we are done: remove the
quantifier 3z and replace all appearances of z with s —¢. So we can assume that (x)
is of the form

E|z<((7"1—31<z)/\---/\(rl—sl<z))/\
/\((z<t1—u1)/\---/\(z<tk—uk))/\

/\((Z =my V1 — wl) ARRRRA (Z =mn Un ™ wn)))

Case 1. If the third parenthesis is empty the above expression is equivalent to
Ik k
/\/\ ((T'Z—SZ‘i‘l <tj—uj)) A (/\(O<t]—u3))
i=1j=1 j=1
Case 2. Otherwise the solution to the system still has to be between max;(r; — s;)
and min,(¢; —u;) but moreover it has to satisfy the restrictions imposed by the third
parenthesis. But to find any solution to the restrictions of the third parenthesis it
suffice to scan any interval of length M = lem{my, ..., m,} between max;(r; — s;)
and min;(¢; —u;). That is, we can replace 3 with a \/ bounded by M. The only catch
is that we cannot express directly min, max but instead we write the equivalent:

l
\/ \/ </\(7’i—si < re—se+q)/\/\(re—se—|—q < tj—uj)/\/\(re—se—f—q =, up—wp)>,
e=0g¢<M *i<l i<k p<n

where by ry and sy we mean 0 (this is used in case the first parenthesis in the 3z
expression is empty.) O

We can now finish the proof of Theorem 24.
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Proof of Theorem 24. Let o be any sentence in the language (0,S5,+,<). The
proof of 25 provides an algorithm for reducing ¢ to a quantifier free sentence o*
of (0,S,4+,<,=9,=3,...) so that Tpys, - 0 <= 0" (here we replace =,, with
©m(z,y). The proof now follows from the following exercise:

Exercise. Describe an algorithm that decides the truth-value of every quantifier-
free sentence o* of (0,5, +, <,=3,=s,...) when this sentence is evaluated in

(N707S7 +, <, =2, =3, .. )
U

Corollary 26. A C N is definable in (N,0, S, +, <) if and only if A is eventually
periodic, i.e., if there exists M,p so thatVn > M(n € A <= n+pe A).

Proof. HW O
Corollary 27. Multiplication is not definable in (N,0, S, +, <).

Proof. We know that (N, 0,5, +, x, <) defines all recursive (in fact all arithmetical
sets) and clearly there are recursive sets which are not eventually periodic. U

Working backwards the proof of Theorem 25,24 we can isolate all the axioms
necessary to decide all sentences true in (N, 0, S, +, %, <). In particular, Tpyegp iS
completely axiomatizable by:

(1) =0 =1;

(2) VaVyVz(z+y = y+2)A(z+(y+2)) = ((x+y)+2)A(z+2 = y+2 = 2 =1);
(3) VaS(z) =z + S(0);

(4) < is linear;

(5) VaVy(z <y <= Fz(z# 0Ny =1a+2))

(6) for all n the axiom: VadyIz(z =ny+2A(z=0Vz=1V---Vz=n—1)).

A similar approach shows that the theory of ordered Abelian groups is also de-
cidable.

4. COMPUTATIONAL COMPLEXITY OF DECISION PROBLEMS

In Math117b we saw that there are various degrees of undecidability. Ranked
with respect to computable reductions they form the collection of all Turing degrees
{[a]r: a € NV}, In this section we will develop a hierarchy of “tractability” within
the collection of all decidable problems, i.e., of problems whose Turing degree is the
smallest possible 0. Tractable problems will be the ones which can be solved with
an algorithm which terminates in polynomial time. The righe notion of reduction in
this context is the polynomial-time reduction. Among other things we will see that
the decision problem for sentences of Presburger arithmetic is exponentially time
hard, i.e., highly untractable.

Let A be a finite alphabet. A language L is just any collection of words in A,
i.e, any L C A*. We denote by |w| the length of the word w. Given a language L
and any function ¢: N — N we say that L has time complexity t if there exists a
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Turing machine M on some alphabet B O A so that M has two distinguished states
Qy,Qn so that:

w € L = on input w, M stops in at most ¢(|w|) steps on state Qy;

w ¢ L = on input w, M stops in at most t(Jw|) steps on state Q.

We say that M decides L in time ¢. Let P be the class of all tractable languages,
or polynomial time languages, i.e. all L which are decided in time p where p is
any polynomial. If L € P then we say that L is intractable.

Remark. In the proof of equivalence of the various models of computation
(Math117a) all the reductions introduced at most polynomial time slowdown. As a
consequence the above notion of tractability is robust.

Let now A, B be two alphabets and let f: A* — B*. We say that f is a
polynomial-time function if there exists a Turing machine M on some alpha-
bet ¥ O AU B which always halts on input w € A* and the output when it halts is
f(w). Let L C A* and R C B*. We say that L is polynomial-time reducible to
R and we write L <p R if there exists a polynomial time function f with

welL < f(w)eR.
If L <p R then notice R € P implies L € P, and if L is intractable then so is R.

Definition 28. Let C be a collection of languages and let R C B*. Then we say
that R is C-hard if for every L € C we have that L <p R. If additionally R € C
then we say that R is C-complete.

Here we will mostly focus on three classes: the class P of polynomial time lan-
guages, the class & = (J .., TIME(2") of exponential time languages, and the
class NP of not-deterministic polynomial time languages which we are about to
define.

Definition 29. Let L C A*. We say that L is a non-deterministic polynomial
time language, and we write A € NP if there exists a Turing machine M on some
alphabet B O A|J{#} and a polynomial p = p(n) so that for every w € A* we have
that

we L < Jve B*(Jv| < p(lw])) A M halts in < p(Jw|) steps on input w#wv
We call the v above a verifier or certificate for w.

So NP languages are the ones for which there exists an algorithm which decides
them in polynomial time as long as it is fed the right “mini oracle.” Of course
there are |B|P™-many such “mini oracles” making NP languages potentially of
exponential time. It is clear that any problem in P is also in NP since one can
take the verifier to be 6 in the above definition. One of the biggest open problems
currently is:

Prove or disprove that P # NP.
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Here are some examples of decision problems which are in N'P:

Example. CLIQUE

Instance: an undirected graph G (in the form of an adjacency matrix fed row by
row) and a natural number N (fed in binary).

Question: does G have a clique of size N7

Example. PRIMES
Instance: a natural number N > 1 (fed in binary).
Question: is N prime?

Question: does G have a clique of size N7

Example. SAT

Instance: a finite set V' = {v1, vy, ..., v} of propositional variables (fed in the
form vn where n binary) and a finite set C' = {ci, ..., cn} of clauses ¢; = VL, (v;)%
where the literals (v;)® are either variables or negations of variables.

Question: is there an assignment of truthvalues V' — {T, L} which makes

/\ \/(Uj)sj true 7

i=1j=1
Definition 30. A language L C A* is in the class co-NP ift A*\ L € N'P.
Theorem 31 (Cook-Levin). SAT is N'P-complete.

Proof. 1t is clearly in N'P. We leave this to the reader. So we are left to show that
it is N'P-hard.

Let L C A* be in NP and let D = {v,0,1,|} be the alphabet of SAT where |
is used to separate between clauses and, say || will separate between the variables
and clauses (there are many ways to do it and we will not be so precise). We will
define a polynomial time f: A* — D* which reduces L to SAT. For that we will use
B, M, p from the definition of NP to define the right variables and clauses.

So let B C AU {Qy,#}, then Turing machine M and the polynomial p = p(n)
associated to the “verifier algorithm” for L. Let @y, ..., @,, be the states of M with
(o initial and @),, terminal. We can also assume that all instructions which start
with @, are of the form (Q,,,b,0, -, Q).

Now w € L with |w| = n if and only if M halts after p(n)-many steps on input
w#v with QQy on the tape. So the head of the tape will not visit any cell past the
interval [—p(n),p(n)]. Let A = {o1,...,0x}, A ={01,...,0K,0K41,...,0L}, and
gg — #

We associate to M the following variables which depend on n:

(1) S;x where 0 <i < p(n),0 <i<m;
(2) H;; where 0 <i < p(n), —p(n) < j < p(n);



26 ARISTOTELIS PANAGIOTOPOULOS

(3) T; 4y where 0 < i <p(n),0 <i<m,0<[<L.
Here S;; will be true if @) is the state during the i-th step of the computation.
H; ; will be true if the head is positioned on the j-th cell during the i-th step of the
computation. 7;,; will be true if at the ¢-th step of the computation, the j-th cell
reads oj.
To each input w = oy, -0, , € A%, k. € [1, K] we associate the following
clauses:
(1) e S;gV---VS;,, for every i (always in some state);
- R, VR, s for every i and all k # k' (cannot occupy both states)
H; _pn) V-V H; ) for every i (always in some cell);
—H,;; VvV —H,;  for every i and all j # j' (cell is unique)
TijoV--- VT, for every 4, j (scan at least one symbol);
o T,V =T, for every i, 7 and all [ # I’ (symbols scanned is unique);
(2) [ ] 5070, HO,(], TO,j,kj for 0 < j <n-— 1, T07n70 and T07j70 1fj <0 (Hlltlal),
(3)  ® Spm)m (positive halting position).
(4) for every instruction (Qg, oy, 0p,8,Qk) in M the right transitions, e.g. if
s = R then add for every i:
o ~SixVH;; VATV Siviw;
o ~SipVoH;; VTV Hiyji;
o =S, VH; ;) VT Vi

So f(w) constitutes the above collection variables (for n = |w|) and the above
collection of clauses. Given B, M, p, all these data can be clearly extracted from w
in polynomial time. We are left to show that

we L < f(w) e SAT.

If w € L then M halts in < p(|w|)-time for input w#v and some some v with
[v] < p(Jw|). Now feed the computation of M in the above circuit by making the
associated variables true and notice that a terminating computation of M guarantees
the satisfiability of the circuit (if |v| + |w|] + 1 > p(Jw|) then we feed only the
(Jv] = Jw| — 1) -part of v in the Tp ;;’s. This will not affect the computation since
the tape cannot reach to the p(jw|) 4+ 1 cell before time p(|w])).

Conversely if the circuit is satisfiable then read from the 7§ ;;’s the right v and
prove by an easy induction that M halts in p(|w]|)-time (use (1)-(4) to read from the
circuit each step of the computation). U

4.1. More examples of N'P-complete problems.
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Rather than proving from scratch each time, as in the case of SAT, that a problem
is N'P-complete, we can instead polynomially reduce on it some problem which we
already know is N'P-complete. We provide here several examples where this tech-
nique applies.

Example. 3-SAT

Instance: as in SAT one is given a finite set V' of propositional variables and a finite
set C' of clauses which are of the form x* V ¢ V 2°.

Question: is there an assignment of truthvalues A7, (x5, V y;,. V z5.) true.

Theorem 32. 3-SAT is N'P-complete.

Proof. 1t is clearly in ANP. The mini oracles v here are simply assignment of truth-
values for the variables. If one is given a v which witnesses that the circuit w is
satisfiable then checking that this v indeed witnesses the satisfiability of w is of
polynomial complexity (in fact linear complexity). So we are left with showing that
it is N"P-hard. Since is SAT is NP-hard it suffice to show:

SAT <p 3-SAT.

For the reduction let w be a word in the alphabet of SAT if w does not even
represent a circuit (variable set/clause set) let f(w) (this checking takes polynomial
time). Otherwise if w is a circuit we translate each clause of w to an equivalent
collection of clauses of size 3, defining this way f(w) as follows:

change each clause (z V y) to the set (zVyVz2), (xVyV2);

change each clause (z) to the set (xVyVz2), (xVyVZz), (xVyVz),(zVyVZ);

change each clause (z1 V-V z,) to the set

(x1VaaVyr), (xsVyiVy2), (@sVyaVys), ..., (Tn—2VUn—aVUn—3), (Tn_1VTyVyn_3)

We leave to the reader to check that these are equivalent circuits from the point
of view of satisfiability and to confirm that the translation is done in polynomial
time. U

Example. SUBGRAPH ISO
Instance: Two finite graphs Gy = (V1, E1) and Go = (Va, E»).
Question: Does (G7 contain a subgraph isomorphic to G, i.e, is there a subset W,
of V; and a subset F} of E; such that the graph (W7, F}) is isomorphic to G5?

Theorem 33. SUBGRAPH ISO is N'P-complete.

Proof. As before SUBGRAPH ISO is in N'P. We show that it is N’P-hard. By the
HW CLIQUE is N'P-hard so it suffice to show
CLIQUE <p SUBGRAPH ISO.

This is clear since an instance G, N of CLIQUE directly translates to the instance
G4, Gy of SUBGRAPH ISO where Gy = G and G, is the complete graph Ky in N
vertexes. O
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Example. GRAPH COLOURABILITY
Instance: A graph G = (V, E) and k < |V|.
Question: Is G k-colourable, i.e., can one assign to each vertex of G a number from
{1,...,k} so that F-adjacent vertexes are assigned different colours?

Theorem 34. GRAPH COLOURABILITY is N'P-complete.

Proof. As before GRAPH COLOURABILITY is in NP. We show now that it is
NP-hard by polynomially reducing on it 3-SAT.

Let w = (X,C) be an instance of 3-SAT where X = {z1,...,2,} is a set of
variables and C' = {F}, ..., F,,} is a collection of 3-clauses. We map w to an instance
(G,k) of GRAPH COLOURABILITY as follows. Set k& = n + 1 and consider the
graph G whose vertexes are (here the z; constitute a new set of points):

{Zl,...,Zn}U{l’l,...,fljn}U{ii‘l,...,fn}U{Fb...,Fm}

The edge relations are all the pairs of the form: (z;,z2;) for i # j; (z;,x;) for ¢ #
Js (zi,25) for @ # g5 (w3, %) (i, Fy), (Fy, ;) whenever x; & Fj; (T, Fy), (Fy, 7;)
whenever z; ¢ F;. The assignment w — f(w) sending (X, C') to the (G, k) above is
clearly computed in polynomial time. We are left with showing that it is a reduction.
If (X, C) is satisfiable under the truth assignment ¢: X — {T, L} then G is k-
colourable: use the colours {1,...,n} to color the complete graph {z,...,z,} and
call the remaining color s. Look at x;,Z;. There are connected between them so
they have to take different colours. Since they are connected with z; for ¢ # j they
only colours they can get is either ¢ or s. If t(x;) = T colour z; with ¢ and z; with
s. Otherwise do the opposite. Each F; now is of the form z;* V :vjj V 7 with one
of the literals taking the truth value T under the assignment t. For the first such
literal, say ¢, color F; by i. We leave it to the reader to check that this works.
Conversely, if (G, k) is k-colourable then by permuting the colors we can assume
that z; is coloured by ¢. Call again s the remaining colour and consider the assign-
ment t: X — {T, L} where t(z;) = T if and only if the color of z; is i. We leave it

to the reader to check that this works. U
Problem. TRAVELING SALESMAN
Instance: A collection C' = {¢;,...,cy,} of cities, a distance function d(c;,¢;) €

{1,2,...} for i # j and bound B € {1,2,...}.
Question: Is there a tour of all the cities of total distance < B, i.e., an ordering
Co(1), - - - » Co(m) SO that the sum of the distance between consecutive cities (including
d(CJ(m), Ca(l))) at the end) is S B?

It is clear that TRAVELING SALESMAN is in NP. We will show that it is
NP-complete with a series of reduction.

Problem. HAMILTONIAN CIRCUIT
Instance: A graph G = (V, E).
Question: Is there an (injective) ordering vy, ...,v,_1 of V so that vy,...,v,_1,v,
where v,, = v is a path?
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Theorem 35. HAMILTONIAN CIRCUIT s polynomial time reducible to TRAVELING SALESMAN.

Proof. Given G = (V, E) define (C,d,B) by C =V, d(v;,v;) = 1 if (v;,v;) € E and
d(vi,vj) = 2 otherwise, B = |V/|. O

We will now establish that the following problem known as VERTEX COVER is
NP-complete and then we will reduce it the HAMILTONIAN CIRCUIT (directed)
which we will further reduce to HAMILTONIAN CIRCUIT. As a consequence, all
these problems, together with TRAVELING SALESMAN are N'P-complete.

Problem. VERTEX COVER
Instance: A graph G = (V, E) and a natural number £ < |V].

Question: Is there some cover S in G of size k, i.e., some S C V of size k so that
every edge of G is incident to some v € 57

Theorem 36. VERTEX COVER is N'P-complete.

Proof. 1f S'is given to us in the form of a mini oracle then checking that it is indeed
a cover of size k requires poly-time. So we are left to show that it is NP-hard. We
do this by polynomial-time reducing to it CLIQUE. By HW this suffices.

If G = (V,E),N is an instance of CLIQUE then consider the instance G’ =
(V' E'),k of VERTEX COVER where k = |V|— N, V'=V and E' = V?\ E.

Notice that S C V' is a clique in G if and only if V'\ S is a vertex cover of G'. To
see this:

assume that S is a clique in G and let (u,v) € E’. Then (u,v) ¢ E and since S
is a clique either u or v are in V' \ S.

conversely assume that S is a not clique in G so there are u,v € S with (u,v) & E.
So (u,v) € E’ with neither u,v in V'\ S. So V'\ S is not a cover. O

Theorem 37. VERTEX COVER <p HAMILTONIAN CIRCUIT (directed graph).

Proof. Given G = (V, E) and k < V, we define a directed graph G’ = (V', E’) as
follows. First let V' = {vy,...,v,} and let e;; = {v;,v;} whenever (v;,v;) € E. We
will abuse notation and write e € E for every e = e;; as above. Let V' be the set

{al,...,ak}U{(v,e,O)|v€V,e€E,v€e}U{(v,e,1)]vEV,eEE,vEe},

i.e., or every e = {v,w} € E we include 4 vertexes in G': (v,e,0), (v,e,1), (w,e,0),
(w, e, 1). To describe the elements of E’ fix any v; in V' and let v,,,v),,...,v;,, be
all the neighbors of v;. Then for every v; like this and every [ < k add all arrows in
the following path:

a; — (vi,emo, O) — (U’i7€i,j07 1) —
— (UZ‘, €515 0) — (Uz‘, €415 1) —

— (Uia €ijm > 0) - (Uiv Ci,jm s 1) — ay
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Addltlonally, for all €ij add (Ui7 €ijs O) — (Uj, €ijs 0) and (Ul', €ijs 1) — (Uj, €ijs ].)
The construction of G’ from G, k can be clearly computed in polynomial time. We
are left to show that it is a reduction.

Assume that vy,..., v, is a vertex cover of G. Consider the path

a; — (vl,eij%,O) = (v,epyp,1) == (v ey, ,0) = (v, ey, 5 1) =

as — (Ug,eijg,()) — (U2, €952,1) = -+ = (V2,252 ,0) = (v2, €252 ,1) =
ag — (Uka e]ij(l)w 0) — (Ukv ek,jga 1) — (Ukv ek,jfnk ) O) — (Uka ek,jfnkv 1) — a1
This path goes over everything exactly once except the vertexes (vj,e,0), (v;,e, 1)
with 7 > k. But since {vy, ..., v} is a cover of G, each such e is of the form e;j for
some i < k. So we can modify the above path replacing (v;, €;5,0) = (v;, €5, 1) with
(Ui7 €ij, 0) — (’Uj, €ij, O) — (Uj, €5, 1) — (Ui, €5, 1)7

wherever appropriate.
Assume now conversely that G’ has a Hamiltonian circuit and write it as

a1_>..._>a2_> ......... _)ak_>..._>a1

The observation now is that for every ¢ there exists some v; € V so that every vertex
in the path above between a;, a;;; is either of the form (v;,e,0), (v;, e, 1) or of the
form (w,e,0),(w,e, 1) where e = {v;,w}. This is because of the structure of the
graph and the way its vertex in V' is stamped with some e and either 0 or 1 (we
leave the details to the reader). It follows that {vy,..., v} is a cover of G. O

Theorem 38. We have that
HAMILTONIAN CIRCUIT (directed graph) <p HAMILTONIAN CIRCUIT.

Proof. We leave this as a HW. U

4.2. Some polynomial time problems. As we pointed out in the HW there is
an algorithm solving PRIME in polynomial time. Here we provide with proof a
couple of problems which are also solvable in polynomial time. Most importantly
the 2-SAT. We start with the following simple problem.

Problem. GRAPH CONNECTEDNESS
Instance: A (possibly directed) graph G = (V, E).
Question: Is G connected?

Theorem 39. GRAPH CONNECTEDNESS is in P.

Proof. Given any u,v € V one can decide whether there is a path from v to v in
polynomial time:
Step 1: mark w;
Step k + 1: if there is an edge from an already marked = to some unmarked y, mark y;
Step |V]: stop and answer YES if v is marked.
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By induction on the shortest path from v to v we can easily check correctness. It is
also clear that the algorithm stops in less than or equal to |V|? time.
The algorithm for the main problem is to check for all pairs u, v whether there is

either a path from u to v or from v to w.
O

Problem. 2-SAT
Instance: as in SAT one is given a finite set V' of propositional variables and a finite
set C' of clauses which are of the form z° Vv y°.
Question. is there an assignment of truthvalues AX, (25, V y;,.) true.

Theorem 40. 2-SAT s in P.

Proof. Tt suffice to show that —(2-SAT) polynomially reduces to a subproblem of
GRAPH CONNECTEDNESS.

Let V = {vy,...,v,},C be an instance of 2-SAT. We will denote by z,y, z, . ..
the literals of V. If x = —w; then by —x we mean v;. Consider the directed graph
Go = (Vo, Ec) whose vertexes are all literals in V', i.e., V¢ consists of:

ViyeooyUpy, W1y..., Uy

For any two literals x,y we draw an arrow = — y if and only if -z V y is in C'. This
defines F- and therefore G in a polynomial manner with respect to V, C. The rest
follows from the following claim:

Claim. (V,C) is not in 2-SAT if and only if there exists some variable v € V' so
that within G¢ there is a path from v to —v and a path from —wv to v.

The one direction is easy: if in G¢ there is a path from x to y, t: V — {T, L}
is a witness to the satisfiability of C' and ¢(x) = T then t(y) = T. Since in such ¢
we have that precisely one of t(v),t(—w) is T, any path from it to the other would
imply that both are T, a contradiction.

We leave the converse as an exercise.

v — x since that would give a path from v — —x and -z — ——w, i.e., from v
to —w, contradicting the definition process of t;11(v). Moreover if tx1(v) = T and
tr(z) =L we cannot have a path from v to z since this would give a path from —z
to = with tx(—z) = T and therefore ¢, would had been already defined to be L on
z (similarly for the case where ¢, 1(—v) = T).

O

4.3. Deciding Presburger arithmetic is exponential-hard. Recall that by
Presburger Arithmetic we mean the complete theory Tpeq, of (N,0,5,4+,<). We
have seen that Tpesp is decidable, i.e., given any sentence o in £ = {0, 5, +, <} there
is an algorithm deciding whether o € Tp,eqp,, Or equivalently, whether

(N,0,S5,+,<) Eo.
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One could ask whether there is an efficient algorithm deciding Tp,eq,. Here we will
show that the problem of deciding Tp,csp is highly intractable. Recall the complexity
class £ = [, TIME(2°") of all exponential time languages. We have:

Theorem 41. Ty, is E-hard.

We devote the rest of this subsection to a proof of this theorem. Let L C A* be a
language with L € TIME(2°") for some ¢ > 0. We will describe a polynomial time
computable assignment w +— o, of each w € A* to some sentence o, so that

we L < Oy € TPresb-

We view here Tp,e1, as language in a finite alphabet which contains symbols for £ as
well as the usual symbols for first order logic. To keep the alphabet finite we code
the variable x,, with the finite string xny;, where ny;, is the binary expansion of n.

Let L € TIME(2"), we can find a Turing machine M on some alphabet B O A
so that M on input w reaches the state (Jy on time 2" if and only if w € L. Set
bo = #, by = %, B = {by,...,b,} and let {Q,+1,...Qp-1} be the collection of all
states of M with Q,—1 = Qy.

Since M terminates in at most 2" steps we can restrict attention to the interval
[—2" 2°"] of the tape. In fact it will be convenient to have the head start at the cell
2¢" instead and let [0,2*1] be the pertinent interval. Using b; = # for the blanks
of the tape we can keep track of every situation description by the word:

Diohis - bi Qi - i

implying that M is in the state (); with the head reading b;,. Using the letter by = #
as a separator we can represent any computation of length < 2" by another word:

T = FeoFartt - Fegen,

where every c¢; is a situation description as above. Replacing b; with simply ¢ and
Q; with j we can code the above word = with a single natural number:

= qoq1-""q = Ez':()kjpj, where k; < p.

Here t 4+ 1 = (2 + 1) + (2" + 1)(2°**! 4 2) and therefore = < p'*! < 22" for some
fixed d > 0 which only depends on ¢. Given now w € A* with |w| = n we have that:

weL << dxre N(Z‘ < 22" and 7 codes a computation with input w stopping at Qy)

< JzP,(x).

Task. Our task now is to find a formula ¢,, in £ so that w — ¢,, is polynomial and
(N,0,5,+, <) E vu(x) if and only if P,(x) holds.

This would finish the proof since w + o, := Jzp,,(z) would be the desired reduction
showing that L <p Tpyesp-
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We now proceed to show that P,(x) is indeed definable in (N, 0,5, 4+, <). First
let ®(x,p,i) be the i-th digit of  when z is written in p-ary expansion. We have:

Py(z) <= (z< 22dn) A (Vi <27 &(z,p,i(27" + 3)) = 0)A
A(Vi <27 V5, with 0 < j <2771 4+2 ®(2,p,i(27T 4+ 3+ 4)) > 0)A
/\(describe transitions ¢; — ¢;11 and termination)/\
A(Vk < Jw|®(z,p, (27 + 2+ k)) = ix), where w =1b;,---b; ---b
In order to capture P,(z) with a poly-time computable formula ¢, (x) we need to
define in (N, 0, S, +, <) the following expressions in polynomial time from n = |w|:
(1) Ap(z) < z<2m
(2) Bu(z) + x<2¥
(3) My(z,y,2) & (z<2)A(z-y=2);
(4) Bn(z,y,2) < (2,2 <2) A (y" = 2);
(5) Dupl,9,2)  «+  (z< 2" Ay < 2%) A (D(a,p,y) = 2)
The reader should observe that we are doing a similar coding with the one we did for
proving incompleteness in full arithmetic. Of course the theory here is decidable so
we cannot do the full Godel coding. The reason being that we cannot define multi-
plication and therefore exponentiation and neither the full function (®(x, p,y) = 2).
For the result we seek to prove though we only need “bounded” versions of these
operations which we can define (as we will see) in Presburger arithmetic.
We first point out that it suffice to show that E,(z,y,2) and M,(x,y,z) are
defined by a poly-time computable formula since:

Ay (z) = F2(E.(n,2,z) Nz < z), B,(zr) < M,(z,0,0), and
Dyp(2,y,2) <= Bu(2)ANA(y)A(Bq Ir (z = ¢-p" T 42 p?+r)A(r <p¥)) <= ...

We show now that M, (z,y, ) is definable by a formula in poly-time by induction.

(n =0)-case. My(z,y,2)=(x=0A2z=0)V(z=1Az=1y).

(n = k + 1)-case. Assume we have defined My (z,y,z) in poly-time (we know
how to multiply when z < 22°). We will define My, (,y, z) (we will learn how to
multiply when z < 22°). If < 22" then /z < 2% and therefore |/z] < 2%
Set x; = |/x]. We have that z = x; + w for some w and x < (z; + 1)%. Therefore
x% +w < w% 4+ 2z, 4+ 1,0 w < 2249, l.e., x = x% + 9 4+ x3 where x9, 23 < 11 < 22"
Consequentially we have that xy = z1(x1y) + x2y + x3y and therefore:

i """ iy

My (z,y,2) = (2 <2"VA(z-y=2) < Jz1zezsTuIwwaws
(((m =21+ T+ x3) A (2 =w +we +ws) A (2 < x1) A (13 < 21) A1 < 22k))

/\((wQZxQ-y)/\(wg:xg-y)/\(wlzzvl-u)/\(u:xl-y))>

which can be entirely rewritten using the already defined M,. However at this point
it still seems that the length of the definition of My, is ruffly 4-times the length of
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the definition of Mj. This would make the computation of M, exponential. But we
can rewrite the above as follows:

<— drizoxrsIudwiwews

(((a: = @1+ 2o+ 23) A (2 = wy 4wy +ws) A (g < @) A (23 < 3) A (21 < 22))

/\ (Mk<x27 y7w2) A Mk(x37y>w3) A Mk(xbua wl) A Mk(xlaya ’U,)))

S 3%11’23733UE|U)1U)2U)3

(((Jc =z + T+ x3) A (2 =w1 +wr+w3) A (2 < x1) A (23 < 21) A (27 < 22k))

/\Vr, s,t((r,s,t) € {(x9,y,ws), (x3,y,ws3), (x1,u,wr), (x1,y,u)} = Mk(r,s,t))>

The length of this formula M, has now polynomial dependence on n. However it
seems that going from k to k4 1 we are forced to introduce new variables r, s, t each
time so the length of the expressions still grows rapidly (but at least polynomially
rapidly). However there is a way to define My(z,y, z) using uniformly the following
fixed collection of variables: x,vy, z, x1, To, T3, u, Wy, Wy, w3, r’, s, t'. This makes the
rate of growth linear!
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5. A CLOSER LOOK ON COMPLEXITY

In the previous section we showed that the decision problem of Presburger arith-
metic is £-hard. However this does not imply, apriori, that the problem is in-
tractable. For all we know the collections £ and P make contain precisely the same
languages. Here we establish that this is not the case. Then we place our attention
to another notion of complexity which measures the space, rather than the time,
needed for a certain problem to be decided. We finally show that, for Turing ma-
chines which have access to oracles, whether P # NP or P = NP holds depends
on the oracle.

It will be convenient to change slightly the model of computation we use by
allowing the Turing machine to have multiple tapes. We will leave it to the reader to
check that the translation between single tape and multiple tape model introduces
at most quadratic slow down in time and therefore it will not affect the coarse
complexity bound we are interested in.

A k-string Turing machine M (k > 1) is defined as a usual Turing machine by
specifying its alphabet X, its collection of states Qo, ..., @, (with Q) initial and @,
terminal) and its transition function § where

§:{Qo,...,Q,} x ¥F  —  ¥F x {left, right, stay }* x {Qo, ..., Q,}

In other words, there are k-many heads each reading some cell of some of the k-
tapes. We will assume always that the input is placed at the first (the Oth) tape
and the output at the last (the (k — 1)th) tape

Given a function f: N — N we say that a computation halts in O(f(n)) if there
are a,b > 0 so that the computation halts in less than a - f(n) + b time.

Exercise 42. Given a k-string Turing machine M which always halts in less than
f(n) time describe a Turing machine M' which always halts with the same output
as M on the same input but in time O(f?*(n))

5.1. The hierarchy theorem. In this subsection the time complexity is always
measured with respect to a k-string Turing machines. In other words, a language
3 C A* belongs to some time complexity class if and only if there is some k and
some k-string Turing machine M that decides this problem within the specified time
constrains.

Let f: N — N be any map. We say that f is a proper complexity function if
f(n) > n, f(n) is non-decreasing, and there exists some k-string Turing machine on
alphabet ¥ with 1 € 3 so that for any input z with |z| = n M halts in TIME(f(n))
time with output

n—times

——
11---11

Theorem 43 (Time Hierarchy Theorem). If f is a proper complexity function then

there exists a language L whose decision problem is in TIME(( f(2n + 1))3) but not
in TIME(f(n)).
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Before we proceed to the proof we point out the following immediate corollary.

Corollary 44. The class £ is strictly larger than P, and therefore, the decision
problem for the theory of Presburger arithmetic is intractable.

Proof of Corollary. In the context of Exercise 42 it follows immediately from the

Time Hierarchy Theorem since 2" is easily seen to be a proper complexity function.
OJ

We now turn into the proof of the Time Hierarchy theorem. Let f be a proper
complexity function and consider the following bounded version of the halting prob-
lem which we view as a language H; in the alphabet A = {0,1,(,),; }:

Hy ={M;x | M is a k-string TM which accepts z in at most f(|z|) steps}.

One can code the states and the alphabet of the Turing machine M with natural
numbers in binary (for each M use strings of 0, 1 of some fixed large enough length
in order to code states and alphabet). Similarly the transition function can be coded
using tuples (use parenthesis and ; instead of comma) so the alphabet A is enough
for the coding.

The Time Hierarchy theorem follows from combining the next two lemmas under
the obvious re-parametrization.

Lemma 45. The decision problem for Hy is in TIME((f(n))3)
Proof. HW. O
Lemma 46. The decision problem for Hy is not in TIME(f([5])).

Proof. Assume towards contradiction that there is some k-string Turing machine N
which on input M;z decides Hy in TIME(f([%])) consider the usual antidiagonal-
izing machine D which takes as input descriptions of Turing machines M, then calls
N with input M; M, and then accepts M if and only if N rejects M; M. Notice
that D, on input M, runs in the same time as N on input M; M. That is if |[M|=n
then D needs f(|252]) = f(n).

As usual we come into contradiction by asking whether D; D € Hy: if the answer
is yes then D accepts D in f(n); i.e., N rejects D; D in f(|5]) < f(n), and therefore
D; D ¢ Hy. Similarly for the other direction. U

5.2. Space and non-deterministic space complexity. This k-string Turing ma-
chine model allows us to measure complexity in terms of another resource, i.e., space.
How many cells of tape are necessary for deciding a language. When counting the
number of cells we want to exclude the cells used to write the input and the output.
We do that as follows. A restricted k-string Turing machine is just a k-string
Turing machine with & > 2 so that the input tape (0Oth) is read only and the output
tape ((k — 1)th) is write only. That is, on the first tape the transition function §
can never replace any symbol with another, and in the last tape,  can order the
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head to go only to {right,stay} excluding “left”. We call the tapes 1,2,... k — 2
the work tapes.

We say that some language L C A* is of space complexity f(n) and write
L € SPACE(f(n)) if there is a restricted k-string Turing machine M so that for
every x € A* there are f(|z|)-many cells of the work tape (which we call free work
space) so that accepts = after a computation which only used the free work space
from the work tapes if z € L; and M rejects x after a computation which only
used the free work space from the work tapes if © ¢ L. Here we will care about
the class PSPACE of all languages which can be decided in SPACE(p(n)) for some
polynomial p.

One can also define the non-deterministic analogue of SPACE complexity (al-
though we will not use it): introduce another tape, say the tape (—1), on which
an arbitrary long finite “verifier” (or “mini-oracle”) can be placed and impose two
restrictions on this tape so that we cannot use it to “cheat” with respect to space.
The first restriction is that this tape, as in the case of the Oth tape, is read only.
The second restriction is that, as in the case of the (k — 1)th tape, the head each
time moves only {right, stay} and never “left”. So as the computations proceeds we
cannot recover the history of the tape except the part that we copy on the work tape
(which requires from us to have more free work space in the work tapes). Call such
a Turing machine non-deterministic restricted k-string Turing machine.

A language L C A* is in N'PSPACE if there is non-deterministic restricted k-
string Turing machine M in some alphabet ¥ O A and a polynomial p(n) so that
for every € A* there is a “mini-oracle” y € ¥* so that M accepts (z,y) using at
most p(|z|) free work space (from tapes 1,2,...,k — 2), if and only if z € L.

Interestingly one can prove the following theorem.

Theorem 47. PSPACE = N"PSPACE

The proof of this theorem goes through the next lemma. Recall the following
problem which implicitly appeared in the proof of Theorem 39.

Problem. REACH(G, s, t)
Instance: A directed graph G = (V| E) together with s,t € V.
Question: Is there a path from s to ¢?

The procedure we described there uses, worst case, |V| amount of space to work
because it has to keep track of the “marked” vertexes.

Theorem 48. Let g: N — N be a function with g(n) > log(n). Assume we are
given G = (V,E), s,t € V and | € N so that deciding "is there an edge between
v,w € V7 can be achieved in O(g(n)) space (where n is the length of the coding of
G,S,t,l). Then we can decide ”is there a path between s,t of length at most l” can
be achieved in O(g(n)log(l)) space.
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We will use the fact that there is a language L that is PSPACE-complete.
Problem. HALT WITHOUT EXPANSION(M, x)
Instance: A (usual single-tape) Turing machine M and an input z.
Question: Does M accepts x by a computation which uses no more tape then the
cells that were initially occupied by x?

Theorem 49. HALT WITHOUT EXPANSION(M, z) is PSPACE-complete.
Proof. HW O

5.3. P =" NP depends on oracles. In this subsection we assume that all lan-
guages are given in the alphabet A = {0,1}. This will not impose any restrictions
since any other language in any finite alphabet B reduces in linear time to a lan-
guage in A. By an oracle R we mean any subset of A*. One can of course fix an
effective enumeration of A* with N and identify oracles R, in the above sense, with
a € NN, However, in this context it is more natural to work directly with R.

A usual (or a k-string Turing machine/restricted k-string Turing machine) Turing
machine M = M]|-] is an oracle machine if it has an additional tape, the query
tape and a special state ); which functions as follows: first we attach M to some
oracle R to get M[R]; then M[R] runs according the usual instructions; if at some
point the state (), is reached the we ask the oracle if the string written in the query
tape is in R, if yes then string in the query tape gets replaced by a single 1, if not
by a single 0. This latter operation of asking the oracle costs a single unit of time.

Convention. Whenever we write a property about M]|] without specifying an
oracle we mean that this property holds for all possible oracles.

In the presence of some fixed oracle R we can define the various complexity classes
such as P and NP as follows:

e P is the collection of all languages L C A* for which there exists an oracle
machine M[] and a polynomial p so that for all x € A*, M[R] halts for input z in
at most time p(|z|) and it accepts z if and only if x € L.

e N'P% is the collection of all languages L C A* for which there exists an oracle
machine M|[] and a polynomial p so that for all x € A* and every y € A*, M[R]
halts for input x#y in at most time p(|z|) time and

re€L <= Jye A" |y| <p(|z]) so that M[R] accepts x#y.
Theorem 50. There are oracles S, T C A* so that:
PS=NP° and PT #£NPT.

We start by proving the first part of this theorem. For S take any language that is
PSPACE-complete. For example one can take the language of Theorem 49 (coded
in binary which can always be done in linear time). Since for every oracle R we have
that P® = N'PE, it suffices to show that N'P° C PS. To see this notice that

(Claim:) NP5 CPSPACE and PSPACE C P¥
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Proof of Claim. Let L C A* be in N'P° and let M|[] be the oracle machine and p(n)
the polynomial with z € L if and only if 3y € A* |y| < p(|z|) so that M]S| accepts z#y
in p(|z|) time. Consider now the restricted 5-tape Turing machine N which has two
work tapes besides 1, 2, 3 besides the input tape 0 and the output tape 4. Given the
input 2 the machine N produces the first y = 3, € A<P(™ (chose here any enumera-
tion) in tape 1. Then it uses tape 2 to imitate the computation of M[]. If M| asks
at some point the oracle S about a certain string w then N uses the tape 3 to solve
whether w € S.

Each such 1, takes p(|z|) space in tape 1, p(|x|) time and therefore p(|z|) space
in tape 2 and p/(|z|) space to solve each of the polynomialy many questions of the
form w € S in tape 3, where p/(n) depends on p(n) and the polynomial ¢(n) which
bounds the space complexity of solving S on a single tape machine. If y; rejects
reuse the same space to try y,. Total space needed: 2p(n) + p'(n). So we have:

NP C PSPACE

The other inclusion is easy: if L C A* is an problem in PSPACE then there is a
polynomial time reduction f: A* — A* of L to S since S is PSPACE-complete. Let
Ny be the Turing machine that computes this reduction and turn in into an oracle
machine N}[] which after the reduction asks the oracle about f(r). Then N}[S]
decides L in polynomial time. U

This finishes the first part of the proof of Theorem 50. Out next task is to find
an oracle T so that PT £ NPT,
First to each oracle R C A* we associate the language Ly with

Lr={1"|3w e R |w|=n}={1"| RN A" # (}.
We will construct some T for which Ly € NPT\ PT. Tt is immediate that for every

T the language Ly is in NPT. So just need to find some 7" with the property that
Ly & PT. Next lemma is a warm-up:

Lemma 51. Let M[-] be an oracle machine which halts in polynomial time. Then
there exists some oracle R C A* so that Ly is not decided by M|[R)].

Proof. Let p be the polynomial which bounds the halting time of M and let k be
the first natural number with 28 > p(k). We will define R so that

M][R] accepts 1¥ <= RN A" =).
We define R by specifying for every w € A* whether w € R as follows:
(1) if k < |w| chose either w € R or w ¢ R, it doesn’t matter;
(2) if k < |w| < p(k) chose either w € R or w ¢ R, again it doesn’t matter;
(3) for |w| = k: having fixed choices for (1), (2) above we run M|-] with oracle
the partially defined R and input 1*. If at some point during the computation
M]] asks whether w € R where |w| = k then we extend the definition of R

so that w € R. We keep on doing this for all questions “w € R?” where
|w| = k we encounter. Since M|[-] halts in p(k) time it will never be able to
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ask questions “w € R?” where |w| > p(k). Hence info we provided in (1),
(2), (3) is enough for the computation of M[R] to halt for input 1*. But
now notice that since there are at most p(k) many questions “w € R?” and
2k > [ there is at least some wp € AF for which M did not ask whether
“wp € R”. Tt M[R] accepted 1% then put w ¢ R for all w € AF. Otherwise
if M|[R] rejected 1¥ put wg € R;

(4) if |w| > p(k) as in (1), (2) do whatever you want. We separated this case to
emphasize (for later) that the choices of step (3) do not depend on step (4)

This concludes the proof of the lemma. O
Exercise 52. Finish the proof of “there is T such that PT # NPT 7. If you prefer

try showing something stronger. Namely, that for the generic oracle T C {0,1}* we
have P #£ NPT (see HW 6).
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6. A COMBINATORIAL SENTENCE NOT PROVABLE FROM PEANO ARITHMETIC

We will prove that a certain true combinatorial statement known as the Paris-
Harrington principle is not provable from Peano arithmetic. Before we get into the
proof of this negative result we will review some finite and infinite combinatorics
and provide an application.

6.1. The Ramsey theorem and the Paris-Harrington principle. In what fol-
lows we will often identify n with the set {0,...,n — 1} of all its predecessors. If
X is any set and k € N then we denote by [X]* the set of all k-sets of X, i.e. all
subsets of X of size k. Recall Ramsey’s theorem.

Theorem 53 (Finite Ramsey theorem). For every a,b € N and every r € N there
is ¢ € N so that

¢ (b,
where ¢ — (b)* stands for:

T

“for every f: [c]* — r there is X C c with |X| > b so that f is constant on [X]|*”
The Paris-Harrington principle is a slight strengthening of Ramsey’s theorem.

Theorem 54 (Paris-Harrington principle). For every a,b € N and every r € N
there is ¢ € N so that

¢ (b,
where ¢ —, (b)* stands for:

“for every f: [c]* —, r there is X C ¢ with | X| > b and | X| > min X, so that f
is constant on [X]*”

Both statements follow from the infinite Ramsey theorem which is a theorem of
set theory. Notice that the infinite Ramsey theorem cannot be stated in first order
arithmetic. It is a homework exercise to show that both the finite Ramsey statement
and the Paris-Harrington principle can be expressed in first order arithmetic.
Theorem 55 (Infinite Ramsey theorem). For every a € N and every r € N we have

N— (N)7,
where N — (N)¢ stands for:

r

“for every f: [N]* — r there is an infinite X C ¢ so that f is constant on [X]|*”
Proof. To be added. O
Proof of Theorems 53 and 54 from Theorem 55. To be added. O
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6.2. Indiscernibles. Ramsey type of results allow us to some hidden structure
within model theoretic structures.

Let M be a structure and let I be a set indexing some collection {a; | i € I} of
elements of M. We say that (a;);c; is an indiscernible sequence in M if for every
formula p(z1,...,2,) and every iy, ..., %0m, J1, .- -, Jm € I we have that

M E=p(ai, ..., a4,) <= ¢laj,...,aq,).

Any basis in a vector space forms an indiscernible sequence. However there are
theories T" which have no models containing infinite sequences of indiscernibles (with
a; # a;). Such is the theory of linear orders since a; < a; = a; £ a; . Interestingly
that is the only obstruction to having indiscernibles.

Let M be a structure and let (I, <) be an ordered set indexing some collection {a; |
i € I} of elements of M. We say that (a;);cs is a sequence of order indiscernibles
in M if for every formula p(zq,...,2,,) and every i1 < ... <y, j1 < ... < jJm € [
we have that

MEplay,....q,,) <= ¢(aj,...,a;,).
Theorem 56. Let T' be a theory having infinite models. Then, for any linearly or-
dered set (I, <) there is M =T and a sequence (a;);er in M of order indiscernibles.

Proof. Let L = LU {¢; | i € I} and consider the theory 7" containing:

(1) every axiom in T

(2) ¢; # ¢ for all i # j;

(3) wlai,...,a;,) <= ¢(aj,...,a,;,) for every formula and all i1 < ... < iy,

1 <...<jmé€l

The L-reduct M of any model M’ of T" satisfies the conclusion of the theorem.
Hence we need to show that 7" is satisfiable. By compactness, it suffices to show
that every finite subset of T is satisfiable.

Let S be a finite subset of 7" and let J be a finite subset of I so that if ¢; appears
somewhere in S then j € J. Let also {¢1,...,9,} be the subset of 7" containing
all formulas which appear in the axioms of type (3). We will assume without loss
of generality that all these p; are in the same set of variables z1,...,x,, (one can
insert dummy variables if necessary).

Let now N be any infinite model of 7" and fix any linear order < on N. Consider
the the coloring r: [N]™ — 2™ with

r(a, <...<ai,) = XA,

where A = {k <n | N E ¢r(ai,...,a;,)} By the infinite Ramsey theorem (the
finite would also suffice) we get an infinite subset L of N so that r is constant on
[L]™. Pick |J| many elements of L and label them by the (¢;)je;. This produces
a structure N’ in the language LU {¢; | 7 € J} with N' = S, showing that T is
indeed finitely satisfiable. O

To prove the that the Paris-Harrington principle is independent of Peano arith-
metic we will need to show that it implies existence of a certain stronger form of
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indiscernibles for models of Peano arithmetic. First we need to show that it implies
another combinatorial principle.

Definition 57. Let X C N and let f: [X]* — N be any map. We say that f is
regressive if for all A € [X]" we have that f(A) < min A. A subset Y of X is said
to be min-homogeneous for f if for every A, B € [X]" with min(A) = min(B)
we have that f(A) = f(B).

If s <tin N we will denote by [s,¢] and by (s,t) the sets {s,s +1,...,t — 1,t}

and {s+1,...,t — 1} respectively. Consider the following combinatorial principle
which we will refer to by principle (*).
(%) for all a,b, s,k € N there is ¢ € N so that if fi,..., fx: [¢]* = ¢ are regressive,

then there is Y C (s,¢) with |Y| > b and Y is min-homogeneous for all f;.

We will prove that the Paris-Harrington principle implies principle (x). Moreover,
it will be important that our proof for “Paris-Harrington principle implies principle
(%)” will be formalizable in Peano arithmetic.

Lemma 58. Assume the Paris-Harrington principle. Then for all a’,b',s',r" € N
there is ¢ € N so that for all g: [¢]¥ — v there is Y C (s',c) with |Y| > b +d/,
Y| > minY +a + 1 and g is constant on [Y]*.

Proof. We could try to use Paris-Harrington for the same a,r and for b = b’ +a'+ 5.
The set Y we would get, would satisfy Y C (¢',¢) and |Y] > ¥ + a' but not
necessarily |[Y| > minY + a’ + 1 in general. We need a further trick.

Let ¢ be the number given by Paris-Harrington for a,b,r with a = da',r =1+ 1
and b = V' 4+ 2d’ + s + 1. So for every f: [¢]* — ' + 1 there is Z with Z >
b +2d' + s+ 1,min Z so that f[[Z]* is constant.

We claim that setting ¢’ to be this ¢ does the job. To see this let g: [¢]* — 7’ be
any coloring and consider a new coloring f: [¢/]* — r'+1so that f({y1,...,ya}) =1’
if y; <a' + s 41 for some ¢, and f({y1,...,%.}) =9{y1 —a—1,...,y, —a—1})
otherwise. We get Z so that f[[Z]*is constant and Z > b'42a’+ s+ 1, min Z. Since
Z > b'+2d'+5'+1 there are some yy, . . ., y, > a’+s'+1so the f[[Z]*is not constantly
equal to v’ but constantly equal to something less than r’. As a consequence all y € Z
have the property that y > '+ s+ 1so lettingY = {z —a'—1 | z € Z} we get the
desired set: |Y| > b0'+2d'+5'+1,Y C (s',¢)and |Y| = |Z| > min Z > minY +a'+1
and ¢[[Y]* is constant. O

Lemma 59. The previous lemma implies the (x)-principle. That is, for alla,b, s, k €
N there is ¢ € N so that if f1,..., fx: [c]* — ¢ are regressive, then there is X C [s,c)
with | X| > b and X is min-homogeneous for all f;.

Proof. Let ¢ = ¢ where ¢ is attained from the previous lemma by setting o’ =
a+1,8 =s,b/ =band r = 3*. For the rest of the proof we just check that this ¢
does the job we want.
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Assume that fi,..., fe: [c]* — c are regressive and define gy,...,gx: []*™ — ¢
as follows: for every ¢ and every A ={ag < a; < as <...<a,1 < a,}

gi(A) =0 < f,({ao,a1,...,an1}) = fi({ao,a2,...,a,})
gz(A) =1 «— fi({ao,al,...,an_l}) < fi<{a0,(l2,...,an}>
gz(A) =2 <= fi({ao,al,...,an_l}) > fi({ao,ag,...,an})

Combining them we have a single g: [¢]*™! — 3% and therefore from the previous
lemma we get Y C (s,c) with g[[Y]*™ constant and |Y| > minY +a+1,a+b

Claim. g;(A) =0 for all A € [Y]*™ and all g;,.

To see this let {yo < y1 < ... < y;} be an enumeration of Y. For all j €
{1,...;l—a+1} let §; = (Yj,Yj41, - - - » Yj+a—1). Since f; is regressive, fi(yoy;) < yo-

So we have [ —a+1 many sets of the form y,y, and only y, many slots for f;(voy;),
where yp = minY < |Y|—a—-1=1[1+1—a—1=1—a. By pigeonhole principle
there are two tuples yoy;, yoy; so that fi(voy;) = fi(yoy;) and since g; is constant
on A € [Y]*™! we have that its range is equal to 0 on [Y]**1.

Let now {z; < ... < 2,1} the largest a — 1 elements of Y and set X = Y \
{z1,.-.,24-1}. We claim that this is the desired set X. Clearly we have that
|X| >band Y C (s,c). So it suffices to show that X is min-homogeneous for every
fi- Let x1 < ... <z, and 2] < ... <z}, be two a-sets in X with z; = z}. We have
that

fi<$1,$2, . ,.’,Ua) = fi<$1,l‘3, . ,I‘a,Zl) =...= fi(l'l,Zl, .. .,Zafl)
and similarly
fila,xh, oo 2l = fula, ol xl z) == i@z, zal).

Where the later are equal since 27 = .
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Let M be a model of Peano arithmetic and let ® be a set of formulas of the form
o(T1, .. Tk, Y1, -+ -, Yn). A subset I of M is said to be a sequence of diagonal
indiscernibles for ® if for every ¢ € ® and every a,by,...,b,,c1,...,¢, € I with
a<b <---<b,anda<c <---<c¢,and any aq,...,a; < a we have that:

M E ¢(a,b) <= M= (a,o).

The principle (%) above allows us to produce arbitrary long sequences of diagonal
indiscernibles with respect to any finite ® in the standard model of arithmetic.

Lemma 60. For any k,l,m,n € N and any set of formulas o1(1, ..., Tk, Y1, Yn),
(X, TR YL, -, Yn) 0 the language of arithmetic, there is I C N of diago-
nal indiscernibles for {1, ..., @1} with [I| > m.

Proof. We may assume that m > 2n. We will find a large enough s € N so within
[0, s] there will be a large set X with almost the property we need, namely, for every
bp < b < ...<b, <byy1 <...<by, € X and any ay,...,a; < by we will have
M E pi(a,by,...,b,) <= ME ¢i(a,byyi1,...,bay,) for all i <.

To motivate the definition of s consider the any such B = {by, ..., by} C [0, s] of
size 2n + 1. If the above property fails, then there is some witness to this failure,
i.e., some ay,...,ar < by and some i € {1,...,l}. We can define therefore functions
Jiyeoos for [sPP"T = s and g: [s]*"™ — {0,...,1} so that, if B fails the above
property fi1(B) = ay,...,[fr(B) = a, g(B) =i is any witness to this failure and if B
satisfies the above property then fi(B) = ... = fi(B) = g(B) = 0. Notice that the
functions fi,..., fx are regressive!

By the finite Ramsey theorem we have some w € N so that w — (m + n)?ﬁrl
By principle (x) we can then find s so that whenever fi,..., fi: [s]*"™ — s are
regressive, there is Y C (w, s) with |Y| = w so that Y is min-homogeneous for all f;.
As a consequence, for the above defined fi,..., f, we find such a min-homogenous
set Y of size w. Since |Y| =w and w — (m+n)?™" we can restrict further to some

I+1
X CY with |X| =m +n so that the g defined above is constant on [X]*"*.

Claim. g(B) = 0 and therefore fi(B) = -+ = f,(B) =0 for all B € [X]*"*1
Proof. Assume that g(B) = i > 0. Notice that since m > 2n we can find a
sequence of length 3n + 1 in X:

by < bi<---<b, < by <--<by < by <--- < bz,
Let a = (f1(B),..., fr(B)) for any B[X]*"™! with min B = by. We then have that
@i(@, b1, ... b)) ¢ ©i(@, byt - - -5 ban),
0i(@ybpy1y .oy ban) > 0i(@, bapya, ..., b3y,), and

gp,-(d, b17 ey bn) §/—> (;Di(d; b2n+1, e 7b3n)
Contradiction: since at least two of the above ought to have the same truthvalue.
To finish with the proof we set d; < ... < d, to be the n many largest el-
ements of X and set I = X \ {dy,...,d,}. We have |I| = m and for every
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a,bi,...,bp,c1,...,c, € I witha < by < - <b,anda < ¢ < - < ¢, and
any ai,...,a, < a we have that:

ME ¢(@,b) <= M p(a,d) < M= p(a,c).
Sincea<b < <b,<d1<---<dpyanda<c¢ < - <¢c,<d <---<d, are
in X
O
One may use infinite sequences of diagonal indiscernibles to construct “inner mod-

els” of Peano arithmetic. Recall from HW that a Ag-formula is a formula that is
built using only with bounded quantification.

Lemma 61. Let M be a model of Peano arithmetic and let by < by < --- be an

infinite sequence of diagonal indiscernibles for all Ag-formulas. Let N C M be the
set {a € M | Ina <b,} and let N'. Then

(1) N is closed under addition and multiplication;

(2) N := M|N is a model of Peano arithmetic.

Proof. Addition. Let b < b < b < b be in the sequence of indiscernibles and
let @ < b be any element. It suffice to show that a + & < b”. If not then there is
some a’ < a so that @’ +b = 0”. But then, by diagonal indiscernibility we have that
a’ 4+ b = b" as well which contradicts that " < b"”.

Multiplication. Similar and we leave it as an exercise.

N models PA. This follows from the HW since the validity of an arbitrary
formula in N reduces to the validity of a Ag-formula in M.

For example, consider the formula ¢(Z) = Jy; Yyt (T, y1,y2) and let a € N. We
have a; < b;, for some iy. Notice that N |= p(a) if and only if

“there is some b; > b;, so that for all b;, > b, we have N' = JyVya(yn <
bi1> A (yQ < blz) N ’QD(@, ylayQ) 7

By HW this happens if and only if:

“there is some b;, > b;, so that for all b;, > b;, we have M | Jy,Vya(y1 <
biy) A (y2 < biy) AY(@, y1,y2) 7

and since the b;’s are diagonal indiscernibles this happens if and only if

M= Ve (yr < bigra) A (2 < bigra) A (@, y1,y2) 7

We leave it as an exercise now to show that all induction axioms hold in N. [

6.3. Conclusion.
Theorem 62. The Paris-Harrington principle is not provable in Peano Arithmetic.

Proof. By the previous subsection it suffice to show that (x) is not provable. Assume
it was. Let M be any non-standard model of PA and fix ¢ any infinite element, i.e.,
any ¢ € M \ N,

Going now back to the combinatorics of the proof of Lemma 60: set ¢ = n =1
and m = 2c¢ + 1 so that we have m > 2n. Since the finite Ramsey theorem is
provable in PA and since we assumed the same for (x) we can find a least w in M
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so that w — (3¢ + 1)35:{1 and then find the least s in M so that if fi,..., f, are
c-many regressive maps from [s]*™! — s, there is a Y C (c,s) of size |w| that is
min-homogeneous for each f;. The point here is that the formula which says F' is
the the Godel code for k-many regressive functions can be used for k = c.

Following now the proof of Lemma 60 we obtain an infinite set I C (¢, s) with
|I| > c of diagonal indiscernibles for the first c-many A, formulas with variables
Z1,...,%. and yi,...,y. in any fixed Godel coding.

Let bp < by < ... < b, < ... be an initial segment of I. Since every actual
Ay formula is coded by some natural number in the standard part which is < ¢
we have that (b,) is a diagonal sequence of indiscernibles for all Ag-formulas. Let
N={a€e M |3Ina<b,}. By previous lemma N := M|N is a model of PA. To
finish the proof, it suffices to show that N does not satisfy (x). Notice that ¢ € N
while s ¢ N.

Claim. The element w is in N.

Since finite Ramsey is provable in PA and ¢ € N we can find some w’ in N so
that w' — (3¢ +1)2¢4" in /. One checks now that because of the simplicity of the
statement “p is a code for all colorings...” every f: [w/]***! — ¢+ 1 that is coded
by an element of M is actually coded by an element of N, same for subsets of w’.
Therefore w' — (3¢ + 1)27" in M and by minimality of w we have that w < w/,
ie,we N.

Since (%) is assumed to be provable in PA then we should be able to find ¢’ in N
that in N performs the same function as s in M. By a similar argument and the
minimality of s we would get s’ > s contradicting that all b, and therefore every
element of N is below s. O
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