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It has recently been discovered that a certain variant of Ramsey's theorem
cannot be proved in first-order Peano arithmetic although it is in fact a true
theorem. In this paper we give some bounds for the “Ramsey-Paris-Harrington
numbers”™ associated with this variant of Ramsey’s theorem, involving coloring of
pairs. In the course of the investigation we also study certain weaker and stronger
partition relations.

1. INTRODUCTION AND NOTATION

We first introduce some appropriate notation. Lower case variables will
always denote positive integers, while upper case variables will denote finite
sets of positive integers (except when clear from context). We let | X| denote
the cardinality of X, min X the minimum element of X, [a, b] the interval
{x|a < x< b}, and [a] the interval |1, a]. Let log x denote the logarithm of
x to base 2. Given a map F we let F"Z = {F(z)|z € Z}. Let F*’ denote the
yth iterate of F, that is, F{"(x)=x, F®*U(x)=F(F*(x)). Finally, let
[X]¢={Y|Y<S X and |¥Y|=e}.

We now introduce notation generalizing the customary partition calculus.
For each i= 1, 2,..., ¢, let a; be a positive integer or the symbol *. Define

X-(a,,..a.)

to mean that for any map F: [X]° > [c] there exists Y€ X and { € |¢] such
that F”|Y]* = {i} and

Y| > a; if a,is an integer,
|Y|>min ¥ .

and if a;is*.
|¥|>e
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54 ERDOS AND MILLS

In this context we will often refer to the elements of [¢| as colors and to F as
a c-coloring of [X]¢ The set Y is called homogeneous since |F”[Y]°| = 1, and
relatively large when |Y|>min Y. As usual, if a, =a,=---=a,=a, we
write X — ()2 for X - (a,,.,a.)°’. As we will have occasion to use the
ordinary Ramsey function, we define r(m, n) = up(| p] = (m, n)?).

It is clear that for fixed integers a, e, c the relation X - (a)¢ depends only
on the cardinality of X. However, X — (x)Z is sensitive to the particular
elements in X. The classical Ramsey’s theorem states that for all integers a,
e, ¢ there exists an x such that [x]— (a)¢ (usually written x— (a)$). This
theorem is provable from the traditional first-order Peano axioms of
arithmetic (PA). In April 1977, Paris discovered that certain combinatorial
statements akin to Ramsey’s theorem are true but cannot be proved from the
Peano axioms [7]. Later Harrington, using ideas of Kirby and Paris [4],
showed that the statement

Ye Yk Ye dn [k, n] = (*)2 (*)

is also an example of such a statement. From one viewpoint it can be said
that the reason for the unprovability of (x) is the fact that the function
Ré(k) = un(|k, n] = (x)¢) grows too rapidly for the axioms of Peano
arithmetic to keep pace: If g(x) is any function which P4 can prove to be
total recursive, then there exists a number e such that g(x) < R§(x) for all
sufficiently large x (see [8]). Since R is recursive it follows that P4 cannot
prove that the diagonal function R$(x) is total (i.e., defined for all x), and a
Jortiori PA cannot prove ().

It is not true, however, that () is very far out of the reach of Peano’s
axioms. In fact for any fixed exponent e the following statement can be
proved in PA:

Yk ¥c3n (lk, n] = (%)2). (xe)

(Cf. Paris and Harrington [8]. Having a separate proof of each instance (xe)
(infinitely many proofs in all) is not the same as having one single proof of
(*). This illustrates the fact that PA is w-incomplete.) Thus for any fixed
exponent e, PA can prove that the function f(k, ¢) = Ré(k) is total, whence f
does not exhibit quite the same phenomenal growth rate as R itself.

In this paper we concentrate on the function R? i.e.,
Ramsey—Paris—Harrington numbers for partitions of exponent two. In
Section 2 we state in the simplest terms the main conclusions of the paper.
Section 3 contains further discussion of the results of the paper and mentions
results obtained by other authors. In Section 4 we give the proofs. In most
cases the results proved in Section 4 are stronger than the versions stated in
Section 2. In particular we obtain bounds for certain weaker and stronger
partition relations as well.
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2. MAIN RESULTS
Let R.(k)=RZX(k), or in other words,
R (k) =un([k, n] = (+)7).

Let R(k) = R,(k). We obtain the following values and bounds for R and R,.

THEOREM 1.
(i) R(l)y=6o.
(i) R(2)=8.
(iii) R(3)=13.

(iv) R(4)<687.

THEOREM 2. (i) There exists ¢ > 0 such that (c \/Ejlog k)** < R(k) for
all sufficiently large k.

(i) R(k) < 2* forall k> 2.
THEOREM 3. Define two sequences of primitive recursive functions as
JSollows:
Lyk)=k+1 Lk)=L% " "k) for n>1,
Uyk) =2 Uyk) = U0 (k)
U, lk)y=UrM k)  for n>4.
Then

(i) L.(k)
(i) R.(k)

<Rk for k>3,c>1,
<ULk for k>3,2<c<k

CoROLLARY 4. (i) For each primitive recursive function g(x) there
exists a ¢ such that g(k) < R_(k) for all k.

(ii) For each c there exists a primitive recursive function g(x) such
that R (k) < g(k) for all k.

3, REMARKS

Theorems 2 and 3 are formulated as simply as possible. In each case the
actual proof gives considerably more information than what we have stated
above. In particular each of the stated lower bounds is in fact a lower bound
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for a weaker partition relation (cf. Theorems 5, 7, 8) while each of the upper
bounds is a simplification of a somewhat sharper upper bound which is more
complicated to express and hence less perspicuous (cf. Theorems 6, 9, 10).

Note that L (k) and U.(k), considered as functions of two variables, are
simply variants of Ackermann’s generalized exponential function. For
example, for k > 3 we have L,(k) > 2% L,(k) >2?"", a stack of k twos, and
so forth. We can summarize Theorem 3 as saying simply that R (k), as a
function of two variables, grows as fast as Ackermann’s function. Thus
Corollary 4 is an immediate consequence of Theorem 3 by well-known
results of mathematical logic. It follows of course that R (k), as a function of
two variables, has no primitive recursive upper bound.

A further consequence is that R3j(k) also grows essentially as fast as
Ackermann’s function and has no primitive recursive upper bound. Indeed,
suppose k— (3)? and let I = [k, R (k) — 1]. If F: [I]* > [c] refutes [ — ()2,
then we get a refutation of 7 — (x)} by defining for X € [/

1 if X is homogeneous for F,

G(X)=
X 2 otherwise.

Therefore R.(k)<Rj(k). It would be interesting to know whether
R3(k) > R,(k). We remark that the class of primitive recursive functions (as
well as Ackermann’s function) form a small subset of the class mentioned
earlier of all recursive functions which PA can prove to be total.

A number of authors have obtained results similar if not equivalent to our
Corollary 4(i) (cf. Paris and Harrington [8], Solovay [9], and Joel Spencer,
personal communication), but no results as sharp as Theorem 3 have
previously been announced. A slightly weaker upper bound for R(k) was
obtained earlier in a series of two manuscripts by Maté [5] and [6]. He
showed roughly that R(k) < (12k)%~21213t.th=2)1,

Benda [1] has independently obtained upper bounds very similar to our
Theorem 2(ii) for a slightly different formulation of the partition relation.
Following [8] define

n— (k)

to mean that for any c-coloring of [0, n — 1]¢ there exists a relatively large
homogeneous set of size >k. Let r*(k) =un(n—, (k)3). Then r*(k) < R(k)
for k> 3. Benda independently arrived at an argument very similar to our
proof of Theorem 6 to obtain an upper bound b, for r*(k) expressed in terms
of iterated ordinary Ramsey numbers. His b, is conceptually the same as our
bound n obtained in Theorem 6.
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4. PROOFS

Proof of Theorem 1. The lower bounds in (i), (ii), and (iii) are verified
by noting that none of the colorings in Fig. 1 contains a relatively large
homogeneous set. (Lines join red pairs, no lines join green pairs.)

We now derive the upper bounds.

(i) R(1)<6. Let [1,6] be colored red and green. The usual proof
that |1, 6] — (3)3 can easily be enhanced to show that there must be at least
two homogeneous triangles. One of these must intersect {1, 2, 3} and hence
be relatively large.

(i) R(2)<8. Let [2, 8]* be colored red and green, and suppose there
is no relatively large homogeneous set. We will write “xy is red” to mean
that {x, y} is assigned the color red under this coloring. Let R, = {x # 2| 2x
is red} and G, = {x# 2| 2x is green|; and similarly R, = {x # 3| 3x is red},
G;= {x# 3| 3x is green}. W.Lo.g. 3 € R,. By symmetry, 2 € R,. Note that
R, must be homogeneous green, since otherwise there exist x, y € R, such
that {3, x,y} is relatively large and homogeneous red. Similarly R, is
homogeneous green while G, and G, are homogeneous red. Since 2 E€ R,
|R;] < 3. Since 3€ER,, |R,|<3. Let a=min G;. Then |G,|<a. Since

=112,8]|=|{3}UR;UG,|<1+2+(a—1) we must have a>5. It
follows that 4 € G,, so 4 € R,. Similarly 4 € G,, so 4 €R,. But then
{2, 3,4} is homogeneous red and relatively large, contradiction.

74
(i1) R(2) > 8

(111) R(3) > 13

FIGURE |
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(ili) R(3)< 13. Let |3, 13]* be colored red and green, and suppose
there is no relatively large homogenecus set. Let R, and G, be as above.
Wlog 4€R,, so |R,/<3 Let b=minG,, so |G,|<b— 1. Hence
11=14|R;|+|G;|<1+3+(—1), so b>8. But we cannot have
{4,5,6,7} < R, since |R,| < 3, so b € {5, 6, 7}, contradiction.

(iv) R(4)< 687. Let [4,687]* be colored red and green, and suppose
there is no relatively large homogeneous set. W.l.o.g. 45 is green (i.e., {4, 5}
is green). Let b, = ux (4x is red). Define

A, ={x>5]|4x green, Sxred},
A,={x> 5|4xgreen, 5x green},
B,={x>b,|4xred, b, x green},
B,={x>b,|4xred, b, x red}.

Let a,=minAd,, b,=minB,. Then [4,687]={4,5b,}\Ud UA4,U
B,\U B,, a disjoint union. (See Fig. 2).

Now A4, (3,4)* since if |{x,y,z} =4, were homogeneous green then
{4, x,»,z} would be relatively large and homogeneous green, while if
{w,x,y,z} =4, were homogeneous red then {5,w,x,y,z} would be
relatively large and homogeneous red. Since 9 — (3,4)% we have |4, <8.
Now A4, must be homogeneous red since otherwise there exist x, y € 4, such

that [4,5,x,y} is relatively large and homogeneous green. Therefore
\4,| < a,. Similarly,

B 5 (3,b,— 1) (1)
and | B,| < b,. We have

684 =[[4,687]| =3 +|4,| +|4,| +|B,| +|B,]

<3+8+(a;—1)+|By| + (b, — 1)
SO
675 <a, + b, +|B,|. )

aye Ay A By By 3 b,

FIGURE 2
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We also have

b, <6+[4,|+|4,]<13+a, (3)
min{a,, b} <6 +|4,| < 14. (4)

We now consider three cases: b, < 14, 15 < b, € 26, and 27 < b,.

Case (I). b, < 14. Then by (1), B, 4 (3, 13)% Since r(3, 13) < () =91,
we have |B,| < 90. Let ¢, = min{a,, b,} and ¢, = max{a,, b,}. Then

e;<T+ (4, +|B|<7T+8+90=105
and
e; T+ |4, +|B;| +|C| <7 +8+90+ 104 =209

where C, =4, if ¢, =a, and C, =B, if ¢, =b, (hence |C,|<c,—1). We
conclude from (2) that 675 < 105 + 209 + 90 = 404, a contradiction.

Case (II). 15<b,<26. Then by (1), B,+(3,25)% In Graver and
Yackel [3] it is proved that r(3,9)< 37. Using the recurrence relation
r3,n+1)<r3,n)+n+1, it follows that r(3,25)<317. Therefore
|B,|< 316. (An improvement in the estimation of r(3,25) would yield a
corresponding improvement in the bound for R(4). See note added in proof.)
Now by (4) we have a, < 14, so that

by <T+A;| + 4, +18,]
<T+8+ 13+ 316=344,

We conclude from (2) that 675 < 14 4 344 4+ 316 = 674, a contradiction.

Case (III). b, >227. By (4), a,<14, But |4,|<a,—1<13 and
|4,| <8, so by (3)

27<b, <6+ |A,|+|A4,]<6+8+13=27.

Therefore equality holds throughout, and a, =14, |4,| =8, and |4,| = 13. It
follows that A, = {6, 7...., 13} and 4, = {14,..., 26}. Now, since |6, 9] cannot
be homogeneous red (else [5,9] would be), let {p, g} € [6,9]* be colored
green. Since {p} U (R, M A4,) is homogeneous red, we must have |R,M4,|<
p—2<6. Consequently |G,MA4,|>13—-6=717. Also |G,MNA,|>2 (since
R,MA,4(3,3) implies [R,MA,|<S5). Now [G,N(4,U4,)>9,
g€ G,MN(4,UA,), and G,M (4, U A,) must be homogeneous red to avoid
forming a green triangle inside 4, U A,. Since ¢<9, G,MN(4,U4,) is a
relatively large homogeneous set, contradiction. This completes the proof of
Theorem 1. |
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Theorem 2(i) is a corollary of the following bound for a weaker partition
relation,

THEOREM 5. Given k, let ny=k, n,,,=n+r(3,n)—1 and
n=n(k)=ny,_,. Then

(i) [kyn—1]4 (k *)~

(ii) There is a positive constant ¢ such that n(k) > (c\/k/log k)**" for
all sufficiently large k.

Proof. (i) Let I=|k,n—1]. We must construct a 2-coloring of [I]?
with no size k homogeneous set of color 1 and no relatively large
homogeneous set of color 2. For each i=0, I,..., k/2 — 2 pick a coloring
F;: |n;,n;,,— 1]*> [2] with no homogeneous triangle of color 1 and no size
n; homogeneous set of color 2. This is possible since |[n;, n,,,—1]|=
r(3, n;) — 1. Define the coloring F: [/]*— [2] by

Fiu,v) if m<u<v<n.,,

Flu,v)= :
(, v) 1 otherwise.

Now if X< is homogeneous for F to color 1, then for each i,
XN [n;n,,,—1] is homogeneous for F, to color 1. Hence
(XN [n,n, — 1] <2 for all i, so | X| < 2(k/2 — 1) < k. On the other hand
if X < I is homogeneous for F to color 2, then X < [n;, n;,, — 1] for some i.
Consequently X is homogeneous for F; to color 2, so [X| < n; < min X and X
is not relatively large. Thus F is a counterexample to I — (k, *)%, as desired.

(ii) According to a theorem of Erdds [2] there is a positive constant a
such that for all sufficiently large m, r(3,m)>am?/(logm)>. Let
b=a/(log k)>. We may assume b< 1. We show inductively for i =0, I,...,
k/2 — 1 that

n, > kl‘bl‘- 1/42"—1'— 1

For i =0 we have n,=k = k'6°/4°, as claimed. Now assuming it holds for i,
we have

> r(3, (B4 )

;a(k”)’ (bzi—l)2/(42i—l—l)1 (log kzi)z
s akz-‘+lb2f+l—2/42-‘*l—- 21—222r‘(log k)!
= (k"7 =3/47 =) o/ (log k)?)
= (k2f+lb2i+l_[)/(42!-“_(;'4.1]_])

Riva

as claimed.
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Now let ¢ =/a/4. Note that ¢ does not depend on k, and we have for
sufficiently large k

(k‘]k"l-lbzk-'z—l - 1)/(42&.!1—1 _k,a'z)
(kb/4)2k!2—l
= (c/kflog k)*". I

n(k)=ny, >
2

Proof of Theorem 2(i). Certainly if X < [k, n — 1] is relatively large then
|X|>k. Therefore [k,n—1]- (%)} implies [k,n—1]- (k,*)% so
R(k) > n(k) from Theorem 5. |

We note that for sufficiently large k, ¢\/k/log k > 2, so we have
222 < R(k)

for all sufficiently large k.
Theorem 2(ii) will follow as a corollary of the following somewhat sharper
upper bound for R(k) involving iteration of ordinary Ramsey numbers.

THEOREM 6, Let k>3 be given. Let L be the collection of all binary
sequences with at most (k — 2) zeros and (k — 2) ones. Define the number n,
Jor each 6 € L by recursion on the length of 0. Let n,=k + 1. Given n_, let

Ngo=n,+rik—in,—1)
where i is the number of zeros in 00, and
Hoy=n, +rk—j.n,—1)

where j is the number of ones in ol.
Let n =max{n,|oc € X'}. Then R(k) < n, that is,

[k, n] - (*)%'

Proof. Let |k, m]* be colored red and green, and suppose there is no
relatively large homogeneous set. We will show m < n, for some o€ Z,
whence m < n. Define a, = k.

a

A

= ux(x > a; and {a,,..., a;, x} is homogeneous green).

i+1
={x|x>a,,,, {ag,.. a;, x} is homogeneous green and

i+1

a;,xisred}.

Define b, =k, b;,,, B;,, analogously with the colors reversed. Note that
since a, =k, a,_, “doesn’t exist” (otherwise {ay,..., a,_,} would be relatively
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A‘k— 2 Bk-Z

FIGURE 3

large and homogeneous). We will carry out the argument as if all of
{@gses @, were defined. The contrary assumption involves only minor
notational changes. Note also that [k, m]| is equal to the disjoint union {k,
Ay, Gypeery Qp_qy Do by o} 40U UA, ,UB U« UB,_,. See
Fig. 3.

We claim that for each i=1,2,.., k—2

Aib (k—i a;— 1)
B,h (k—i,b,— 1)

Indeed, if {x;,..,x,_,} 4, were homogeneous green then {ay,a@,,..,&;_;,
Xipes Xg_(} would be relatively large and homogeneous green. If
{X 15000 Xq, 1} EA; were homogeneous red then {a;, x;,..,x,,_,} would be
relatively large and homogeneous red. Similarly for B, with colors reversed.
It follows that

|4;| <rtk—1i,a,—1), (5)
|B;| < r(k — i, b,— 1). (6)
Now let €;,CopesCagz D @ryus@r_zs bysenbp_g,m+1, listed in

increasing order. (In particular ¢, =k+1, ¢, _;=m+1) For
i=1,2,..,2k—4 define

if C;=aj
if ¢;=b;.

i

C‘;:

j
Also define a binary sequence ¢ of length 2k — 4 so that

if ¢;=a,for somej

at) = |°
{1 if ¢;=b,for somej
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for i=1,.., 2k — 4. (Formally, a binary sequence is a function from some
[x] to {0, 1}.) Clearly ¢ € Z. We claim that m < n_. To prove this we show
inductively that

a<k+it N [Cil < ngpiyy (7)
1< i<t

for i=1, 2,.., 2k — 3, where ¢ [ [i — 1] denotes the restriction of ¢ to [i — 1].
We have ¢, =k+1=k+ 143 ,.,.,|C| and n,=n,=k+1, so (7)
holds for i=1. For i > I the left-hand inequality in (7) is clear from the
definition of the C;’s. For the right-hand inequality, consider the case
o(i)=0. Then ¢; =4, and C; =4, for some i’ (i’ is the number of zeros in
ol [i]), and we have

Horiiy = Rori—yy Hrk— 1y — 1) by definition

>k+i+ N |Cl+rk—i,a,.—1) sincen,;_,,>c;=a;

lgjci
Sktit N |G+ 14, +1 by (5)
1< j<i
=k+@G+D+ ¥ | as required.

t<j<i

The case o(i) = | is analogous. This proves (7).
We conclude that ¢y, 3 <fgpp_g) =0, But ¢y _y=m+1, so m<n,.
This concludes the proof of Theorem 6.

We note that Theorem 6 yields an upper bound for R(5) on the order of
3 X 10" by actually calculating upper bounds for all the n,’s.

Proof of Theorem 2(ii). We prove that in Theorem 6
n, < 2(2(k + 1)H-Dhtk-21 forall ceX (8)

whence
R(k) < 2(2(k + 1)*-21)k=22, 5

We use the fact that

-...<\Se_] _Seuz

He s —1)< (s+e—3)

e— 1
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for 2<e<s. Wehave n, =k + 1;

No=n,+rik—in,—1)

(h=i=1) _ plk—i=2)
She+ng "0 —n, !
E<f, ' datintd for i<k-2
or
R &2 =2pn for i=k—2.

Similarly, n,, <a%~/=V if j<k—2, and n,, <2n, if j=k— 2. It follows
that n, <2(2(k+ 1)z ¥)vesi-vs for each o€ X, where [[i_, 7:<
(k—2)"?and [[i_,., 7 < (k—2)!. The bound (8) follows.

We now have

(2 (k + 1 )(k— lll)ik -

Rk)<2
L2%-01 ok
Theorem 3(i) is an immediate corollary of Theorem 7 which shows that in
fact L (k) is a lower bound for a weaker partition relation. Given a coloring
of [X]? a subset ¥ < X is said to be path-homogeneous if and only if every
pair of consecutive elements of Y receives the same color. Clearly this is
weaker than being homogeneous. Let R (k) denote the last # such that for
every c-coloring of [k, n]? there exists a relatively large path-homogeneous
subset of [k, n]. Then R_(k) < R.(k) and we have

THEOREM 7. For ¢ > 1, k>3, L (k) <R (k).

Proof. We give a direct proof. Given c, k, let I=[k,L.(k)—1]. We
claim the following c-coloring of [I]* contains no relatively large path-
homogeneous set:

F(x, y)=max{n|3ix < LY(k) <y}

Indeed, suppose X = {x,, X,,..., x,,} €I is path-homogeneous for F with x, <
X, < o+ < Xx,,. We must show m < x,.

We know that for some n€ [0,c—1] and for all i€ [m—1],
F(x;, x;, ;) = n. This means there exist integers r, <r, < --- <r,,_, such that
x; <L{"(k)<x;,, and for all integers r, either LV} (k)<x; or
Xip, <LY (k). Let r be maximal such that LY} (k)<x, and let
s=LY) (k). It follows that x, < LY}V(k)=L,,,(s)=L%EY(s). On the
other hand using the monotonicity of L, for arguments >3, we establish
inductively that L{(s) < x;,, for i=0, 1, 2,.., m — 1. Thus LU Y(s) < x,, <
L="(s), so m < s <x, and we are done. [l
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We note that it is also possible to establish Theorem 7 inductively by
showing that in fact for each c,

REGV(K) <R (k).

This gives a slightly stronger result, assuming, as is likely, that
L, (k) <R,_ (k). The same sort of argument will establish that
R¥ - D(k)< R (k). In fact an even stronger result will be proved in
Theorem 8. Thus using Theorem 2(i) we could have defined the sequence of
L functions starting with L,(k) = 22"

We now turn our attention to a more general case of the
Ramsey—Paris—Harrington partition relation. We define

R (k3 m) = un([k, n] = (m, %))

where * denotes a sequence of ¢ — 1 stars. In other words the homogeneous
set is required to have size >m if it is of color 1 and to be relatively large
(and of size >3) if it is of a color greater than one. As a special case we
have R.(k)=R,.(k;2). Other special cases are R,(k;m)=k+ m— 1 and
R.(k;1)=k. Theorem 5 expresses the fact that for some ¢ > 0 eventually
(ey/k/log k)¥* < R,(k; k).

We remark that for any k, m< h

R (k; m) < R (h).

This holds since [A, n] - () implies |k, n] - (m, ¥)? whenever k, m < h.
The following theorem gives the basis for an alternative inductive proof
(which we shall not spell out) of Theorem 3(i).

THEOREM 8. Form,c>1and k>3

(i) R{V(k) <R,y (ks m),
(i) REV(K) KR pq(K)

Proof. (i) Foreachi=1,2,.,m—1let I,=[R{~V(k), R (k)— 1]. Let
F; be a c-coloring of [[;]? with no relatively large homogeneous set. Define
the (¢ + 1)-coloring F on |k, R V(k) — 1] by

F(a,b)+1 if a,b€EI, somei

F(a, b)= )
1:2) 1 otherwise.

If X is homogeneous for F to color 1, then |[XMI;|<1 for each i, so
|X|<m— 1. If X is homogeneous for F to a color greater than 1, then X S I,
for some i. Hence X is homogeneous for F; and thus not relatively large.
Thus [k, R™=V(k)— 1] A (m, %)%, ,.
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(ii) By the remark immediately preceding this theorem, we have
Reyi(k)> Ros (ki k) 2 REDG).

The following theorem gives the key inductive relationship to be used in
calculating upper bounds for R (k; m) and hence for R.(k).

THEOREM 9. Letf ¢ > | be given and suppose
R (k; m) < gk, m) Sorall k,m> 1.
Define

flk, )=k
Sflk,m+1)=g(f(k,m) + 1, r(m + 1, me(f(k, m) — 2) + 1)).

Then

R (kim)< f(k,m)  forall k,m>1.

Proof. Fix k and proceed by induction on m. By the special case noted
above R, (ki 1)=k= f(k, 1), so the conclusion holds for m = 1. Now
assume inductively that R, ,(k;m)< f(k,m) and we wish to prove
R. (kim+ 1)< f(k,m+ 1). Let P: |k, f(k,m + 1)]*> [¢ + 1] be given. If
there exists a relatively large X < |k, f(k, m)] which is homogeneous for P to
some color d>2, we are done. So assume there is none, and by the
induction hypothesis find a set of m elements a,<4g,<:-<a, in
|k, f(k, m)] which is homogeneous for P to color 1.

Let I=[f(k, m)+ 1, f(k, m+ 1)]. If for some a € I we have P(a;,a)=1
for all i € [m], then again we are done, for {a,, a,...., a,,, a} will be a size
m + 1 set homogeneous for P to color 1. So assume no such a € I exists and
express / as a disjoint union

I=Ufd,1<i<m2<j<e+1)

so that P(a;,a)=j for all a € 4,;.
We now alter the (¢ + 1)-coloring P on I somewhat to obtain a c-coloring
Q: [Z]*> [c] by stipulating

O(a, b)= P(a, b) if a,b€A;and P(a,b)<j
=P(a,b)—1 if a,b€A;andP(a,b)>j

=1 otherwise.

Thus all lines between points in different 4;’s are changed to color 1. Within



RAMSEY—PARIS—HARRINGTON NUMBERS 67

A, lines of color <j are left fixed, lines of color; are changed to color I,
and lines of color >j are decreased one color.

By the defining equation for f(k.m + 1) one of the following two cases
must occur.

Case 1. There exists X < I which is relatively large and homogeneous for
Q to some color d > 2. Then X £ A, for some i, j. Since we cannot have
P(a.b) < j < P(r,s) and P(a, b) = P(r,s)— 1 for any a, b, r,s € 4;;, we must
have either d=Q(a,b)=P(a.b) for all {a, b} € [X]* or d=Q(a,b)=
P(a, b) — 1 for all {a, b} € | X|*. Thus X is homogeneous for P to color either
d or d + 1, and we are done.

Case 2. There exists X € ] which is homogeneous for Q to color 1 and
[X| = r(m+ 1, me(f(k,m)—2)+ 1). In this case define R: [X|*— [2] by

R(a,b)=1 if P(ab)=1
=2 if P(a,b)> I.

By the definition of r{x, y) one of the following two subcases must occur.

Subcase (1). There exists Y = X which is homogeneous for R to color
1 and |¥|>m + 1. Then Y is also homogeneous for P to color 1, and we are
done.

Subcase (ii). There exists ¥ < X which is homogeneous for R to color
2 and | Y| > me(f (k. m)—2)+ 1). By the pigeonhole principle |[Y N A | >
S(k,m)—1=>a,— 1 for some 4, since there are at most mc different 4,'s.
We have P(a, b) = for all a,b € YN Ay, since Q(a, b)=1 and P(a, b) > 1.
Therefore (Y M A;) U {a,} is relatively large and homogeneous for P to color
iz2
This completes the proof of Theorem 8. [l

CoroLLARY [0. Define the function U= Ulc, k, m) by the equations
U(lyksm)=k +m— I.
Ule+ 1,k 1)) =k,
Ule+ 1, k,m+ 1)
=Ule,Ulc+ 1, k,m)+ 1, r(m+ 1, me(U(c + 1, k, m) — 2) + 1)).
Then
R (ki m) < Ule, k, m),
R()KUlc+ 1,k2). 1
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COROLLARY 11. Foranyc>1,k>3,
RK)KR(k+ 1e(k—2)+ 1)
Proof. Let g(k, m)= R (k; m) and define f(k, m) as in Theorem 8. Then
Ro(k) =R (k;:2)
< Sk 2)
=R.(flk, 1)+ 132, 1 ¢ (fik, 1)—2)+ 1))
=R (k+ Lictk—=2)+1). 1
For the following corollary let E(x) = x**, and given function f(x) let f1”!
denote the yth iterate of f o E, so that f1¥*')(x) = f(E(f")(x))). In the proof
of the following corollary and in subsequent proofs we will make frequent

implicit use of the monotonicity of E, R,, and U.. We also use the fact that
E(h) < U,(h) for all A > L.

COROLLARY 12. For3<k 2<e<k,and 1 <m
R, , (ks m) < RI11(k),

Proof. Let g(k, m)=R (k;m) and define f(k, m) as in Theorem 8. We
show by induction on m that in fact f(k, m) < R!™~')(k). For m = 1 we have
Sk, 1) =k =R{(k).

Now suppose the corollary holds for a given m > 1 and we wish to prove
it for m + 1. Let B=r(m+ 1, me(f(k,m)—2)+ 1) and h= f(k, m). Since
m+1,c k< h we have

B < r(h, B — 1) < B** = E(f(k, m)).

Therefore, using the remark preceding Theorem 8 and the monotonicity of R,
and E, we have

Slk,m+ 1) =R (h+ 1;B)
<R(B)
RAE(f(k, m))

<
SRAER™(K)) = RM(k). 1

LEMMA 13. Foranyc>2 and k> 1
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Progf. This is trivial for ¢ = 2. Assuming it holds for a given ¢ > 3, we
have

Uy(U,;1(k)) = U (UL (K)) definition U,
g Yller D=0y, (k) induction
L UKe+ M-/ (X)) monotonicity
= U, (U, (k). definition U, , ;.

With trivial modifications the above argument works also for ¢ = 3, hence by
induction we are done. |l

Proof of Theorem 3(ii). For ¢=2 we have R,(k)<2*“=U,(k) by
Theorem 2(ii). For ¢ =3 we have

Ry(k)<Ry(k+1;3(k—2)+1)  Corollary 11

RPNk + 1) Corollary 12
LU=k + 1) monotonicity
S UF10(k) = Us(k).

Now assume the theorem holds for a given ¢ > 3 and we wish to prove it
for ¢ + 1. Letting K = (¢ + 1)(k — 2) we have

R (K)KR  (k+1,K+1) Corollary 11
<RE(Kk +1) Corollary 12
S URUE Kk + 1)) monotonicity and Lemma 13
< UN(UL(K + 1)) since K < 6(K + 1)— 1)
< UR(UL(U,(K))) since K + 1 < U (k)
< UE+2(k) monotonicity
LU=y = U, (k). 1

Note added in proof. Grinstead and Roberts [10] have recently announced that
r(3,9) = 36. This enables us to improve Theorem 1(iv) to R(4) < 685.
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