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Abstract. Classes of objects called r-parameter sets are defined. A Ramsey
theorem is proved to the effect that any partitioning into r classes of the k-parameter
subsets of any sufficiently large n-parameter set must result in some /-parameter subset
with all its k-parameter subsets in one class. Among the immediate corollaries are the
lower dimensional cases of a Ramsey theorem for finite vector spaces (a conjecture of
Rota), the theorem of van der Waerden on arithmetic progressions, a set theoretic
generalization of a theorem of Schur, and Ramsey’s Theorem itself.

1. Introduction. In 1930, F. P. Ramsey [10], [12] proved the following theorem:

THEOREM [RAMSEY]. Let k, I, r be positive integers. Then there is a number
N=N(k, I, r), depending only on k, | and r, with the following property: If S is a set
with at least N elements, and if all the subsets of S with k elements are divided into r
classes in any way, then there is some subset of | elements with all of its subsets of k
elements in a single class.

Since this theorem appeared there has been interest in finding generalizations,
applications and analogues of it. The work presented here was motivated by a
conjecture made by Gian-Carlo Rota, a geometric analogue to Ramsey’s Theorem,
which can be stated as follows:

CONJECTURE [ROTA]. Let [, k, r be nonnegative integers, and F a field of ¢
elements. Then there is a number N=N(q, r, /, k) depending only on g, r, / and k
with the following property: If ¥ is a vector space over F of dimension at least N,
and if all the k-dimensional subspaces of V are divided into r classes in any way,
then there is some /-dimensional subspace with all of its k-dimensional subspaces in
a single class.

This conjecture is obtained from the statement of Ramsey’s Theorem essentially
by replacing the notions of set and cardinality by those of vector space and
dimension, respectively. If we replace the notion of vector space with that of affine
space, then we obtain another conjecture. This conjecture is actually equivalent to
Rota’s conjecture [3], [11]. In this paper we prove another analogue to Ramsey’s
Theorem, in which we replace the notion of n-dimensional affine space by the

Received by the editors October 19, 1970,
AMS 1970 subject classifications. Primary 05A99.
Key words and phrases. Ramsey’s Theorem, n-parameter set, finite vector space.
(1) Supported in part by NSF Grant GP-23482,
Copyright © 1971, American Mathematical Society

257



258 R. L. GRAHAM AND B. L. ROTHSCHILD [September

notion of n-parameter set, which we define later. The n-parameter sets are similar
to n-dimensional affine spaces in certain ways, and, in fact, by appropriate choice of
certain variables we can obtain results for vector and affine spaces. In particular,
the affine conjecture is shown to be true for the cases of k=0 and k=1, with any
choice for /, r and g. This implies that Rota’s conjecture is true for k=1 and k=2
[3], [11]. Some other interesting results which follow from the n-parameter set
analogue are presented as corollaries to the main result.

All of these analogues to Ramsey’s Theorem are just statements about some
special kinds of subsets of certain sets and their inclusion relationships. Ramsey’s
Theorem itself can be thought of thus as a statement about the lattices of subsets
of finite sets; Rota’s conjecture refers to the lattices of subspaces of finite vector
spaces; the affine analogue concerns the partially ordered sets of the subspaces of
finite affine spaces. So also is the n-parameter set analogue a statement about
partially ordered sets of special subsets of certain sets. We give here an informal
description of n-parameter sets which may prove useful to the reader as motivation
for the somewhat technical formal definition given in the next section.

Basically, just as n-dimensional affine space, as a set, consists of all g* n-tuples of
elements from GF(g), so an n-parameter set essentially consists of all z* n-tuples of
elements of a set 4 with ¢ elements, A={ay, . . ., a;}. Any 1-dimensional affine sub-
space of an affine n-space over GF(q) consists of a set of ¢ n-tuples which can be
written in a column as

(X115 + - 5 X13)

(Xa1s - - +s Xan)

(Kats -« o> Xgn)

where for each i, 1 <i<n, either x;;=x5=---=x, or else x;, ..., X4 IS a per-
mutation of the elements f1, . . ., f, constituting GF(g). The permutations obtainable
in this way constitute a subset L of all the ¢! possible permutations. In a similar
way, then, we define a 1-parameter subset of A" (the n-tuples of elements of A) as
any set of ¢ n-tuples which can be listed

(all’ e aln)

@y, ..., )

such that for each i, 1 <i<un, either a;;=---=a, € BS A4, orelse ay;, . . ., a, is one
of a certain set L ;; of permutations of ay, . . ., a, (the set of permutations considered
is defined by a group H).

The general idea for k-parameter subsets can be illustrated by considering the
case k=2. If A, is any 2-dimensional affine subspace of GF(q)", then A,=
{15 s X))+ o(P1y oy Y +BL, - - 15 2,) & o, B GF(q)}, Where x=(Xy,..., X,),
Y= -5 ¥n) 2=(21, ..., 2,) are in GF(q)", y, z#0, and addition and scalar
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multiplication are defined as usual. If it happens that y;z;=0 for i=1,2,...,n
(this is a relatively rare event), then we can partition the n coordinates into three
disjoint sets: the coordinates i where z;=0 but y;#0, those where z;#0 but y;=0,
and those where z;=y;=0. Call these sets S;, Sz and S, respectively, and let

Sl = {ib MRS inl}s S2 = {jla .. wjng}a SO = {kh ey kno}'

If v=(vy,...,0,) € Az, then there are only g possibilities for (vi,..., %), ¢
possibilities for (v;,, . .., v;,,), and one possibility for (v, . . ., Vk,,)- Hence 4, can
be formed precisely by listing the ¢ values for each of S; and S, and the one from
S, ¢ times, and then selecting one from each of the lists in all > possible ways:

SQ S1 SZ

(Xreys+ - s xkno) (62T J/unl) (Zyjys e s Zl;‘nz)

(xkp LR xkno) (yqil’ ARRE ] yqinl) (qup s Z‘?/nz)

The possible columns (y11,, - - -» Yai,) and (21,5 - - -, Zaz,) are just the same as the set
L of permutations in the 1-dimensional case above.
2-parameter sets, then, are described in a similar way. For a set 4 and a subset
L,; of the permutations of 4, we form a 2-parameter subset of A" as follows: First
partition the set {1, ..., n} into three disjoint subsets So, Sy, Sz, with S; and S,
nonempty. Then write three lists
So Sy Sa
et - o

-
@..,0 (x..,x) @....2)

@....,0) (,..,¥) (w...,w)

such that the columns under S, and S, are in Ly. Finally, all #2 elements of the
2-parameter subset are obtained by taking one entry (row) from each list.

To get k-parameter subsets we do the same thing with partitions into k+1
subsets S, ..., Sg. For k=2, these correspond to special affine subspaces of
GF(g)" but not to all of them. Thus the theorems we prove for n-parameter sets
will not apply to all subspaces, as we would like, but only to some of them. For
k=0 and 1, however, we do prove results for all subspaces. These are considered
later in the section on corollaries.

2. Definition of k-parameter set. In this section we formally define a k-
parameter set. The reader might find it useful here to inspect the corollaries at the
end of the paper. The examples of k-parameter sets there illustrate the definition.

Let A={a, as, . . ., a;} be a finite set with t=2. Let H: 4 —~ 4 be a permutation
group acting on A. For a € 4, o € H, the action is denoted by a — a°. Also, for
01,05 € H, 0,0, H is defined by ¢°1°2=(a"1) for all a€ 4. For a nonempty
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subset BS 4, let B={b : b € B} be the set of constant maps of 4 into A4 given by
x®=bfor xe A, b € B. A* denotes the cartesian product 4 x 4 x - - - x 4 (¢ factors),
which is just {(x;,...,x) : x;€ 4, 1 i<t}

For x=(xy, ..., x;) € A%, o € H, we define an action of H: A' — A by

X0 = (Xg,..., %) = (x§,...,x{)e A
Similarly B acts on 4 by
X =g ,x)0 =0 LX) =0,...,b)e A
for xe A, be B.

For fixed integers n>0and 0=k <n, let [1={S,, Sy, . . ., S} be a partition of the
set I,={1,2,...,n} with §;# @ for 1 <i<k. Sy=@ is possible. Let f: I, >~ HU B
be a mapping with the property:

fHeB ifies,,
fGYeH ifiel,—S,.
The set P(4, B, H, 11, f, n, k)=P is defined by
P = U'ét {1, X)) 1 x; = afPif je S} © A~

1=40,s..00 ik

DEerINITION 1. A subset P< A" is said to be a k-parameter set in A™ if P=
P(A, B, H, 11, f, n, k) for some meaningful choice of these variables.

Let us consider this definition in more detail. We can write II symbolically as
follows:

So Sl Sk

We imagine that we have bunched together the elements in the blocks of the
partition II. With each i € I, we associate an element f(i) € BU H. We can write
this as

So Sy S

(@B a8 or e8]

where a,...,beB,m,...,81,..., 7 ..., 8 € H. Define [, by
a;
lo = a:z € At
a
We occasionally write elements of 4! as column vectors when this is useful for our
purposes. The preceding is shorthand notation for

So S1 Sy

(g0 Iyl - Igee- 1),
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which we can write as

SO Sl Sk
a‘]i. - a{ ai’l e agl P a’fk e agk
ag ‘e ag a’z'l e agl [N agk NN agk
a? e ai’ ai’l “ee agl “ee a?k N a?k

which, of course, is just

So S1 Sk

... b 3 TN 1 ... Tk ... [
a ay a ay a
a [ b a72’1 e agl e a’ztk agk
a -- b ai‘l e agl e ai’k e aték

Now consider an n-tuple x=(x, ..., x,) € A® formed in the following way:
So Sy S

— ] ]
x=(a,....,b afr,....alt,...,af, ..., afF),

where 1 £iy, iy, . . ., Iy <t In other words, for each i we select one of the rows in the
array beneath S;. Since each ..., §; is a permutation on A, then |P|=tk. It
follows from the definition that P is a k-parameter set in A™ iff P can be generated
by some expression of the form

SO Sl Sk
O [@- B myeeedyermmmge 8l

DErINITION 2. If P, is an /-parameter set in A", we say that Py is a k-parameter
subset of P, if P, is a k-parameter set in A” and P, is a subset of P, (with the same
A, B, H, n).

We point out here that a set of ¢t* points of 4™ may possibly have many repre-
sentations of the form (1). It is a k-parameter set, however, iff there is at least one
such representation.

For example, for any choice of a4, o3, . . ., 6, € H the set denoted by

S$1 8 S,

[o1 o2+ 04]
is just A", which is an n-parameter subset of itself.
Consider a k-parameter set P, in A", say,
So Sy Sy
Po=1[G- b myee8yc-mee 8]
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For a fixed i, 1 £i<k, choose an element B € H, and form the k-parameter set
So Sy S Sk
Pi=1[a---bm--8 --Bm---P&-emy 8]

In other words, all the f(j) for j € S; have been replaced by Bf(j).
ProposiTION 1. P, .=P;.
Proof. It is sufficient to show P, 2Py, since |Py|=|Pg| =t*. Let x € P. Then
So Si S; Sk

—_ ] n B9, 7 9]
x=(,....b aft,...,a%,....a&M",....d&%, ... adF,. .., &)

for some 157y, jo, . . ., ju S t. But af, =a, for some m since 8 € H. Also

aﬁ”i = (agl)’” = a:”‘l"

86. — (pBYoi — 0
alz‘ - (afg) t= am"
Hence,
So Sy S; S

— 0 ] S,
x=(a..,b a1 ...,a..,a5,..., a8 .., 4, . .., a%) €P,.

Therefore, P,< P, and the proof is complete.
If we premultiply by #; ! each f(j) for j € S;, then P, assumes the form

So Sy S S

Po=1[a- B8 oeveem i8-8,

where e denotes the identity element of H. We may perform this premultiplication
foreach i, 15izk.

Further, assume that for each i>0, the minimal element j of S; has f(j)=e and
this entry is written as the leftmost entry under S;. This brings P, into the form

So Sy S; S

Pk = [ﬁ...l; e"'"l—lsl"'e'""i-lsi"'e"'wk?lsk]-

This is a canonical form for k-parameter sets, in the sense of the following proposi-
tion.

PROPOSITION 2. Let
So Sy Sk
P.=PUA,B HIf,ink)y=1[G---be---y,---e--y]
So S Sk
P, =P(4, B, H 1V, ,nk)y=1[d---b e---yi---e -y,
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where these representations are in the form just described, and suppose P,,=Py. Then
M=1Il', and f=f".

Proof. For all x=(x,, ..., x,;) € Py, if j € S, then x; is constant, say c;. Of course,
the same is true for all x'=(xi,..., x;) € P;, i.e., x;=c,;. Thus, S;=S and f(j)=
S'(j) for all j € Sy=S;.

Now, supposeje S; N Si.andletj’ ¢ S; U So. FOr x=(X1, ..., Xs5 .+ ey X5y 0 ey Xn)
€ P, as x ranges over Py, the pair (x;, x;) ranges over all ¢2 pairs (a,, @;), a, a; € 4.
Therefore j and j must be in different blocks of the partition II'. Thus, if j and j’
are in different blocks of II, then they must be in different blocks of II’. By
symmetry, this implies II=1II'. By suitable relabelling, we get S;=S}, 0<i<k.

For some fixed i>0 consider S;=S]={j; <jz< - -- <J,}. By assumption, f(j)=
f'(Jy)=e. If j, j" € S; then for any x=(xy, ..., x,) € Py, the value of x; determines
the value of x;. For if x;=a, then for exactly one g, o}’ =a,

@OYyO = g, = gf»?
and
) xp = @l = (@YD) = gfDUD),
Since S;=S;, if j=j,, then by (2)
3) @D = x, = gl UG = @G o gl ),
But as x ranges over all of P, x; (=a) ranges over all of 4. (3) implies
a’® = ¢/ for all ae A.

By the definition of a permutation group (in which any two elements with the same
action are identified) we deduce f'(j)=/(j’). Finally, since j' was an arbitrary
element of S;, and i>0 was arbitrary, then f=f". This establishes the uniqueness of
representation in canonical form up to labelling the blocks S, of II, i>0, and
completes the proof of Proposition 2.

3. k-parameter subsets of an /-parameter set. We describe here the structure of
the k-parameter subsets of an /-parameter set. Let

So S1 S,
Pi=[a---be---y e -yl=P4BHIfnl)

be an /-parameter set in A" and let
So S1 Sk
Po=[d- b e-vyy---e---yi]=P,B HI,f, nk)
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be a k-parameter subset of P,. (In general, when we write P, <P,, we mean that we
are using the same A4, B, H and n.)
If x=(xy,..., x,) € P and j € S,, then x;=b for some b € B (fixed for all x € P,).
Thus xj;=5 for all xX’'=(x1, ..., x,) € P,=P,. Hence, jc S; and S,< S.

Next, suppose x'=(x1,...,x;)€ P, and j' € S5, j' ¢ So. Then j' € S; for some
i>0. Hence, for some be B, x;.=b for all x' € P,. As stated in the proof of
Proposition 2, this determines all the other values x;,, m € S;. Thus, if x. is constant,
then so is xp,, and S;=S;. We can write

Si
Pl=["' ceeo ey ...]’

and for some j
So S Sk
S

g B T I

Note. Whenever nested boldface lines are used, it indicates that the subsets
corresponding to the lower boldface lines are contained in the subsets corre-
sponding to the boldface lines directly above, e.g., in the expression above, ;< Sg.
In general, the uppermost level of boldface lines correspond to the blocks of the
partition for the k-parameter subset.

PROPOSITION 3. Suppose j, € S;, N Sy, and j, € Sy,. Then j, € S,.
Proof. Since j; and j, are in the same block of I, then for any

X =(X1s 0y Xipseeos Xjgovny Xg) EPy,

the value of x;, determines the value of x;,. But Py<P, so this is true for all
x € P,. Hence, j, and j, must be in the same block of II’, i.e., j, € Sj, as claimed.
We have shown that

So, NSy, # B = 8y, S Sg

Thus, II is a refinement of 1",
Now, consider S,, S, for which S,, S,= S}, g#r. A typical point of Py is

% s s

S, S,

b O S PN 2 S

where j; € S, j2, js € S,. For x” in Py, the value of x;, determines the value of x,,.
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Of course, for any x € P,, the value of x;, determines the value of x,,. More precisely
we have

Sq Sy
P =] € Yq e r ]
S S,
ai...a{q ag...air
_ ag...aéq ag...aér
af an ate oo azfr
and, as x ranges over P,
Sq S,

—_ e Y. € 4
X=( @y @y Aay ., A, ),

all £2 possible choices of ¥ and v will occur. On the other hand, in Py, since any value
under S, determines the values under S,, we must have

Sj
s, s,
ai’q...a‘{q ai’r...ai’r
Pk _ aié'q...af;q agragr
AN A
S;
s, s,
=1 Tq 8, Ty S, ]
S;
s, s,
=[.-- e--~1rq_15q ﬂq—l,,-r...,-,-;lb‘r ---],

where we have premultiplied the entries under S; by =7 . Since P <P, we must
have =y 18,=v, and ;7 18,=y,. Hence, we can write P, as

S5

S, S,

Pk=[... e yg oo (ﬂq—l,rr)...(,-,-‘;l,,-r-yr) ]
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Thus, in forming P, from P, we are permitted to premultiply the entries £(}), j € S,,
by some arbitrary element of H as we form II’ from II. Conversely, it is clear that
this process of premultiplication and joining blocks of II to form those of II’
always yields a k-parameter subset of P, We summarize this below.

Let P=P(4, B, H, 11, f, n, I) be an [-parameter set in A™. The general k-parameter
subset P, P, is formed as follows: Let I1' be a partition of which II is a refinement,
say, II"={Sg, S1,..., Sg} with So=S; and Sj# @, i>0. For each S;,=Sp, i>0,
choose 7, € B; for each S,¢& S, choose r; € H. Define f': I, — H U B by

S =70 jeSyi>0,
G =10 J€So.
Then P.=P(4, B, H,II',f', n, k) is a k-parameter set in A", P,<P, and all k-

parameter subsets of P, can be obtained this way (though not necessarily in canonical
form).

4. Construction of *-sets. We now give a new construction which will be es-
sential in the remainder of the paper. What we do is replace 4 by the set of images
{I§ : se AU H} and establish corresponding notation while retaining that of the
preceding section. Define

Liy={l§:acd}={a,...,a) : ac A} < A,
Ls={:beB},
Ly ={l§:0€eH}
L=L;VLly={,...,1l}c A,
For x=(xy, ..., x,) € L* o € H, we define an action of H: L* — L* by
x° = (x{,..., x3).
Similarly, define B: L* — L* by
x0=(E, ..., xD).
For all [, m € L, define the map /: L — L by
m =1
This induces a map /: L* — L* by
=@ Lx)y=0...,Delx
Finally we make the following definitions:
F=0n,.. B0, .. el
C=1L,;VUlLg C={C:ceLyulLg,
Ly ={l§ :0€H}, Lf={¥:¢eC}
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As before, we have the notation of k-parameter sets in L*. We note that the repre-
sentation of H as a permutation group on L is faithful. For L* we modify the
notation slightly by writing a k-parameter set P¥=P(L, C, H, IT*, g, n, k) as

S§ St Sit

where 5, .. ., léeLyand I3, ..., I3 € Ly (ie., m, . . ., 8o € H). Slightly expanded,
this is

S¥ S¥ SE
TS Ve
Ffe . 0d 0 mo.. foo ([ayme (B0 cee (I8)%ee - (I) %
B3 qmo.. % (B (I8 o (BB - (I30)%
(u rows) [g - g Zo... o (Ig)™.. (B3 - (5™ - - (181)%
ng. I Y N (O RREE (50 SRR (/- TR ([gn)ﬁk-

5. The map M. Wedefinea map M: L* — 24" as follows: For x=(xy, ..., X,) €
L x;=(x,...,xp)e L A, 1Zi<n, let
(x11> Xo1s ey xnl)’

M(x) = (x'12, x?z, cees x.nZ)’ < A,

(X145 Xops  + -5 Xnt)

For ScL™ we define M(S) to be Uses M(5).
Suppose

Pr=[B.. . T8Tm0. I w8 - w8
is a k-parameter set in L*. Let us examine M (P5¥).

PROPOSITION 4. If VE+# &, then M(PY¥) is the (k+1)-parameter set Py . in A"
given by

So=To* S1=V5k S2=Sik Sk+1=S1’ck

4 S
Pooy=1b---d mg---8g w8y +ov w8l
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Proof. We first show P, ., < M(P}).
Let x € P, . Then

T v Sk S
— 7 ] 7 L 7, S,
x_(b...daj:...ajg aj]}.,.ajll PO ajllcc...ajli:),

where we shall delete the commas between successive entries for notational
convenience. In P¥ we choose

S3 St Skt
T¥ VE
x¥* = (Ig NN lg [Zo. .. ]go ([gn)ﬂl .. .(]gu)% “e (]ghc)”k .o (lg’k)ok).
Thus
T v S¥ St
b---d afo-..aio a;’f...a?;. a}’,f~-~a§?’,§),
b---d aje---ad a;’lxaglx aﬂca%),

M(x*)=J M M : : M : : :
'] d )
(bood dgeal apodi o dgea),

0 ] 0,
(b.d ai’o...ato a;’%...aji N a}’:...aj}i:)

Therefore x € M(x*) and P, ., < M(P}¥).
We next show P, 2 M(P¥).
Let y* € P},

S S* S

v =B Bl Qo o By () e (Y- ()% ).

The entries under Sy and S} represent the two possible forms which might occur.
Thus,

L *
T3 v S S
(bd ai’o...a‘{o a?:...ag: agﬂq...ai"’q )’
3,
MGy*)=<(b---d a;,vo...ago a;‘:n-afg cee aia--qf% -,

(bd az’o...ago a;’pp...a‘;: ag"q...agéq )
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A typical point of M(y*) is given by

So =T¢ 81 =V¢§ Sps1 = SF Sg41 = SF

y:(b...d a;,’o...ago ‘e a;!:...ag: N a?ﬂq...agéq ...).

We see that y € P, , since the entries under each ; are of the appropriate type.
Therefore M(P¥)<P,.,. This, together with the opposite inclusion establishes
Proposition 4.

6. The commutative diagram. We come to the basic property of M. Suppose

S S* S

P¥=[B- I8 By oo m---8]
is an [-parameter set in L™ with V¥ # . Let
So=T& Sy = Vi Sy = SF Sie1 = S
Pooi=MP¥)=1[6---d m--8 m---8 - m--8]

denote the induced (/+ 1)-parameter set in 4™, Further, suppose Py, is a (k+1)-
parameter subset of P, in which T and V§* are not in the same block of the
partition for P, ;. We might write P, ,,, for example, as

S S1

TS St ST Ve S3 St

—(B...d g ) s
_Pk+1_[b...da;?ll...aji...a}";...aj;’ 770...80 0317-3...0—383...0—117711...0-11811
S2 Sk+1
% % * *
S3 ST4 53 S5

Ogmrg + -~ Ogg = -+ 014714+ + - 014814 -+ 0Ty - » 0305 -+ - 0575 - - - 0585]

where we have adjusted the group elements in S7 by choosing the premultiplying
factor of V§ to be the identity element e.

PROPOSITION 5. There exists a k-parameter subset P} of P¥ such that the following
diagram is commutative:
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Proof. Our candidate for P¥ is, of course,

So
TS = S5 Ve =S
T3 S S Vo* S3 Sty
Pr=(B BIR. . . . Pl .. .. ... g
S1=5; Sk = Ska
Sg AN Sy S¥
09779...0989...0147714...014814...02772...0-282...0-571-5... 0-585].

We check:
(i) P} is a k-parameter set in L since Sy, . .., Sy, are all nonempty,
(ii) M(P¥)=P,,, is immediate by the construction of P#,
(iii) P¥<P. This follows by inspection.
This completes the proof.

7. The main result. Before proceeding with the main result of the paper we
make a remark on terminology.

DEFINITION 3. By an r-coloring of a set X we just mean a partition of X into r
disjoint (possibly empty) classes.

Of course, the “r colors” correspond to the r classes into which X is partitioned.
In general, we shall use this “chromatic” terminology in preference to that of
partitions and classes.

THEOREM. Given A, B, H and integers k,r,t,,...,t, there exists an N=
N4, B, H k,r, ty,...,t,) such that if n=N and P,=P(A, B, H, 11, f, w, n) is any
fixed n-parameter set in A, then for any r-coloring of the k-parameter subsets of P,
there exists an i, 1 i<r, such that there is some t;-parameter subset of P, with all its
k-parameter subsets having color i.

Proof. The proof will proceed basically by double inductiononk and ¢, + - - - +1¢,.
We defer the proof for k=0 until later. For a fixed integer k = 0 assume the theorem
has been established for this k£ and all values of r, ¢4, . . ., f,. We prove the theorem
for k+1. Of course, the theorem is immediate for r=1, and it is true vacuously for
ti+---+t,=(k+1)r—1 (since in this case, for some i, t;<k+1). Henceforth we
assume that r=2, and ¢t,= k+1, and furthermore that for some p the theorem holds
when ¢, + - - - + ¢, < p. We must now prove the theorem with #;+ --- +¢,=p+1.

DEFINITION 4. Let P,=P(X, Y, G, I, f, w, m) be an m-parameter set in X,
where II is the partition {So, Sy,..., Sp}. Then for k<m and 1<i<m, an S;-
crossing k-parameter subset of P,, is a k-parameter subset P, =P(X, Y, G, Il f', w, k)
where the partition II'={Sg, S1, ..., Sk}, and S;E.S;.
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We now prove two lemmas. The first says that for large enough m, we can
extract from an (m+ 1)-parameter set an (/+ 1)-parameter set which is decomposed
into disjoint “parallel hyperplanes,” and such that the (k+ 1)-parameter subsets
which “cut across” the hyperplanes (i.e., do not lie within any of them) all have the
same color. The second lemma is the iteration of the first, and says that we can
extract such a subset with many such decompositions (in different “directions™)
with monochromatic crossing subsets.

Let L, C and the map M be as before.

LemMA 1. Let P,,,=P(4,B H,11,f,w,m+1) be an (m+1)-parameter
set in AY with partition 11={S,, Sy, ..., Sp+1}. Let 120 be an integer. If m=
N(L, C, H, k,r,1,..., 1) (I taken r times), which is meaningful by the induction
hypothesis, then for any fixed i, 1 £i<m+1, and for any r-coloring of the (k+1)-pa-
rameter subsets of Py, .., there is an Si-crossing (I+ 1)-parameter subset P, ., of P, .,
such that for.some j, 1 Zj<r, all the Si-crossing (k+ 1)-parameter subsets of P,,,
have color j.

Proof of Lemma 1. Let P} denote the m-parameter set in L* which has partition
*={S§=8, U S, SF,..., Sx} and such that M(P¥)=P,, ., (where {S}, ..., S¥}
is some relabelling of {Si,..., Si_1, Sis1,-..» Sms1}). We remark that if P is a
k-parameter subset of P, then M(P}) is an S,-crossing (k + 1)-parameter subset
of P, ., by the definition of P* and M.

The given r-coloring of the (k + 1)-parameter subsets of P,, , ; induces an r-coloring
of the k-parameter subsets of P* in the following way: P¥ is given the same color
as Py, =M(P¥). By the remark above this is a well-defined r-coloring of the k-
parameter subsets of P¥. By the choice of m, there exists an /-parameter subset
P¥< P} such that all the k-parameter subsets of Pj* have one color, say color ;.
But P, ;= M(P}¥)is an S;-crossing (/+ 1)-parameter subset of P, , ,. By Proposition
5, every S;-crossing (k+1)-parameter subset of P,,, is the image under M of a
k-parameter subset of P*. Thus, all these have color j and the lemma is proved.

At this point we find it convenient to assume that B= 4. We proceed to prove
the theorem for this case, and then, as a direct corollary (Lemma 3 below), we
establish the general result. Thus, let 4=B, and let C, H, L and M be as before.

Let P¥=P(L, C, H, IT*, f, w, m) be an m-parameter set in L* with partition
M*={TF U VF=S§, S¥,..., S¥, V§¥+# @. Then M(P¥) is an (m+ 1)-parameter
set in A%, Let P,,, be a V§-crossing (/+2)-parameter subset of M(PF),

So Sy Sa Si+2

2 Sk

Poo=1[b--dm-8 ++ omyeeeod mees +ov .28

Then P, , is the disjoint union of ¢ (/+ 1)-parameter subsets P}, ;, 1 £i<¢, none of
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which are V§-crossing subsets, defined by
S6 Si =Sy Sll+2 = Sl+2
MY S1

Ve S3*

Pi,=1[b---dao---ao® - @m.. a% qg... . 8],
DEFINITION 5. The P}, are called V§-translates of each other in P, , (or just
translates when no confusion arises).
RemaRrk 1. Let P;,, be a V§-crossing (/+2)-parameter subset of M(Py¥) with

V¥-translates P}, , as above, and let P, , be a V§¥-crossing (k +2)-parameter subset
of P, 5. Then

S5 : S§ Stva
So M S,
V§ SF
Popo=1[Bb--d - mg---8g «or a8 cor T om e e o8]
P, ., is the disjoint union of the ¢ V§-translates P}, where
So ST =982  Sk+1= Ska1
S5 ST
So Sy S,
43 St
Pioy=1[b---d--ar-- gl ..a. ... g . ..qi-..q] we-r oo o8]

We see that PL,,=P},., N P, because Pi,,=P},, and P, ,< P, 5. On the other
hand, any point in P{,; N P, ., must be in P. ., as can be checked by verifying the
inclusion properties of n-parameter sets. Thus, P}, =P},1 N Py,o.

ReMARK 2. If P, , is any (k+ 1)-parameter subset of P},,, then there is some
V§-crossing (k+2)-parameter subset of P,,, with P.o={Jio; Piya, the P,y
being V#-translates, such that P,,, =P}, ,. In particular, taking P{,; to be as in
Definition 5, P, ,,<P},, must look like

" " "
SO Sl k+1

So Sy

Ve S¥

=[5...d am 3 ; 6 a ow e e ey
Pk+1_[b...d PN a;‘O...a‘O e a;’j”}...a‘i’jj P a;g...ajg T 8]_
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Then we can take

1/ i I 24 7 "
So 1= S1 2 = S1 Sk+2 = Sk+1

S, S v S¥

pk+2=[5...3...a_;g...a_z

Moo B oy a®y w e e o8]
This choice of P, is well defined. That is, S7"=S; is the smallest set we can
choose from Sj to generate a (k+2)-parameter set which is V§-crossing and is
contained in P,,, (since any such S7" must contain S;). We shall refer to this
particular Py, as the V§-expansion of Py, y in Py o,

ReMARK 3. It should be noted that if Py, is any (k+ 1)-parameter subset of
P, ,, then either P,,, is a V-crossing (k+ 1)-parameter set or P, <P}, for
some i. This follows from the way in which the (k+ 1)-parameter subsets of P;,
must be formed.

DEFINITION 6. Let 4=B, H be as above. Let P, ., be an (m+ v)-parameter
subset of A¥ with partition {So, Sy,..., Sy V1,..., Vi}. For each i, 1Zism,
P, ., is the union of ¢ disjoint (m+v—1)-parameter subsets Pf,4yp-1)4 1SS,
which are V;-translates of each other. Let P,,; be a (k+ 1)-parameter subset of
P, ., which is V;-crossing for at least one i. Let /=m—max {i : Py, is V;-crossing}.
Then we associate with Py, the (/4 1)-tuple (/;jms jm-1»- - -»Jm-1+1), Where for
m—I<i=m we define j; by Py, SP%,,_, .. (For /=0 we get merely (0).) We call
this the signature of Py .. in Py, with respect to (Vi, Vs, ..., Vy). An r-coloring
of the (k+ 1)-parameter subsets of P, ., will be called a (V;, Vs, . .., Vy)-coloring
if the colors of all (k+ 1)-parameter subsets with the same signature are the same.

We next present an iterated form of Lemma 1. For arbitrary positive integers m
and v, define the integers v;, 1 £i<m, as follows:

U = N(L: 69 H9 k9 rtm-ls Uy.ooy U),
Uy = N(Ls 69 H’ks rtm-z, 171+1,.. 'svl+1)s

041 =N, C, H, k,r™ " o+1,...,0+1),

v = N(L,C, H k,r®, vy,_1+1,...,0,_1+1).

LeMMA 2. Let m and v be positive integers, let A=B. Let P,=P(A4, B, H, 11, f, w, x)
be an x-parameter set in AY with x2v,. Suppose the (k+ 1)-parameter subsets
of P, are r-colored. Then P, contains an (m-+v)-parameter subset P, . ,, with parti-
tion {So, S1, ..., Sy Vi,..., Vi}, such that the r-coloring restricted to Py, ., is a
(Vs Vo1, - - -5 V1)-coloring.

Proof. We remark first that if m=1, this lemma asserts that there is a P,
such that all of its V;-crossing P, ; have one color. This is just the conclusion of
Lemma 1.

Assume, then, that Lemma 2 is true for m— 1. We show that it is true for m. Let
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Un-1=Up, ..., U1=0U,, 0'=0;+1. Then, by induction, there is some (m—1 +v')-
parameter subset P, .,SP,, with partition {S;, S7,..., oyt 1> Viseoos Vo1
such that P, ., is (Vp-1, ..., Vi)-colored.

Let(P]+v,-1,1), 1=j<t,be V{-translates in P, . .. Let P, ,; =3t (Prsv,-1,)-
This is a (v, + 1)-parameter subset of P, ., with partition {S; U V] U---U V,_,,
St vs Sy 41} Let Py be a (k+1)-parameter subset of P, .1, and let P, ., be the
V{-expansion of the ¥;-expansion of - - - of the ¥}, _;-expansion of P, . Then for
each choice of (ji, .., /n-1)s Prsm O T (PYiv,-1) is a (k+1)-parameter
subset. This (k+ 1)-parameter subset has some color. Thus, for each P, in
P,, +, there is a color associated with each of the ™~ choices of the j;’s. Using this,
we can recolor the (k + 1)-parameter subsets of P, ., by letting two of them have
the same new color if and only if for each choice of the j’s the associated (old)
color is the same. This is an r*" " '-coloring of the (k 4+ 1)-parameter subsets of Py 1.

By the choice of v;, and by Lemma I, there is some (v+1)-parameter subset
P, 1SP,, 1, With partition {Sg, Sy, ..., S,, V1}, such that all V,-crossing (k+1)-
parameter subsets of P, ., have the same new color. Let P, ., be the V{-expansion
of the Vj-expansion of ... of the V,,_;-expansion of P, ;. By iteration of Remark
2, every (k+1)-parameter subset of P,,, which is not V{-crossing for any i,
1=i=m~—1, is in the Vi-expansion of ... of the ¥, _;-expansion of some (k+ 1)-
parameter subset of P, ;. By the definition of the new coloring, and the choice of
Py, .., any (k+1)-parameter subset of P,., which is ¥,-crossing but not V-
crossing for any i, 1 £i<m—1, has its (old) color determined only by its corre-
sponding j;’s (i.e., its signature with respect to (V5, ..., Vi_1)).

If Vo=Vi,..., Vo=Vn_1, then this says that if P,,, is a (k+ 1)-parameter
subset of P, ., which is ¥;-crossing but not V;-crossing for any i> 1, then the (old)
color of Py, is determined by its signature with respect to (V7,. .., ¥,). On the
other hand, since P, ., is (¥V1,..., Vy-q)-colored, any P, 1S Pn+vS Py 4oy, SUCh
that P, is Vi-crossing for some i>1 (i.e., ¥/_,-crossing), has its (old) color
determined only by its signature. Thus P,.,, with partition {S,, Si,..., S,
Vi Voo oo oy Vids is (V1 . . ., V)-colored, and the lemma is proved.

We are now ready to complete the proof of the induction step for the case of
B=4.

Let v=max;sis, N4, B, Hyk+1,r, ty,...,t;—1,...,1), z=(51), m=
N(4, B, H,0,r%,1,1,...,1), and let vy, v,, . . ., v, be as previously defined. Then
we assert that it is sufficient to choose N(4, B, H, k+1,r,t,,...,t)=0,.

To prove this, let P, < A4* be a v,-parameter subset of 4%, and suppose all the
(k+1)-parameter subsets of P, are r-colored. By Lemma 2, there is an (m+v)-
parameter subset of P, Py,

SO S 1 Sv Vl Vm

Posp=1[b-Cmy -8 v mye-8ymioom oo Tmer )
which is (V3, ..., Vy)-colored.
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We consider the v-parameter subsets of P, ,, defined by

St Si =S8 Sy =S,

So v, Vo

Pv(il,”’,l‘m)z[b...éa"‘]].....a;'} RN a'i”r'nl...a?:‘l 77-1...81 oo 77-”...8”].

Let P.,, and Py, be (k+1)-parameter subsets with Py, <P,3,,...,i,) and
P <P(j1,...,jm) We say P,,; and P, are associated with respect to
Vi, ..., Vp) if they are of the form

So ST Sk +1
A '

SO Vl Vm
Pk+1=[5~~éa_§§~~ a_;',;'; Y TR

and
So ST k1
So

So vy v,

PL+1=[5--'5E“~ ,7;:7;' R T TEERN

(i.e., P; ., differs from P, ., only in that i,, ..., i, have been replaced by ji, . . ., jm
respectively, and everything else is unchanged).

A v-parameter subset of P, ,, has some number of (k+1)-parameter subsets,
which is at most z=(u11). The r-coloring of (k+ 1)-parameter subsets induces a
coloring of the Py, ..., i,) (with at most r# colors) as follows: two such sets
Pi,..., i, and Pyjy, ..., J,) have the same color if and only if each pair of
associated (k+ 1)-parameter subsets Py, SP,(iy, ..., In) and Py 1S P(ji, - - s Jm)
have the same color.

Now let P, be the following m-parameter subset of P, ;,:

So S1=V, Sn="Vn

SO Sl Sv

—(G...a - .. T
Pm__[b...c ’1‘1...a11 e af{v...alv L ZERRY PRI Tm""')m]'

Each of the ™ subsets P,(iy, . .., i) contains exactly one point of P,, and this
clearly exhausts the #™ points of P,. Color the points of P, according to the rule
that P, N P(iy,..., i, and P, N P(j,...,Jjn) have the same color if and only
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if Py(iy, ..., i) and Pyjy,.. ., iy) have the same color. Thus, the O-parameter sets
of P, are r*colored.

Now by the theorem for the case k=0, ¢, =---=t,=1 (which we have not yet
proved) and the choice of m, P,, contains a one-parameter set P,

Sgll S;’_”

S v, V;

Plz[b...a‘]j_va;:...aal cee OyTi O ...]’

such that all of its 0-parameter subsets have the same color. Then by the construction
of this coloring, the (v+ 1)-parameter subset P, , 1,

5) — 5) ___ 5) . Qm
S§ P =8, SP =S, S = S

So Vi
Pu+1=[b"'5t11,'"'a?,’ R FREEE TR, S W, £ I £ R

has the property that all of the ¢ P,(i,, .. ., i,,) contained in it have the same color.
Let these be called P, ..., P!. These are S7-translates of each other.

By the definition of the coloring of the P,(i,, .. ., i,), this means that if P}, is
any (k+ 1)-parameter subset of P} for some j, and if P, . , is its S7’-expansion, then
PL.,=P, ., N P} all have the same color, 1 i<t

Since P, 1S P,y and all the S7-crossing (k+ 1)-parameter subsets have the
same signature with respect to (Vy,..., V), then all these (k- 1)-parameter
subsets have the same color, say color j. By choice of v, P} has either a t,-parameter
subset all of whose (k- 1)-parameter subsets have color 1, or a #,-parameter
subset all of whose (k+ 1)-parameter subsets have color 2, or ..., or a (¢;—1)-
parameter subset all of whose (k4 1)-parameter subsets have color j, or ..., or a
t-parameter subset all of whose (k4 1)-parameter subsets have color r.

Suppose P, _; is a (t,—1)-parameter subset of P} with all its (k+ 1)-parameter
subsets having color j. Let P, be the S7-expansion of P, _,. Then all the (k+ 1)-
parameter subsets of P, N P; have color j, 1=i<t. Since P, SP,,y, all the S7"-
crossing (k + 1)-parameter subsets also have color j. By Remark 3, this accounts for
all (k +1)-parameter subsets of P,.. So Py, is a t;-parameter subset of P, ,; S P, ., all
of whose (k+ 1)-parameter subsets have color j. The alternative to this is the exist-
ence of a t-paramter subset of PSP, , S P, ,, all of whose (k-+ 1)-parameter
subsets have color i, i#j. This is precisely what we wished to obtain, and the
induction step is completed for B=A4.

LemMA 3. If the theorem is true for A, B=A, H and integers y,r, t,, ..., t,, then
it is true for A, B, H, y, r, t,, ..., t,, where B is any nonempty subset of A.
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Proof. Let o #B< 4. For each integer x we say that an x-parameter subset
P(4, 4, H, 11, f, n, x) is of type A, and that P(4, B, H, I1, f, n, x) is of type B. Let
b be some fixed arbitrary element of B. Then if

So S8 S

Po=[a--dm--r o -..8]

is an x-parameter subset of type A, we can associate with it an x-parameter subset
of type B, namely

So Sy Sy
Po=[b---bme-r +-r ---8]

Now if all the y-parameter subsets of type B are r-colored, then this induces an
r-coloring of the y-parameter subsets of type A by the rule that a subset P, of type
A gets the same color as P,, which is of type B.

If the theorem is true for subsets of type A, then for n sufficiently large we can
find for some i a t;-parameter subset (of type A), P, all of whose y-parameter
subsets have color i. Then Pj, is a t-parameter subset of type B. All of its y-
parameter subsets are of the form Py where P, is a y-parameter subset of P;,. Thus
Py, is the desired subset. This proves the lemma. (See essentially the same argument
in [11])

With this lemma the induction step of the theorem is completed. The entire
proof will be completed when we establish the case k=0. To do this some notation
and a preliminary lemma are needed. We shall write elements (a;,, @;,, . . ., a;)) € A
in the form (a;,a, - - - @;), i.e., without commas. Further, we shall denote certain
blocks of consecutive entries of an n-tuple by a single symbol, e.g.,
(X145, X0a;, - - - a;, X 1), where each X=X Xeg -« - X, € A™ for some 7
(possibly n, =0, in which case X, is empty).

LeMMA 4. Let A={ay,...,a} be a finite set with t=1. Then for any positive
integer r there exists an integer N(r, t) such that if n= N(r, t) and the elements of A™
are r-colored, then we can find a set of t elements of A™ of the form

X(l) = (Xlainat“-a,-Xd), 1 é i é t,

where d=2 (i.e., the variable a; occurs at least once in X(i)), all of which have the
same color.

Proof. A proof of this result can be found in [5]. The proof we give is direct and
more in the spirit of the preceding arguments. The proof proceeds by induction
on t. The theorem holds for =1 and any r by taking N(r, 1)=1. Assume that for
some ¢ = 2 the lemma has been proved for all values of |4| <¢. Let A={a,,.. ., a},
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A'=A—{a;}, and suppose the elements of 4" are r-colored where n2c¢,+c¢,_;+
<+« ¢y with

¢ = N(r,t—1),
Cro1 = N(rtc" t_l);

Crog = N7 1=1),
e = N7 1),

ey = N 702 r—1).

Write A™ as A%t *cax A*~ @+t The original r-coloring of A" induces an
rt" " coloring of Am =@t +ep a5 follows: For x, y € A"~@*+%) x and y have
the same “new” color iff for each point z € 4%+ *°2, {z} x {x} and {z} x {y} have the
same original color. This in turn determines an r* "
(4=t Since

*2_coloring of

n—((,‘r-l- . +C2) g Cl — N(rtcy+-.-+cz’ t*—l)

then by the induction hypothesis there exist £—1 points of (4")*~r* " +o2),
X1()) = (X4 X100 - - - atXml), 1=2i<y,

all of which have the same ““new” color. By the definition of the “new” colors, for
any choice of Y e A% **¢ all the t—1 points ¥ x X;(i) € 4", 1 £i<t, have the
same original color.

Next, writing A%+ 2 x {X,(1)} as A%+ "+ x A% x{X,(1)}, the original r-
coloring of A™ induces an r***"*“-coloring of 4° as follows: For x, y € A%, x and
y have the same “newer” color iff for each point z € A% **%, {z} x {x} x X (1) and

{z} x{y}x X;(1) have the same original color. As before, this determines an
cr+eetog . , .
¢ -coloring of (A")°2< A%, Since

ce = N0 1 —1),
then, by the induction hypothesis, there exist —1 points of (4")°,
Xo(i) = (X210 X200, « - - 0, X3g,), 1=i<y,

all of which have the same ‘“newer’ color. By the definition of the “newer”
colors, for any choice of Y e A%+ *¢, all the t—1 points Y x Xy(iy) x X3(1),
1 £i,<t, have the same original color. Hence, all the (¢—1)2 points ¥ x X,(is) x
X1(iy), 1214y, iz <t, have the same color.

In general, repeating this procedure, we obtain at the kth step

X(i) = (Xu@i Xiotty -+ - a1 X3q,), l=si<y,



1971] RAMSEY’S THEOREM FOR r-PARAMETER SETS 279

where X,(i) € 4%. For any choice of Y e 4% %" *%+1, all the (¢—1)* points in 4"
of the form

YX Xk(ik)x ree X Xz(iz)x Xl(il), 1 é il’ i2, c ey ik < t,

have the same original color. Finally, taking k=r (in which case Y is empty), we
consider the ¢” points of 4",

X)) x -+ x Xo(Jo) X X1(j), l=jest,12k=sr
These have the property that for each u the original color of the point
) X% s X Xyw1(ur 1) X Xy(8) % - - - x X1(6h)
is independent of the choice of iy for 1<i.<t. The set of r+ 1 points
X, =X ()% - x Xy 110 x X,(1)x - - - x Xy(1), 0Zucsr

must contain a pair of points with the same color (by the pigeon-hole principle!),
say X, and X, A>/A’. Finally, consider the ¢ points

X(@) = X)) x -+ X Xy 1(8) X Xp(0) X -+ X X 1(0) X X)X - - - x Xo(1),

1=sis.

For 1 i<, all the points X(7) have the same color as that of X, (by (5)). On the
other hand, X(¢)= X, which by the choice of 4’ has the same color as that of Xj,.
Thus, all the points X (i), 1<i=<t, have the same color. We have shown that the
lemma holds for the choice N(r, t)=c,+¢,_;+ - - - +¢;. This completes the proof
of the induction step and the lemma is proved.

We extend this special case to the complete statement of the theorem for k=0
in several steps, which follow.

Suppose now that #=2 and /= 1. We can apply the preceding lemma to the set
A" instead of 4 in a straightforward manner to obtain the result that if
n2IN(r, ') and the points of 4™ are r-colored, then there exists a set of ¢! points of
the form

(Xlailaiz' /7. €% 7N AR a; ---a;,a;,- - ai,Xd) €4,

154, 1y, ..., [;=t, all of which have the same color.

The reader will notice that this set of #! points is nothing other than an /-parameter
set P,)=P(4, B, H, 11, f,n, ) in A" with H={e}, B=A (i.e., all constant maps are
allowed) and II and f appropriately defined. Further, the O-parameter subsets of
P, are just the points of P,, so that P, has all its O-parameter sets the same color.

We immediately extend the result to the case where B is not necessarily equal to
A by invoking Lemma 3 with y=0.
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Next, the extension to an arbitrary permutation group H: 4 — 4 (instead of
H={e}) is immediate since the choice of H does not affect the O-parameter subsets
of an [-parameter set (which always has just |B|! 0-parameter subsets).

Finally, we must consider the situation in which the initial n-parameter set 4" is
replaced by a fixed arbitrary n-parameter set P, in A (for some fixed w). This is
immediate, however, since the obvious map from the points of P, to the points of
A" induces a one-to-one map on their respective k-parameter subsets, for each %,
and preserves inclusion both ways.

Thus, we have seen that if n2IN(r, t'), and the O-parameter subsets of an n-
parameter set P,< A" (for some fixed w) are r-colored, then there exists an /-
parameter set P, in P, such that all the O-parameter subsets of P, have one color.
This is just the statement of the case k=0, t; = - - - =¢,=1, which, since /is arbitrary,
clearly implies the theorem for k=0. With this fact, the proof of the theorem is
completed.

8. Consequences of the theorem. In this section we present several corollaries
to the theorem, the most well known of these being the theorems of van der
Waerden (Corollary 8) and of Ramsey (Corollary 11). Other corollaries are new,
in particular, the results for affine and vector spaces, which we present first.

COROLLARY 1. Let I, r be positive integers, F=GF(q) a finite field and k=0 or 1.
Then there is an integer N=N(q, r, I, k) depending only on q, r, I, and k, with the
Jollowing property: If A is an affine space over F of dimension n= N, and if all the
k-dimensional affine subspaces of A are r-colored in any way, then there is some I-

dimensional affine subspace of A with all of its k-dimensional affine subspaces having
one color.

Proof. We prove this by applying the theorem to the case in which 4=GF(q)=
{O, 1, gy ..., aq}, B=A, t1=t2= e =tf=l, a,nd

H = {o:forsomea beF,a+ 0,andall ye F, 0: y - ay+b},

the affine group. All we need to show here is that all x-parameter subsets are x-
dimensional affine subspaces of A"=F", and thatfor k=0 or 1, al/ the k-dimensional
affine subspaces are in fact k-parameter subsets. For once we know this, we can
apply the theorem with n=2 N(4, B, H, k, r, t1, ..., t,)=N(q, r, |, k) to deduce the
desired result. Thus, if an /-parameter set has all its k-parameter sets one color,
this is actually an /~-dimensional affine subspace with all of its k-dimensional affine
subspaces having one color, as required.
First, then, let
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Suppose that for all y € F we have
yi=cyta,

Y =d y+by,
Vi = Cpy+ay,

yo" = dxy+bx'
Define x+1 vectors as follows:

SO S1 Sx

Uo=(a,...,b, al,...,bl,...,ax,...,bx)

So Sy Sq S
171=(0,...,0Cl,...,dlo,...,o e 0,...,0)
So Sl Sx—l Sx
v, =(0,...,00,...,0 -+ 0,...,0 ¢yy...,dy).

Then
P, = {vo+tovy+ - ta0,ag,..., 0. €F},

an x-dimensional affine subspace of F".

Now any n-tuple, or point, of F* is both a 0-dimensional affine subspace and a
O-parameter subset, since B=A=F here. Thus all 0-dimensional affine subspaces
are O-parameter sets.

Finally, let 4, be a 1-dimensional affine subspace of F™. Then for some vectors
u=y,...,u,) and v=(vy,...,0,), Ai={ut+av:acF}. Let Si={,...,I}=
{i : v;#0}, and So={jy,. .., n}={i : v,=0}. Then

So S1

A, = [1411 s Uy Tyt ”i,,]
where the maps =, are defined, for i€ S, by =;: x > v;x+u;. Hence 4, is a 1-
parameter subset of F*. Thus, all 1-dimensional affine subspaces are 1-parameter
sets. This completes the proof of the corollary.

COROLLARY 2. Let I, r be positive integers, F=GF(q) a finite field and k=0 or 1.
Then there is a number N'=N'(q, r, I, k), depending only on q, r, I, and k; with the
following property: If V is an n-dimensional vector space over F with nz N', and if
the k-dimensional vector subspaces of V are r-colored in any way, then there is
an I-dimensional vector subspace of V with all of its k-dimensional vector subspaces
having one color.



282 R. L. GRAHAM AND B. L. ROTHSCHILD [September

Proof. We prove this by applying the theorem to the case where 4A=F, B={0},
ti=ty=---=t,=I[, and H={o:for some a#0 in F, o=ay for all ye F}, the
multiplicative group of F. Again, what we have to show is that any x-parameter
set is an x-dimensional subspace, and that any 0- or 1-dimensional subspace is a
0- or 1-parameter set, respectively. As before, we can then apply the theorem with
n=N(A, B, H k,rt,...,.t,)=N'(q, 1,1, k) to obtain the required result. Let P,
be an x-parameter set. Then

So S, S,
P,=[00---0m---8 - mp---8,]
Suppose
yﬂ1 = cly,
y61 = dly’
Y = Cy),
Vo =d.y.

Let x vectors be defined by
So Sl S2 S x

U1 =(0,...,0, Cl,...,dl, 0,...,0,...,0,...,0)

So S1 Sx—l Sx

e =0(0,...,0,0,...,0,...,0,...,0, cp, ..., dy).

Then P,={c;0,+ - +eau, : @y, ..., e, € F}. So P, is an x-dimensional vector
subspace.

There is only one 0-dimensional subspace of ¥, namely {(0, 0, . . ., 0)}, and this
is a O-parameter subset. If 7, is a 1-dimensional subspace, then for some vector
W1,y ...,0), Vi={vy,...,0,) s € F}. Let S;={i,..., ;}={i : v;#0}, and Sp=
{1,2,...,n}—S:. Then

So AY

V;=100---0 77’11"‘7"1,],
m:x—>vx for all xe F, and V, is a l-parameter set. Thus all 1-dimensional
subspaces are 1-parameter sets, and the corollary is proved.

ReMaRrk. The last corollary (Rota’s conjecture for k=0, 1) is also true for k=2.
This result is not a direct corollary of the theorem, but follows from Corollary 1
by an inductive argument which can be found in [3], [11]. That argument, in fact,
shows that if the affine statement is true for some fixed k, and all g, r, /, then
Rota’s conjecture is true for k+1, and all g, r, /.
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We have established the affine analogue to Ramsey’s Theorem for the 0- and
1-dimensional cases (k =0, 1) in Corollary 1 above by choosing objects 4, Band H
appropriately and applying the theorem to the resulting n-parameter sets. These
same choices, however, do not yield the corresponding higher dimensional cases
(k=2) of the affine analogue. What we obtain instead is a theorem about some but
not all of the affine subspaces of an affine space. We illustrate with an example.

Let 4 be the field of two elements, B=A4, and H the affine group defined in the
proof of Corollary 1. Then, as we observed in the proof of Corollary 1, the 0-
parameter subsets of A" are precisely the 0-dimensional affine subspaces of A",
and the 1-parameter subsets of A" are precisely the 1-dimensional affine subspaces
of A". Furthermore, all the k-parameter subsets of 4™, even for k=2, are k-
dimensional affine subspaces of A". The difficulty in extending the results arises
from the fact that not all of the k-dimensional affine subspaces, k=2, are k-
parameter subsets.

Consider, for example, the 2-dimensional affine subspace of 4™ defined by
S={«(1,1,0,...,0)+8(0,1,1,0,...,0) : «, Be A4}. This has four points in it:
©,1,1,0,...,0, (1,1,0,0,...,0), (1,0,1,0,...,0), (0,0,0,0,...,0). It is
clear that there is no way to partition the coordinates so that these four points can
be represented in the usual way as a 2-parameter subset.

The trouble in the 2-dimensional case illustrated by this example is common to
all the higher dimensional cases over all fields. Namely, our concept of k-parameter
set requires a partitioning of the coordinates of A" into k+1 disjoint subsets,
whereas a basis for a k-dimensional subspace need not arise from such a partition.
This problem also arises in the projective analogue. The disjointness of the co-
ordinates in the “parameters,” S;, was essential in the induction step of the proof
of the theorem. Any overlapping of the S; would require some sort of rule for
combining the overlapping entries, which in turn would have to be consistent with
a similar rule in the *-sets, where overlapping would also occur.

COROLLARY 3. Given integers [ and r, there exists an integer N(I, r) such that if S
is a finite set with |S| 2= N(l, r) and the subsets of S are r-colored, then there exist |
disjoint nonempty subsets Si,..., S, of S such that all 2'—1 unions \J;e; S;
g #J<{1,2,...,1}, have one color.

Proof. In the theorem, let A={0, 1}, B={0}, H={e}, k=1, t,=t,=---=t,=1
and P,= A" Then we conclude that if n=N(4, B, H, k,r, t,...,t)=N(,r), and
if the 1-parameter sets in A" are r-colored, then there exists an /-parameter set P,
in A" all of whose 1-parameter subsets have one color. Let S={1, 2, ..., n}, and
with each nonempty subset X< .S associate an element /(X)=(ay,...,a,) € A" in
the following way:

a1=1 ifieX,

a; = 0 otherwise.
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Note that not all the g, are 0. However, with each nonzero point (ay, . . ., a,) e A"
we can associate the 1-parameter set {(0,0, ..., 0), (a1, as, . . ., @,)} in A™. Hence,
any r-coloring of the nonempty subsets of § induces a natural r-coloring of the
1-parameter subsets of 4™. Since n2 N(/, r) then, as mentioned at the beginning of
the proof, there exists an /-parameter set P, in 4" all of whose 1-parameter sets
have one color. Let [1={S,, S, ..., S} be the partition of {1, 2, .. ., n} associated
with P,. The important fact to notice here is that not only is A(S;) € P, for any
i>0, but, in fact, by the definition of an I-parameter set, #(X) € P, for any
X=U;; S5 o#J<{1,2,...,1}. Thus, all 2'—1 of the subsets Ujer S5 g #JS
{1,2,..., I}, correspond to the 1-parameter subsets of P, which by the conclusion
of the theorem all have one color. Finally, since the color of any I-parameter set
in A" was just that of its associated subset of S, then all the subsets (,c; S;,
g#J={1,2,..., 1}, have the same color. This proves the corollary.

CoOROLLARY 4 (J. FOLKMAN [1], R. RADO [9], J. SANDERS [13]). Given integers |
and r, there exists an integer N'(I, r) such that if n2 N'(l, r) and the positive integers
Sn are r-colored then there exist | integers a,...,a, such that all the sums
{Ji=1&a; : &=0 or 1, not all &;=0} have one color.

Proof. Let 2 map the binary n-tuples x=(x, . . ., x,) € {0, 1}* into the integers by
h(x)=27-, x,2'"*. A direct application of Corollary 3 with n=N'(l, r)=2V¢D
shows that for any r-coloring of the binary n-tuples (i.e., integers <2") we can find /
binary n-tuples (i.e., /integers) x, . . ., x® such that x{- x?=0for all ;, jand k (i.e.,
the powers of 2 used in the dyadic expansions of A(x®), .. ., A(x®) are all distinct)
and all 2'—1 componentwise sums {>,.; x : g #J<={1,2,...,I} (ie., all 2!—1
sums {>}-; &A(x®) : £=0 or 1, not all ¢;=0}) have the same color. This proves the
corollary.

The case /=2 of Corollary 4 was first proved by Schur [14]. Corollary 4 is
actually a special case of Corollary 6 below.

COROLLARY 5. Given integers I, r, there exists an integer N"(l, r) such that if G
is any group with |G| 2 N"(l, r), and if the elements of G are r-colored, then there
exist I elements a,. .., a; in G such that all the products a;,ay, - - - @, have one color
Jor all j=1 and all choices of distinct iy, . . ., i;in{1,2,...,1}.

Proof. For each finite group G let 4(G) be the size of the largest abelian sub-
group of G. Let m(n)=min g _, A(G). Then it is known [6] that m(n) — o as
n — 0. That is, every large group has a large abelian subgroup. Thus it is sufficient
to establish Corollary 5 for abelian groups.

Let 4 be an abelian group of order at least (N'(, r)— )®®D=D 11 where
N(l, r)is the number guaranteed in Corollary 3 above, and N'(J, r) is from Corollary
4. Let the elements of 4 be r-colored. Since 4 is the product of cyclic groups, say
A=Z; x---xZ,,, where i;is the order of Z, , then either M2 N(, r) or ;,2 N'(l, r)
for some ;. In this latter case we can apply Corollary 4 to the cyclic group Z, of
order i; and obtain / elements a;, . . ., a,, satisfying the conclusion of Corollary 5.
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On the other hand, suppose M=N(/,r). Let gi,..., gy be the generators
respectively of the cyclic subgroups Z, , . . ., Z;,,. We associate with each subset of
{g; : 1 £i= M} the color of the product of its members. By Corollary 3 there must
be / disjoint subsets whose unions all have the same color. This means that there
are / products h;, 1 <7</, of the g;, no two with a common factor, such that all
the products 4, - - - hy,, for 1 <k </ and for any choice of the ji, ..., ji, have the
same color. This completes the proof of Corollary 5.

It is interesting to note that the corresponding result for finite semigroups is
false. For consider the semigroup S with n elements, including 0, such that ab=0
for all a, b € S. Then if we color 0 one color and all the other elements of S another
color, we clearly cannot find even two elements a, b such that a, b and ab are all the
same color.

COROLLARY 6. Let L =Ly(xq,...,xn), 1Si<h, be a system of homogeneous
linear equations with real coefficients with the property that for each j, 1 £j<m, there
exists a solution (ey, . . ., &,) to the system & with e,=0 or 1 and ¢;=1. Then given
an integer r there exists an integer N(r) such that if n= N(r) and the positive integers
<n are r-colored, then £ can be solved with integers having one color.

Proof. Let E;=(s&;, &0, . . -, &im), 1 Si<m, be solutions to the system £ with
e;=0o0r 1 and e;=1. As in Corollary 4 we choose N(r)=2%™" For n=N(r)
any r-coloring of the positive integers <n induces a coloring of the (nonzero)
binary N(m, r)-tuples of {0, 1} which, by the arguments of the preceding
corollaries and the choice of n, implies that there exists an m-parameter set P, with
A={0, 1}, B={0}, H={e} and such that all 2™ —1 nonzero points of P, have one
color. Thus, the points ¢; given by

C; = (0,...,0, Efige o9 E1is ooy 81'1'3""8]'1'3""€mi,""€mi)

for 1 £i<m, all have the same color. As before, reinterpreting these n-tuples as
integers written to the base 2, the hypothesis that £ is homogeneous and linear
together with the definition of the ¢; show that (cy, ..., ¢,) Is a monochromatic
solution of £ This proves the corollary.

Corollary 6 is similar to the important results of R. Rado [8].

By a multigrade of order m we mean two disjoint sets of integers {¢; : 1 £i<n},
{d; : 1 £i=n} such that

zncf = id{‘ fork=1,2,...,m.
=1 i=1

i

This is denoted by

m
Cl,...,Cn=d1,...,dn.
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Since {ac;+b:1ZiZn}, {adi+b:1=<i<n} is a multigrade of order m if
{c; : 12i<n}, {d; : 1<i=<n} s, then a straightforward application of the theorem
along the lines used in the preceding corollaries yields

COROLLARY 7. If the multigrade equations

(*) X1,---,xn-ﬂ'J’1,---,yn

have any integer solution (which always happens, for example, if n22"~1), then for
any r-coloring of the positive integers, () always has a solution in integers having one
color.

COROLLARY 8 (VAN DER WAERDEN [6], [14]). Given integers t and r, there exists an
integer M(t,r) such that if n= M(t,r) and the nonnegative integers <n are ar-
bitrarily r-colored, then there must exist a monochromatic arithmetic progression of
length t.

Proof. We apply the theorem to the case 4={0,1,...,¢—1}, B=4, H={e},
k=0,t,=---=t,=1land P,=A" Let N=N(4, B, H, k,r, t,, ..., t,), let M(t,r)=
t¥ and choose n= M(t, r). By writing any integer j, 0<j< M(¢, r) in the form
j=2r¢ eut’, 0S¢y <t (ie., to the base ¢), we have a one-to-one correspondence
between the integers j, 0= j< M (¢,r), and elements of A¥ given by j«>(cjo, . - ., Cjn—1)-
Hence, an r-coloring of the integers {0, 1,..., n—1} induces an r-coloring of the
elements of 4" (where we ignore the integers = M (z, r)). Since all these elements of
A¥ are O-parameter sets of 4” then by the choice of N, the theorem guarantees the
existence of a 1-parameter set

So S1 So Sl

P1=[d-..5 77-1...81]=[d...5 e...e]

So S1 So Sl

a--b 0 - 0 @...b, 0 ,..., 0),
_a-p 1 @b 1, ),

@b te1--1—1 @... b t=1,...,t—1)

all of whose O-parameter sets (=points) have one color. But the 7 points of P,
{(shown above) certainly correspond to ¢ integers which lie in an arithmetic
progression (since S; # @ ). This proves the corollary.

This result is implied by the stronger

COROLLARY 9 (HALES-JEWETT [5]). Let A={a,, ..., a} be a finite set. Given an

integer r there exists an integer N(r, t) such that if n=N(r, t) and the set A™ is r-
colored then there exists a set of t elements of A™ of the form

Xi = (x11,~~~,x1u, iy X215 - - o5 Xogy Qiy -« 5 Gy xdl,"~,xdz)eAn, 1 = i é t’

all of which have the same color.
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Proof. This result is a special case of the theorem in which 4={a,,...,a},
B=A4, H={e}, k=0and t;=---=¢,=1 (also, see Lemma 3).

We remark that the elegant derivation of van der Waerden’s Theorem from
Corollary 9 given in [5] is essentially different from the one given here.

The next corollary is a Ramsey theorem for partitions of a finite set with the
ordering on the partitions inverted from the usual ordering. For the usual ordering
(I <" if IT is a refinement of I1") a Ramsey theorem is trivially true:

For integers k, /, r, and any r-coloring of the partitions of any sufficiently large
set S, |.S| =n, there is a partition IT with n— I blocks with all partitions 11’ < IT with
n—k blocks having the same color.

The proof is simply the observation that the lattice of refinements of the par-
tition II: {1,2},{3,4},..., 2m—1,2m}, 2m+1}, 2m+2}, ..., {n} is isomorphic
to the lattice of subsets of a set of m elements, and is a lower ideal in the lattice of
partitions of S. Then Ramsey’s Theorem (for subsets) can be invoked.

For the inverted ordering, we define IT" 21T if I1 is a refinement of IT".

COROLLARY 10. Given integers k, I, r, there exists an integer M(k, I, r) such that
if nz Mk, I, r), and the partitions of a set of n elements into k blocks are r-colored,
then there is a partition into | blocks, 11, with all partitions 11' 211 with k blocks
having the same color.

Proof. Let 4={0, 1}, B={0}, H={e}. Let S,={1}, $;={2},..., S,-1={n}, and
let

So S S

P,_,=[0 e --- el

By the choice of 4, B and H, the x-parameter subsets of P,_, are determined
exactly by their corresponding partitions Il. The subset P,, with partition II, is
contained in the subset P,, with partition I1’ if and only if I1 Z211". Thus, applying
the theorem to this case produces the desired result. We just let

Mk, I,r) = N(4, B,H, k—1,r,1—-1,...,I-1)+1.

We remark that these results on partitions of sets have analogues for partitions
of integers which can be derived from the above by associating each set with its
cardinality.

CoroLLARY 11 (RAMSEY’s THEOREM). Given positive integers k, I, r there exists
an integer Ny =Ny(k, I, r) such that if n= N, and the k-subsets of an n-set M, are
r-colored, then all the k-subsets of some l-set M, < M, have the same color.

Proof. As in Corollary 10, let 4={0, 1}, B={0} and H={e}. Let N, =N,(k, [, r)
=N(4, B, H, k,r,1,..., 1) of the theorem. It is sufficient to establish the result for
the set X={1,2,..., N;}. Assume the k-subsets of X have been r-colored. This
induces an r-coloring of the k-parameter subsets of the N;-parameter set A as
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follows: For a k-parameter subset P, < 4": with partition [1={S,, Sy, ..., S;} let
m; denote the minimal element of S;, 1<i<k, and let M, ={my, m,, ..., my};
assign to P, the color of the k-set M,. This is a well-defined coloring of all the
k-parameter subsets of 4¥:. By the definition of N,, there exists an /-parameter set
P, with all its k-parameter subsets having one color. In particular, if the partition
for Pis II'={Ty, Ty, ..., T} and M,={my, ..., m;} where m; is the minimal element
of T}, then for any k-subset M, ={mi,, ..., m,}< M, the color of M, is the same
asthecolor of the k-parameter subset P,< P, which has partition Il ={T¢, T} , . . ., T, }
with To¢={1,2,..., N\}—Uk, T, - Since all of these P, have the same color, then
all k-subsets of M, have the same color and the corollary is proved.

We conclude with a final (stronger) application of the theorem.

Let C,={(x1,..., x,) : x;=0 or 1} be the set of 2" vertices of a unit r-cube in
R". Let us call a subset Q<= C, a k-subspace of C, if | Q] =2* and @, is contained
in some k-dimensional euclidean subspace of R™.

COROLLARY 12. Given integers k, I, r, there exists an integer N(k, I, r) such that if
nz N(k, I, ) and the k-subspaces of C, are r-colored, then there exists an I-subspace
of C, all of whose k-subspaces have one color.

Proof. We first establish a preliminary result. Let P, denote a k-dimensional
(euclidean) subspace of R* and let T;,,=P, N C,. Then we assert

(6) || = 2°

and if |T,|=2%, then T} is a k-parameter subset of C, with A=B={0, 1}, and
H=/{e, w}=the group of order 2. To prove this, write P, as

Pk: = {(ZlX]_-I‘" . +aka+Xo : (XgeR}

where the X, ..., X, are linearly independent vectors in R", and X, € R".
Consider the jth component of a point of T,. It is either 0 or 1. Thus one of the

following two equations must hold:

a1x1,+a2x2j+ e +O(kxkj+ij = 0,

@ Xyt egXest+ s F X+ X = 1
Hence, the only possible o;’s for T, must lie on one of the two parallel hyperplanes
determined by these equations. We have such a pair of equations for each j=
1,2,...,n The hyperplanes have directions (in pairs) respectively:

X115 ¢+ 5 Xk1s

X125+« -5 Xk2s

Xins o« o9 Xiene

But by assumption, the columns X;, ..., X, are independent.
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Therefore we can find k£ independent rows, say, for example, rows 1,2, ..., k,
and consequently the corresponding matrix

X115+« v 5 Xp1

X1k« « os Xkk

is nonsingular. Thus, for each set of equations

X110+ oo+ X1 = €1~ Xo1,

Xigr0y+ -0+ Xty = & — Xoks g =0orl,

there is exactly one choice for the «;’s satisfying them. Since the «;’s determine the
points of T, and since there are at most 2* possible choices for the &;, we have at
most 2% possibilities for the «;’s. Furthermore, the only way we get all 2* is when
all 2¥ possibilities for the &’s occur. In this case (|7;| =2%), we have 2! solutions
with ¢; =0, and 2*~* solutions with &, =1. If &,, . . ., & are fixed, and we look at the
two solutions from ¢, =0 and ¢, =1, then these two solutions differ by a vector
v=(vy,. .., v,) which is independent of e, ..., &. In particular, (v, ..., v;) must
satisfy
X101+ s H Xl = 1,

X101+ -+ Xl = 0,

xlkU1+ M +xkkvk = 0.

v is thus uniquely determined by the x’s independent of the &’s. Certainly, if
a=(ay, ..., a.) is a solution for &, =0 and some ¢, . . ., &, then «+v is a solution
for the same e, . . ., & with & =1.

This means that for each point p in T}, with ¢, =0, there is a point g in T}, with
&, =1 such that

q = p+(01X1+" " +Uka) =p+U1.

Since ¢ and p have all entries 0 and 1, U, must have all entries 0, 1 and —1. In
fact, repeating this argument with e, . . ., & replacing &;, we obtain a set of vectors
Uy, Us, ..., U, with entries 0, 1, —1, and the point P, with & =e;="--- =£,=0
such that

T = {Po+e U+ - +&U, =01}

No two of the U; can have a nonzero entry in the same coordinate, or else there
would be three values occurring there, violating the fact that all points of T}, have
only entries of 0 and 1.

If U, has a —1 entry in, say, the Ath position, then U, has a 0 in the Ath position
for j#i, and P, must have a +1 in the Ath position, in order to insure entries of 0
and 1 in T}
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T, is a k-parameter set, then, with A=B={0, 1} and H={e, n}=the group of
order 2. We can write T}, as

So S, S,
To=1[a-- b8 - mp 8]
S S 5.
_[a~-~b00---11 00...11].
a---b11---00 --- 11---00

S, consists of those coordinates j for which every Uj is 0; the value f(j) (where fis
the function required in the definition of a k-parameter set) for je .S, is 0 or 1
according to the corresponding entry in P,. Each §;, i>0, consists of those j for
which U, has a nonzero jth component; the value f(j) for j € S, is e if the component
is 1 and = if the component is — 1. This proves (6) and the assertion which follows it.
The proof of the corollary now follows at once from the theorem by choosing
A=B={0,1}, H={e,n}, t=---=t,=L,and N(k, L, r)=N(A, B, H k,r, t,,..., 1,).

We point out that even though the techniques of the proof of the theorem are
constructive so that upper bounds on the various N’s of the corollaries can be
given, these bounds are usually enormous, to say the least. To illustrate this, we
consider the first nontrivial case of Corollary 12, the determination of an upper
bound on N(I, 2, 2). We recall that by definition N(1, 2, 2) is an integer such that
if nZN(1, 2,2) and the (%) straight line segments joining all possible pairs of
vertices of a unit n-cube are arbitrarily 2-colored, then there always exists a set of
four coplanar vertices which determines six line segments of the same color. Let
N* denote the least possible value N(1, 2, 2) can assume. We introduce a cali-
bration function F(m, n) with which we may compare our estimate of N*. This is
defined recursively as follows:

F,n) =2, Fm2) =4, m
F(m,n) = Fm—1, F(m,n—1)), m

I,nz2,

2
=2,nz3

It is recommended that the reader calculate a few small values of Fto get a feeling
for its rate of growth, e.g., F(5, 5) or F(10, 3).

If the bounds generated by the recursive constructions needed for the proof of
Corollary 12 are explicitly tabulated, the best estimate for N* we obtain this way
is roughly

N* £ F(F(F(F(F(F(F(12, 3), 3), 3), 3), 3), 3), 3).

On the other hand, it is known only that N* = 6. Clearly, there is some room for
improvement here.

9. Concluding remarks. We conclude with several questions.
(i) In the corollaries of the theorem listed, we never really make much use of the
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freedom we have in choosing B and H. What are some interesting applications for
some less trivial choices of Band H?

(i1) Are the various infinite versions of certain of the corollaries valid ? A specific
simple case would be: If the positive integers are 2-colored, is it true that there
always exists an infinite subset A such that all sums >,z b, @ % B< A, B-finite, have
one color?

(iii) With respect to the corollaries, the upper bounds given by the theorem on
the various N’s are rather crude, as has been pointed out. Is it possible to improve
significantly the estimates of these numbers? For example, in Corollary 12, the
upper bound on N(l, 2, 2) given by the theorem is truly enormous, where, in fact,
the exact bound is probably < 10.

(iv) It was suggested by M. Simonovits that perhaps it would be possible to give
an intrinsic definition of k-parameter sets, i.e., one which does not depend on
coordinates. If this is possible then conceivably the corresponding proofs might
become simpler.

(v) Our particular definition of a k-parameter set was chosen, to a certain extent,
because a Ramsey theorem for them could be proved. What other definitions will
have this property ? In particular, can a suitable one be found which will establish
Rota’s original conjecture for k-subspaces of finite vector space, k=3?
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