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Chapter 1

The Random Graph

Summary. Erdés and Rényi showed the paradoxical result that there is a
unique (and highly symmetric) countably infinite random graph. This graph,
and its automorphism group, form the subject of the present survey.

1.1 Introduction

In 1963, Erdés and Rényi [25] showed:

Theorem 1. There exists a graph R with the following property. If a countable
graph is chosen at random, by selecting edges independently with probability %
from the set of 2-element subsets of the vertex set, then almost surely (i.e., with
probability 1), the resulting graph is isomorphic to R.

This theorem, on first acquaintance, seems to defy common sense — a ran-
dom process whose outcome is predictable. Nevertheless, the argument which
establishes it is quite short. (It is given below.) Indeed, it formed a tailpiece
to the paper of Erdés and Rényi, which mainly concerned the much less pre-
dictable world of finite random graphs. (In their book Probabilistic Methods in
Combinatorics, Erdés and Spencer [26] remark that this result “demolishes the
theory of infinite random graphs.”)

I will give the proof in detail, since it underlies much that follows. The key
is to consider the following property, which a graph may or may not have:

(x) Given finitely many distinct vertices ui, ..., Um,v1,...,Un, there exists a
vertexr z which is adjacent to uy,...,u, and nonadjacent to vi,...,vn.

Often I will say, for brevity, “z is correctly joined”. Obviously, a graph satisfying
(%) is infinite, since z is distinct from all of wuy,..., Um,v1,...,0,. It is not
obvious that any graph has this property. The theorem follows from two facts:

Fact 1. With probability 1, a countable random graph satisfies (x).

Fact 2. Any two countable graphs satisfying (x) are isomorphic.
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Proof (of Fact[dl). We have to show that the event that () fails has proba-
bility 0, i.e., the set of graphs not satisfying (*) is a null set. For this, it is
enough to show that the set of graphs for which (x) fails for some given ver-
tices U1, ..., Um,V1,...,0, is null. (For this deduction, we use an elementary
lemma from measure theory: the union of countably many null sets is null.
There are only countably many values of m and n, and for each pair of val-
ues, only countably many choices of the vertices w1, ..., um,v1,...,0,.) Now
we can calculate the probability of this set. Let z1,..., 2y be vertices distinct
from wuq,...,Um,v1,...,0,. The probability that any z; is not correctly joined
is1— W%; since these events are independent (for different z;), the probability
that none of z1,...,zy is correctly joined is (1 — 57)". This tends to 0 as
N — o0; so the event that no vertex is correctly joined does have probability
0. O

Note that, at this stage, we know that graphs satisfying (x) exist, though
we have not constructed one — a typical “probabilistic existence proof”. Note
also that “probability %” is not essential to the proof; the same result holds if
edges are chosen with fixed probability p, where 0 < p < 1. Some variation in
the edge probability can also be permitted.

Proof (of Fact[d). Let T'y and T's be two countable graphs satisfying (). Sup-
pose that f is a map from a finite set {x1,...,x,} of vertices of 'y to I's, which
is an isomorphism of induced subgraphs, and x,1 is another vertex of I'y. We
show that f can be extended to z,41. Let U be the set of neighbours of x, 1
within {z1,...,2,}, and V = {z1,...,2,} \U. A potential image of z,,11 must
be a vertex of I'y adjacent to every vertex in f(U) and nonadjacent to every
vertex in f(V). Now property (%) (for the graph I's) guarantees that such a
vertex exists.

Now we use a model-theoretic device called “back-and-forth”. (This is often
attributed to Cantor [I8], in his characterization of the rationals as countable
dense ordered set without endpoints. However, as Plotkin [54] has shown, it
was not used by Cantor; it was discovered by Huntington [41] and popularized
by Hausdorff [33].)

Enumerate the vertices of 'y and I'y, as {z1, z2,...} and {y1,y2, ...} respec-
tively. We build finite isomorphisms f,, as follows. Start with fo = 0. Suppose
that f, has been constructed. If n is even, let m be the smallest index of a
vertex of I'y not in the domain of f,; then extend f, (as above) to a map f,4+1
with ,, in its domain. (To avoid the use of the Axiom of Choice, select the
correctly-joined vertex of 'y with smallest index to be the image of x,,.) If n is
odd, we work backwards. Let m be the smallest index of a vertex of I's which
is not in the range of f,; extend f,, to a map f,+1 with y,, in its range (using
property (x) for I'y).

Take f to be the union of all these partial maps. By going alternately back
and forth, we guaranteed that every vertex of I'; is in the domain, and every
vertex of I'y is in the range, of f. So f is the required isomorphism. O
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The graph R holds as central a position in graph theory as Q does in the
theory of ordered sets. It is surprising that it was not discovered long before
the 1960s! Since then, its importance has grown rapidly, both in its own right,
and as a prototype for other theories.

Remark 1. Results of Shelah and Spencer [61] and Hrushovski [39] suggest that
there are interesting countable graphs which “control” the first-order theory of
finite random graphs whose edge-probabilities tend to zero in specified ways.
See Wagner [71], Winkler [72] for surveys of this.

1.2 Some constructions

Erdos and Rényi did not feel it necessary to give an explicit construction of
R; the fact that almost all countable graphs are isomorphic to R guarantees
its existence. Nevertheless, such constructions may tell us more about R. Of
course, to show that we have constructed R, it is necessary and sufficient to
verify condition (x).

I begin with an example from set theory. The downward Lowenheim-Skolem
theorem says that a consistent first-order theory over a countable language has
a countable model. In particular, there is a countable model of set theory (the
Skolem paradox).

Theorem 2. Let M be a countable model of set theory. Define a graph M* by
the rule that © ~ y if and only if either x € y ory € x. Then M™* is isomorphic
to R.

Proof. Letuy, ..., Un,v1,...,0, be distinct elements of M. Let x = {v1,...,v,}
and z = {u1,...,Um,z}. We claim that z is a witness to condition (x). Clearly
u; ~ z for all i. Suppose that v; ~ z. If v; € z, then either v; = u; (contrary to
assumption), or v; = x (whence = € z, contradicting the Axiom of Foundation).
If z € v;, then x € 2z € v; € z, again contradicting Foundation. g

Note how little set theory was actually used: only our ability to gather
finitely many elements into a set (a consequence of the Empty Set, Pairing
and Union Axioms) and the Axiom of Foundation. In particular, the Axiom of
Infinity is not required. Now there is a familiar way to encode finite subsets of
N as natural numbers: the set {a1,...,a,} of distinct elements is encoded as
291 4 ... 4 2% This leads to an explicit description of R: the vertex set is N;
r and y are adjacent if the z*" digit in the base 2 expansion of y is a 1 or wice
versa. This description was given by Rado [55].

The next construction is more number-theoretic. Take as vertices the set P
of primes congruent to 1 (mod 4). By quadratic reciprocity, if p,q € P, then
(%) =1 if and only if (%) = 1. (Here “(%) = 1”7 means that p is a quadratic
residue (mod ¢).) We declare p and g adjacent if (%) =1.

Let uy, ..., Um,v1,...,v, € P. Choose a fixed quadratic residue a; (mod w;)
(for example, a; = 1), and a fixed non-residue b; (mod v;). By the Chinese
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Remainder Theorem, the congruences
z=1 (mod4), z=a; (modu;), x=0b; (moduwv,),

have a unique solution = z¢ (mod 4u; ... unv1 ...v,). By Dirichlet’s Theo-
rem, there is a prime z satisfying this congruence. So property (x) holds.

A set S of positive integers is called universal if, given £k € N and T' C
{1,...,k}, there is an integer N such that, for i = 1,...,k,

N+ieS ifandonlyif ¢eT.

(It is often convenient to consider binary sequences instead of sets. There is an
obvious bijection, under which the sequence ¢ and the set S correspond when
(0, =1) & (i € S) — thus o is the characteristic function of S. Now a binary
sequence ¢ is universal if and only if it contains every finite binary sequence as
a consecutive subsequence.)

Let S be a universal set. Define a graph with vertex set Z, in which x and
y are adjacent if and only if | — y| € S. This graph is isomorphic to R. For let
ULy e ey Um, V1, - .., Uy be distinct integers; let [ and L be the least and greatest
of these integers. Let k=L —Il+1and T ={u; —l+1:i=1,...,m}. Choose
N as in the definition of universality. Then z = [ — 1 — N has the required
adjacencies.

The simplest construction of a universal sequence is to enumerate all fi-
nite binary sequences and concatenate them. But there are many others. It
is straightforward to show that a random subset of N (obtained by choosing
positive integers independently with probability %) is almost surely universal.
(Said otherwise, the base 2 expansion of almost every real number in [0, 1] is a
universal sequence.)

Of course, it is possible to construct a graph satisfying (%) directly. For
example, let 'y be the empty graph; if I’y has been constructed, let I'y11 be
obtained by adding, for each subset U of the vertex set of 'y, a vertex z(U)
whose neighbour set is precisely U. Clearly, the union of this sequence of graphs
satisfies ().

1.3 Indestructibility

The graph R is remarkably stable: if small changes are made to it, the resulting
graph is still isomorphic to R. Some of these results depend on the following
analogue of property (%), which appears stronger but is an immediate conse-
quence of (x) itself.

Proposition 1. Let uy,...,um,v1,...,v, be distinct vertices of R. Then the
set

Z=A{z:z~wu fori=1,...,myz~v; forj=1,...n}

is infinite; and the induced subgraph on this set is isomorphic to R.
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Proof. Tt is enough to verify property (x) for Z. So let u), ..., up,v],..., v, be

distinct vertices of Z. Now the vertex z adjacent to us, ..., un,ul, ..., u} and
not to v1, ..., vp, vy, ..., v, belongs to Z and witnesses the truth of this instance
of (x) there. O

The operation of switching a graph with respect to a set X of vertices is
defined as follows. Replace each edge between a vertex of X and a vertex of
its complement by a non-edge, and each such non-edge by an edge; leave the
adjacencies within X or outside X unaltered. See Seidel [60] for more properties
of this operation.

Proposition 2. The result of any of the following operations on R is isomorphic
to R:

(a) deleting a finite number of vertices;
(b) changing a finite number of edges into non-edges or vice versa;
(¢) switching with respect to a finite set of vertices.

Proof. In cases (a) and (b), to verify an instance of property (x), we use Propo-
sition [ to avoid the vertices which have been tampered with. For (c), if

U={u,...,un}and V ={v1,...,v,}, we choose a vertex outside X which is
adjacent (in R) to the vertices of U \ X and V' N X, and non-adjacent to those
of UNX and V' \ X. O

Not every graph obtained from R by switching is isomorphic to R. For
example, if we switch with respect to the neighbours of a vertex x, then x is
an isolated vertex in the resulting graph. However, if x is deleted, we obtain R
once again! Moreover, if we switch with respect to a random set of vertices, the
result is almost certainly isomorphic to R.

R satisfies the pigeonhole principle:

Proposition 3. If the vertex set of R is partitioned into a finite number of
parts, then the induced subgraph on one of these parts is isomorphic to R.

Proof. Suppose that the conclusion is false for the partition X; U...U Xy of the
vertex set. Then, for each i, property (*) fails in X;, so there are finite disjoint
subsets U;, V; of X; such that no vertex of X; is “correctly joined” to all vertices
of U;, and to none of V;. Setting U =U; U...UUgand V =V, U... UV, we
find that condition (x) fails in R for the sets U and V, a contradiction. g

Indeed, this property is characteristic:

Proposition 4. The only countable graphs I' which have the property that, if
the vertex set is partitioned into two parts, then one of those parts induces a
subgraph isomorphic to I', are the complete and null graphs and R.
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Proof. Suppose that I' has this property but is not complete or null. Since any
graph can be partitioned into a null graph and a graph with no isolated vertices,
we see that I' has no isolated vertices. Similarly, it has no vertices joined to all
others.

Now suppose that I' is not isomorphic to R. Then we can find uq,...,un,
and v1,...,v, such that (x) fails, with m + n minimal subject to this. By the
preceding paragraph, m +n > 1. So the set {us,...,v,} can be partitioned
into two non-empty subsets A and B. Now let X consist of A together with all
vertices (not in B) which are not “correctly joined” to the vertices in A; and
let Y consist of B together with all vertices (not in X) which are not “correctly
joined” to the vertices in B. By assumption, X and Y form a partition of
the vertex set. Moreover, the induced subgraphs on X and Y fail instances of
condition (x) with fewer than m+n vertices; by minimality, neither is isomorphic
to I', a contradiction. o

Finally:
Proposition 5. R is isomorphic to its complement.

For property (%) is clearly self-complementary.

1.4 Graph-theoretic properties

The most important property of R (and the reason for Rado’s interest) is that
it is universal:

Proposition 6. Every finite or countable graph can be embedded as an induced
subgraph of R.

Proof. We apply the proof technique of Fact [ but, instead of back-and-forth,
we just “go forth”. Let I" have vertex set {21, xa, ...}, and suppose that we have
amap fn: {21,...,2,} — R which is an isomorphism of induced subgraphs.
Let U and V be the sets of neighbours and non-neighbours respectively of 1
in {z1,...,2,}. Choose z € R adjacent to the vertices of f(U) and nonadjacent
to those of f(V), and extend f,, to map x,4+1 to z. The resulting map f,4+1
is still an isomorphism of induced subgraphs. Then f = | f, is the required
embedding. (The point is that, going forth, we only require that property (x)
holds in the target graph.) O

In particular, R contains infinite cliques and cocliques. Clearly no finite
clique or coclique can be maximal. There do exist infinite maximal cliques and
cocliques. For example, if we enumerate the vertices of R as {z1,2,...}, and
build a set S by So = 0,511 = S U {zm} where m is the least index of a
vertex joined to every vertex in S, and S = J Sy, then S is a maximal clique.

Dual to the concept of induced subgraph is that of spanning subgraph, using
all the vertices and some of the edges. Not every countable graph is a spanning
subgraph of R (for example, the complete graph is not). We have the following
characterization:



1.5. HOMOGENEITY AND CATEGORICITY 7

Proposition 7. A countable graph I' is isomorphic to a spanning subgraph of
R if and only if, given any finite set {v1,...,v,} of vertices of T, there is a
vertex z joined to mone of v1,...,vUn.

Proof. We use back-and-forth to construct a bijection between the vertex sets of
I' and R, but when going back from R to I, we only require that nonadjacencies
should be preserved. O

This shows, in particular, that every infinite locally finite graph is a spanning
subgraph (so R contains 1-factors, one- and two-way infinite Hamiltonian paths,
etc.). But more can be said.

The argument can be modified to show that, given any non-null locally finite
graph I', any edge of R lies in a spanning subgraph isomorphic to I". Moreover,
as in the last section, if the edges of a locally finite graph are deleted from R,
the result is still isomorphic to R. Now let I'y,'s, ... be given non-null locally
finite countable graphs. Enumerate the edges of R, as {e1, e2,...}. Suppose that
we have found edge-disjoint spanning subgraphs of R isomorphic to I'1,...,T',.
Let m be the smallest index of an edge of R lying in none of these subgraphs.
Then we can find a spanning subgraph of R — (I'y U---UT',) containing e,, and
isomorphic to I';,4+1. We conclude:

Proposition 8. The edge set of R can be partitioned into spanning subgraphs
isomorphic to any given countable sequence of non-null countable locally finite
graphs.

In particular, R has a l-factorization, and a partition into Hamiltonian
paths.

1.5 Homogeneity and categoricity

We come now to two model-theoretic properties of R. These illustrate two
important general theorems, the Engeler-Ryll-Nardzewski—Svenonius theorem
and Fraissé’s theorem. The context is first-order logic; so a structure is a set
equipped with a collection of relations, functions and constants whose names
are specified in the language. If there are no functions or constants, we have a
relational structure. The significance is that any subset of a relational structure
carries an induced substructure. (In general, a substructure must contain the
constants and be closed with respect to the functions.)

Let M be a relational structure. We say that M is homogeneous if every
isomorphism between finite induced substructures of M can be extended to an
automorphism of M.

Proposition 9. R is homogeneous.

Proof. In the proof of Fact 2] the back-and-forth machine can be started with
any given isomorphism between finite substructures of the graphs I'y and I's,
and extends it to an isomorphism between the two structures. Now, taking I'y
and I's to be R gives the conclusion. (|
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Fraissé [28] observed that Q (as an ordered set) is homogeneous, and used
this as a prototype: he gave a necessary and sufficient condition for the existence
of a homogeneous structure with prescribed finite substructures. Following his
terminology, the age of a structure M is the class of all finite structures em-
beddable in M. A class C of finite structures has the amalgamation property if,
given A, By, Bs € C and embeddings f1 : A — By and fo : A — Bs, there exists
C € C and embeddings g1 : By — C and g3 : Bo — C such that fig1 = f2go.
(Less formally, if the two structures Bj, B2 have isomorphic substructures A,
they can be “glued together” so that the copies of A coincide, the resulting
structure C' also belonging to the class C.) We allow A = () here.

Theorem 3. (a) A class C of finite structures (over a fized relational lan-
guage)is the age of a countable homogeneous structure M if and only
if C is closed under isomorphism, closed under taking induced substruc-
tures, contains only countably many non-isomorphic structures, and has
the amalgamation property.

(b) If the conditions of (a) are satisfied, then the structure M is unique up to
isomorphism.

A class C having the properties of this theorem is called a Fraissé class, and
the countable homogeneous structure M whose age is C is its Fraissé limit. The
class of all finite graphs is Fraissé class; its Fraissé limit is R. The Fraissé limit
of a class C is characterized by a condition generalizing property (x): If A and
B are members of the age of M with A C B and |B| = |A| + 1, then every
embedding of A into M can be extended to an embedding of B into M.

In the statement of the amalgamation property, when the two structures
By, By are “glued together”, the overlap may be larger than A. We say that the
class C has the strong amalgamation property if this doesn’t occur; formally, if
the embeddings g1, g2 can be chosen so that, if b;g; = bags, then there exists
a € A such that by = af; and by = afs. This property is equivalent to others
we have met.

Proposition 10. Let M be the Fraissé limit of the class C, and G = Aut(M).
Then the following are equivalent:

(a) C has the strong amalgamation property;
(b)) M\ A= M for any finite subset A of M ;

(c) the orbits of Ga on M\ A are infinite for any finite subset A of M, where
G4 is the setwise stabiliser of A.

See Cameron [§], El-Zahar and Sauer [22].

A structure M is called Ng-categorical if any countable structure satisfying
the same first-order sentences as M is isomorphic to M. (We must specify
countability here: the upward Léwenheim—Skolem theorem shows that, if M is
infinite, then there are structures of arbitrarily large cardinality which satisfy
the same first-order sentences as M)
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Proposition 11. R is Rg-categorical.

Proof. Property (x) is not first-order as it stands, but it can be translated into
a countable set of first-order sentences oy, (for m,n € N), where oy, 5, is the
sentence

) (P8 (el )

Once again this is an instance of a more general result. An n-fype in a
structure M is an equivalence class of n-tuples, where two tuples are equivalent
if they satisfy the same (n-variable) first-order formulae. Now the following
theorem was proved by Engeler [23], Ryll-Nardzewski [57] and Svenonius [63]:

Theorem 4. For a countable first-order structure M, the following conditions
are equivalent:

(a) M is Ng-categorical;
(b) M has only finitely many n-types, for every n;

(c) the automorphism group of M has only finitely many orbits on M™, for
every mn.

Note that the equivalence of conditions (a) (axiomatizability) and (c) (sym-
metry) is in the spirit of Klein’s Erlanger Programm. The fact that R satisfies
(¢) is a consequence of its homogeneity, since (x1,...,x,) and (y1,...,y,) lie in
the same orbit of Aut(R) if and only if the map (x; — y;) (i =1,...,n) is an
isomorphism of induced subgraphs, and there are only finitely many n-vertex
graphs.

Remark 2. The general definition of an n-type in first-order logic is more
complicated than the one given here: roughly, it is a maximal set of n-variable
formulae consistent with a given theory. I have used the fact that, in an Ro-
categorical structure, any n-type is realized (i.e., satisfied by some tuple) — this
is a consequence of the Gédel-Henkin completeness theorem and the downward
Léwenheim—Skolem theorem. See Hodges [36] for more details.

Some properties of R can be deduced from either its homogeneity or its Ro-
categoricity. For example, Proposition [0l generalizes. We say that a countable
relational structure M is universal (or rich for its age, in Fralssé’s terminology
[29]) if every countable structure N whose age is contained in that of M (i.e.,
which is younger than M) is embeddable in M.

Theorem 5. If M is either No-categorical or homogeneous, then it is universal.

The proof for homogeneous structures follows that of Proposition [G using
the analogue of property (*) described above. The argument for Ry-categorical
structures is a bit more subtle, using Theorem 5.4 and Ko6nig’s Infinity Lemma:
see Cameron [J].
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1.6 First-order theory of random graphs

The graph R controls the first-order theory of finite random graphs, in a manner
I now describe. This theory is due to Glebskii et al. [32], Fagin [27], and Blass
and Harary [3]. A property P holds in almost all finite random graphs if the
proportion of N-vertex graphs which satisfy P tends to 1 as N — oo. Recall
the sentences oy, , which axiomatize R.

Theorem 6. Let 8 be a first-order sentence in the language of graph theory.
Then the following are equivalent:

(a) 8 holds in almost all finite random graphs;
(b) 6 holds in the graph R;
(c) 0 is a logical consequence of {om n : m,n € N}.

Proof. The equivalence of (b) and (c) is immediate from the Goédel-Henkin
completeness theorem for first-order logic and the fact that the sentences oy,
axiomatize R.

We show that (c) implies (a). First we show that oy, , holds in almost all
finite random graphs. The probability that it fails in an N-vertex graph is not
greater than N™+"(1 — L )N=m=" since there are at most N™*" ways of
choosing m + n distinct points, and (1 — 5)™ "™ is the probability that
no further point is correctly joined. This probability tends to 0 as N — oc.

Now let 6 be an arbitrary sentence satisfying (c). Since proofs in first-order
logic are finite, the deduction of 6 involves only a finite set ¥ of sentences
Om,n- It follows from the last paragraph that almost all finite graphs satisfy the
sentences in X; so almost all satisfy 6 too.

Finally, we show that not (c¢) implies not (a). If (¢) fails, then 6 doesn’t hold
in R, so (—0) holds in R, so (—6) is a logical consequence of the sentences oy, p.
By the preceding paragraph, (—#) holds in almost all random graphs. O

The last part of the argument shows that there is a zero-one law:

Corollary 1. Let 0 be a sentence in the language of graph theory. Then either
0 holds in almost all finite random graphs, or it holds in almost none.

It should be stressed that, striking though this result is, most interesting
graph properties (connectedness, hamiltonicity, etc.) are not first-order, and
most interesting results on finite random graphs are obtained by letting the
probability of an edge tend to zero in a specified manner as N — oo, rather
than keeping it constant (see Bollobds [4]). Nevertheless, we will see a recent
application of Theorem [(] later.

1.7 Measure and category

When the existence of an infinite object can be proved by a probabilistic argu-
ment (as we did with R in Section [[1]), it is often the case that an alternative
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argument using the concept of Baire category can be found. In this section, I
will sketch the tools briefly. See Oxtoby [51] for a discussion of measure and
Baire category.

In a topological space, a set is dense if it meets every nonempty open set;
a set is residual if it contains a countable intersection of open dense sets. The
Baire category theorem states:

Theorem 7. In a complete metric space, any residual set is non-empty.

(The analogous statement for probability is that a set which contains a
countable intersection of sets of measure 1 is non-empty. We used this to prove
Fact[l)

The simplest situation concerns the space 2N of all infinite sequences of
zeros and ones. This is a probability space, with the “coin-tossing measure”
— this was the basis of our earlier discussion — and also a complete metric
space, where we define d(z,y) = 2% if the sequences = and y agree in positions
0,1,...,n—1 and disagree in position n. Now the topological concepts translate
into combinatorial ones as follows. A set S of sequences is open if and only if
it is finitely determined, i.e., any x € S has a finite initial segment such that all
sequences with this initial segment are in S. A set S is dense if and only if it
is always reachable, i.e., any finite sequence has a continuation lying in S. Now
it is a simple exercise to prove the Baire category theorem for this space, and
indeed to show that a residual set is dense and has cardinality 2%°. We will say
that “almost all sequences have property P (in the sense of Baire category)” if
the set of sequences which have property P is residual.

We can describe countable graphs by binary sequences: take a fixed enumer-
ation of the 2-element sets of vertices, and regard the sequence as the charac-
teristic function of the edge set of the graph. This gives meaning to the phrase
“almost all graphs (in the sense of Baire category)”. Now, by analogy with
Fact Il we have:

Fact 3. Almost all countable graphs (in the sense of either measure or Baire
category) have property (*).

The proof is an easy exercise. In fact, it is simpler for Baire category than
for measure — no limit is required!

In the same way, almost all binary sequences (in either sense) are universal
(as defined in Section [[2)).

A binary sequence defines a path in the binary tree of countable height, if
we start at the root and interpret 0 and 1 as instructions to take the left or right
branch at any node. More generally, given any countable tree, the set of paths
is a complete metric space, where we define the distance between two paths to
be 2% if they first split apart at level n in the tree. So the concept of Baire
category is applicable. The combinatorial interpretation of open and dense sets
is similar to that given for the binary case.

For example, the age of a countable relational structure M can be described
by a tree: nodes at level n are structures in the age which have point set
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{0,1,...,n — 1}, and nodes X,,, X,, 11 at levels n and n + 1 are declared to be
adjacent if the induced structure of X,, 11 on the set {0,1,...,n —1}is X,. A
path in this tree uniquely describes a structure N on the natural numbers which
is younger than M, and conversely. Now Fact [3] generalizes as follows:

Proposition 12. If M is a countable homogeneous relational structure, then
almost all countable structures younger than M are isomorphic to M.

It is possible to formulate analogous concepts in the measure-theoretic frame-
work, though with more difficulty. But the results are not so straightforward.
For example, almost all finite triangle-free graphs are bipartite (a result of Erdés,
Kleitman and Rothschild [24]); so the “random countable triangle-free graph” is
almost surely bipartite. (In fact, it is almost surely isomorphic to the “random
countable bipartite graph”, obtained by taking two disjoint countable sets and
selecting edges between them at random.)

A structure which satisfies the conclusion of Proposition [[2is called ubiqui-
tous (or sometimes ubigquitous in category, if we want to distinguish measure-
theoretic or other forms of ubiquity). Thus the random graph is ubiquitous
in both measure and category. See Bankston and Ruitenberg [2] for further
discussion.

1.8 The automorphism group

1.8.1 General properties

From the homogeneity of R (Proposition[]), we see that it has a large and rich
group of automorphisms: the automorphism group G = Aut(R) acts transitively
on the vertices, edges, non-edges, etc. — indeed, on finite configurations of any
given isomorphism type. In the language of permutation groups, it is a rank 3
permutation group on the vertex set, since it has three orbits on ordered pairs
of vertices, viz., equal, adjacent and non-adjacent pairs. Much more is known
about G this section will be the longest so far.
First, the cardinality:

Proposition 13. | Aut(R)| = 2%.

This is a special case of a more general fact. The automorphism group of
any countable first-order structure is either at most countable or of cardinality
2%o the first alternative holding if and only if the stabilizer of some finite tuple
of points is the identity.

The normal subgroup structure was settled by Truss [66]:

Theorem 8. Aut(R) is simple.

Truss proved a stronger result: if g and h are two non-identity elements of
Aut(R), then h can be expressed as a product of five conjugates of g or g~1.
(This clearly implies simplicity.) Recently Macpherson and Tent [46] gave a

different proof of simplicity which applies in more general situations.
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Truss also described the cycle structures of all elements of Aut(R).

A countable structure M is said to have the small index property if any
subgroup of Aut(M) with index less than 2% contains the pointwise stabilizer
of a finite set of points of Mi; it has the strong small index property if any such
subgroup lies between the pointwise and setwise stabilizer of a finite set. Hodges
et al. [37] and Cameron [I1] showed:

Theorem 9. R has the strong small index property.

The significance of this appears in the next subsection. It is also related to
the question of the reconstruction of a structure from its automorphism group.
For example, Theorem [O has the following consequence:

Corollary 2. Let I' be a graph with fewer than 2%° vertices, on which Aut(R)
acts transitively on vertices, edges and non-edges. Then I' is isomorphic to R
(and the isomorphism respects the action of Aut(R)).

1.8.2 Topology

The symmetric group Sym(X) on an infinite set X has a natural topology, in
which a neighbourhood basis of the identity is given by the pointwise stabilizers
of finite tuples. In the case where X is countable, this topology is derived from
a complete metric, as follows. Take X = N.

Let m(g) be the smallest point moved by the permutation g. Take the
distance between the identity and g to be max{2~-™(9) 2_7”(971)}. Finally, the
metric is translation-invariant, so that d(f,g) = d(fg—*,1).

Proposition 14. Let G be a subgroup of the symmetric group on a countable
set X. Then the following are equivalent:

(a) G is closed in Sym(X);
(b) G is the automorphism group of a first-order structure on X;
(¢) G is the automorphism group of a homogeneous relational structure on X .

So automorphism groups of homogeneous relational structures such as R
are themselves topological groups whose topology is derived from a complete
metric.

In particular, the Baire category theorem applies to groups like Aut(R). So
we can ask: is there a “typical” automorphism? Truss [68] showed the following
result.

Theorem 10. There is a conjugacy class which is residual in Aut(R). Its
members have infinitely many cycles of each finite length, and no infinite cycles.

Members of the residual conjugacy class (which is, of course, unique) are
called generic automorphisms of R. I outline the argument. Each of the follow-
ing sets of automorphisms is residual:
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(a) those with no infinite cycles;

(b) those automorphisms g with the property that, if I is any finite graph and
f any isomorphism between subgraphs of I'; then there is an embedding
of I into R in such a way that g extends f.

(Here (a) holds because the set of automorphisms for which the first n points
lie in finite cycles is open and dense.) In fact, (b) can be strengthened; we can
require that, if the pair (T, f) extends the pair (I'g, fo) (in the obvious sense),
then any embedding of I'y into R such that g extends fy can be extended to an
embedding of I" such that g extends f. Then a residual set of automorphisms
satisfy both (a) and the strengthened (b); this is the required conjugacy class.

Another way of expressing this result is to consider the class C of finite
structures each of which is a graph I' with an isomorphism f between two
induced subgraphs (regarded as a binary relation). This class satisfies Fraissé’s
hypotheses, and so has a Fraissé limit M. It is not hard to show that, as a
graph, M is the random graph R; arguing as above, the map f can be shown
to be a (generic) automorphism of R.

More generally, Hodges et al. [37] showed that there exist “generic n-tuples”
of automorphisms of R, and used this to prove the small index property for R;
see also Hrushovski [38]. The group generated by a generic n-tuple of automor-
phisms is, not surprisingly, a free group; all its orbits are finite. In the next
subsection, we turn to some very different subgroups.

To conclude this section, we revisit the strong small index property. Recall
that a neighbourhood basis for the identity consists of the pointwise stabilisers
of finite sets. If the strong small index property holds, then every subgroup of
small index (less than 2%°) contains one of these, and so is open. So we can
take the subgroups of small index as a neighbourhood basis of the identity. So
we have the following reconstruction result:

Proposition 15. If M is a countable structure with the strong small index
property (for example, R), then the structure of Aut(M) as topological group is
determined by its abstract group structure.

1.8.3 Subgroups

Another field of study concerns small subgroups. To introduce this, we reinter-
pret the last construction of R in Section[[.2l Recall that we took a universal set
S C N, and showed that the graph I'(S) with vertex set Z, in which = and y are
adjacent whenever |z — y| € S, is isomorphic to R. Now this graph admits the
“shift” automorphism = — x 4 1, which permutes the vertices in a single cycle.
Conversely, let g be a cyclic automorphism of R. We can index the vertices of
R by integers so that g is the map  — x + 1. Then, if S = {n € N:n ~ 0},
we see that x ~ y if and only if |x — y| € S, and that S is universal. A short
calculation shows that two cyclic automorphisms are conjugate in Aut(R) if and
only if they give rise to the same set S. Since there are 2%° universal sets, we
conclude:
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Proposition 16. R has 2%° non-conjugate cyclic automorphisms.

(Note that this gives another proof of Proposition [[3])

Almost all subsets of N are universal — this is true in either sense discussed
in Section [[.71 The construction preceding Proposition [I6 shows that graphs
admitting a given cyclic automorphism correspond to subsets of N; so almost all
“cyclic graphs” are isomorphic to R. What if the cyclic permutation is replaced
by an arbitrary permutation or permutation group? The general answer is
unknown:

Conjecture 1. Given a permutation group G on a countable set, the following
are equivalent:

(a) some G-invariant graph is isomorphic to R;
(b) a random G-invariant graph is isomorphic to R with positive probability.

A random G-invariant graph is obtained by listing the orbits of G on the
2-subsets of the vertex set, and deciding randomly whether the pairs in each
orbit are edges or not. We cannot replace “positive probability” by “probability
1”7 here. For example, consider a permutation with one fixed point = and two
infinite cycles. With probability %, x is joined to all or none of the other vertices;
if this occurs, the graph is not isomorphic to R. However, almost all graphs for
which this event does not occur are isomorphic to R. It can be shown that the
conjecture is true for the group generated by a single permutation; and Truss’
list of cycle structures of automorphisms can be re-derived in this way.

Another interesting class consists of the regular permutation groups. A
group is regular if it is transitive and the stabilizer of a point is the identity.
Such a group G can be considered to act on itself by right multiplication. Then
any G-invariant graph is a Cayley graph for G; in other words, there is a subset
S of G, closed under inverses and not containing the identity, so that  and y
are adjacent if and only if zy~! € S. Now we can choose a random Cayley graph
for G by putting inverse pairs into S with probability % It is not true that,
for every countable group G, a random Cayley graph for G is almost surely
isomorphic to R. Necessary and sufficient conditions can be given; they are
somewhat untidy. I will state here a fairly general sufficient condition.

A square-root set in G is a set

Va={z€G:2*=a};
it is principal if a = 1, and non-principal otherwise.

Proposition 17. Suppose that the countable group G cannot be expressed as the
union of finitely many translates of non-principal square-root sets and a finite
set. Then almost all Cayley graphs for G are isomorphic to R.

This proposition is true in the sense of Baire category as well. In the infinite
cyclic group, a square-root set has cardinality at most 1; so the earlier result
about cyclic automorphisms follows. See Cameron and Johnson [I3] for further
details.
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1.8.4 Overgroups

There are a number of interesting overgroups of Aut(R) in the symmetric group
on the vertex set X of R.

Pride of place goes to the reducts, the overgroups which are closed in the
topology on Sym(X) (that is, which are automorphism groups of relational
structures which can be defined from R without parameters). These were clas-
sified by Simon Thomas [64].

An anti-automorphism of R is an isomorphism from R to its complement; a
switching automorphism maps R to a graph equivalent to R by switching. The
concept of a switching anti-automorphism should be clear.

Theorem 11. There are ezxactly five reducts of R, viz.: A = Aut(R); the group
D of automorphisms and anti-automorphisms of R; the group S of switch-
ing automorphisms of R; the group B of switching automorphisms and anti-
automorphisms of R; and the symmetric group.

Remark 3. The set of all graphs on a given vertex set is a Zs-vector space,
where the sum of two graphs is obtained by taking the symmetric difference
of their edge sets. Now complementation corresponds to adding the complete
graph, and switching to adding a complete bipartite graph. Thus, it follows
from Theorem [T that, if G is a closed supergroup of Aut(R), then the set of
all images of R under G is contained in a coset of a subspace W(G) of this
vector space. (For example, W (B) counsists of all complete bipartite graphs
and all unions of at most two complete graphs.) Moreover, these subspaces are
invariant under the symmetric group. It is remarkable that the combinatorial
proof leads to this algebraic conclusion.

Here is an application due to Cameron and Martins [I6], which draws to-
gether several threads from earlier sections. Though it is a result about finite
random graphs, the graph R is inextricably involved in the proof.

Let F be a finite collection of finite graphs. For any graph I, let F(I') be
the hypergraph whose vertices are those of I'; and whose edges are the subsets
which induce graphs in F. To what extent does F(I') determine I'?

Theorem 12. Given F, one of the following possibilities holds for almost all
finite random graphs I':

(a) F(T) determines I uniquely;

(b) F(I') determines T' up to complementation;

(c) F(I') determines T' up to switching;

(d) F(T) determines I up to switching and/or complementation;

(e) F(I') determines only the number of vertices of T'.



1.8. THE AUTOMORPHISM GROUP 17

I sketch the proof in the first case, that in which F is not closed under either
complementation or switching. We distinguish two first-order languages, that
of graphs and that of hypergraphs (with relations of the arities appropriate for
the graphs in F). Any sentence in the hypergraph language can be “translated”
into the graph language, by replacing “FE is an edge” by “the induced subgraph
on F is one of the graphs in F7.

By the case assumption and Theorem [ we have Aut(F(R)) = Aut(R).
Now by Theorem [, the edges and non-edges in R are 2-types in F(R), so there
is a formula ¢(z,y) (in the hypergraph language) such that z ~ y in R if and
only if ¢(z,y) holds in F(R). If ¢* is the “translation” of ¢, then R satisfies
the sentence

(Vz,y)((z ~ y) < ¢"(2,v)).

By Theorem [G] this sentence holds in almost all finite graphs. Thus, in almost
all finite graphs, T, vertices « and y are joined if and only if ¢(x,y) holds in
F(T). So F(T') determines I' uniquely.

By Theorem[IT], Aut(F(R)) must be one of the five possibilities listed; in each
case, an argument like the one just given shows that the appropriate conclusion
holds.

There are many interesting overgroups of Aut(R) which are not closed, some
of which are surveyed (and their inclusions determined) in a forthcoming paper
of Cameron et al. [I4]. These arise in one of two ways.

First, we can take automorphism groups of non-relational structures, such
as hypergraphs with infinite hyperedges (for example, take the hyperedges to
be the subsets of the vertex set which induce subgraphs isomorphic to R), or
topologies or filters (discussed in the next section). Second, we may weaken the
notion of automorphism. For example, we have a chain of subgroups

Aut(R) < Autq(R) < Auta(R) < Autg(R) < Sym(V(R))
with all inclusions proper, where

e Autq(R) is the set of permutations which change only finitely many adja-
cencies (such permutations are called almost automorphisms of R);

e Auty(R) is the set of permutations which change only finitely many adja-
cencies at any vertex of R;

e Auts(R) is the set of permutations which change only finitely many adja-
cencies at all but finitely many vertices of R.

All these groups are highly transitive, that is, given any two n-tuples (v1, . . ., v,)
and (wi,...,w,) of distinct vertices, there is an element of the relevant group
carrying the first tuple to the second. This follows from Autq(R) by the inde-
structibility of R. If Ry and Ry are the graphs obtained by deleting all edges
within {v1,...,v,} and within {wy, ..., w,} respectively, then R; and Ry are
both isomorphic to R. By homogeneity of R, there is an isomorphism from
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R; to Ry mapping (v1,...,v,) to (w1, ..., w,); clearly this map is an almost-
automorphism of R.

Indeed, any overgroup of R which is not a reduct preserves no non-trivial
relational structure, and so must be highly transitive.

1.9 Topological aspects

There is a natural way to define a topology on the vertex set of R: we take as
a basis for the open sets the set of all finite intersections of vertex neighbour-
hoods. It can be shown that this topology is homeomorphic to Q (using the
characterization of Q as the unique countable, totally disconnected, topological
space without isolated points, due to Sierpiniski [62], see also Neumann [50]).
Thus:

Proposition 18. Aut(R) is a subgroup of the homeomorphism group of Q.
This is related to a theorem of Mekler [47]:

Theorem 13. A countable permutation group G is embeddable in the homeo-
morphism group of Q if and only if the intersection of the supports of any finite
number of elements of G is empty or infinite.

Here, the support of a permutation is the set of points it doesn’t fix. Now of
course Aut(R) is not countable; yet it does satisfy Mekler’s condition. (If z is
moved by each of the automorphisms g1, . . ., gn, then the infinitely many vertices
joined to z but to none of zgy,...,xg, are also moved by these permutations.)

The embedding in Proposition [I8 can be realised constructively: the topol-
ogy can be defined directly from the graph. Take a basis for the open sets to
be the sets of witnesses for our defining property (x); that is, sets of the form

ZWU,V)={2€eV(R): VuelU)(z~u) AN (MveV)(z £ v)}

for finite disjoint sets U and V. Now given u # v, there is a point z €
Z({u},{v}); so the open neighbourhood of z is open and closed in the topology
and contains u but not v. So the topology is totally disconnected. It has no
isolated points, so it is homeomorphic to Q, by Sierpinski’s Theoreom.

There is another interesting topology on the vertex set of R, which can be
defined in three different ways. Let B be the “random bipartite graph”, the
graph with vertex set X UY where X and Y are countable and disjoint, where
edges between X and Y are chosen randomly. (A simple modification of the
Erdés—-Rényi argument shows that there is a unique graph which occurs with
probability 1.) Now consider the following topologies on a countable set X:

T: point set V(R), sub-basic open sets are open vertex neighbourhoods.
T*: points set V(R), sub-basic open sets are closed vertex neighbourhoods.

Tt: points are one bipartite block in B, sub-basic open sets are neighbourhoods
of vertices in the other bipartite block.
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Proposition 19. (a) The three topologies defined above are all homeomor-
phic.

(b) The homeomorphism groups of these topologies are highly transitive.

Note that the topologies are homeomorphic but not identical. For example,
the identity map is a continuous bijection from 7* to 7T, but is not a homeo-
morphism.

1.10 Some other structures

1.10.1 General results

As we have seen, R has several properties of a general kind: for example, ho-
mogeneity, No-categoricity, universality, ubiquity. Much effort has gone into
studying, and if possible characterizing, structures of other kinds with these
properties. (For example, they are all shared by the ordered set Q.)

Note that, of the four properties listed, the first two each imply the third,
and the first implies the fourth. Moreover, a homogeneous structure over a
finite relational language is Ng-categorical, since there are only finitely many
isomorphism types of n-element structure for each n. Thus, homogeneity is in
practice the strongest condition, most likely to lead to characterizations.

A major result of Lachlan and Woodrow [45] determines the countable ho-
mogeneous graphs. The graphs H,, in this theorem are so-called because they
were first constructed by Henson [34].

Theorem 14. A countable homogeneous graph is isomorphic to one of the
following:

(a) the disjoining union of m complete graphs of size n, where m,n <Xy and
at least one of m and n is No;

(b) complements of (a);
(¢) the Fraissé limit H,, of the class of K,-free graphs, for fized n > 3;
(d) complements of (c);
(e) the random graph R.

The result of Macpherson and Tent [46] shows that the automorphism groups
of the Henson graphs are simple. It follows from Proposition [[H] that Aut(R) is
not isomorphic to Aut(H,). It is not known whether these groups are pairwise
non-isomorphic.

Other classes in which the homogeneous structures have been determined
include finite graphs (Gardiner [30]), tournaments (Lachlan [44] — surprisingly,
there are just three), digraphs (Cherlin [19] (there are uncountably many, see
Henson [35]), and posets (Schmerl [58]). In the case of posets, Droste [21] has
characterizations under weaker assumptions.
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For a number of structures, properties of the automorphism group, such as
normal subgroups, small index property, or existence of generic automorphisms,
have been established.

A theorem of Cameron [6] determines the reducts of Aut(Q):

Theorem 15. There are just five closed permutation groups containing the
group Aut(Q) of order-preserving permutations of Q, viz.: Aut(Q); the group of
order preserving or reversing permutations; the group of permutations preserving
a cyclic order; the group of permutations preserving or reversing a cyclic order;

and Sym(Q).

However, there is no analogue of Theorem in this case, since there is
no Glebskii-Blass—Fagin—Harary theory for ordered sets. (Q is dense; this is a
first-order property, but no finite ordered set is dense.)

Simon Thomas [65] has determined the reducts of the random k-uniform
hypergraph for all k.

Since my paper with Paul Erdés concerns sum-free sets (Cameron and Erdds
[12]), it is appropriate to discuss their relevance here. Let H,, be the Fraissé
limit of the class of K,,-free graphs, for n > 3 (see Theorem [[4]). These graphs
were first constructed by Henson [34], who also showed that Hs admits cyclic
automorphisms but H,, does not for n > 3. We have seen how a subset S of N
gives rise to a graph I'(S) admitting a cyclic automorphism: the vertex set is
Z, and x ~ y if and only if |z — y| € S. Now I'(S) is triangle-free if and only if
S is sum-free (i.e., z,y € S =x +y ¢ S5). It can be shown that, for almost all
sum-free sets S (in the sense of Baire category), the graph I'(S) is isomorphic to
Hj; so Hy has 2% non-conjugate cyclic automorphisms. However, the analogue
of this statement for measure is false; and, indeed, random sum-free sets have a
rich and surprising structure which is not well understood (Cameron [7]). For
example, the probability that I'(S) is bipartite is approximately 0.218. Tt is
conjectured that a random sum-free set S almost never satisfies I'(S) = Hs. In
this direction, Schoen [59] has shown that, if I'(S) = Hs, then S has density
Zero.

The Henson K,-free graphs H,, being homogeneous, are ubiquitous in the
sense of Baire category: for example, the set of graphs isomorphic to Hj is
residual in the set of triangle-free graphs on a given countable vertex set (so
Hj is ubiquitous, in the sense defined earlier). However, until recently, no
measure-theoretic analogue was known. We saw after Proposition that a
random triangle-free graph is almost surely bipartite! However, Petrov and
Vershik [53] recently managed to construct an exchangeable measure on graphs
on a given countable vertex set which is concentrated on Henson’s graph. More
recently, Ackerman, Freer and Patel showed that the construction works much
more generally: the necessary and sufficient condition turns out to be the strong
amalgamation property, which we discussed in Section

Universality of a structure M was defined in a somewhat introverted way in
Section M is universal if every structure younger than M is embeddable in
M. A more general definition would start with a class C of structures, and say
that M € C is universal for C if every member of C embeds into M. For a survey
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on this sort of universality, for various classes of graphs, see Komjath and Pach
[43]. Two negative results, for the classes of locally finite graphs and of planar
graphs, are due to De Bruijn (see Rado [55]) and Pach [52] respectively.

1.10.2 The Urysohn space

A remarkable example of a homogeneous structure is the celebrated Urysohn
space, whose construction predates Fraissé’s work by more than two decades.
Urysohn’s paper [69] was published posthumously, following his drowning in the
Bay of Biscay at the age of 26 on his first visit to western Europe (one of the
most romantic stories in mathematics). An exposition of the Urysohn space is
given by Vershik [70].

The Urysohn space is a complete separable metric space U which is universal
(every finite metric space is isometrically embeddable in U) and homogeneous
(any isometry between finite subsets can be extended to an isometry of the
whole space). Since U is uncountable, it is not strictly covered by the Fraissé
theory, but one can proceed as follows. The set of finite rational metric spaces
(those with all distances rational) is a Fraissé class; the restriction to countable
distances ensures that there are only countably many non-isomorphic members.
Its Fraissé limit is the so-called rational Urysohn space Ug. Now the Urysohn
space is the completion of Ug.

Other interesting homogeneous metric spaces can be constructed similarly,
by restricting the values of the metric in the finite spaces. For example, we can
take integral distances, and obtain the integral Urysohn space Uz. We can also
take distances from the set {0,1,2, ...k} and obtain a countable homogeneous
metric space with these distances. For k = 2, we obtain precisely the path
metric of the random graph R. (Property (*) guarantees that, given two points
at distance 2, there is a point at distance 1 from both; so, defining two points
to be adjacent if they are at distance 1, we obtain a graph whose path metric
is the given metric. It is easily seen that this graph is isomorphic to R.)

Note that R occurs in many different ways as a reduct of Ug. Split the
positive rationals into two dense subsets A and B, and let two points v, w be
adjacent if d(v,w) € A; the graph we obtain is R.

A study of the isometry group of the Urysohn space, similar to that done
for R, was given by Cameron and Vershik [I7]. The automorphism group is not
simple, since the isometries which move every point by a bounded distance form
a non-trivial normal subgroup.

1.10.3 KPT theory

I conclude with a brief discussion of a dramatic development at the interface of
homogeneous structures, Ramsey theory, and topological dynamics.

The first intimation of such a connection was pointed out by Nesettil [42],
and in detail in Hubicka and Nesetiil [40]. We use the notation (g) for the set
of all substructures of A isomorphic to B. A class C of finite structures is a
Ramsey class if, given a natural number r and a pair A, B of structures in C,
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there exists a structure C € C such that, if (i) is partitioned into r classes, then

there is an element B’ € (g) for which (i/) is contained in a single class. In
other words, if we colour the A-substructures of C with r colours, then there is
a B-substructure of C, all of whose A-substructures belong to the same class.
The classical theorem of Ramsey asserts that the class of finite sets is a Ramsey
class.

Theorem 16. A hereditary, isomorphism-closed Ramsey class is a Fraissé
class.

There are simple examples which show that a good theory of Ramsey classes
can only be obtained by making the objects rigid. The simplest way to do this is
to require that a total order is part of the structure. Note that, if a Fraissé class
has the strong amalgamation property, than we may adjoin to it a total order
(independent of the rest of the structure) to obtain a new Ramsey class. We
refer to ordered structures in this situation. Now the theorem above suggests a
procedure for finding Ramsey classes: take a Fraissé class of ordered structures
and test the Ramsey property. A number of Ramsey classes, old and new, arise
in this way: ordered graphs, K, -free graphs, metric spaces, etc. Indeed, if we
take an ordered set and “order” it as above to obtain a set with two orderings,
we obtain the class of permutation patterns, which is also a Ramsey class: see
Cameron [5], Béttcher and Foniok [11].

The third vertex of the triangle was quite unexpected.

A flow is a continuous action of a topological group G on a topological space
X, usually assumed to be a compact Hausdorff space. A topological group G
admits a unique minimal flow, or universal minimal continuous action on a
compact space X. (Here minimal means that X has no non-empty proper
closed G-invariant subspace, and universal means that it can be mapped onto
any minimal G-flow.)

The group G is said to be extremely amenable if its minimal flow consists of
a single point.

The theorem of Kechris, Pestov and Todorcevic [42] asserts:

Theorem 17. Let X be a countable set, and G a closed subgroup of Sym(X).
Then G is extremely amenable if and only if it is the automorphism group of a
homogeneous structure whose age is a Ramsey class of ordered structures.

As a simple example, the theorem shows that Aut(Q) (the group of order-
preserving permutations of Q is extremely amenable (a result of Pestov).

The fact that the two conditions are equivalent allows information to be
transferred in both directions between combinatorics and topological dynamics.
In particular, known Ramsey classes such as ordered graphs, ordered K, -free
graphs, ordered metric spaces, and permutation patterns give examples of ex-
tremely amenable groups.

The theorem can also be used in determining the minimal flows for various
closed subgroups of Sym(X). For example, the minimal flow for Sym(X) is the
set of all total orderings of X (a result of Glasner and Weiss [31]).



Bibliography

1]

[10]

[11]

[12]

[13]

N. Ackerman, C. Freer and R. Patel (to appear), Invariant measures con-
centrated on countable structures, arXiv 1206.4011.

P. Bankston and W. Ruitenberg (1990), Notions of relative ubiquity for
invariant sets of relational structures, J. Symbolic Logic 55, 948—-986.

A. Blass and F. Harary (1979), Properties of almost all graphs and com-
plexes, J. Graph Theory 3, 225-240.

B. Bollobés (1985), Random Graphs, Academic Press, London.

J. Bottcher and J. Foniok (to appear), Ramsey properties of permutations,
arXiv 1103:5686.

P. J. Cameron (1976), Transitivity of permutation groups on unordered
sets, Math. Z. 148, 127-139.

P. J. Cameron (1987), On the structure of a random sum-free set, Probab.
Thy. Rel. Fields 76, 523-531.

P. J. Cameron (1990), Oligomorphic Permutation Groups, London Math.
Soc. Lecture Notes 152, Cambridge Univ. Press, Cambridge.

P. J. Cameron (1992), The age of a relational structure, pp. 49-67 in Direc-
tions in Infinite Graph Theory and Combinatorics (ed. R. Diestel), Topics
in Discrete Math. 3, North-Holland, Amsterdam.

P. J. Cameron (2002), Homogeneous permutations, Electronic J. Combina-
torics 9(2), #R2.

P. J. Cameron (2005), The random graph has the strong small index prop-
erty, Discrete Math. 291, 41-43

P. J. Cameron and P. Erdds (1990), On the number of sets of integers
with various properties, pp. 61-79 in Number Theory (ed. R. A. Mollin),
de Gruyter, Berlin.

P. J. Cameron and K. W. Johnson (1987), An investigation of countable
B-groups, Math. Proc. Cambridge Philos. Soc. 102, 223-231.

23



24 BIBLIOGRAPHY

[14] P. J. Cameron, C. Laflamme, M. Pouzet, S. Tarzi and R. E. Woodrow (to
appear), Overgroups of the automorphism group of the Rado graph, Proc.
Fields Institute.

[15] P. J. Cameron and D. Lockett (2010), Posets, homomorphisms and homo-
geneity, Discrete Math. 310, 604-613.

[16] P.J. Cameron and C. Martins (1993), A theorem on reconstructing random
graphs, Combinatorics, Probability and Computing 2, 1-9.

[17] P. J. Cameron and A. M. Vershik (2006), Some isometry groups of the
Urysohn space, Ann. Pure Appl. Logic 143, 70-78.

[18] G. Cantor (1895), Beitrage zur Begriindung der transfiniten Mengenlehre,
Math. Ann. 46, 481-512.

[19] G. L. Cherlin (1998), The classification of countable homogeneous directed
graphs and countable homogeneous n-tournaments, Memoirs Amer. Math.
Soc. 621. (See also Homogeneous directed graphs, J. Symbolic Logic 52,
(1987), 296.)

[20] W. Deuber (1975), Partitionstheoreme fiir Graphen, Math. Helvetici 50,
311-320.

[21] M. Droste (1985), Structure of partially ordered sets with transitive auto-
morphism groups, Mem. Amer. Math. Soc. 57.

[22] M. El-Zahar and N. W. Sauer (1991), Ramsey-type properties of relational
structures, Discrete Math 94, 1-10.

[23] E. Engeler (1959), Aquivalenz von n-Tupeln, Z. Math. Logik Grundl. Math.
5, 126-131.

[24] P. Erdés, D. J. Kleitman and B. L. Rothschild (1977), Asymptotic enumera-
tion of K,-free graphs, pp. 19-27 in Collog. Internat. Teorie Combinatorie,
Accad. Naz. Lincei, Roma.

[25] P. Erdés and A. Rényi (1963), Asymmetric graphs, Acta Math. Acad. Sci.
Hungar. 14, 295-315.

[26] P. Erdés and J. Spencer (1974), Probabilistic Methods in Combinatorics,
Academic Press, New York/Akad. Kiad4, Budapest.

[27] R. Fagin (1976), Probabilities on finite models, J. Symbolic Logic 41, 50-58.

[28] R. Fraissé (1953), Sur certains relations qui généralisent ’ordre des nombres
rationnels, C. R. Acad. Sci. Paris 237, 540-542.

[29] R. Fraissé (1986), Theory of Relations, North-Holland, Amsterdam.

[30] A. Gardiner (1976), Homogeneous graphs, J. Combinatorial Theory (B)
20, 94-102.



BIBLIOGRAPHY 25

[31] E. Glasner and B. Weiss (2002), Minimal actions of the group S(Z) of
permutations of the integers, Geom. and Functional Analysis 12, 964—988.

[32] Y. V. Glebskii, D. I. Kogan, M. I. Liogon’kii and V. A. Talanov (1969),
Range and degree of realizability of formulas in the restricted predicate
calculus, Kibernetika 2, 17-28.

[33] F. Hausdorff (1914), Grundziigen de Mengenlehre, Leipzig.

[34] C. W. Henson (1971), A family of countable homogeneous graphs, Pacific
J. Math. 38, 69-83.

[35] C. W. Henson (1972), Countable homogeneous relational structures and
No-categorical theories, J. Symbolic Logic 37, 494-500.

[36] W. A. Hodges (1993), Model Theory, Cambridge Univ. Press, Cambridge.

[37] W. A. Hodges, I. M. Hodkinson, D. Lascar and S. Shelah (1993), The small
index property for w-stable, w-categorical structures and for the random
graph, J. London Math. Soc. (2) 48, 204-218.

[38] E. Hrushovski (1992), Extending partial isomorphisms of graphs, Combi-
natorica 12, 411-416.

[39] E. Hrushovski (1993), A new strongly minimal set, Ann. Pure Appl. Logic
62, 147-166.

[40] J. Hubicka and J. NesSetfil (2005), Finite presentation of homogeneous
graphs, posets and Ramsey classes. Probability in mathematics. Israel J.
Math. 149, 21-44.

[41] E. V. Huntington (1904), The continuum as a type of order: an exposition
of the model theory, Ann. Math. 6, 178-179.

[42] A. S. Kechris, V. G. Pestov and S. Todorcevic (2005), Fraissé limits,
Ramsey theory, and topological dynamics of automorphism groups, Geom.
Funct. Anal. 15, no. 1, 106-189.

[43] P. Komjath and J. Pach (1992), Universal elements and the complexity
of certain classes of graphs, pp. 255-270 in Directions in Infinite Graph
Theory and Combinatorics (ed. R. Diestel), Topics in Discrete Math. 3,
North-Holland, Amsterdam.

[44] A. H. Lachlan (1984), Countable homogeneous tournaments, Trans. Amer.
Math. Soc. 284, 431-461.

[45] A. H. Lachlan and R. E. Woodrow (1980), Countable ultrahomogeneous
undirected graphs, Trans. Amer. Math. Soc. 262, 51-94.

[46] H. D. Macpherson and K. Tent (2011), Simplicity of some automorphism
groups, J. Algebra 342, 40-52.



26

[47]

(48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

BIBLIOGRAPHY

A. H. Mekler (1986), Groups embeddable in the autohomeomorphisms of
Q, J. London Math. Soc. (2) 33, 49-58.

J. Nesetfil (1989), For graphs there are only four types of hereditary Ram-
sey classes, J. Combinatorial Theory (B) 46, 127-132.

J. Nesetfil and Rodl (1978), The structure of critical Ramsey graphs, Col-
log. Internat. C.N.R.S. 260, 307-308.

P. M. Neumann (1985), Automorphisms of the rational world, J. London
Math. Soc. (2) 32, 439-448.

J. C. Oxtoby (1971), Measure and Category, Springer, Berlin.

J. Pach (1981), A problem of Ulam on planar graphs, Furop. J. Combina-
torics 2, 351-361.

F. Petrov and A. M. Vershik (2010), Uncountable graphs and invariant
measures on the set of universal countable graphs. Random Structures Al-
gorithms 37, 389—406.

J. Plotkin (1003), Who put the “back” in back-and-forth? Logical methods
(Ithaca, NY, 1992), 705-12, Progr. Comput. Sci. Appl. Logic, 12, Birkhuser
Boston, Boston, MA.

R. Rado (1964), Universal graphs and universal functions, Acta Arith, 9,
393-407.

R. Rado (1967), Universal graphs, in A Seminar in Graph Theory (ed. F.
Harary and L. W. Beineke), Holt, Rinehard & Winston, New York.

C. Ryll-Nardzewski (1959), On the categoricity in power g, Bull. Acad.
Polon, Sci. Ser. Math. 7, 545-548.

J. H. Schmerl (1979), Countable homogeneous partially ordered sets, Alge-
bra Universalis 9, 317-321.

T. Schoen (1999), On the density of universal sum-free sets, Combin.
Probab. Comput. 8 (1999), 277-280.

J. J. Seidel (1977), A survey of two-graphs, pp. 481-511 in Collog. Internat.
Teorie Combinatorie, Accad. Naz. Lincei, Roma.

S. Shelah and J. Spencer (1988), Zero-one laws for sparse random graphs,
J. American. Math. Soc. 1, 97-115.

W. Sierpinski (1920), Une propriété topologique des ensembles
dénombrables denses en soi, Fund. Math. 1, 11-16.

L. Svenonius (1955), Rp-categoricity in first-order predicate calculus, Theo-
ria 25, 82-94.



BIBLIOGRAPHY 27

[64]

[65]

[66]

(67]

S. Thomas (1991), Reducts of the random graph, J. Symbolic Logic 56,
176-181.

S. Thomas (1996), Reducts of random hypergraphs, Ann. Pure Appl. Logic
80, 165-193.

J. K. Truss (1985), The group of the countable universal graph, Math. Proc.
Cambridge Philos. Soc. 98, 213-245.

J. K. Truss (1989), Infinite permutation groups, I, Products of conjugacy
classes, J. Algebra 120, 454-493; 11, Subgroups of small index, ibid. 120,
494-515.

J. K. Truss (1992), Generic automorphisms of homogeneous structures,
Proc. London Math. Soc. (3) 65, 121-141.

P. S. Urysohn (1927), Sur un espace metrique universel, Bull. Sci. Math.
51, 1-38.

A. M. Vershik (1998), The universal Urysohn space, Gromov metric triples
and random metrics on the natural numbers, Russ. Math. Surv. 53, 921—
928; translation from Usp. Mat. Nauk. 53, 57-64.

F. O. Wagner (1994), Relational structures and dimensions, Automor-
phisms of First-Order Structures (ed. R. Kaye and H. D. Macpherson),
Oxford University Press, pp. 153-180.

P. Winkler (1993), Random structures and zero-one laws, Finite and In-
finite Combinatorics in Sets and Logic (ed. N. W. Sauer, R. E. Woodrow
and B. Sands), NATO Advanced Science Institutes Series, Kluwer Aca-
demic Publishers, pp. 399-420.



	1 The Random Graph
	1.1 Introduction
	1.2 Some constructions
	1.3 Indestructibility
	1.4 Graph-theoretic properties
	1.5 Homogeneity and categoricity
	1.6 First-order theory of random graphs
	1.7 Measure and category
	1.8 The automorphism group
	1.8.1 General properties
	1.8.2 Topology
	1.8.3 Subgroups
	1.8.4 Overgroups

	1.9 Topological aspects
	1.10 Some other structures
	1.10.1 General results
	1.10.2 The Urysohn space
	1.10.3 KPT theory



