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Conventions

Our conventions in group theory and topology are mostly standard. The neutral element
of a group G is denoted by e or, if the group is abelian and written additively, by 0. For
subsets X, Y C G we put

XY ={zy|zrecXandyecY}, X'={z'|zeX}
and for an integer £ > 1 we put
Xt =Apizg- x| 2y, 25 € X}
We call X symmetric if X = X 1. The centralizer of X is denoted by
Ceng(X) ={g € G| gr = xg holds for all z € X}.

The center of a group is written as Cen(G) = Ceng(G). Our convention for commutators
is that
[a,b] = aba "0 .

Most of the time, we will consider left actions. Such a left action of a group G on a set
X will be written as
GxX —X, (g9,)— gz

The stabilizer of a point x € X will be denoted by
G, ={9€G|gr=ux}

For a subset A C X we put GA ={ga | g € G and a € A}.

A subset V' of a topological space X is called a neighborhood of a point x € X if there
is an open set U with x € U C V. It is our convention is that all compact or locally
compact spaces are assumed to be Hausdorff.

We consider 0 to be a natural number. The set of natural numbers is thus

N=1{0,1,2,3,...},



and we denote the set of all positive natural numbers by
N; ={1,2,3,...}.

The difference of two sets X, Y is written as

X-Y={reX|zgY}
and the symmetric difference is written as

XA Y =(X-Y)U(Y —X)=(XUY)—(XNY).
The power set of a set X is denoted as
PX)={Y |Y C X}.

We use the axiom of choice without further ado.



1 Topological Groups

This chapter contains basic results about the point-set topology of topological groups.
Whenever we use the Hausdorff condition, this will be mentioned explicitly. However, we
do assume that locally compact spaces and compact spaces are Hausdorff.

Definition 1.1. A topological group (G, -, T) consists of a group (G, -) and a topology T
on G for which the multiplication map

GxG—G
(g,h) — gh

and the inversion map

G —d

—1
gr—9
are continuous. We can combine this into one condition by considering the map

k:GxG—@G
(g,h)l—)g_lh.

If G is a topological group, then « is continuous. Conversely, if x is continuous, then the
maps g — ¢~ ' = k(g,¢e) and (g, h) — gh = k(k(g,e), h) are also continuous.
Suppose that G is a topological group. For every a € G, the right translation map

pa(9) = ga,
the left translation map
Aa(g) = ag

and the conjugation map

Ya(9) = aga™
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are homeomorphisms of GG onto itself, with inverses A\,-1, p,-1 and v,-1, respectively. In
particular, the homeomorphism group of G acts transitively on G. It follows that every
neighborhood W of a group element g € G can be written as W = gU = Vg, where
U= X~1(W)and V = p,-1(IW) are neighborhoods of the identity. In what follows, we
will mostly write G for a topological group, without mentioning the topology T explicitly.
A neighborhood of the identity element e will be called an identity neighborhood for short.

Definition 1.2. We define a morphism f : G — K between topological groups G, K to
be a continuous group homomorphism.

Example 1.3. The following are examples of topological groups and morphisms.

(a)

(b)

(c)

(d)

(e)
(f)

(2)

(h)

The additive and the multiplicative groups of the fields Q, R, C, and the p-adic fields
Qp, endowed with their usual field topologies, are examples of topological groups.
The exponential maps exp : R — R* and exp : C — C* are morphisms.

The circle group U(1) = {z € C| |z| = 1} C C* is another example of a topological
group. The map R — U(1) that maps t to exp(2mit) = cos(2nt) + ¢sin(27t) is a
morphism.

Every morphism f : R — R is of the form f(t) = rt, for a unique real r. This
follows from the fact that Q is dense in R, and that an additive homomorphism
f: Q@ — R is determined uniquely determined by the element r = f(1), since Q is
uniquely divisible.

Every morphism f : U(1) — U(1) is of the form f(z) = 2™, for a unique integer
m € 7.

As a vector space over Q, the group (R, +) has dimension 2%°. Hence the abelian
group R has 22" additive endomorphisms, almost all of which are not continuous.
Let H denote the additive group of the reals, endowed with the discrete topology.
Then H is a locally compact group and the identity map id : H — R is a continuous
bijective morphism whose inverse is not continuous.

Let F' be a field and let GL, F' denote the group of invertible n x m-matrices
over F. For an n X n-matrix g, let g% denote the matrix with entries (g%);
(—=1)" det(g'(4,1)), where ¢'(4,1) is the (n — 1) x (n — 1)-matrix obtained by remov-
ing column ¢ and row j from the matrix g. Then gg# = g#g = det(g)1. Hence if
F is a topological field, then x(g,h) = g"*h = —L—~g%"h depends continuously on g

det(g)
and h, and therefore GL,, F' is a topological group. In particular, the matrix groups

GL, Q, GL, R, GL,, C, and GL,, Q, are topological groups.
Every group GG, endowed either with the discrete or with the trivial nondiscrete
topology, is a topological group.

Proposition 1.4. Suppose that (G;)icr is a family of topological groups. Then the product
G = [lic; Gi, endowed with the product topology, is again a topological group. For each j,

[Preliminary Version - October 1, 2018]



Topological Groups 3

the projection map pr; : G — G is an open morphism. If H is a topological group and
if there are morphisms f; : H — G, for every j € J, then there is a unique morphism
[+ H — G such that prjof = f; holds for all j € J.

Proof. We have to show that the map x : G x G — G that maps (g, h) to g~ *h is contin-
uous. Let r; : G; x Gj — G denote the corresponding maps, which are by assumption
continuous. Then we have for each j a continuous map pr; ox = k; o (pr; X pr;),

GxG —L— @G

pr; x prjl lprj

GjXGj L Gj.

By the universal property of the product topology on G, this implies that & is continuous.

The remaining claims follow, since these maps on the one hand are continuous (and
open) as claimed by the properties of the product topology, and on the other hand are
group homomorphisms. O

The following local criterion for morphisms is often useful.

Lemma 1.5. Let G, K be topological groups and let f : G — K be a (not necessarily
continuous) group homomorphism. Then the following are equivalent.
(i) The homomorphism f is continuous and hence a morphism of topological groups.
(ii) The homomorphism f is continuous at one point a € G, i.e. for every neighborhood

W of f(a), there exists a neighborhood V' of a such that f(V) C W,

Proof. 1t is clear that (i) = (ii), because a continuous map is continuous at every point.
Suppose that (ii) holds and that U C K is open. If g € f~'(U), then f(a) = f(ag~'g) €
f(ag™")U. Hence there exists a neighborhood V of a with f(V') C f(ag™')U. Then ga='V
is a neighborhood of g, with f(ga='V) C U. Hence f~1(U) is open. O

Below we will look into separation properties for topological groups more closely. At
this point we just record the following.

Lemma 1.6. A topological group G is Hausdorff if and only if some singleton {a} C G
15 closed.

Proof. Suppose that {a} C G is closed. The preimage of {a} under the continuous map
(9,h) — g~ 'ha is the diagonal {(g,9) | ¢ € G} C G x G, which is therefore closed
in G x GG. Thus G is Hausdorff. Conversely, every singleton set in a Hausdorff space is
closed. O

[Preliminary Version - October 1, 2018]



4 Chapter 1

Subgroups
Now we study subgroups of topological groups.

Proposition 1.7. Let H be a subgroup of a topological group G. Then H is a topological
group with respect to the subspace topology. Moreover, the closure H is also a subgroup of
G. If H is normal in G, then H 1s also normal.

Proof. 1t is clear from the definition that a subgroup of a topological group is again
a topological group. Let H C G be a subgroup. The continuity of the map x from
Definition 1.1 ensures that

k(Hx H)=r(HxH)Ckr(HxH)=H.

Thus H is a subgroup. Suppose in addition that H < G is normal. For a,¢ € G we put
Ya(g) = aga™!. Since the conjugation map 7, : G — G is continuous, we have

Yo(H) Cvo(H) = H.
This shows that H is normal in G. O

Lemma 1.8. Let G be a topological group and let A C G be a closed subset. Then the
normalizer of A,

Norg(A) = {g € G| 7,(A) = A},

1s a closed subgroup.

Proof. For a € A let c4(g9) = gag™. Then ¢, : G — G is continuous and hence
c;'(A) ={g € G| gag € A} is closed. Therefore

S=({e'(4) la€ A} = {g € G| 7,(4) C 4}
is a closed semigroup in G, and Norg(A4) = SN S~ is closed as well. U

Lemma 1.9. Let G be a Hausdorff topological group, and let X C G be any subset. Then
the centralizer

Ceng(X) ={g€ G |[g9,X] = ¢}

1s closed. In particular, the center of G is closed.

Proof. Givenz € X, themap g — [g, 2] = gzg~'z~!is continuous. Therefore Ceng(z) =
{9 € G| [g,2] = e} is closed, provided that {e} C G is closed. Then Ceng(X) =
{Ceng(x) | x € X} is closed as well. O

[Preliminary Version - October 1, 2018]



Topological Groups 5

Lemma 1.10. Let G be a Hausdorff topological group. If A C G is an abelian subgroup,
then A is an abelian subgroup.

Proof. The commutator map Lg, h) — [g, h] is constant on A x A and hence also constant
on the closure A x A=A x A. O

Lemma 1.11. Let G be a topological group and suppose that U C G is an open subset. If
X C G s any subset, then UX and XU are open subsets. In particular, the multiplication
map m : G x G — G, (g,h) —> gh and the map r : G x G — G, (g,h) — g~ 'h are
open.

Proof. For each x € X, the sets Uz = p,(U) and 2U = \,(U) are open. Hence UX =
U{Uz | x € X} and XU = |J{zU | x € X} are open as well. O

Proposition 1.12. Let G be a topological group and let H C G be a subgroup.
(i) The subgroup H is open if and only if it contains a nonempty open set.
(ii) If H is open, then H is also closed.
(iii) The subgroup H is closed if and only if there exists an open set U C G such that
U N H s nonempty and closed in U.

Proof. For (i), suppose that H contains the nonempty open set U. Then H = UH is open
by Lemma 1.11. Conversely, if H is open then it contains the nonempty open set H. For
(ii), suppose that H C G is open. Then G — H = |J{aH | a € G — H} is also open and
therefore H is closed. For (iii), suppose that U N H is nonempty and closed in the open
set U. Then U N H is also closed in the smaller set U N H C U. Upon replacing G by H,
we may thus assume in addition that H is dense in the ambient group G, and we have to
show that H = G. Theset U — H =U — (UN H) is open in U and hence open in G. On
the other hand, H is dense in G. Therefore U — H = @ and thus U C H. By (i) and (ii),
H is closed in GG, whence H = (G. Conversely, if H is closed, then H is closed in the open
set G. O

Corollary 1.13. Let G be a topological group and let V C G be a neighborhood of some
element g € G. Then V' generates an open subgroup of G.

Corollary 1.14. Suppose that G is a Hausdorff topological group and that H C G is a
subgroup. If H s locally compact in the subspace topology, then H is closed. In particular,
every discrete subgroup of G is closed.

Proof. Let C' C H be a compact set which is an identity neighborhood in the topological
group H. Then there exists an open identity neighborhood U in G such that UN H C C.
Since C' is compact, C is closed in G and hence U N H = U N C' is closed in U and
nonempty. Now we may apply Proposition 1.12(iii). O

[Preliminary Version - October 1, 2018]



6 Chapter 1

The product AB of closed subsets A, B in a topological group G need not be closed.
An example is the additive group of the reals (R, +), with the closed subgroups A = Z
and B = v/2Z. Then A + B is a countable dense subgroup of R which is not closed.
However, we have the following.

Lemma 1.15. Let G be a Hausdorff topological group, and let A, B C G be closed subsets.
If either A or B is compact, then AB C G 1is closed.

The proof uses Wallace’s Lemma.

Lemma 1.16 (Wallace). Let X,... Xy be Hausdorff spaces containing compact sets
A C Xy, forjg=1,... k. If W C X, x---x Xy is an open set containing Ay X --- X Ay,
then there exist open sets U; with A; CU; C X, for j =1,...,k, such that

Ay X x A, CU x---xU, CW.

Proof. There is nothing to show for £ = 1. Suppose that £k = 2. We put A = A; and
B = A, and we fix a € A. For every point b € B, we choose an open neighborhood
Uy, x Vy of (a,b) such that U, x V;, € W. Since {a} x B is compact, finitely many such
neighborhoods Uy, X V4, ..., U, %V, cover {a} x B. We put U, = Uy, N---NU,, and
Vo=V, U---UV, . Then {a} x B C U, x V, C W. Now we let a € A vary. Since
A is compact, finitely many such strips U,, X V,,,...,U,, x V, cover A x B. We put
U=U,U---UlU,, andV =V, N---NV, . Then Ax BCU xV CW and the claim
is proved for k = 2.

For k > 3 we apply the previous argument to A = A; and B = Ay X --- X Ay, and
we obtain open sets U C X; and V C Xy x -+ x X with Ax BC U xV CW. By
induction, we find now open sets Us,...U such that Ay x -+ x A, C Uy x ---U, CV.
Therefore Ay x -+ x A, CU x Uy x ---U, CW. O

Proof of Lemma 1.15. Suppose that A is compact and B is closed, and that ¢ € G — AB.
We have to show that G—AB contains a neighborhood of g. By assumption, A~'¢gNB = @.
If we put x(g,h) = g~'h, then k(A x {g}) € G — B. By Wallace’s Lemma 1.16 there
exists an open neighborhood V' of g such that (A x V) C G — B, ie. A-'V N B = @.
Hence V N AB = @ and the claim follows. The case where B is compact and A is closed
follows by taking inverses. O

Quotients

Suppose that H is a subgroup of a topological group G. We endow the set G/H of left
cosets with the quotient topology with respect to the natural map

p:G— G/H, g+— gH.

[Preliminary Version - October 1, 2018]



Topological Groups 7

Thus a subset of G/H is open if and only if its preimage is open. The next result is
elementary, but important.

Proposition 1.17. Let G be a topological group and let H be a subgroup. Then the
quotient map
p:G— G/H

is open. The quotient G/H is Hausdorff if and only if H is closed in G, and it is discrete
if and only if H is open in G.

Proof. Suppose that U C G is an open set. Then p~!(p(U)) = UH is open by Lemma 1.11,
hence p(U) is open by the definition of the quotient topology.

If G/H is Hausdorff, then {H} C G/H is closed, hence H = p~*({H}) C G is closed as
well. Conversely, suppose that H C G is closed. The map pxp: GxG — G/H xG/H
is open, because p is open and because a cartesian product of two open maps is again
open. The open set W = {(z,y) € G x G | x7 'y € G — H} maps under p x p onto the
complement of the diagonal in G/H x G/H. Hence the diagonal {(¢H,gH) | g € G} is
closed in G/H x G/H, and therefore G/H is Hausdorff.

If H is open, then every coset gH is open and hence G/H is discrete. Conversely,
if G/H is discrete, then H, being the preimage of the open singleton {H} C G/H, is
open. ]

If G is Hausdorff and if K C G is compact then more can be said, see Corollary 1.28
below.

Corollary 1.18. Suppose that G is a Hausdorff topological group which is compact and
that H C G is a closed subgroup. Then H is open if and only if H has finite index in G.

Proof. A discrete topological space is compact if and only if it is finite. O
Corresponding remarks apply to the set H\G of right cosets, by taking inverses.

Proposition 1.19. Let G be a topological group. If N <G is a normal subgroup, then the
factor group G /N is a topological group with respect to the quotient topology on G/N. The
quotient map p : G — G /N is an open morphism. The factor group G/N is Hausdorff
if and only if N is closed. In particular, G/N is a Hausdorff topological group.

Proof. We put &(gN,hN) = g *hN and p(g) = gN. Then the diagram

GxG@ —E— @

[ lr

G/N x G/N —— G/N

[Preliminary Version - October 1, 2018]



8 Chapter 1

commutes, and pox is continuous. Since p is open, p X p is also open and hence a quotient
map. It follows from the universal property of quotient maps that k is continuous, and
therefore G/N is a topological group. The remaining claims follow from Propositions 1.7
and 1.17. O

The next result is the Homomorphism Theorem for topological groups.

Lemma 1.20. Let f : G — K be a morphism of topological groups, and put N = kef(f).
Then f factors through the open morphism p: G — G /N wvia a unique morphism f,

If f is open, then f is also open.

Proof. The group homomorphism f exists uniquely by the Homomorphism Theorem for
groups. Since p is a quotient map, f is continuous and thus a morphism of topological
groups. If f is open and if W C G/N is an open set, then f(p~t(W)) = f(WW) is open as
well. 0

Corollary 1.21. Suppose that G, K are topological groups and that K is Hausdorff. If
[+ G — K is a morphism of topological groups, then f factors through the open mor-
phism p: G — G/{e},

G%K.

| A

G/{e}

Connected Components

Definition 1.22. Let x be a point in a topological space X. The connected component
of x is the union of all connected subsets of X containing x. This union is closed and
connected. We call a topological space X totally disconnected if the only connected
nonempty subsets of X are the singletons.

The connected component the identity element of a topological group G will be denoted
by G°, and we call G° the identity component of G. Since the homeomorphism group of
G acts transitively on G, the group G is totally disconnected if and only if G° = {e}. We
note that a totally disconnected group is automatically Hausdorff.

[Preliminary Version - October 1, 2018]
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Proposition 1.23. Let G be a topological group. Then the identity component G° is a
closed normal subgroup, and G/G° is a totally disconnected Hausdorff topological group.

Proof. We put k(g,h) = g~'h and we note that a continuous image of a connected set is
connected. Since G°xG* is connected and contains the identity element, x(G°xG°) C G°.
This shows that G° is a subgroup. By the remark above, G° is closed. For every a € G,
the set v,(G°) = aG°a~! is connected and contains the identity, whence aG°a™! C G°.
This shows that G° is a closed normal subgroup.

It remains to show that G/G° is totally disconnected. We consider the canonical
morphism p : G — G/G° and we put H = (G/G°)° and N = p~!(H). Then N is a
closed normal subgroup of G containing GG°. We claim that N = G°. If we have proved
this claim, then H = {G°} and thus G/G° is totally disconnected. The restriction-
corestriction map p|if : N — H is open, hence H carries the quotient topology with
respect to p|¥ : N — H. Suppose that V C N is closed and open in N and contains the
identity. Since G° is connected and contains e, we have vG° C V for all v € V. Hence
V =p~1(p(V)), and therefore p(V) is closed and open in H. But H is connected, whence
H =p(V) and thus V = N. It follows that N is connected, whence N = G°. O

Corollary 1.24. Let f : G — K be a morphism of topological groups. If K is totally
disconnected, then f factors through the open morphism p: G — G/G°,

G%K.

| 7

G/Ge

Proof. Since f(G°) C K is connected, G° is contained in the kernel of f. O

Orbit Spaces of Compact Transformation Groups
We recall that compact spaces are by definition Hausdorff.

Definition 1.25. A compact transformation group consists of a continuous action
KxX—X
of a compact group K on a Hausdorff space X. We denote the K-orbit of x € X by
K(x)={gr|ge K} C X.

We endow the orbit space
K\X ={K(z) |z € X}

[Preliminary Version - October 1, 2018]



10 Chapter 1

with the quotient topology with respect to the map
qg: X — K\X
that maps z to its orbit K (z).

Example 1.26. Let G be a Hausdorff topological group and suppose that K C G is a
compact subgroup.
(i) The group K acts by left multiplication on G, and the orbit space is the set of right
cosets K\G ={Kg| g€ g}
(ii) If H C G is a closed subgroup, then K acts by left multiplication on G/H. The
orbit space K'\(G/H) can be identified with the set of double cosets

K\G/H = {KgH | g € G}

via the map K(gH) = {kgH | k € K} —— KgH. The topology on K\G/H
can be either viewed as the quotient topology with respect to the canonical map
q:G/H — K\G/H or as the quotient topology with respect to the canonical map
r: G — K\G/H. This makes no difference, because a composition of quotient
maps is again a quotient map.

(iii) The group K also acts on G from the left by conjugation. The orbit space for this
action is the space of K-conjugacy classes.

We recall that a continuous map between Hausdorff spaces is called proper if the
preimage of every compact set is compact.

Proposition 1.27. Suppose that K x X — X s a compact transformation group. Then
we have the following.

(i) The orbit space K\X is Hausdorff.

(ii) The map q: X — K\X 1is open, closed and proper.
In particular, K\X is compact (locally compact) if and only if X is compact (locally
compact).

Proof. We first show that ¢ is open and closed. If U C X is open, then ¢ !(q(U)) =
KU = |J{gU | g € K} is open, hence ¢ is an open map. Suppose that A C X is
closed. We have to show that ¢7'(q(A)) = KA C X is closed. For z € X — KA we have
K(z)NKA = @. By Wallace’s Lemma 1.16 there exits an open neighborhood U of z such
that KUN KA = @. Thus X — KA is open, and hence K A is closed.

Next we show that K\ X is Hausdorff. Suppose that z,y € X are points with g(z) #
q(y). Since the orbits K(x), K(y) € X are compact and disjoint, there exist disjoint open
sets U,V C X with K(x) CU and K(y) C V. In particular, K(y) NU = @. Now we use

[Preliminary Version - October 1, 2018]



Topological Groups 11

that ¢ is open and closed. The point ¢(x) is in the open set ¢(U), and the point ¢(y) is
not in the closed set q(U) = q(U). Therefore K\ X is Hausdorff.

Now we show that ¢ is proper. Suppose that B C K\X is compact. Then A =
¢ Y(B) is a closed set which is a union of K-orbits. Let U be an open covering of
A. For every a € A we find a finite subset U, C U such that K(a) C |JU,, because
K(a) C A is compact. By Wallace’s Lemma 1.16 we find an open neighborhood V, of a
such that KV, C|JU,. Since B C (J{q(V,) | a € A}, there exists finitely many points

ai,...,a, € Asuch that B C q(V,,)U---Uq(V,,). It follows that

AC KV, U---UKV, clJUu,u---ulJu,,

Hence A is compact.

Since ¢ is proper, X is compact if and only if K\ X is compact. If X is locally compact
and if U C X is an open neighborhood of # € X with compact closure, then ¢(U) is a
compact neighborhood of ¢(z) because ¢ is open. Hence K\X is locally compact. If
K\ X is locally compact and if V' C K\ X is an open neighborhood of ¢(z) with compact
closure, then ¢~*(V) is a compact neighborhood of & because ¢ is proper. O

Corollary 1.28. Suppose that G is a Hausdorff topological group and that K C G is a
compact subgroup. Then the map q: G — K\G, g — Kg is continuous, open, closed,
and proper.

The same result holds of course for the map p: G — G/K.

Corollary 1.29. Let G be a Hausdorff topological group, with a closed subgroup H. If
two of the three spaces G, H, G/H are compact, then all three spaces are compact.

Lemma 1.30. Suppose that K x X — X is a compact transformation group and that
x € X is a fived point of K. Then every neighborhood V' of x contains a K-invariant
neighborhood U of x.

Proof. Suppose that x is a fixed point of the K-action and that V' is a neighborhood
of z. By Wallace’s Lemma 1.16 there exists an open neighborhood U of x such that
KU CV. O

Corollary 1.31. Suppose that G is a Hausdorff topological group and that K C G is a
compact subgroup. Then there are arbitrarily small identity neighborhoods V- C G which
are invariant under conjugation by elements of K.

Proof. The compact group K acts as a compact transformation group on G via conjuga-
tion, and e is a fixed point for this action. O

[Preliminary Version - October 1, 2018]



12 Chapter 1

Recall that a Hausdorff space X is called a Tychonoff space, or completely reqular, or
a Ty 1-space if for every x € X and every neighborhood V' of z there exists a continuous
map

p: X —[0,1]

with p(z) =0 and p(y) =1forallye X — V.

Proposition 1.32. Suppose that K x X — X is a compact transformation group. If X
is a Tychonoff space, then K\X is a Tychonoff space as well.

We first need a little observation.

Lemma 1.33. Suppose that X is a set, that u,v : X — R are two functions which
are bounded from below, and that € > 0. If |u(x) — v(z)| < e holds for all x € X, then
|inf u(X) —info(X)| < e.

Proof. For every n > 1 there exists a point z,, € X such that u(x,) — infu(X) < 27",
Then v(z,) < infu(X)+ e+ 27" and thus infv(X) <infu(X) +e. O

Proof of Proposition 1.32. Suppose that X is Tychonoff, that x € X, and that V' C K\ X
is a neighborhood of g(x). There exists a neighborhood U of x with ¢(U) C V. Since
X is a Tychonoff space, there exists a continuous map ¥ : X — [0,1] with ¢(z) = 0
and ¥(y) = 1 for all y € X — U. We put 1(z) = mint(K(z)). Then 1 is constant on
the K-orbits and hence ¢ descends to a map ¢ : K\X — [0,1] via ¢(K(z)) = (z) =
min (K (z)). We have p(q(z)) =0 and ¢(q(2)) =1 if g(2) ¢ V. It remains to show that
@ is continuous. For this, it suffices to show that lﬁ is continuous because K\ X carries
the quotient topology with respect to the map g,
X —2 50,1

|

K\X.

Given z € X, we may consider the continuous map h : K x X — [0, 1] with h(g,y) =
| (g2)—1(gy)|. Since h(g, z) = 0 holds for all g € K, there exists by Wallace’s Lemma 1.16
for every e > 0 a neighborhood W of z such that h(g,y) < ¢ holds for all (g,y) € K x W-..
It follows from Lemma 1.33 that |inf¢(K(2)) — inf¢ (K (y))| < € holds for all y € W,
and this shows that @Z) is continuous at z. O

[Preliminary Version - October 1, 2018]
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Metrizability of Topological Groups and the Tychonoff Property

In this section we prove several important results about the metrizability and about
separation properties for topological groups and their coset spaces. We first review length
functions and invariant pseudometrics on groups.

Definition 1.34. A pseudometric d on a set X is a map d : X x X — R satisfying
d(z,x) =0, 0<d(z,y)=d(y,z), d(z,z)<d(z,y)+dy,z2),

for all z,y,z € X. If d(x,y) = 0 implies that = = y, then d is called a metric.

A metric or pseudometric d on a group G is called left invariant if the left translation
map A, : G — G is an isometry of the metric or pseudometric space (G,d), for every
a € G. In other words, we require for a left invariant metric that d(z,y) = d(ax, ay) holds
for all a,z,y € G. Similarly, a pseudometric d is called right invariant if d(za,ya) =
d(x,y) holds for all z,y,a € G. If d is a left invariant pseudometric, then d'(z,y) =
d(z71,y71) is a right invariant pseudometric, and vice versa.

Every pseudometric d on a set X induces a topology 75 on X, such that U C X isin 7y
if and only if for every x € U there exists some £ > 0 such that {y € X | d(z,y) <e} CU.
This topology 7, is Hausdorff if and only if the pseudometric d is a metric. The following
facts are elementary.

Lemma 1.35. Suppose that d,d' are pseudometrics on a set X, and that d < d'.
(i) The metric d is continuous with respect to Ty and thus Tqy C Ty
(ii) If d' is continuous with respect to Tq, then Ty = Tay.
(i) If T is a topology on X, then T = Ty holds if and only if d is continuous with respect
toT and T C 73.

Definition 1.36. A length function ¢ on a group is a map
(:G — Ry
with the properties
() =0, Lg)=1Lg™"), Ugh)<lg)+L(h),

for all g, h € G. Then
|£(gh) = £(g)], |€(hg) — £(g)| < £(h)
holds for all g, h € G. Moreover, the set

K={9eG|lg)=0}

[Preliminary Version - October 1, 2018]
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is a subgroup of G. For k € K and g € G we have ((kg) < ((g) = ((k~'kg) < {(kg) and
therefore

tkg) = t(g)
holds for all £ € H and g € G. In particular, {(y4(g)) = ¢(g) holds for all £k € K and
g € G. If { is a length function, then

d(g,h) = (g~ 'h)

is a left invariant pseudometric on G and d'(g,h) = ¢(gh™"') is a right invariant pseudo-
metric on G. Conversely, if d is a left or right invariant pseudometric on a group G, then
l(g) =d(e,g) is a length function.

Proposition 1.37. Suppose that a left invariant metric d metrizes the topological group
G. Then the metric

do(z,y) = d(z,y) +d(z"" y™")
also metrizes G. Moreover, the metric completion G of (G,d.) is a topological group that
contains G as a dense subgroup.

Proof. 1t is clear that d. is a continuous metric on G. Since d < d., every d-open set is also
d.-open, and thus d. metrizes G. Let (G, d.) denote the metric completlon of (G,d.). We
wish to extend the map x : G x G — G that maps (z,y) to 27!y to a map GxG— G,

The problem is that x need not be uniformly continuous with respect to d.. We first prove
an auxiliary result.

Claim. Given x,y € G and e > 0, there exists § > 0 such that d.(x y1, x5 y2) < € holds
for all x1,29,91,y2 € G with d.(x1,x),d.(x2, ), d(y1, ),d (y2,9) < 9.

We choose xg, 3y € G such that d.(xg, ), d.(yo,y) < <. Then we choose § > 0 with
0 < {5 in such a way that

d(z0,70), d(290, o) <

holds for all z € G with d.(z,e) < 2§. We have

d(riryt e) = d(zyt 23 h) < do(xr, 20) < de(wy, ) + do(2, 19) < 20
and therefore

(i Y1, 25 o) = d(way 1, y2)

(@227 1, 40) + d(yo, y2)
(Y1, 2123 o) + d(yo, y2)
(y
(

VAN

Oq&&&&

0) + d(yo, 125 yo) + d(Yo, y2)
y) + d(y, yo) + d(yo, 125 yo) + d(yo, y) + d(y, y2)
tE+E+E+0<E.

Y1, Y
Y1,y

IA AN A
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In the same way we have d(y; 'z1, y5 '72) < £ and thus d.(z]  y1, 75 'y2) < € and the claim
follows.

‘We view the map £ as a subset of GXGXG C GxGx G and we let /& denote its closure
inGxGxG. If (Zn)n>1 and (y,)n>1 are sequences in G converging to points z, y € G then
the claim shows that (z,'y,),>1 is a Cauchy sequence in G. Hence lim,(x,, yn, T, 'Yn)
exits in G x G x G, and hence (pry; X pry)(R) = G x G.

We claim that & is a continuous map. Suppose that (z,y,z2) € k. Given & > 0 there
exists by the claim 6 > 0 such that for all 2/, y" € G with d.(2', ), d.(y',y) < § we have
d.(k(2',y'),z) < e. Since & is the closure of k, it follows that d (7, 2) § ¢ holds for all
(@', y',2") € k with d.(2', z),d.(y',y) <. Hence & is a continuous map at (z,y).

Since & is continuous, so are the maps i(z) = #(z,e) and m(z,y) = k(i(z),y). Now
m(m(z,y), z) = m(xz,m(y, 2)) holds on the dense subset G x G x GG, and thus everywhere.
Hence m is an associative multiplication. Similarly, m(x,e) = m(e,z) = x holds on the
dense subset G and hence everywhere, and likewise m(i(z), ) = e = m(z,i(x) holds on

£
2

G and hence everywhere. Therefore Gisa topological group which contains G as a dense
subgroup. O

We need also the following result about metrics on quotients.

Lemma 1.38. Let ¢ be a length function on a group G and let H C G be a subgroup.
Then d(z,y) = ((xy~") is a right invariant pseudometric on G and

dy(zH,yH) = inf {(xHy ") = infd(x,yH) = inf{d(zhy,yhs) | h1,hy € H}

is a pseudometric on G/H. If G is a topological group and if € is continuous, then dy is
continuous on G/H.

Proof. 1t is clear that d is a right invariant pseudometric and that dy is symmetric and
nonnegative. For x,y,2z € G and h,h' € H we have

da(eH, 2H) < d(z, =) < d(z,yh) + d(yh, =) = d(x,yh) + d(y, W'h "),

whence

Thus dy is a pseudometric on G/H.

Suppose that G is a topological group and that ¢ is continuous. Then d is continuous
and the map d'(z,y) = dy(xH,yH) is a pseudometric on G. Since 0 < d' < d, the
pseudometric d' is also continuous. The map p : G — G/H is open and therefore the
map p X p: G x G — G/H x G/H is also open and hence a quotient map. Therefore
dy is continuous on G/H x G/H. O

[Preliminary Version - October 1, 2018]
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Theorem 1.39 (Birkhoff-Kakutani). Let G be a Hausdorff topological group. Then
the following are equivalent.

(i) The topology on G is metrizable by a left invariant metric.

(ii) The topology on G is metrizable by a right invariant metric.

(iii) The topology on G is metrizable.
(iv) Some nonempty open subset U C G is metrizable.
(v) The identity element e € G has a countable neighborhood basis.
If a group T' acts as a group of automorphisms on the group G and if e has a countable
neighborhood basis consisting of I'-invariant sets, then the metric d can be chosen to be
left invariant and in addition I'-invariant, i.e.

d(gz, gy) = d(z,y) = d(y(x),7(y))
holds for all g,x,y € G and v € T.

Corollary 1.40. If a topological group G is metrizable and if K C G is a compact
subgroup, then there exists a left invariant metric d on G which is in addition K-invariant
from the right, i.e. d(z,y) = d(gxk, gyk) holds for allk € K and z,y,g € G. In particular,
every metrizable compact group admits a complete metric which is left and right invariant.

Proof. If G is metrizable, then e has by Corollary 1.31 a countable neighborhood basis
consisting of K-invariant neighborhoods. Hence the metric d on G can be chosen to be left
invariant and invariant under the conjugation action of K. In a metrizable compact space
every metric is complete because every Cauchy sequence has a convergent subsequence.

O

The Birkhoff-Kakutani Theorem makes no claims about metric completeness. In-
deed, there exist completely metrizable topological groups which admit no left invariant
complete metric. The proof of Theorem 1.39 relies on the following technical lemma.

Lemma 1.41. Let G be a topological group. Suppose that (K,)nez is a family of symmetric
identity neighborhoods with the property that K> C K,y holds for all n € Z, and with
(Unez Kn) = G. Then there exists a continuous length function ¢ : G — Rxq such that

{geG|lg)<2"} CK,C{geG|Llg) <2"}.

holds for alln € Z. In particular,
(En={9€G|g) =0}
ne”L

If a group T acts as a group of automorphisms on the group G such that all sets K, are

['-invariant, then the length function ¢ can be chosen to be invariant under the I'-action
on G.

[Preliminary Version - October 1, 2018]
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Proof. First of all we note that for every g € G there exist integers ni,...,n; with
g € K, ---K,,, because the union of the K, generates G’ and because every K, is
symmetric. For g € G we put

l(g) =inf{t > 0| there is some k > 1 and ny,...,nx € Z
witht =2" 4+ ... 4+ 2" and g € K,,, K, - - - K, }

Ifge Ky, - Ky, and h € K, --- K,_, then gh € K,,,, --- K,;,, K;,, - - - K,,,. It follows
that ¢ satisfies the triangle inequality. Since each K, is symmetric, we have £(g) = ¢(g~1)
for all ¢ € G. Finally, ¢(e) = 0 since e € K, holds for every n € Z. This shows that ¢ is
a length function. Moreover, £(g) < 2™ if g € K,,. If all sets K,, are ['-invariant, then ¢ is
also ['-invariant.

Next we show the continuity of /. Let g € G be any element, and let ¢ > 0. We
choose n € Z in such a way that 2" < . Since ¢(a) < 2" holds for all @ € K,,, we have
[0(g) — l(h)| < 2" < e for all h € gK,. Hence / is continuous.

Suppose that ¢(g) < 2". Then there exists k¥ > 1 and numbers nq,...,n;y € Z with
g € K, - K,, and with 2™ + ... 2™ < 2"

Claim. Suppose that 2™ + .- 42" < 2" Then K, --- K,,, C K,,.

Proof of the claim. We note that n; < n holds for j = 1,..., k. Hence K, --- K,, C
K, _1---K,_1. This proves the claim for k£ = 1,2,3. For k > 4 we proceed by induction
on k. Suppose that k > 4. If 2™ + ... 4+ 2™ < 2771 then K, -- -K,,_, € K,_; by the
induction hypothesis, and K,, € K,_;, whence K,,, --- K,, C K,,_1K,_; C K,. There
remains the case where 2"~! < 2™ ...+ 2" < 2" We choose the smallest r € {1,..., k}
with 2771 < 2™ 4 ... 4 2™ Then 2" 4 .-+ 21 < 271 gpd 2%+t ... 4 2% < QN1
By the induction hypotheses K, --- K, _, € K,_; and K, ., ---K,, C K,_;. Thus
K, K, CK,. K, K, 1 CK, 1K, 1K, ; CK,. Note that this is true also for the
extremal cases r = 1 and r = k. Hence the claim is true.

It follows that {g € G | ¢(9) < 2"} C K,, C{g € G| {(g) < 2"}, and in particular

Nnez Kn =1{9 € G | £(g) = 0}. O

Proof of Theorem 1.39. 1t is clear that (i) < (ii) = (iii) = (iv). If a nonempty open
set U C (G is metrizable, then every left translate of U is metrizable and hence some
identity neighborhood is metrizable. In a metrizable space, every point has a countable
neighborhood basis. Therefore we have (iv) = (v).

It remains to show that (v) = (i). Let {V}, | n > 1} be a countable neighborhood basis
of e. We put W,, = V,, N V-1 If the V,, are all I-invariant, then the W,, are I'-invariant
as well. We now put K,, = G for n > 0, and K_; = W;. We then proceed inductively as
follows. Given K _,, we choose m > 1 in such a way that an C K_,NV,:; holds. This
is possible because the W, form a neighborhood basis of e. We put K_, 1) = Wj,.

[Preliminary Version - October 1, 2018]
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Let ¢ denote a continuous length function as in Lemma 1.41 for the family (K, ),ez.
If the V,, are I'-invariant, then the K, are also I'-invariant and hence we may assume
in this case that ¢ is T-invariant. Then d(g,h) = ¢(g'h) is a continuous left invariant
pseudometric on G. Let U C G be an open set and suppose that g € U. There exists
an integer n > 1 such that gV,, C U. It follows that the set {h € G | d(g,h) < 27"} is
contained in gK_,, C gV,, C U. Therefore the pseudometric d metrizes the topology of G.
Since GG is Hausdorff, d is a metric. O

The following is another important consequence of Lemma 1.41.

Theorem 1.42. Suppose that G is a topological group and that H C G is a closed
subgroup. Then G/H is a Tychonoff space. In particular, every Hausdorff topological
group is a Tychonoff space.

Proof. If H C G is a closed subgroup, then G/H is Hausdorff by Proposition 1.17. Let
p: G — G/H denote the canonical projection and suppose that W C G/H is a neigh-
borhood of the point x = aH. Since p is continuous, there exists a symmetric identity
neighborhood Ky C G with p(Kpa) € W. We put K,, = G for all n > 1, and we
choose inductively symmetric identity neighborhoods K, for n = —1,—2,—3,... such
that K;> C K, 1. Let ¢ denote a continuous length function for the family (K, ),ez as in
Lemma 1.41. Then {g € G | £(g) < 2°} C Ky. Let dy denote the corresponding continu-
ous pseudometric on G/H, as in Lemma 1.38. Then ¢(gH) = max{dy(aH,gH),1} is a
continuous function on G/H, with ¢(aH) = 0. If gH ¢ p(Koa), then KpaNgH = & and
therefore dy(aH,gH) > 1, whence p(gH) = 1. O

Proposition 1.43. Suppose that G s a metrizable topological group and that H is a
closed subgroup. Then G/H is metrizable.

Proof. Since G is metrizable, there exists by Theorem 1.39 a right invariant metric d on
G that metrizes G. From Lemma 1.38 we see that dy is a continuous pseudometric on
G/H. Suppose that W C G/H is an open set containing gH. Since p is continuous, there
exists € > 0 such that the set {z € G | d(g,2) < €} is mapped by p : G — G/H into
W. Then {zH | dy(gH,xzH) < ¢} C W, which shows that dy determines the topology
on G/H. Since G/H is Hausdorff, dy is a metric. O

We extend the previous result to certain double coset spaces. This will become relevant
in the next chapter.

Lemma 1.44. Let G be a Hausdorff topological group and let ¢ be a continuous length
function on G, with its associated right invariant pseudometric d(z,y) = ((zy~'). Suppose
that H C G is a closed subgroup. Suppose also that K = {g € G | {(g) = 0} is compact

and that the metric d(Kz, Ky) = d(x,y) metrizes the quotient topology on K\G. Then
the pseudometric dg(KxH, KyH) = dy(xH,yH) metrizes the topology on K\G/H.
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Proof. We consider the diagram of quotient maps

K\G/H.

Since G/H is Hausdorff and K is compact, K\G/H is Hausdorff by Proposition 1.27.
The pseudometric dy(rH,yH) = inf {(zHy™') is continuous on G/H. For k € K and
x € G we have ((kz) = ((x) and therefore

dp(kiwH, kyx H) = inf ((kyo Hy ‘ky') = inf (o Hy ') = dy(zH, yH)

holds for all ki, ks € K and all z,y € GG. Hence

is a pseudometric on K\G/H. Since ¢ x § : G/H — K\G/H is an open map, dy is
continuous.

We claim that the continuous pseudometric dy determines the topology on K\G/H.
Suppose that W C K\G/H is an open set containing KgH. Since d metrizes K\G, there
exists € > 0 such that the set V = {Kz | d(Kg, Kr) < ¢} C K\G is mapped by p into
W. If dy(KgH, KyH) < ¢, then there exist h € H with d(g,yh) = d(Kg, Kyh) < ¢ and
therefore p(Kyh) = KyH € p(V) C W. This shows that the pseudometric dy topologizes
K\G/H. Since K\G/H is Hausdorff, dj is a metric. O

[Preliminary Version - October 1, 2018]
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2 Around the Baire Property

We recall some notions related to the Baire Category Theorem.

Definition 2.1. Let X be a topological space. A subset N C X is called nowhere dense
if its closure N has empty interior. Equivalently, there exists a dense open set U C X
which is disjoint from N. Any subset of a nowhere dense set is again nowhere dense. A
countable union of nowhere dense sets is called a meager set (a set of first category in the
older literature). It follows that subsets of meager sets are meager, and that countable
unions of meager sets are again meager. A subset M C X is meager if and only if there
exists a countable family of dense open sets (U,)n>1 in X with M N, U, = 2. A
topological space X is called a Baire space if for every countable family of dense open
sets (Uy,)n>0, the intersection (1),~, U, is again dense. This condition can be phrased in
several ways. -

Lemma 2.2. Let X be a topological space. Then the following are equivalent.
(i) X is a Baire space.
(ii) The union of countably many closed subsets with empty interiors has empty interior.
(iii) Every nonempty open subset of X is nonmeager.
(iv) The complement of every meager set is dense.

In descriptive set theory, the Polish space NV is often called the Baire space. We will
not use this terminology.

Proof. Suppose that X is a Baire space and that (A,),>1 is a family of closed sets with
empty interiors. Then each of the open sets U,, = X —A,, is dense, and thus () -, U, is also
dense. Thus J, -, A, has empty interior. Hence (i) implies (ii). Suppose that (ii) holds.
Then in particular, every meager set has empty interior. Hence every nonempty open set
is nonmeager, and (iii) holds. Suppose that (iii) holds and that M C X is meager. Then
the interior of M is meager and therefore empty. Hence X — M is dense. If (iv) holds
and if (U, ),>1 is a family of dense open sets, then M =X — (), o, U, =(),>,(X = U,) is
meager and hence (), -, U, is dense. Therefore X is a Baire space. - O
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In particular, every open subset of a Baire space is again a Baire space in the subspace
topology. The class of Baire spaces is, however, not closed under products or passage to
closed subsets, and this is one main reason why we consider later the subclass of Cech
complete spaces. In particular, we will see that every completely metrizable space and
every locally compact space is a Baire space, by Baire’s Category Theorem. In any case,
we have the following elementary result. We recall that a countable intersection of open
sets in a topological space is called a Gg-set.

Lemma 2.3. Suppose that X is a Baire space and that A C X is a dense subspace. If A
is a Gg-set, then A is a Baire space. If X # &, then A is not meager.

Proof. We put A =, -, Uy, where each U,, C X is open. Since A is dense, each set U,
is dense. Suppose that (B,),>1 is a sequence of relatively open dense subsets of A. Then
there exist open sets W,, C X such that B, = AN W,. In particular, each set W, is
dense in X. Hence (), vy B =(),>1(Un N W,,) C A is dense in X and therefore dense in
A. Hence A is a Baire space. Moreover, X — A =J,.,(X — U,,) is meager. If A is also
meager, then X itself is meager and therefore empty. O

It follows for example that the space of irrational numbers R — Q C R is a Baire
space. On the other hand, Q is not a Baire space, since QQ is nonempty and meager. The
following result is fundamental for the proof of Pettis’ Lemma below.

Theorem 2.4 (Banach’s Category Theorem). Let X be a topological space, let U
be a collection of open subsets of X and let A C X be a subset. If for each U € U the
set ANU is meager, then ANJU is meager. In particular, an arbitrary union of open
meager subsets is again meager.

Proof. We may assume that U # &. Let C denote the set consisting of all collections
W of subsets of X with the following properties. The members of W are open, pairwise
disjoint, and each W € W is contained in some U € U. The set C is partially ordered by
inclusion and (C, C) is nonempty and inductive. By Zorn’s Lemma, C contains a maximal
element W. Put M = JU — [JW. Then M is closed and we claim that M has empty
interior. If a nonempty open set V' is contained in M, then V intersects some U € U
nontrivially. But then W U {V N U} € C, contradicting the maximality of W. Thus M
has empty interior. Since M is closed, M is nowhere dense and in particular meager.
For every member W of W the set AN W is meager. Hence there exists a countable
family of nowhere dense sets Ny, € W, for n > 1, with ANW = {J,o; Nw,. We
put N, = U{Nw. | W € W} and we claim that N, is nowhere dense. If a nonempty
open set V is contained in N, then there exists a member W € W which intersects V/
nontrivially. Now N, N W C Jm, and thus VNW C m, contradicting the fact that
Ny, is nowhere dense. Hence N, is nowhere dense. It follows that AN{JW = J,,~; N»
is meager, and so is ANJU C MU, ~; Ny. o

[Preliminary Version - October 1, 2018]



Around the Baire Property 23

The Open Mapping Theorem and Pettis’ Lemma

There exist topological spaces which are neither meager nor Baire spaces. An example of
such a space is the subspace Q U [0, 1] C R. For topological groups this cannot happen.

Proposition 2.5. Let G be a topological group. Then the following are equivalent.
(i) G is a Baire space.
(ii) G is not meager.

(i) G contains a non-meager subset.

Proof. 1t is clear that (i) = (ii) = (iii), and we show that —=(i) = —(iii). If G is not a Baire
space, then there exists an open nonempty meager subset U C G by Lemma 2.2. Then
G = J{gU | g € G} is also meager by Banach’s Category Theorem 2.4, and therefore
every subset of G is meager. O

There are several open mapping theorems for topological groups. The following is the
most basic version. We note that every Hausdorff topological group which is compactly
generated is o-compact.

Theorem 2.6 (The Open Mapping Theorem, I). Let f : G — K be a morphism
of Hausdorff topological groups. If G is o-compact and if f(G) C K is not meager, then
f is open and K is locally compact.

In particular, every Hausdorff topological group which is o-compact and a Baire space
is locally compact.

Proof. We assume that f(G) C K is not meager, and we consider first the case where
f is in addition injective. We write G = (J, o An, with A, compact. For every n € N,

the restriction-corestriction f \f;(:‘") : A, — f(A,) is a continuous bijection and hence a
homeomorphism. Moreover, each f(A,) is compact and therefore closed. Since f(G) =
Unen f(Ar) is not meager, there exists by Lemma 2.2 an index m € N such that f(A,,)
contains a nonempty open set V. It follows from Proposition 1.12 that f(G) C K is open.
Put U = f~1(V). Then U C G is open, and the restriction-corestriction f|; : U — V is
a homeomorphism. It follows from Lemma 1.5 that the corestriction f|/(@ : G — f(G)
has a continuous inverse. Hence f is open. Moreover, f(G) is an open locally compact
set in K, and thus K is locally compact.
In the general case we put N = ker(f) and we consider the commutative diagram

G%K.

L A

G/N
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The quotient GG/N is o-compact. Since p is open by Proposition 1.17 and since f is open
by the previous argument, f = f o p is open. O

Corollary 2.7 (The Closed Graph Theorem, I). Let G, K be Hausdorff topological
groups and suppose that f : G — K is a group homomorphism. Assume also that G and
K are o-compact, and that G is a Baire space. Then the following are equivalent.

(i) f is continuous.
(ii) the graph of f is closed in G X K.

Proof. The graph of a continuous map whose range is a Hausdorff space is closed, hence
(i) = (ii). Suppose that (ii) holds. Then H = {(g, f(g9)) | ¢ € G} is a closed subgroup
of G x K and hence o-compact. The map h : H — G that maps (g, f(g)) to g is
continuous and bijective. By Proposition 2.6, h is open and hence the map g — (g, f(g))
is continuous. O

For two sets A, B we write the symmetric difference as
AAB=(A-B)U(B—A)=(AUB)—- (ANB).

Definition 2.8. A subset A of a topological space X is called Baire measurable (or almost
open, or a subset with the Baire property) if there exists an open set U C X such that
the symmetric difference M = UAA is meager.

The reader should be warned that a Baire measurable subset is not the same as a
subspace which is a Baire space.

Theorem 2.9 (Pettis’ Lemma). Let G be a topological group. If A C G is Baire
measurable and nonmeager, then A=A is an identity neighborhood.

Proof. Let U C G be open such that M = UAA is meager. Then U is not meager and
in particular nonempty. We choose ¢ € U and an open identity neighborhood V' with
gVV=1 CU. We claim that V C A7YA. If h € V, then g € UNUh, whence UNUh # &.
Thus (ANAR)A(UNUR) C (AAU)U(AAU )k is meager. But then AN Ah # @, because
otherwise U N Uh would be a nonempty meager open set in the Baire space G. Hence
VCATA O

From Pettis’ Lemma we derive several results about the continuity of homomorphisms.
For this, the following is a useful property of Baire measurable sets.

Proposition 2.10. The Baire measurable sets in a topological space X form a o-algebra
which contains all open sets. In particular, every Borel set in X is Baire measurable.
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Proof. Every open set is Baire measurable, and in particular the empty set is among the
Baire measurable sets. Suppose that A C X is Baire measurable. We claim that the
complement B = X — A is also Baire measurable. Let U C X be open such that UAA is
meager and put V = X —U. We note that M = U — U is nowhere dense. The symmetric
difference of two subsets of a given set is not changed if we replace both sets by their
complements. Hence

VAB=UAAC (UNA)UM

is meager, and therefore B is Baire measurable. Suppose that (A4,),>o is a family of
Baire measurable sets. For every A, there is an open set U, such that the symmetric
difference M, = (A, UU,) — (A, NU,) is meager. We put A = J,~o 4n, M =, 50 M»
and U = |J,59Un. Then 4, — U C A, — U, C M,, whence A —U C M. Likewise,
U— A C M, and therefore

UNACM

is meager. This shows that the Baire measurable sets form a o-algebra. Since every open
set is Baire measurable, every Borel set is Baire measurable. O

Corollary 2.11. Suppose that G is a topological group and that H C G is a subgroup. If
H contains a Baire measurable set (eg. a Borel set) which is not meager, then H is open.

Proof. By Theorem 2.9, H = H'H is an identity neighborhood and hence open by
Proposition 1.12. O

Corollary 2.12. Suppose that G is a topological group which is a Baire space. If H C G
s a dense subgroup which is a Gg-set, then H = G.

Proof. By Lemma 2.3, H is not meager. Hence H is open by Theorem 2.9 and therefore
closed by Proposition 1.12. O

We recall that a topological space is called Lindelof if every open covering has a
countable subcovering. Examples of Lindelof spaces are second countable spaces and o-
compact spaces. A not necessarily continuous map between topological spaces is called
Baire measurable ( Borel measurable) if the preimage of every open set is Baire measurable
(a Borel set). Every continuous map is thus Baire measurable and Borel measurable. The
reader should be aware that there are other, non-equivalent notions of Baire measurable
functions in the literature.

Theorem 2.13. Let G, K be topological groups and let f : G — K be a group homo-
morphism. Assume also that K is Lindelof and that G is a Baire space. The following
are equivalent.

(i) f is a morphism of topological groups.
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(ii) f is Borel measurable.

(iii) f is Baire measurable.

(iv) The group K has arbitrarily small identity neighborhoods whose preimages are Baire
measurable.

Proof. A closed subset of a Lindelof space is again Lindel6f. Replacing K by f(G),
we may thus assume in addition that f(G) is dense in K. It is clear that (i) = (ii)
= (iv) and that (i) = (ili) = (iv). Suppose that (iv) holds. Let V' C K be an identity
neighborhood. We claim that f~!(V') contains an identity neighborhood. We choose an
identity neighborhood U C K such that U~'U C V, and such that E = f~1(U) is Baire
measurable. Since K is Lindel6f and f(G) is dense, we find elements g1, g2, 93, ... in G
such that K = J,~, f(g,)U. Hence G = |, goE. Since G is not meager, £ cannot be
meager. Hence E~'FE is an identity neighborhood by Theorem 2.9, and f(E~'E) C V.
It follows that f is continuous at the identity element of G. By Lemma 1.5, the map f is
continuous and hence a morphism of topological groups. O

Cech Complete Spaces

We introduce another piece of terminology which allows us to unify methods from com-
pletely metrizable spaces and locally compact spaces.

Definition 2.14. A Tychonoff space X is called Cech complete if there exits a countable
family (U, ),>1 of open coverings of X such that the following holds. If F' is a family of
closed subsets of X which has the finite intersection property, and if for every n > 1 there
exists ' € F and U € U,, with F' C U, then (| F # @. In this case (U,),>; is called a
complete sequence of open coverings for X.

It follows right from the definition that a closed subspace of a Cech complete space is
again Cech complete.

Lemma 2.15. Every completely metrizable space is Cech complete.

Proof. Every metric space is a Tychonoff space. Suppose that (X, d) is a complete metric
space. We let U,, denote the collection of all open subsets of diameter at most 27", for
n > 1. Suppose that F' is a family of closed sets having the finite intersection property,
and that for each n > 1 there exists a member F,, € F' which has diameter at most 27".
We choose points x, € Fy N FoN---N F,. Then d(z,,z,+1) < 27" and thus (2,),>1 is
a Cauchy sequence in X. We put x = lim,, x,,. Suppose that F is an arbitrary member
of F. For every n > 1 we may choose a point y, € EN F,. Then d(x,,y,) < 27" and
thus lim,, y,, = lim,, x,, = x. Therefore x € F, and hence x € (| F. Therefore (U,),>1 is
a complete sequence of open coverings of X. O
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Lemma 2.16. Let K be a compact space and suppose that X C K is a Gs-set. Then X
is Cech complete. In particular, every locally compact space is Cech complete.

Proof. Since every compact space is normal, X is a Tychonoff space. Let Uy, Us,... C K
be open with X = (,o,U,. Weput U, = {X NV |V C K is open and V C U,}, for
n =1,2,.... Then U, is an open covering of X, since K is regular. Suppose that E is
a collection of relatively closed subsets of Y having the finite intersection property, and
that for every n there exists V,, € U,, and E, € E with E,, C V,. Since K is compact,
there exists a point z € ({E | E € E}. Since z € E, C U, holds for every n, we have
z € X. Hence (U,),>1 is a complete sequence of open coverings of X O

Theorem 2.17 (Baire’s Category Theorem). Every Cech complete space is a Baire
space. In particular, every completely metrizable space and every locally compact space s
a Baire space.

Proof. Let (U,),>1 be a complete sequence of open coverings of X. Suppose that (V},),>1
is a family of open dense subsets of X, and that W C X is a nonempty open set. We
have to show that W N (" -, V., # 2.

We put Wy, = W, and we choose inductively points z,, and open sets W,, for n =
1,2,3,... as follows. We choose a point z, € W,,_1 NV, and an element U, € U,
with z,, € U,. Since X is regular, there is an open neighborhood W,, of x, such that
W, C Wo_1NV,NU, Weput F={W,|n>1}. Then (|F # @ because X is Cech
complete and thus W N (" -, V, # 2. O

In view of Baire’s Category Theorem, we investigate Cech complete spaces more
closely. First we improve Lemma 2.15 and Lemma 2.16. We recall that every Tychonoff
space X embeds into its Cech-Stone compactification 5X. The Cech-Stone compactifi-
cation has the following universal property. If f : X — K is a continuous map from
a Tychonoff space X to a compact space K, then there is a unique continuous map
Bf: X — K that extends f,

x 1K
S

It follows that X is dense in X and that § is a functor from the category of Tychonoff
spaces and continuous maps to the category of compact spaces and continuous maps.

|
BX

Proposition 2.18. Let X be a Tychonoff space. The following are equivalent.
(i) X is Cech complete.
(ii)) Whenever K is a compact space and v : X — K is a topological embedding with
dense image, the image 1(X) C K is a Gs-set.
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(iii) There exists a compact space K and a topological embedding v : X — K such that
the subset 1(X) C K is a Gg-set.

Proof. We show first that (i) = (ii). Let ¢ : X — K be a topological embedding and let
(U,)n>1 be a complete sequence of open coverings of X. We put

W, = U{V C K | Visopen and . (V) € U,}.

Then «(X) € W, holds for every n > 1 and we claim that +(X) = (,~; W,. Suppose
that z € (,~; Wn. We let A denote the collection of all closed neighborhoods of z in K.
The set E = {AN«(X)| A€ A} has the finite intersection property because z is in the
closure of +(X). By the definition of W,,, there exists for every n > 1 an open set V,, C K
containing z with :='(V;,) € U,,. Since K is regular, there exists a closed neighborhood
A, € A with z € A, C V,. Since +(X) is Cech complete, (| E # @. On the other hand,
{z} =NADNE C«X). Hence z € 1(X). This shows that ¢(X) is a Gs-set in K.
Since every Tychonoff space X embeds with a dense image into its Cech-Stone com-
pactification X, we see that (ii) = (iii). In Lemma 2.16 we showed that (iii) = (i). O

Corollary 2.19. If X is a Cech complete space and if A C X is a Gs-set, then A is Cech
complete.

Now we turn to metric completeness versus Cech completeness. We recall the following
classical fact.

Lemma 2.20. Suppose that X is completely metrizable and that A C X is a Gg-set.
Then A is completely metrizable.

Proof. Let Uy,Us,,... C X be open, with A = (1, -, U, and let d be a complete metric
on X. We may assume that U, # X holds for all n > 1. For each n > 1 the map
fn i — d(x,X — U,) is continuous. Hence the map h : A — X x R™ that maps
x € Ato h(z) = (x,1/fi(x),1/fs(x),...) is continuous as well, with a continuous inverse.
Hence h is a topological embedding. The product space X x RNt is completely metrizable.
Therefore it suffices to show that h(A) is closed. If (x,),>1 is a sequence in A and if
lim,, h(x,) = (2,t1,%2,...), then lim, z,, = z and ¢; = lim, 1/f,(2), which shows that
fn(z) # 0 for all n. Thus z € A. O

Proposition 2.21. A metrizable space X is Cech complete if and only if X is completely
metrizable.

Proof. We showed in Lemma 2.15 that every completely metrizable space is Cech com-
plete. Conversely, suppose that (X, d) is metric and Cech complete. Let X denote the
metric completion of (X, d), and consider the natural embeddlng t: X — BX Then X
is dense in BX and hence by Proposition 2.18 a Ggs-set in BX Hence X is a Gg-set in X
and therefore X is completely metrizable by Lemma 2.20. O
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Corollary 2.22. FEvery locally compact metrizable space is completely metrizable.

Proposition 2.23. If X is a completely metrizable space, then a subspace A C X 1is
completely metrizable if and only if A is a Gg-set.

Proof. If A C X is a Gg-set, then A is completely metrizable by Lemma 2.20. Conversely,
if A C X is completely metrizable and if we put Y = A, then A is dense in BY and
therefore a Gg-set in Y by Proposition 2.18. Therefore A is a Gs-set in Y. On the other
hand, the closed set Y is a Gs-set in X and therefore A is also a Gs-set in X. O

Theorem 2.24. Every product of Cech complete spaces is a Baire space and every count-
able product of Cech complete spaces is again Cech complete.

Proof. First of all we note that a product (of any length) of Tychonoff spaces is again a
Tychonoft space. Suppose that (X,,),>1 is a countable sequence of Cech complete spaces.
We put K, = BX,, and consider the compact space K = [[ ., K,. The natural map
1,51 X0 — II,>; K» is an embedding. It remains to show that its image is a Ggs-set.
For each n > 1 let Uy, Uz, ... € K, be open, with Nis1 Uk = X5, and put Wy, =
Kix XKy 1 XxUppx Ky X+, Then W, C K is open and ﬂk7n>1 Win =111 Xn-
Hence [],., X, is a Gs-set in K and thus Cech complete.

Suppose now that (X;);es is a family of Cech complete spaces. We have to show
that the product X = HjeJ X is a Baire space. Let U, C X be open and dense, for
n=12,...and put A =(),~,;U,. We claim that A C X is dense. For this we show
that A intersects every nonempty basic open set W in X. We put W = [] jes Wj, where
W; C X; is nonempty and open, and W; = X outside a finite nonempty index set Jy C J.
The canonical projection map p: X — [] e, Xj 1s continuous and open and hence the
sets p(U,,) are open and dense. Since the finite product [] e, Xj 18 Cech complete and
in particular a Baire space, [,-; p(Uy,) is dense. Hence there exist points x; € W;, for
j € Jo, such that (z;);ez, € p(U,) holds for all n > 1. We choose arbitrary points z; € X;

for all j € J — Jo. Then (7;);e; € U, "W holds for all n. Hence W N, U, #@. O

We recall that a continuous map between Hausdorff spaces is called proper if the
preimage of every compact set is compact. The following is elementary.

Lemma 2.25. Suppose that f : X — Y is a continuous map between Hausdorff spaces,
that A C X is a subset and that the restriction f|s : A — Y is closed and proper. Then
A C X is closed.

Proof. Suppose that z € X — A. Then B = AN f~!(f(z)) is compact, because the
restriction f|4 : A — Y is proper. Since X is Hausdorff and B C X is compact, there
exists an open set U C X with B C U and « € U. The set f(A — U) is closed and
does not contain f(z). Hence f~!'(f(A — U)) is closed in X and does not contain z. In
particular, v ¢ A —U C f~(f(A—U)). On the other hand, z ¢ U, whence z ¢ A. [
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The complement of a Gs-set in a topological space is called an F,-set. An F,-set is
thus a countable union of closed sets.

Corollary 2.26. Suppose that X,Y are Tychonoff spaces and that f : X — Y is a
continuous, surjective, closed, and proper map. Then X is Cech complete if and only if
Y us Cech complete.

Proof. We consider the induced map Sf : 5X — BY between the Cech-Stone com-
pactifications. We claim that Sf(fX — X) = Y — Y. To show this, we put Z =
(Bf)"HY) C BX and we consider the restriction-corestriction (3f)|}, : Z — Y. By
Lemma 2.25, X is closed in Z. In the other hand, X is dense in Z, whence Z = X
and thus f(X — X) C BY — Y. Since Y is dense in Y and f(X) = Y, we have
Bf(BX — X)=pY =Y. Now ff is a closed continuous map and hence Sf(5X — X) is
an F,-set if and only if Y — Y is an F, set. ]

A Hausdorff space X is called paracompact if every open covering of X has a locally
finite refinement. Every metric space is paracompact.

Proposition 2.27. Suppose that f : X — Y s a continuous open surjective map, that
X is Cech complete and that Y s paracompact. Then Y is Cech complete.

Proof. We subdivide the proof into several steps.

Claim. There exists a Tychonoff space Z containing X as a Gs-subspace and a continuous
closed proper map F : Z — 'Y which extends f.

We consider the map f : X — BY between the Cech-Stone compactifications, and
we put Z = Sf71(Y) 2 X. We denote the restriction-corestriction of 3f by

F:7Z —Y.

If B CY is compact, then F~}(B) = 3f~}(B) is compact, hence F is proper. If A C
Bf(X) is closed, then A is compact and F(ANZ) = Bf(A)NY is closed in Y, hence F’
is closed.

Claim. Suppose that U C Z is open and that F(U N X) =Y. Then there exists an open
set U' C Z with F(U'NX) =Y and with U' C U.

Suppose that U C Z is open and that F(X NU) =Y. We choose, for every y € Y,
an open set set V, C Z as follows. We choose an element x € X NU with f(z) = v,
and then an open neighborhood V,, C U of = with Vy C U. This is possible because
Z is regular. Since V, N X is open in X and since f is open, U, = f(V, N X) is an
open neighborhood of y. Since Y is paracompact, the open cover {U, | y € Y} has
a locally finite refinement W. For every W € W we choose y(W) € Y such that
W C Uyw). We put Uy = Vywy N F~H(W) and we note that Uy C U is open. We

[Preliminary Version - October 1, 2018]



Around the Baire Property 31

also put U' = J{Uw | W € W}. If W € W, then W C f(Vyw) N X) and thus
f(Uy N X)=W. Hence F(U' N X) =Y. Suppose that z € Z is in the closure of U’.
There exists an open neighborhood O of f(z) such that set W = {W € W | ONW # &}
is finite. Hence

ze| J{uw | W e Woy = {Uw | W e W} CU.

Claim. There exists a closed Gs-set C C X such that f|c : C — Y 1is surjective.

We write X = {J,~,; Un, where U,, C Z is open. we construct a sequence of open
sets Z, as follows We put Zy = Z. Given Z,_1, we choose an open set Z, such that
Zn CUNZy, with F(X N Zy) =Y. Weput C = (,50 Zn = (50 Zn- Thus C C X is a
closed Gs-set. The set f~'(y) C X is compact for every g, hence () Z, N f~(y) # @.

The claim of the proposition is true.

The set C' C X is a Gy-set in the Cech complete space X, and therefore Cech complete.
Since C' C Z is closed, F|c = f|¢ is continuous, proper, closed and surjective. Therefore
Y is Cech complete. O

Cech Complete Groups

From the results of the previous section we see that the class of Cech complete groups
has many favorable properties. It is closed under passage to closed subgroups, to open
subgroups and even to Gg-subgroups, and also closed under passage to countable products.
It remains to consider quotients.

Proposition 2.28. Let G be a Hausdorff topological group and Y C G be any Gg-set
containing e (for exzample, Y = G). The following are equivalent.

(i) The group G is Cech complete.

(ii) There is a continuous length function £ on G such that K = {g € G | £(g) = 0} is
compact and contained in'Y , and such that K\G is Cech complete and metrizable
by the metric d(Kx, Ky) = {(zy™").

(iii) There is a compact subgroup K CY such that K\G is Cech complete.

(iv) There is a compact subgroup K C G such that K\G is Cech complete.

If G is o-compact, then the subgroup K in (iii) can in addition be chosen to be normal.

A corresponding result holds of course for the left coset space G/K.

Proof. Tt is clear that (i) = (iii) = (iv). If (iv) holds, then G is Cech complete by
Corollary 2.26 and hence (iv) = (i). It remains to show that (i) = (ii). Suppose that G is
Cech complete and that Y =) ., V,,, where the V,, C G are open identity neighborhoods.

n>1
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If G is o-compact, then there exists an ascending sequence Ly C Ly C L3 C --- of
compact subsets of G such that G = J,,~; Ln.

Let (U,)n>1 be a complete sequence of open coverings. For every n we choose U, €
U, with e € U,. Next we choose inductively closed symmetric identity neighborhoods
K_, CU,NV,, such that Kf’(nﬂ) C K_, holds, forn=1,2,....

If G =,>; Ln is an ascending union of compact sets, then we choose the K_, in
addition in such a way that

(c) aK_yna ' CK,

holds for all a € L,,. This is possible by Wallace’s Lemma 1.16.

For n > 0 we put K,, = G. Let £ : G — R denote a continuous length function for the
the sequence (K )nez as in Lemma 1.41. Put K =), ., K, ={g9€ G | l(9) =0} C Y.
If (c) holds, then K is a normal subgroup of G.

We claim that the closed subgroup K C G is compact. If E is a family of closed
subsets of K having the finite intersection property, then (| E # &, because each F € E
is contained in some U, € U,. Hence K is compact and K\G is Cech complete by
Corollary 2.26.

It remains to show the metrizability of K\G. We put d(x,y) = {(zy~') and we note
that d(z,y) = 0 holds if and only if z € Ky. Therefore d descends to a metric d on K\G.
Since the map ¢ : G — K\G is open, the map ¢ X ¢ : G x G — K\G x K\G is also
open and in particular a quotient map. Hence d is a continuous metric on K\G.

Suppose that W is an open neighborhood of Ke € K\G and put U = ¢ }(W). We
claim that there exists n > 1 with K_, C U. Otherwise, the sets A, = K_, — U are

nonempty, closed and nested, Ay O Ay O A3 D ---. Then A = ﬂnzlAn # &, and
A C K—U = g, a contradiction. Hence there exists n > 1 with q(K_,) € W, and
therefore {Kg | d(K, Kg) < 27"} C W. Therefore d metrizes K\G. O

Corollary 2.29. If G is a Cech complete topological group G and if there exists an
identity neighborhood V- C G which contains no compact subgroup besides {e}, then G is
completely metrizable.

Lemma 2.30. Suppose that G is a Cech complete group and that H C G is a subgroup
which is a Gs-set. Then H 1s closed.

Proof. Since the closure H C G is Cech complete, we may in addition assume that H is
dense in G. The claim follows now from Corollary 2.12. O

Lemma 2.31. Suppose that G is a Cech complete topological group and that H is a Cech
complete dense subgroup. Then H = G.
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Proof. The subspace H C 3G is dense and therefore a Gs-set in G by Proposition 2.18.
Hence H is a Gs-set in G, and therefore closed by Lemma 2.30. O

Proposition 2.32. Let G be a completely metrizable topological group and let d be a left
invariant metric which metrizes G. Then the metric d.(z,y) = d(z,y) + d(z™,y™ ) is
complete.

Proof. By Pr0p081t10n 1.37 the metric completion G of (G d.) is a topological group.
Since G C G is dense and Cech complete, GG is a Gg-set in G by Proposition 2.23. Thus
G=G by Lemma 2.31. O

Corollary 2.33. If G is a completely metrizable topological group, then every left and
right invariant metric which metrizes A is complete.

The result applies in particular to abelian groups, where every left invariant metric is
automatically right invariant.

Proof. 1f d is left and right invariant, then d. = 2d is complete by Proposition 2.32 hence
d is complete as well. O

Theorem 2.34. If G is a Cech complete group and if H is a closed subgroup, then G /H
and H are Cech complete. If G is completely metrizable, then G/H and H are completely
metrizable.

Proof. If G is Cech complete, then the closed subgroup H is also Cech complete. We have
to show that G/ H is Cech complete. By Proposition 2.28 there exists a continuous length
function ¢ on G such that K = {g € G | {(g) = 0} is compact and K\G is metrizable by
the metric d(Kxz, Ky) = {(zy~'). We consider the diagram of quotient maps and spaces

K\G/H.

Since p, q, ¢ are open maps by Proposition 1.17 and Proposition 1.27, r,p are open as
well. The space K\G/H is metrizable by Lemma 1.44 and in particular paracompact.
Since K\G is Cech complete, we conclude from Proposition 2.27 that K\G/H is Cech
complete. Then G/H is Cech complete by Corollary 2.26.

Suppose that G is completely metrizable. Then H is also completely metrizable.
Moreover, GG/ H is metrizable by Proposition 1.43 and therefore completely metrizable. [
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Polish Groups and the Open Mapping Theorem

A topological space X is called Polish if it is separable and completely metrizable. Equiv-
alently, X is second countable and completely metrizable, or metrizable, Cech complete
and second countable. A topological group is called Polish if its underlying topology is
Polish. For example, the topological group Z" is Polish since Z the discrete group is
completely metrizable and second countable.

Lemma 2.35. A subspace A of a Polish space X is Polish if and only if A is a Gg-set.

Proof. Any subspace of a second countable space is second countable. By Proposition 2.23,
the subspace A C X is completely metrizable if and only if it is a Gg-set. U

Proposition 2.36. Suppose that G is a Polish group and that H C G is a subgroup.
Then H is Polish if and only if H is closed in G. If H is closed, then G/H is also Polish.
In particular, G/H is again a Polish group if H is a closed normal subgroup.

Proof. By Lemma 2.35, a subgroup H C G is Polish if and only if it is a Gg-set. In this
case, H is closed by Lemma 2.30. The quotient GG/H is separable because G is separable
and if H is closed, then G/H is completely metrizable by Theorem 2.34. O

Our next aim is the Open Mapping Theorem for Polish groups. This requires some
preparation.

Lemma 2.37. Suppose that X is a Polish space. Then there exists a continuous surjective
map NN — X

Proof. Let dx be a complete metric on X. On NN we use the metric d(a, b) = 27™, where

m = inf{k € N | ar # b}, with 27 = 0. Let Z = {29, 21, 22,...} € X be a countable
dense subset. Given a € NV, we define a sequence (s¢);>0 as follows. We put s§ = 2 and

. —k

“ Za, i dx(2a,,sF) <2

Sk+1 =\ 4
s4 else.

It follows that dx (s, z¢,,) < 2* and therefore (s{)x>0 is a Cauchy sequence in X. We put

f(a) = limy, s. If aj, = by for k = 0,...,m, then s¢ = s® for k = 0,...m and therefore
dx(f(a), f(b)) < 27™™. Hence f is continuous. Given x € X, we define a sequence a by
am =min{k € N | d(z,2z,) <27 '}. Then f(a) = x. O

We now introduce the Alexandroff-Suslin Operation A.
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Definition 2.38. Put S = NUN?UN? U .- and suppose that P is a collection of sets.
A Suslin scheme is amap u: S — P, s — u,. Given an element a € NV, we put

Ua = U(ap) N U(ag,a1) N U(ap,a1,a2) M-

and
Alu) =| J{ua la N} P,
The map A : P$ — 2UP ig called the Alexandroff-Suslin operation.

Lemma 2.39. Let X be a Hausdorff space and suppose that f : NN — X is a continuous
map. Then there exists a Suslin scheme u : & — P, where P denotes the collection of
all closed subsets of X, with A(u) = f(NY).

Proof. For m > 1 and s € N™ we put E;, = {b € NV | (by,...,b, 1) = s}, and u, =
f(Es) € X. Thus we have set up a Suslin scheme wu.
If x € A(u), then there exists a € NY with

T € Ug = U(qy) N U(ag,a1) N U(ag,a1,a2) Mn---

Hence

:EGﬂf({b|bk:akfork::&...,n}).

n>0

Let V be a closed neighborhood of z. For every n > 0 there exists an element b, € NV
such that by, = a; for k =0,...,n, and with f(b,) € V. Now lim, b,, = a and therefore
lim, f(b,) = f(a). It follows that f(a) € V, whence z = f(a).

Conversely, if = f(a), then a € E(,... q,) for every n > 0 and thus f(a) € ue. O

.....

Lemma 2.40. Suppose that X is a topological space and that A C X is a subset. Then
there exists a Baire measurable subset B with A C B C A such that every Baire measurable
subset Z C B — A is meager.

Proof. We put U = {U C X | UnN A is meager} and we put W = |JU. By Banach’s
Category Theorem 2.4, the set Y = AN W is meager. We put

B=(X-W)UA=(X-W)UY.

Then B is Baire measurable and A C B. The set X — A is a member of U and thus
X — W C A, which shows that B C A.

Suppose that Z C B — A is Baire measurable. Then there exists an open set V' C X
such that M = ZAV is meager. Since Z N A = &, the set V N A is meager and therefore
V C W. On the other hand, Z C X — W and therefore ZNV = &, whence Z C M. 0O
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36 Chapter 2

Lemma 2.41. Suppose that X is a topological space. Let P denote the set of all Baire
measurable subsets of X and suppose thatu : S — P is a Suslin scheme. Then A(u) C X
1s Baire measurable.

Proof. We define a Suslin scheme v : § — P by putting

and we note that v, = u, holds for all @ € N, whence A(u) = A(v). The Suslin scheme
v has the additional property that

VU(ny) 2 Vnina) 2 " 2 Ylngyonm) = °° " -

At this stage is is convenient to introduce formally the empty tuple s = (). We put
E;={a e NY| (ag,...,an_1) = s}, with the understanding that E, = NV, and we put
vy = X. For s € SU{()} we put

A, = U{va | a € E}.

Then Ay = A(v), and A, C v,. By Lemma 2.40 there exists a Baire measurable set B
with A, C B such that every Baire measurable subset Z C B — A, is meager. Then the
Baire measurable set B, = BN v, O A, has the same property.

For n € N and s = (n,...,n,) we put s.n = (ny,...,nm,n) and ().n = (n). Then
As = U As.n-
n>0

The set M, = B, — UnZO B, is meager, because A, = UnZO A, C UnZO B,,. Hence
M = |J{M; | s € S} is meager as well. We claim that

By—MC Ay =Av).

Once we have proved this, it follows that By — A C M is meager, and hence that A is
Baire measurable.

Suppose that v € By — M. Then v € By — My = U, > Bn) and thus « € B, for
some ag € N. Now = € Bgy) — M(ag) = U,;>0 Blao,n) and therefore x € B(q 4,) for some
a; € N. Continuing inductively we find @ € NY such that

T e B(ao) N B(ao,m) N B(ammm) N--- Cug € A). ]

Proposition 2.42. Suppose that X is a Polish space, that'Y is a Hausdorff space and
that f : X — Y is a continuous map. Then f(X)= A CY is Baire measurable.
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Proof. By Lemma 2.37, there exist a continuous surjective map ¢ : N¥ — X . Hence
A= f(g(NY)). By Lemma 2.39 there exists a Suslin scheme u : § — P, where P denotes
the set of closed subsets of Y, with A = A(u). By Lemma 2.41 the set A(u) is Baire
measurable. O

Theorem 2.43 (The Open Mapping Theorem, II). Suppose that G is a Polish
group, that K is a Hausdorff topological group and that f : G — K is a continuous
homomorphism. If f(G) is not meager, then f is open.

Proof. We assume that f(G) is not meager and we put N = ker(f). Replacing G by
the Polish group G/N, we may assume that f is injective. By Proposition 2.42, f(G)
is Baire measurable. Since f(G) is not meager, f(G) is open by Pettis’” Lemma 2.9. If
U C G is an identity neighborhood, then there exist a closed identity neighborhood V' C G
with V7'V C U. Then E = f(V) is Baire measurable by Proposition 2.42. Since G is
separable, f(G) is a countable union of translates of E, and therefore E is not meager.
Hence E~'E C f(U) is an identity neighborhood in K. It follows that the inverse of
the corestriction f|/(%) : G — f(Q) is continuous at the identity, and hence continuous
everywhere by Lemma 1.5. Hence f is open. O

Corollary 2.44 (The Closed Graph Theorem, II). Suppose that G and K are Polish
groups and that f : G — K 1is a group homomorphism. Then the following are equivalent.
(i) f is continuous.
(ii) The graph of f is closed in G x K.
(iii) The graph of f is a Gs-set in G x K.

Proof. The graph of a continuous map is closed, hence (i) = (ii). A closed set in a metric
space is a Gg-set, hence (ii) = (iii). Suppose that H = {(g, f(9)) | g € G} is a Gs-set
in G x K. Then H is a Polish group by Lemma 2.35. The map h : H — G that maps
(g9, f(g)) to g is continuous and bijective and hence open by Theorem 2.43. Hence the
map g — (g, f(g)) is continuous, and therefore f is continuous. O

Theorem 2.45 (The Open Mapping Theorem, III). Suppose that f : G — K is a
morphism of topological groups, that G is Polish, and that K is metrizable. If for every

identity neighborhood V' C G, the set f(V') has nonempty interior, then f is open.

Proof. In view of Theorem 2.43 it suffices to prove that f(G) is not meager. Suppose to
the contrary that f(G) is meager. Then there exist closed sets A,, with empty interiors, for
n > 1, with f(G) €, -, An. The sets B, = f~1(A,) C G are closed, and G = |, », Bn.
Since G is a nonempty Baire space, at least one set B,, contains a nonempty open set
U C B,,. Let g € U Then ¢g~'U is an identity neighborhood in G and therefore
W = f(g~'U) is a closed identity neighborhood in K. But then f(U) = f(¢)W C A,,
is a neighborhood of f(g), a contradiction. Therefore f(G) is not meager and hence f is

open. U
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