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Calculus in Locally Convex Spaces

1.1 Introduction

It is well known that ‘multidimensional calculus’, aka ‘Fréchet calculus’, car-
ries over to the realm of Banach spaces and Banach manifolds (see e.g. Lang,
1999). As we have seen in the Preface, Banach spaces are often not sufficient
for our purposes. To generalise derivatives we will, as a minimum, need vector
spaces with an amenable topology (which need not be induced by a norm).

1.1 Definition Consider a vector space E. A topology 7 on E making ad-
dition +: E X E — E and scalar multiplication -: R X E — E continuous is
called a vector topology (where R carries the usual norm topology). We then
say that (E,7") (or E for short) is a topological vector space (or TVS for short).

1.2 Example (a) Every normed space and, in particular, every finite-dimen-
sional vector space is a topological vector space.

(b) For a more interesting example, fix 0 < p < 1. Two measurable functions
v,n: [0,1] — R are equivalent y ~ n if and only if fol ly(s) —n(s)|ds =
0. Denote by L”[0,1] the vector space of all equivalence classes [y] of
functions such that fol ly(s)|Pds < oco. Topologise LP[0,1] via the metric
topology induced by

1
Ayl = fo y(s) = ()P ds.

In a metric space, we can test continuity of the vector space operations
using sequences. For this, pick 4, — 4 € R and [y,] — [y],[n.] — ]
(with respect to d) and use the triangle inequality to obtain:

1

https://doi.org/10.1017/9781009091251.002 Published online by Cambridge University Press


https://doi.org/10.1017/9781009091251.002

2 Calculus in Locally Convex Spaces

d(Anlynl + [mal, Aly] + [7]D)
<Ay = APd([yal,[0D) + (AP d [y, [yD + d([na1,[7]).

This shows that the vector space operations are continuous, that is, L” [0, 1]
isa TVS.

In topological vector spaces, differentiable curves can be defined as
follows:

1.3 Definition Let £ be a topological vector space. A continuous mapping
y: I — E from a non-degenerate interval' 7 C R is called a C%-curve. A
C-curve is called a C'-curve if the limit

1
Y'(s) =1im —(y(s +1) = y(s))
t—0 1

exists for all s € [° (interior of /) and extends to a continuous map dﬂ’ =
vyl - E, s > vy (s) Recursively for k£ € N, We call y a C*-curve if y
is a C¥~'-curve and 4 zk ])/ is a C'-curve. Then 77/ = ( ;k ]7/) Ifyisa

Ck-curve for every k € Ny, we also say that y is smooth or of
class C*.

Unfortunately, calculus on topological vector spaces is, in general, ill be-
haved. The next exercise shows that derivatives may fail to give us meaningful
information.

Exercises

1.1.1  Given 0 < p < 1 we let LP[0, 1] be the topological vector space from
Example 1.2(b). Recall that the topology on L” [0, 1] is induced by the
metric d([y],[n]) = fol ly(s) — n(s)|Pds. For aset A C [0, 1] write
14 for the characteristic function and define

B: 10,11 = LP[0,1], B() = [Ljo,.(]-
Show that £ is an injective C'-curve with B’(t) =0, forall 7 € [0,1].

Obviously we would like to avoid this defect, and so we have to strengthen
the assumptions on our vector spaces.

! That is, I has more than one point. In the following, we will always assume this when talking
about intervals.
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1.2 Curves in Locally Convex Spaces

Calculus in topological vector spaces exhibits pathologies that can be avoided
by strengthening the requirements on the underlying space. This leads to
locally convex spaces, whose topology is induced by so-called seminorms. See
also Appendix A for more information on locally convex spaces.

1.4 Definition Let E be a vector space. A map p: E — [0,00[ is called a
seminorm if it satisfies the following:

(a) p(Ax) =|Ap(x),YA e R,x € E,
(b) p(x+y) < p(x) +p(y).

Note that, in contrast with the definition of a norm, we did not require that
p(x) = 0if and only if x = 0. The next definition uses the notion of an initial
topology, which we recall for the reader’s convenience in Appendix B.

1.5 Definition A topological vector space (E,7") is called a locally convex
space if there is a family {p;: E — [0, 0[] i € I} of continuous seminorms for
some index set I such that

(a) 7 is the initial topology with respect to the canonical projections
{gi: E = E/p;'(0)};e; onto the normed spaces E/p; ' (0).

(b) If x € E with p;(x) = 0 for alli € I, then x = 0. Thus the seminorms
separate the points, that is, 7~ has the Hausdorff property.?

We then say that the topology 7 is generated by the family of seminorms
{pi}ier and call this family a generating family of seminorms. Usually we sup-
press 7 and write (E,{p;}icr) or simply E instead of (E, 7).

Alternative to (a) We will see in Appendix A that equivalent to (a), we can de-
fine 7 to be the unique vector topology determined by the basis of 0-neighbour-
hoods given by (finite) intersections of the balls B; - (0) = {x € E | p;(x) < &},
where p; runs through a generating family of seminorms. These balls are all
convex, thus justifying the name locally convex space.

A locally convex space (E,{p;}iex) with a countable system of seminorms
is metrisable (i.e. its topology is induced by a metric; see Exercise 1.2.1) and
if E is complete, it is called Fréchet space.

1.6 Example (a) Every normed space (E,||-||) is a locally convex space,
where the family of seminorms consists only of the norm |[|-||.

2 Some authors do not require separation of points, whence our locally convex spaces are
Hausdorff locally convex spaces in their terminology.
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(b) Consider the space C*([0,1],R) of all smooth functions from the interval
[0,1] to R (with pointwise addition and scalar multiplication). This space
is not naturally a normed space.> We define a family of seminorms on it
via

dk

f

dik

k

d
I f1ln == sup @f(t) ,n € Np.

0<k<n

= sup sup
o O<k<nrel0,1]

The topology generated by the seminorms is called the compact-open C*-
topology and turns C*° ([0, 1],R) into a locally convex space, which is even
a Fréchet space (Exercise 1.2.2).

Locally convex spaces have many good properties, for example, they admit
enough continuous linear functions to separate the points, that is, the following
holds.

1.7 Theorem (Hahn—-Banach (Meise and Vogt, 1997, Proposition 22.12)) For
a locally convex space E the continuous linear functionals separate the points,
that is, for each pair x,y € E there exists a continuous linear 1: E — R such
that A(x) # A(y).

1.8 Definition Let E be a locally convex space, then we denote by E’ =
L(E,R) the continuous linear maps from E to R. The space E’ is the so-called
dual space of E. There are several ways to turn E” into a locally convex space
(Rudin, 1991, p. 63f) but, in general, we will not need a topology beyond the
special case if E is a Banach space and E’ carries the operator norm topology.

With the help of the Hahn—Banach theorem, we can avoid the pathologies
observed for topological vector spaces. To this end, we need the notion of a
weak integral.

1.9 Definition Lety: I — E be a C%-curve in a locally convex space E and
a,b € I. If there exists z € E such that

b
A(z) =f A(y(t))dt, YA e€E,

then z € FE is called the weak integral of y from a to b and denoted
f: y(0)dr = z.

Note that weak integrals (if they exist) are uniquely determined due to the
Hahn-Banach theorem.
3 For any normed topology, the differential operator D: C* ([0, 1], R) —» C* ([0, 1], R),

D(f) = f’ must be discontinuous (which is certainly undesirable). To see this, recall that a

continuous linear map on a normed space has bounded spectrum, but D has arbitrarily large
eigenvalues (consider f;, (1) == exp(nt), n € N).
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1.10 Proposition (First part of the fundamental theorem of calculus) Ler
y: I — E be a C'-curve in a locally convex space E and a,b € I, then

b
Y(b)—y(a)=f y'(Hdr.

Proof Let A € E’.Itis easy to see that 1 o y: I — R is a C'-curve with
(A oy) = Ao (y"). The standard fundamental theorem of calculus yields

b b
Ay (b) —y(a)) = A(y(b)) — A(y(a)) = f (o) (s)ds = f Ay (s))ds.

a

Hence z = y(b) —y(a) satisfies the defining property of the weak integral. O

Note that Proposition 1.10 implies that L7 [0, 1] cannot be a locally convex
space for 0 < p < I; see Rudin (1991, 1.47) for an elementary proof of this
fact.

1.11 Remark Also the second part of the fundamental theorem of calculus is
true in our setting. Thus if y: I — E is a C°-curve, a € I and the weak integral

t
n() = f y(s)ds

exists forallt € I. Thenn: I — EisaC'-curve in E, and ' = .
The proof, however, needs more techniques based on convex sets which we
do not wish to go into (see Glockner and Neeb, forthcoming).

The reader may wonder now, when do weak integrals of curves exist? One
can prove that weak integrals of continuous curves always exist in the comple-
tion of a locally convex space. The key point is that the integrals can be defined
using Riemann sums, but these do not necessarily converge in the space itself
(Kriegl and Michor, 1997, Lemma 2.5). Thus weak integrals exist for suitably
complete spaces. To avoid getting bogged down with the discussion of com-
pleteness properties, we define the following:

1.12 Definition A locally convex space E is Mackey complete if for each
smooth curve y: [0,1] — E there exists a smooth curve i: [0,1] — E with

n=y.
Due to the fundamental theorem of calculus this implies that n(s) — 7(0) =

fos v(t)dt. Thus the weak integral of smooth curves exists in Mackey complete
spaces.

1.13 Remark Mackey completeness is a very weak completeness condi-
tion, in particular, sequential completeness (i.e. Cauchy sequences converge
in the space) implies Mackey completeness. This is evident from the
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alternative characterisation of Mackey completeness using sequences; see Def-
inition A.l. Note, however, that it is not entirely trivial to find examples of
Mackey complete but not sequentially complete spaces. We mention here that
the space K (E,F) of compact operators between two (infinite-dimensional)
Banach spaces E, F with the strong operator topology is not sequentially com-
plete but Mackey complete (see Voigt, 1992).

However, in metrisable locally convex spaces (e.g. in normed spaces) Mackey
completeness is equivalent to completeness; see Jarchow (1981, 10.1.4). We
refer to Kriegl and Michor (1997, 1.2) for more information on Mackey com-
pleteness. In particular, Kriegl and Michor (1997, Theorem 2.14) show that
integrals exist for C'-curves in Mackey complete spaces.

So far we have defined differentiable curves with values in locally convex
spaces. The next step is to consider differentiable mappings between locally
convex spaces. Here a different notion of calculus is needed. It turns out that
(even on Fréchet spaces) there are many generalisations of Fréchet calculus
(see Keller, 1974) without a uniquely preferable choice. In the next section, we
present a simple and versatile notion called Bastiani calculus. Another popular
approach to calculus in locally convex spaces, the so-called convenient calcu-
lus, is discussed in Appendix A.7.

Exercises

1.2.1  Let (E,{pn}nen) be a locally convex space whose topology is gener-
ated by a countable set of seminorms. Prove that
— -n n(x—y)
dery) = ), 27" RS
neN
is a metric on E and the metric topology coincides with the locally
convex topology.

1.2.2  Consider C*([0,1],R) with the compact open C*-topology (see
Example 1.6).

(a) Show that a sequence (fx)ren converges to f in this topology
if and only if for all £ € Ny (% fk)k converges uniformly to
Hint: The uniform limit of a sequence of continuous functions
is continuous. If a function sequence and the sequence of (first)
derivatives converges, the limit of the sequence is differentiable.

(b) Deduce that every Cauchy sequence in the compact open C*-
topology converges to a smooth function. As C* ([0, 1],R) is
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1.3 Bastiani Calculus 7

a metric space by Exercise 1.2.1, this implies that the space is
complete, that is, a Fréchet space.
(c) Show that the differential operator

D: C*([0,1],R) — C*([0,1],R), fe f

is continuous linear. Hint: Lemma A.5.

1.2.3  Let (E,{p;}1) be alocally convex space whose topology is generated
by a finite set of seminorms. Show that p(x) = max;es p;(x) defines
anorm on E, which induces the same topology as the family {p;}. In
this case we call E normable.

1.2.4  Establish the following properties of weak integrals:

(a) If the weak integrals of y,n: [a,b] — E from a to b exist and
s € R, then also the weak integral of y + sn exists and fab (y(@®)+
sn)di = [P ynydi + s [T n@)de.

(b) Ify:[a,b] —» Eisconstant, y(t) = K, then fab y(t)dt exists and
equals (b - a)K.

(©) fac y(t)dt = fab y(t)dr + fbc y(#)dr (if the integrals exist).

125 Lety: I — Ebea C*-curve (k € N)and 1: E — F be continu-
ous linear for E,F locally convex. Show that A o y is CX such that
Loy =ao(Ly). 1<tk

1.2.6 Endow a vector space E with a topology 7~ generated by seminorms
as in Definition 1.5. Show that (E,7") is a topological vector space

(and so requiring that locally convex spaces are topological vector
spaces was superfluous).

1.3 Bastiani Calculus

Bastiani calculus (also called Keller’s Cf -theory; Keller, 1974), introduced in
Bastiani (1964), builds a calculus around directional derivatives and their con-
tinuity. It is the basis of our investigation as this calculus works in locally
convex spaces beyond the Banach setting.

1.14 Definition Let E, F be locally convex spaces, U € E, f: U — F amap
and r € Ny U {oo}. If it exists, we define for (x,h) € U X E the directional
derivative

df(xh) = Dif () = {g}i}rant_yot_l (f(x +th) = f(x)).
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8 Calculus in Locally Convex Spaces

We say that f is C” if the iterated directional derivatives

d* f(x; 1, 3%) = (Dy, Dy, | -+ Dy, f)(x)

exist for all k € Ny such that k < r, x € U and yi,...,yx € E and define
continuous maps d¥ f: UXE* — F (where d® f = f).If f is C* forall k € N,
we say that f is smooth or C*. Note that df = d' f and for curves c: I — E
we have ¢’(t) = dc(t; 1).

1.15 Remark Note that the iterated directional derivatives are only taken
with respect to the first variable (i.e. of the map x — df (x;v), where v is sup-
posed to be fixed). One can alternatively define iterated differentials to derivate
with respect to all variables, but this leads to the same differentiability concept
(see Glockner, 2002 for a detailed explanation). The following observations
are easily proved from the definitions:

@) d*>f(x;v,w) = im0t~ (df (x + tw;v) — df (x;v)).
(b) dkf(x;vl,. V) = % o dk’lf(x + 1V VI e s VEZ1)-
(c) fis Ck if and only if fis CK~! and d*~!fis C'. Then d* f = d(d*~' f).

Finally, there is a version of the Schwarz theorem which states that the order
of directions vy,...,v In dkf(x; Vi,...,V) is irrelevant (see Exercise 1.3.3).

1.16 Example Let A: E — F be a continuous linear map between locally
convex spaces. Then A is C!, as we can exploit

dA(x;v) = lirrét_l(A(x +1v) — A(x)) = liII(l) A(v) = A(v).
1= t—!
In particular, since A is continuous, so is the first derivative and we see that A

is a C'-map. Computing the second derivative, we use that the first derivative
is constant in x (but not in v!) to obtain

dzA(x; v,w) =D, (dA(x;v)) = lir% t_l(dA(x +tw;v) —dA(x;v))
r—
= lin(l)f' (A(v) = A(v)) = 0.
t—
In conclusion A is a C2-map (obviously even a C*-map) whose higher deriva-
tives vanish.

1.17 Lemma Let f: E 2 U — F be a C'-map. Then df (x;-) is homoge-
neous, that is, df (x; sv) = sdf (x;v) forall x € U,v € E and s € R.

Proof As df(x;0v) = df(x;0) = 0 = 0df(x;v), we may assume that s # 0
and thus df (x; sv) = lin(l)t_l(f(x +tsv) — f(x)) = slin(l)(st)_l(f(x +1s5v) —
- t—

f(x) = sdf (x;v). o
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1.18 Proposition (Mean value theorem on locally convex spaces) Let E,F
be locally convex spaces and f: U — F a C'-map on U € E. Then

1
f(y)—f()c)=f0 df (x +1t(y — x);y — x)dt (1.1)

forall x,y € U such that U contains the line segment Xy = {tx+(1-t)y |t €
(0,11}

Proof Note that the curve y: [0,1] — F,y(t) = f(x + t(y — x)) is differen-
tiable at each ¢ € [0, 1]. Its derivative is

Y'(®) = lim sy +5) =y () = df (x +1(y = x),y = X),

whence y” is continuous (as df is) and thus a C!-curve. Apply now the Funda-
mental theorem 1.10 to y’ to obtain (1.1). O

On a locally convex space, every point has arbitrarily small convex neigh-
bourhoods. Convex neighbourhoods contain all line segments between points
in the neighbourhood, whence Proposition 1.18 is available on these neigh-
bourhoods. As a consequence we obtain the following.

1.19 Corollary If f: U — F is a C'-map with df = 0, then f is locally
constant.

Proof For x € U choose a convex neighbourhood x € V C U (see Ap-
pendix A). For each y € V the line segment connecting x and y is contained in
V, and so the vanishing of the derivative with (1.1) implies f(x) = f(y) and f
is constant on V. O

1.20 Proposition (Rule on partial differentials) Let Ey, E», F be locally con-
vex spaces, U € E; X E» and let f: U — F be continuous. Then f is C' if and
only if the limits

di f Ce,y;vn) = Hme (f (e +1v1,y) = £ 0),
do f (x,y5v2) = Him e (f(x,y +1v2) = £(x,3)

exist for all (x,y) € U and (vi,v2) € E| X Ey and extend to continuous map-
pings d;f: U X E; — F,i = 1,2. In this case,

df (x,y;vi,v2) =di f(x,y;vi) +da f(x,y;v2), Y(x,y) €U, (vi,v2) € Ey X Es.
(1.2)

Proof If f is C! the mappings d, f clearly exist and are continuous. Con-
versely, let us assume that the mappings d; f exist and are continuous. For
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(x,y) € U, (vi,v2) € E X F, we fix € > 0 such that (x,y) + t(v;,») € U
whenever |t| < &. Now if we fix the ith component of f we obtain a C'-
mapping (by hypothesis, the derivative is d; f). Therefore Proposition 1.18
with Lemma 1.17 yields

S(x,y) +1(vi,v2)) = f(x,y)
t
— f(x +1vy,y +tV2) _f(-x +fV1’)’) + f(x +tV1»y) _f(x’)’)
t t

1 1
=f dzf(x+tv1,y+stvz;vz)ds+f dif(x + stvy,y;vy)ds.  (1.3)
0 0

The integrals (1.3) make sense also for + = 0, whence they define maps
I;: 1-&,6[— H.Due to continuous dependence on the parameter ¢,* the right-
hand side of (1.3) converges for t — 0. We deduce that the limit df exists and
satisfies (1.2) which is continuous, whence f is C I O

The following alternative characterisation of C'-maps will turn the proof of
the chain rule into a triviality. However, we shall only sketch the proof to avoid
discussing convergence issues of the weak integral involved.

121 Lemma Amap f: E 2 U — F is of class C' if and only if there exists
a continuous mapping, the difference quotient map,

f[l]: ptl = {(x,v,s) eUXEXR|x+svelU}—>F
such that f(x + sv) — f(x) = sf“](x,v,s)for all (x,v,s) € U1,

Proof Let us assume first that f{!! exists and is continuous. Note that Ul @
U x E x R. Then df (x;v) = fl!l(x,v,0) exists and is continuous as a partial
map of fI!1. So fis C!. Conversely, if f is C!, the map

sTUf(x+sv) = f(x), (x,v,5) e UM s %0,

[1] =
Sy {df(x;v), (x,v,5) € Ul s =0

is continuous on the open set U1\ {(x,v,s) e U | s =0}. That fI! extends
to a continuous map on all of Ul follows from continuity of parameter-
dependent weak integrals; see Bertram et al. (2004, Proposition 7.4) for
details. O

1.22Lemma Iff: EDU — FisC!, thendf(x;-): E — F is a continuous
linear map for each x € U.
4 We are cheating here; the continuous dependence of weak integrals on parameters has not

been established in this book. See Hamilton (1982, I Theorem 2.1.5) for a proof that carries
over to our setting.
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Proof Fix x € U and note that df(x;-) is continuous as a partial map of
the continuous df. We have already seen in Lemma 1.17 that df (x;sv) =
sdf (x;v) for all s € R, and so we only have to prove additivity. Choosing
v,w € E we compute

Hf e+t +w) = f(x)
=t (f(x+tv+w) — f(x+0v) + 17 (f(x +1v) — (X))
= fM(x + rv,w,0) + M (x,v,0).

The right-hand side also makes sense for + = 0 and is continuous, whence
passing to the limit we get df (x;v + w) = df (x;v) + df (x; w). O
1.23 Proposition (Chainrule) Let f: E2U — Fandg: F 2 W — K be
C'-maps with f(U) C W.Then g o f is a C'-map with derivative given by
d(go f)(x;v) =dg(f(x);df (x,v)) (e.(go ) (x) =g (f(x))o f(x)).

Proof We use the notation from Lemma 1.21 and write for (x,y,t) € U (1
with ¢ # 0,

) = = (e 00+ L) )

= gM(f ), M (x,y,0,1). (1.4)

The function : UM — K h(x,y,t) == g'"(f(x), fM(x,y,1),1) is continuous
and extends the right-hand side of (1.4). Hence Lemma 1.21 shows that g o f
is C!, with

(g o NN,y = gM(F ), M, y,0),0) for all (x, y,1) € UM,

Thus

d(g o )(x1y) = (g0 HM.y.0) = g (). f(x,7.0).0)
=dg(f(x);df (x;y)). m
The chain rule is the basis to transport concepts from differential geometry

such as manifolds, tangent spaces and so on to our setting. Later chapters will
define these objects.

1.24Lemma Let E,(F;);cs be locally convex spaces and f: E2U — [];<1 Fi
a map on an open subset. Let k € NoU{co} and set f;: pr;o f: U — F; (where
pr; is the ith coordinate projection). Then f is C k if and only if every f;,i € I
is C* and

df (x;v) = (dfi(x;v))ier, x€Uyv€E. (1.5)
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Proof 1If fis C*, we note that every f; = pr;o fis C* by the chain rule as the
projections are continuous linear, hence smooth. Further, df; = pr; o df which
establishes (1.5).

For the converse, note that it suffices to assume that £ € N. We argue by
induction starting with k = 1. Then ™' f(x + tv) — f(x)) = ("' (fi(x + tv) —
fi(x))ier- Now the components converge to df;(x;v) for t — 0, whence the
difference quotient converges to the limit in (1.5). Since every df; is contin-
wous, df = (dfi)ier: U x E = [];¢; Fi is also continuous and f is C'. For
the induction step we notice that by induction, pr; o df = df; is Ck~!. By
induction, df is C*¥~! and thus f is C¥. o

A subset Y C X of a topological space X is called sequentially closed if
lim,, e X, € A for each sequence (x,)n € A which converges in X. The fol-
lowing lemma will be useful in the discussion of submanifolds in Section 1.5.

1.25 Lemma Let f: E 2 U — F be a continuous map from an open subset
of a locally convex space to a locally convex space, and Fy C F a sequentially
closed vector subspace such that f(U) C Fy. Let k € N U {co}, then f is ck if
and only if the corestriction f|¥0: U — Fy is C*.

Proof If f|Fois C¥, sois f = 1o f|Fo, where : Fy — F is the continuous
linear (hence smooth) inclusion.

Conversely, we argue by induction and assume first that f is C'. For x € U
and v € E, pick a sequence t, — O such that x + ¢,v € U for each n € N.
Then df (x;y) = lim, e (f(x + t,v) — f(x)) € Fy by sequential closedness.
Hence the limit exists in Fy. Further, as amap U X E — Fp, (x,v) = df(x;v)
is continuous. We conclude that f|F° is Cl. If fis ck, d(f|F°) = (df)lf(’ is
C*-! by induction and hence f is C*. O

In Example A.32 we will see that in Lemma 1.25 sequential closedness is a
necessary assumption for the validity of the statement.

Exercises

1.3.1  Check the details for Remark 1.15 (for Schwarz’ theorem see below).

1.3.2  Let E|,E,,F be locally convex spaces and 8: E; X E; — F be
a continuous bilinear map. Show that 8 is C' with first derivative
dp(x1,x2;y1,y2) = B(x1,¥2) + B(¥1,x2). Compute all higher deriva-
tives of 8 and show that 8 is smooth.

1.3.3 Schwarz Theorem: If f: E 2 U — Fisa Ck-map, and x € U, prove
that d" f(x;-): E" — F is symmetric for all 2 < r < k (i.e. the order
of arguments is irrelevant to the function value).
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14 Bastiani versus Fréchet Calculus on Banach Spaces 13

Hint: By the Hahn—Banach theorem, it suffices to consider A o d”
f(x;-) = d" Ao f(x;-), whence without loss of generality F = R.
Now for fixed vy,...,v,, the property can be checked in the finite-
dimensional subspace generated by vy,...,v,.

1.3.4  The continuous functions C([0,1],R) form a Banach space with
respect to the supremum norm ||| (the resulting topology is the
compact open topology).

(a) Let f: R — R be continuous and (y,)sen € C([0,1],R) be
a uniformly convergent sequence of functions with limit y. Ex-
ploit that f is uniformly continuous on each ball and show
that f oy, — f oy uniformly. Deduce that the pushforward
f«: C([0,1],R) — C([0,1],R), n — f o n is continuous

Assume that f € C'(R,R). Our aim will be to see that £, is then C'.

(b) Assume that the limit
df.(yim = lme (fy+m) = f)) - (16)

exists. The point evaluation ev,. : C([0,1],R) — R, n — n(x) is

continuous linear for each x € [0, 1]. Apply ev, to both sides of

(1.6) and find the only possible candidate ¥ (y,n) for df.(y;n).
(c) Use point evaluations to verify that

1
T (fly +m) = £ () =f0 U (y + stn,n)ds.

(d) Show that ¢ (y,n) from (b) is indeed the directional derivative

df.(y:m).
(e) Verify that df, is continuous, hence f, is C!.

1.3.5 Let E,F, H be locally convex spaces, U € E,V @ H, f: U —- F a
C?>-mapandletg: V — Uand h: V — E be C!. Prove that the differ-
ential of the C'-map ¢ := df o (g,h): V — F,¢(x) = df (g(x); h(x))
is given by

dp(x;y) = d f(g(x); h(x),dg(x; y)) + df (g(x); dh(x;y)), (1.7)

forallxeV,ye H.

1.4 Bastiani versus Fréchet Calculus on Banach Spaces

On Banach spaces one usually defines differentiability in terms of the so-called
Fréchet derivative. We briefly recall the definitions that should be familiar from
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14 Calculus in Locally Convex Spaces

basic courses on calculus. While Bastiani calculus is somewhat weaker than
Fréchet calculus, the gap between those two can be quantified. We collect these
results in the present section.

1.26 Definition A map f: E 2 U — F from an open subset of a normed
space (E,||-||g) to a normed space (F,||-||r) is continuous Fréchet differen-
tiable (or FCI) if, for each x € U, there exists a continuous linear map A, €
L(E,F) such that

Gt ) = f(x) = Ay - h+ Ry (h) with lim IR (W)lIF/Iklle = O

and the mapping Df: U — L(E,F), x — A is continuous (where the right-
hand side carries the operator norm). Inductively we define for k € N that f is
a k-times continuous Fréchet differentiable map (or FC*-map) if it is FC! and
Df is FCK~! Moreover, f is (Fréchet-)smooth or FC™ if f is an FCX map for
every k € N.

The reader may wonder why the notion of Fréchet differentiability cannot
be generalised beyond the setting of normed spaces. The reason for this is that
the continuity of the derivative cannot be formulated as there is no suitable
topology on the spaces L(E,F). Indeed, there is no locally convex topology
making evaluation and composition on the spaces L(E, F) continuous. We re-
fer to Proposition A.19 for an example of this pathology in the context of dual
spaces.

From the definition, it is apparent (Exercise 1.4.2) that if f is FC!, then
D f(x)(h) = df (x; h) and thus every FCl-map is automatically C! in the Bas-
tiani sense. However, one learns in basic calculus courses that existence of
directional derivatives is weaker than the existence of derivatives in the Fréchet
sense. The next example exhibits this.

1.27 Example (Bastiani C! is weaker than Fréchet C!' (Milnor 1982)) Con-

sider the Banach space

o= {(xn)neN | X € R, foralln € N,l|Gon)llp = ) Lxal < oo}.
neN

Let o(u) = log(1 +u?) and ¢ (u) := %go(u) = 2 We observe that | ()| <

1+u?"
1, whence |¢(u)| < |u| and we obtain a well-defined map

Frl' SR () =) @.
neN

Observe that | f((x,))| < [[(x,)]l,1- In Exercise 1.4.3, we will show that f is
C! with differential df ((x); (Vn)) = Dnen v (nx,) but not Fréchet differ-
entiable.
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1.28 (Bastiani vs. Fréchet calculus) While Bastiani C¥ is weaker than FC,
Walter (2012, Appendix A.3) shows that there is only a mild loss of differentia-
bility. In particular, FC™ = C*. The proofs are somewhat technical induction
arguments involving the operator norm. Hence we only summarise the relation
between the calculi on Banach spaces in the following diagram (arrows denote
implications between conditions):

Ck+l Fck Ck

dim E <o

Exercises

1.4.1  Let (E,|I'llg),(F,|I-]lr) be normed spaces and the space L(E,F) of
continuous linear maps be endowed with the operator norm [|Aflop =
SUDPy e\ {0} “fl\liﬁ‘l‘p . Show that the evaluation map ¢: L(E,F) X E —
F,e(A,x) = A(x) is continuous.

142 Let f: U — F be an FC'-map on U € E, where E,F are Banach
spaces.

(a) Show that the Fréchet derivative satisfies D f(x)(h) = df (x; h)
for every x € U, h € E and deduce that f is C I in the Bastiani
sense.

(b) Use induction to prove that every FCK-map is already C* by
showing that the kth-Fréchet derivative gives rise to the kth
derivative in the Bastiani sense.

1.4.3  We fill in the details for Example 1.27. Notation is as in the example.
Prove that

(@ Y| <lforallueR.

(b) df((xn); (vp)) = X en V¥ (nx,,), hence continuous and thus f
isC!.

© Nldf((x1); )lop equals 0 if x = O butis > 1 if x,, = 1/n for some
neN.

0 if m #n, .
(d) For 6, = ] the expression [|df (6, -)llop does
1/n ifm=n,

not converge to 0. Deduce that f is not FC!.
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16 Calculus in Locally Convex Spaces
1.5 Infinite-Dimensional Manifolds

In this section, we recall the basic notions of manifolds modelled on locally
convex spaces. Most of these definitions should be very familiar from the
finite-dimensional setting.

1.29 In this section we will write g o f as a shorthand for g o fls-1(4):
f~1(A) — B if it helps to avoid clumsy notation.

1.30 Definition (Charts and atlas) Let M be a Hausdorff topological space.
A chart for M is ahomeomorphism ¢: U, — V,, fromU, € M onto V,, © E,,
where E, is a locally convex space. Let r € Ng U {oo}. A C"-atlas for M is a
set A of charts for M satisfying the following:

() M= U«peﬂ Up.
(b) Forall ¢,y € A the change of charts poys~' (which are mappings between
open subsets of locally convex spaces) are C”.°

Two C" -atlases A, A’ for M are equivalent if their union AU A’ is a C"-atlas
for M. This is an equivalence relation.

1.31 Definition A C" manifold (M, A) is a Hausdorff topological space with
an equivalence class of C"-atlases ‘A. (If the equivalence class A is clear, we
simply write M.)

1.32 Remark In contrast with the finite-dimensional case, we do not require
manifolds to be paracompact or second countable (as topological spaces).

In general, the manifolds we are interested in will not be modelled on a sin-
gle locally convex space. For a C!-atlas, the locally convex spaces in which
charts take their image are necessarily isomorphic on each connected compo-
nent. However, some examples we will encounter later on have a huge number
of connected components. For each of these connected components the locally
convex model spaces will, in general, not be isomorphic.

1.33 Example Every locally convex space E is a manifold with global chart
given by the identity idg. Similarly, every U € E is a manifold with global
chart given by the inclusion U — E.

1.34 Example (Hilbert sphere) For a Hilbert space (H,(-,-)) the unit sphere
Sy ={x € H | (x,x) = 1} is a C*-manifold. To construct charts, we define
the Hilbert space Hy, = {y € H | (y,xo) = 0} € H for xo € Sy. (If dim

5 Formally, if the charts do not intersect, the change of charts is the empty map @ — @ which is
Ccr.
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1.5 Infinite-Dimensional Manifolds 17

H < oo, Hy, is a proper subspace of H, but if H is infinite-dimensional, it is
isomorphic to H; see Dobrowolski, 1995). Then define the sets Uy, = {x €
SH | {x,x0) > 0} and V,, := {y € Hy, | (y,y) < 1}. We can now define a chart

Oxp: Uxy = Vigs X 0 x = (X, X0)X0

(its inverse is given by the formula ¢3! (y) = y + /T = (y,y)xo). Applying
these formulae, we see that the change of charts map for xo,z9 € Sy is a
smooth map between open (possibly empty) subsets of Hilbert spaces:

020 0 Pri (1) = (v = (3, 20)20) + V1 = (3, ¥)(x0 = (X0, 20)20)-

1.35 Definition Let M be a C'-manifold and together with a sequentially
closed vector subspace F, C E, for each chart ¢: U, — V, @ E,.
A (C"-)submanifold of M is a subset N C M such that for each x € N, there
exists a chart ¢: Uy — Vi of M around x such that ¢(Ug N N) = Vy N F,.
Then ¢y = ¢|l‘;22;“’ is a chart for N, called a submanifold chart. Thanks to
Lemma 1.25, the submanifold charts form a C'-atlas for .

If N is a submanifold of M such that all the sequentially closed subspaces Fy
are complemented subspaces of Ey (see §1.7), we call N a split submanifold
of M.

1.36 Definition Let (M, A) and (N, B) be C" manifolds. Then the product
M x N becomes a C"-manifold using the atlas C := {¢ X ¢ | ¢ € A,y € B}.
We call the resulting C"-manifold the (direct) product of M and N.

1.37 Definition Letr € NyU{co} and M, N be C"-manifolds. Amap f: M —
N is called C” if f is continuous and, for every pair of charts ¢,y, the map

wofod i Ey28(f N (Uy)NUy) - F,
is a C"-map. We write C" (M, N) for the set of all C"-maps from M to N.

1.38 Remark Let f: M — N be a continuous map between C”-manifolds.
Assume that for some charts (U, ¢) and (Uy,y) the composition ¢ o f o ¢
is C",r € N U {co}. Then for any other pair of charts (Uy, «) and (U,, 1) with
fWUanUy) €Uy NUc we have on U, N Uy that

ko fold  awanuy,) = (kog o(pofoy™)owoa™,

where the mapping in the middle is C” by assumption and the other mappings
are change of charts (which are C” by M, N being C"-manifolds). Hence « o
fo A7 AULNUy) is also C” by the chain rule, Proposition 1.23. This argument
is called ‘insertion of charts’ and we leave it from now on to the reader. With
the insertion of charts argument, it is easy to see that:

https://doi.org/10.1017/9781009091251.002 Published online by Cambridge University Press


https://doi.org/10.1017/9781009091251.002

18 Calculus in Locally Convex Spaces

(a) It suffices to test the C”-property with respect to any atlas of M
and N.

®)Iff: M —> Nandg: N — L are C"-maps,soisgo f: M — L.

(c) Using Lemma 1.24: If M, N, N, are C"-manifolds and f;: M — N;,i =
1,2 are mappings. Then f = (f1,f2): M — Ny X N, is C" if and only if
f1,frare C".

1.39 Lemma Let N be a (C”-)submanifold of the C"™-manifold M. Then
the inclusion t: N — M is C". Further, f: P — N is C" if and only if
tofisCr.

Proof Thanks to Remark 1.38, it suffices to check the C"-property of ¢ in
charts that cover N. Thus we may choose charts (¢,Us) of M that induce
submanifold charts ¢ as in Definition 1.35. But then ¢ o ¢ o (/51‘\,1 is the in-
clusion map Vy: F — V which is C" (as restriction of a continuous linear
map).

If fis C", sois to f by Remark 1.38. Conversely, let ¢ o f be a C"-map
and ¢, ¢y as before and y a chart for P. Then ¢p o Lo f oy~ !: YUy N
f _1(U¢)) — E is C" with values in the sequentially closed subspace F' and
thus (poto foy)|F = ¢n o foy~!isC" by Lemma 1.25. We conclude that
fisC". O

Exercises

1.5.1 Let f: M — N be a C"-map between C"-manifolds. Show that the
graph(f) = {(m, f(m)) | m € M} is a split submanifold of M X N.
Hint: Use the description of the graph to construct submanifold charts
by hand.

1.5.2  Verify the details of Example 1.34: Check that the charts make sense
as mappings from Uy, to Vy,. Show that the change of charts ¢, o (,ogol
is smooth for all xg,zo € Sy such that Uy, N Uy, # 0.

1.53 Let M be a manifold and U & M. Let A be an atlas of M.
Endow U with the subspace topology and show that Ay = {¢|lunu, |
(¢,Ug) € A} is a manifold atlas for U turning it into a submanifold
of M.

1.5.4  Check that the set C in Definition 1.36 is a C"-atlas for the product
manifold.

1.5.5 Show that a compact manifold must be modelled on a finite-
dimensional space.
Hint: Proposition A.3.
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1.6 Tangent Spaces and the Tangent Bundle

C'-curve y passes through p if y(0) = p. For two such curves y,n we define
the relation

1.40 Definition Let M be a C"-manifold (r > 1) and p € M. We say that a

y~n e (¢oy)(0)=(pon)(0) (1.8)

for some chart ¢ of M around p. By the chain rule, (1.8) holds for every chart
around p and defines an equivalence relation on the set of all curves passing
through p. The equivalence class [y] is called the (geometric) tangent vector
(of M at p). Define the (geometric) tangent space of M at p as the set T,, M of
all geometric tangent vectors at p.

We recall now that the tangent space at a point can be turned into a locally
convex space isomorphic to the modelling space at that point.

1.41 Lemma (a) Let ¢ be a chart of M around p, set pg ‘= ¢(p). Then
he: Eg = TyM, he(y) =[t = ¢ (pg +1y)]

is a bijection with inverse h;l :TpM — Eg, [yl = (¢ 0y) (0).

(b) For all charts ¢, around p, we have hl;l ohy =d(o ¢_l)(p¢; -) which
is an automorphism of the topological vector space E.

(¢) T, M admits a unique locally convex space structure such that hg is an
isomorphism of locally convex spaces for some (and hence all) charts ¢ of
M around p.

Proof (a) Note that hy and h;l are well defined and h;l is injective. For

Y € Eg. byl ohy(y)) = (%Lzo ¢(¢™'(py +1y)) = y. Thus A" is surjective
and the inverse of A.

(b) Compute for y € E: hy o h;l(y) = %L:Ow(qﬁ‘l(p(/) +ty)) = dW o
(o).

(c) This follows directly from the definition of the vector space structure. 0O

142 LetU ¢ E, E alocally convex space and f: U — F a C'-map. We
define the mapping

Tf:UXE—>FXF, (x,v) (f(x),df(x;v))

and call this mapping the tangent map of f. Note that the chain rule, Proposi-
tion 1.23, can now be written as T (f o g) =T f o Tg.

1.43 Definition (Tangent bundle) Let (M, A) be a C"-manifold with r > 1.
We call TM = Upem Tp M the tangent bundle of M. Then mtpy: TM — M,
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T,M > v ~ pis called the bundle projection. We equip TM with the final
topology with respect to the family (7¢! )¢ ea Of mappings

T~ VyxEy > TM, (x,v) = [t ¢ (x+1y)] € Ty M.
Note that TUy = m; (Uy) is open in TU for all ¢ € A, and
T¢:= (T ) TU, — Vs xE

is a homeomorphism. Moreover, B := {T'¢ | ¢ € A} is a C"'-atlas for TM.
Thus 7M becomes a C"~'-manifold and 73, : TM — M a C"-map.

1.44 Lemma We check the details in Definition 1.43. Let o,y € A:

(a) We have T(yop™ ") oT¢p =Ty.

(b) TU, is openinTM and Ty: TU, — V, X E, is a homeomorphism.
c) B={Tp|pecA}isa C" '-atlas, if M is Hausdorff, so is TM.

d) myisa C”l—map.

(e) TM induces on each tangent space T, M its natural topology.

Proof (a) This follows from Lemma 1.41(b); we leave the details to the
reader.

(b) If ¢,y € A, we have (Ty )1 (TUp) = TYy(TU,NTU,) = y(Uy,NUy) X

E, <V X Ey. By the definition of the final topology, TU,, is openin T M.

By definition of the final topology T¢~! is continuous, and so Ty is

open for every ¢ € A. For continuity, pick U € V,, X E, and let ¢ € A.

Now W :=UnNeU, NUy) X E, C V, X E,, whence a quick computation
shows

Ty (T (U) =TW o™ )W) € Vy xEy

as T(y o ¢~ 1) is a homeomorphism between open subsets of Vo X Ey
and Vj, X E;. We deduce that (T(,o)‘l(U) is open in TM, and so Ty is
continuous.

(c) By (b) each T¢ is a homeomorphism from an open subset of T M onto an
open subset of Ey X Eg, whence it is a chart. Clearly, the TU,, cover TM
and by (a) the transition maps are T(¢ o ') = (Y 0 @ L, d(y o ¢7!))
whence C”~!. The Hausdorff property is left as Exercise 1.6.1.

(d) In every chart we have ¢ o py = pry o T, where pry: Vi, X E, — V, is
the canonical projection. As the charts conjugate 7y, to a smooth map, it
is of class C" 1.

(e) By the definition of the vector topology in Lemma 1.41 (c) this follows
from (b). O
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1.45 Remark In finite-dimensional differential geometry (and on Banach
manifolds), one often introduces the dual bundle or cotangent bundle
T*M := L(TM,R) = U (T M) = U L(T.M,R),
xXeM xeM

where (T,yM)" = L(TyM,R) is the space of continuous linear mappings
TxM — R (with the operator norm topology if 7y M is Banach; see Klingen-
berg, 1995 or Lang, 1999, II1.1 for the bundle structure). In our setting, there
is, in general, no canonical manifold structure which turns 7*M into a vector
bundle.

This poses a problem for theories employing the dual bundle, for example,
symplectic geometry, and also differential forms cannot be defined as sections
of the dual bundle. However, in the case of differential forms, one can circum-
vent this problem and obtain a theory similar to finite-dimensional differential
forms without the dual bundle. We briefly discuss this in Appendix E.

We will now introduce tangent mappings of differentiable mappings be-
tween manifolds (see Definition 1.42 for the case of an open subset of a locally
convex space).

1.46 Definition (Tangent maps) Let f: M — N be a C"-map between C'-
manifolds for r > 1. Define the mappings

Tpf:TyM = Tr,»)N, [yl=I[foyl, peM.
Then we define the tangent map Tf: TM — TN, T,M > [y] = T, f([y].
Note that by construction 7y o Tf = f o mps. Moreover, for each pair of

charts  of N and ¢ of M such that f(Us) € Uy, the following diagram is

commutative:
'I'Ul//
Tflru,

TUy ———— Ty
I I
ofop~!
V¢XE¢ M) le XFlp.
Hence the tangent map 7' f is a C"~!-map if f is a C"-map.

1.47 Lemma (Chain rule on manifolds) Let M,N,L be C"-manifolds and
f:M — N,g: N— Lbe C'-mapswithr > 1.ThenT(go f)=TgoTf.

Note that we can of course iterate the tangent construction and form
the higher tangent manifolds 75M := (T(T(---(TM)---) if M is a
[ —

k times
C’-manifold and k < ¢. Similarly one defines higher tangent maps

TKf = (T (T f)-+).
——— ———

k times
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22 Calculus in Locally Convex Spaces
For later use, we set a notation for derivatives of manifold valued curves.

1.48 Definition Let M be a manifold and ¢: J — M be a C'-map from some
interval J C R. Then we identify 7;J = R and define the mapping

c:J—->TM, t+ Tc(,l).

Note that ¢ is the manifold version of the curve differential ¢’, in particular, if
(U, ) is a chart of M, we have for each r € ¢~!(U) the relation T (¢(1)) =
(poc,(poc)).

Exercises

1.6.1  Verify the details in Definition 1.46 and supply a proof for Lemma
1.47. Show, in particular, that

(a) Tf is well defined and defines a C”~!-map with the claimed
properties.

(b) Check that for M = U an open subset of a locally convex space,
both definitions of tangent mappings coincide.

(c) The manifold T M is a Hausdorff topological space.
Hint: Consider two cases for v,w € TM: mp;(v) = mpr(w) and
i (v) # 7wy (w).

1.6.2 Show inductively, that

(a) If Eisalocally convex space and U € E, then TFU = UxE* 1.
(b) ForU ¢ E,V @ F inlocally convex spaces, we have
dkf(x;vl,. .., Vk) = Pk (ka(x,wl,. .. ,wzk,l) R
where pr,« is the projection onto the 2¥th component and wy; , | =
vip1 forO <i < k—-1and w; = 0else.

1.6.3  Establish a manifold version of the rule on partial differentials Propo-
sition 1.20, that is, show that: If f: My x M, — N is a Cl-map
(between C'-manifolds) and pi: My X M, — M; are the canonical
projections, then for p = (x,y) € My X M>,

Tpf) =T fC.)(Tp1(v) + Ty f (x,)(Tp2(v)).

Identifying (M X M>) with TMy X TM, and v = (vy,vy), this for-
mula becomes

Tpf =Txf(y)(vx) + Ty f(x,-)(vy).
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1.7 Elements of Differential Geometry: Submersions
and Immersions

Immersions and submersions are among the first tools students encounter in
courses on differential geometry when asked to construct (sub-)manifolds. They
can still serve this purpose in infinite dimensions if one chooses one’s defini-
tions carefully. In this section, we follow Hamilton (1982, Section 4.4)% and
the discussion requires the concept of complemented subspaces of a locally
convex space (see Appendix A.3).

1.49 Definition Let M, N be smooth manifolds and ¢: M — N smooth. We
say that ¢ is

(a) an immersion if for every x € M there are manifold charts «,y around x
and ¢(x) such that F, = E, x H (as locally convex spaces; see
Appendix A.3), the local representative of ¢ in these charts is the
inclusion E, — E X H = Fy,

(b) an embedding if f is an immersion and a topological embedding (i.e. a
homeomorphism onto its image),

(c) a submersion if for every x € M there are manifold charts «,y around x
and ¢(x) such that E, = Fy, X H and the local representative of ¢ in these
charts is the projection E, = Fyy, X H — Fy.

1.50 Lemma [If f: M — N is an immersion, then for every x € M there is
an open neighbourhood Wy such that flw is an embedding.

Proof Pick immersion charts around x and f(x), that is, charts (U, ¢),x € U
and (W,¢) such that f(x) € W and o fo ¢! = j, where j: E, > E; =
E, X F is the inclusion of the complemented subspace E,, of E,. Note that j
is a topological embedding onto its image, whence fly, = Yy lojogpisa
topological embedding (and thus an embedding). O

There are several alternative characterisations of submersions and immer-
sions known in the finite-dimensional setting. Many of these turn out to be
weaker in our setting.

1.51 Lemma A smooth map f: M — N is a submersion if and only if for
each x € M there are (U, ) of M and (V,y) of N with x € U and f(U) C V
such thaty o fo ¢! = 7lp) for a continuous linear map m with continuous
linear right inverse o (i.e. m o o = id).

6 The smoothness assumption conveniently shortens the exposition but can of course be
replaced by finite orders of differentiability; see Glockner (2016).
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Proof 1If f is a submersion and x € M, we can pick submersion charts around
x, that is, charts ¢: U, - Up XxUg C FxH = EwithUp @ FandUy C E
and ¢ : V), — Ur such thaty o f o 0 Y (x,y) = x, for all (x,y) € Ur x Uy.
Obviously, the projection is continuous linear with right inverse given by the
inclusion F - F X H = E.

Let us conversely assume that around x € M there are charts such that ¥ o
fopl = 7lp @ holds for a continuous linear map 7: E — F with continuous
right inverse o : F' — E. Then 7|, (Fyo(F) — F is an isomorphism of locally
convex spaces with inverse 0. We obtain a new chart v := o o ¢ of N. Now
k= con: E — Eis continuous linear and satisfies ko k = k. We deduce from
Lemma A.21 that o(F) is a complemented subspace of E and can identify
E = o (F) x ker(m) such that « becomes the projection onto o (F). Shrinking
U and V if necessary we may assume ¢(U) = A X B and v(V) = A for open
sets A € o(F) and B € kern. Then

-1 -1
vofop =o0oyofoy =0om|axs = Kklaxas- m

1.52 Remark The alternative characterisation of submersions from Lemma
1.51 implies (see Exercise 1.7.5) that a submersion admits local smooth sec-
tions. If the manifolds M and N are Banach manifolds (i.e. modelled on
Banach spaces), the inverse function theorem implies that the existence of local
smooth sections is even equivalent to being a submersion (see Margalef-Roig
and Dominguez, 1992, Proposition 4.1.13).

Finally, we mention that if the submersion ¢ is surjective, we obtain the
following result: a map f: N — L is C" if and only if f o ¢ is a C"-map for
r € Ny U {oo} (see Exercise 1.7.6).

In finite-dimensional differential geometry, the above definitions are usu-
ally not the definitions of submersions/immersions but one deduces them from
‘easier conditions’ involving the tangent mappings, such as the following.

1.53 Definition Let M, N be smooth manifolds and ¢: M — N smooth. We

say that ¢ is

(a) infinitesimally injective (or surjective) if the tangent map Tx¢: TxM —
Tsx)N is injective (or surjective, respectively) for every x € M,

(b) anaive immersion if for every x € M the tangent map T ¢: Tx M — Ty N
is a topological embedding onto a complemented subspace of T ()N,

(¢c) anaive submersion if for every x € M the map Tx¢p: Tx M — Ty(x)N has
a continuous linear right inverse.

In infinite dimensions, none of the naive, infinitesimal versions or the prop-
erties from Definition 1.49 are equivalent as the following (counter-)examples
show.
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1.54 (Infinitesimal properties are weaker than naive properties) Consider
the Banach space cq of all (real) sequences converging to 0 as a subspace of
the Banach space £ of all bounded real sequences. We obtain a short exact
sequence’ of Banach spaces

0 > g ——— [ T /g —— 0.
(1.9)
As i and g are continuous linear we have Tyi(y) = di(x,y) = i(y) and
Tvq(y) = q(y), whence i is infinitesimally injective and ¢ is infinitesimally
surjective. Since cg is not complemented, Example A.23, i is not a naive im-
mersion. This implies that (1.9) does not split, that is, g does not admit a con-
tinuous linear right inverse and thus cannot be a naive submersion.

A submersion as in Definition 1.49 turns out to be an open map (Glockner,
2016, Lemma 1.7). In finite-dimensional differential geometry, this is a conse-
quence of the inverse function theorem (when applied to a naive submersion).
Going beyond Banach manifolds, the submersion property is stronger than the
naive notion.

1.55 (Naive submersions need not be submersions) Consider the space A :=
C(R,R) of continuous functions from the reals to the reals. The pointwise oper-
ations and the compact open topology (see Appendix B.2) turn A into a locally
convex space (by Lemma B.7, one can even show that it is a Fréchet space).
Then the map exp,: A — A, f = e/ is continuous by Lemma B.8. Recall
that the point evaluations ev (f) := f(x) are continuous linear on A, whence
we can use them to find a candidate for the derivative of exp 4. Then the finite-
dimensional chain rule yields the only candidate for the derivative of exp4 to
be dexp,(f;8)(x) = g(x) - expy (f)(x). Computing in the seminorms, one
can show that indeed dexp,(f;g) = g - exp4(f) and by induction exp, is
smooth. Moreover, at the constant zero function 0 we have d exp4(0; ) = ida,
S0 exp, is a naive submersion. However, exp, takes values in C(R,]0,oo[)
which do not contain a neighbourhood of exp 4 (0) = 1. Thus exp 4 cannot be a
submersion (as all submersions are open mappings by Glockner (2016, Lemma
1.7).

7 1In the category of locally convex spaces, a sequence

0—)AL>B—q—>C—>0

of continuous linear maps is exact if it satisfies both of the following conditions:

(a) algebraically exact, that is, images of maps coincide with kernels of the next map;

(b) topologically exact, that is, i and g are open mappings onto their images.

If A, B and C are Fréchet (or Banach) spaces, topological exactness follows from algebraic
exactness by virtue of the open mapping theorem (Rudin, 1991, I. 2.11); for general locally
convex spaces this is not the case.
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This example also shows that the Inverse Function Theorem fails in this case
(Eells, 1966); see also Appendix A.5.

However, as Glockner (2016) shows, the following relations do hold.

1.56 (Submersions, immersions vs. the naive and infinitesimal concepts) Con-
sider amap ¢: M — N between manifolds modelled on locally convex spaces.
Then:

Immersion =——————> naive immersion ——————> infinitesimally injective

M Banach manifold dim M < oo

M Hilbert manifold and N Banach manifold

Submersion =————=> naive submersion —————=> infinitesimally surjective
N Banach manifold dmN < oo

The reason one really would like the strong notions of submersions and
immersions is that these notions are strong enough to carry over the usual state-
ments on submersions and immersions to the setting of infinite-dimensional
manifolds. For example, one can prove several useful statements on split sub-
manifolds. Again we refer to Glockner (2016) for more general results on sub-
mersions and immersions in infinite dimensions.

1.57 Definition Let f: M — N be smooth and S C N be a split submanifold.
Then f is transversal over S if for each m € f’l(S) and submanifold chart
YV — Vi x Vo withy(f(m)) = (0,0) and ¢ (S) C Vi x {0}, there exists an
open m-neighbourhood U with f(U) C V and

[N VA N VNG VAN L N A (1.10)
is a submersion.

Note that due to the fact that compositions of submersions are again submer-
sions (see Exercise 1.7.1), if f is a submersion, (1.10) is always a submersion.

1.58 Proposition Let ¢: M — N be a smooth map. If S C N is a split sub-
manifold® of N such that f is transversal over S, then ¢~ (S) is a submanifold
of M.

8 A more involved proof works for every submanifold (not only for split ones), see Glockner
(2016, Theorem C).
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Proof The map (1.10) is a submersion. Shrinking U, V,, there are charts
¢: U — Uy XU, and «: Vo, — U, such that ¢(m) = (0,0) and «(0) = 0
and the following commutes:

U—L v Lsvxn -2y,

I I

pry N
U xU, > Us.

Now we will prove that ¢ is a submanifold chart for f~1(S), that is, (U N
F7US)) = o(U) N (U, x {0}). To see this, note that since ¢ is a submanifold
chart, we have for x € U that f(x) € § if and only if pr,(¥(f(x))) = 0.
Now the commutativity of the diagram shows that this is the case if and only
if ¢(x) € pr;'(0) = U; x {0}. o

1.59 Corollary If f: M — N is a submersion, f~'(n) is a split submanifold
forneN.

1.60 Lemma Let f: M — P and g: N — P be smooth maps and g be a
submersion. Then the fibre product Mxp N := {(m,n) € MXN | f(m) = g(p)}
is a split submanifold of M X N and the projection pr;: M Xp N — M is a
submersion.

Proof Let (m,n) € M Xp N and pick submersion charts ¢ : Uy, — V,, € En,
k: U¢ — Vi @ Ep for g with n € Uy. Recall that for the submersion charts
Kogo w‘l = x for a continuous projection 7: Ey = Ep X F — Ep (where
F is the subspace complement) and we may assume that Vj, = V. X V. Finally,
we pick a chart (U,,¢) of M such that m € U, and f(U,) < U,. Hence we
obtain a commutative diagram

U¢, L) Vw = VK XV
Js x o
U, —L U, « > V.

Denote by pry the projection onto V. Then we construct a smooth map for
(m,n) € Uy, X Uy via

§(m,n) = (@(m), (pry, (¥ (n)) = k(f (m)),pry (¥ (n)))) € Vp X (Ve = Vi) X V).
This mapping is smoothly invertible with inverse given by

S, (3,2) = (7 T 3+ k(F 7 (), 2).
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We leave it again as an exercise to work out that the domain of the inverse is
open. Note that due to the commutative diagram we see that (m,n) € M Xp N
if and only if (m,n) maps under 6 to Ep; X {0} X F which is a complemented
subspace of Eyy X Ep X F = Epy X En. Thus M Xp N is a split submanifold of
M x N. Since the projection pr;: M X N — N is smooth, so is its restriction
to M xp N by Lemma 1.39. As pr;: M Xxp N — M is conjugated by ¢ and ¢
to the projection pry, , it is a submersion. O

Finally, there is a close connection between embeddings and split submani-
folds.

1.61 Lemma Let f: M — N be smooth. The following conditions are
equivalent:

(a) f is an embedding.
(b) f(M) is a split submanifold of N and fIf™): M — f(M) is a diffeomor-
phism.

Proof Let E, F be the modelling spaces of M and N, respectively.

(a) = (b): By assumption, f is a topological embedding and a smooth
immersion. Consider y € f(M) and x € M with f(x) = y and pick
charts ¢x: Uy — V, € E and ¢,: Uy — V, C F such that x € Uy,
fWUy) € Uy and ¢y o f o ¢3! = jly, for a linear topological embedding
j: E — F onto a complemented subspace j(E) x H = F. Since j(Vy) is rel-
atively open, we may adjust choices such that j(Vy) = Vy N j(E). A quick
computation then shows that ¢, restricts to a submanifold chart and f(M)
becomes a split submanifold of N. Moreover, in the (sub)manifold charts we
have j|:,/i VE - eylranynuy o f o ¢3! and this map is a diffeomorphism. Thus
FEM M — F(M) is alocal diffeomorphism and a homeomorphism, hence
a diffeomorphism.

(b) = (a) Let «: f(M) — N be the inclusion map. Since /™) is a dif-
feomorphism, ¢ o f}/™™) is a topological embedding. Since f(M) is a split
submanifold, there is an isomorphism a: E — «a(E) C F of locally convex
spaces such that @ (E) is complemented in F. Pick charts ¢, : Uy — V, and
0rx): Urxy = Ve with x € Uy and f(Uy) € Uy(x). We may assume that
Vi = PxQ for P @ a(E) and @rx)(Ux N f(M)) = Vi Na(E) =
P. Set now W := a~!'(P). Then it is easy to see that 6 := (¢rxy o f o
<p;1)_1 oalw: W — V, makes sense and is a smooth diffeomorphism, whence
6~'og,: Uy — W is achart for M. By construction, @rxyofo O lop)™ =
alw is a linear topological embedding onto a(E). This shows that f is an
immersion. O
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1.7.1

1.7.2

1.7.3

1.7.4

1.7.5

1.7.6

1.7.7

1.7.8

1.7.1 Exercises

Show that if f: M — N and g: N — L are submersions, so is
gof: M— L.

Hint: The submersion property is local. Try constructing small enough
neighbourhoods around m € U € M, f(m) € V € N and g(f(m)) €
W C L and charts such that:

v—"L sv—f 5w

! ! |

Prr

FxX 2y payxz My y

Let f: M — N and g: K — L be submersions (immersions). Show
that then f X g: M X K — N X L, (m,k) — (f(m),g(k)) is also a
submersion (immersion).

Let p: M — N be a submersion and n € N. From Corollary 1.59
we obtain a submanifold P := p‘l (n). Show that for x € P one can
identify the tangent space of the submanifold as 7xP = kerTyp =
{veTiM [Tip(v) =0}.

Let (H,(:,-)) be a Hilbert space. Prove that y: H \ {0} —» R, x —
(x,x) is a submersion and deduce that the Hilbert sphere Sy = lﬁ‘l (1)
is a submanifold of H. Then show that 7, Sy = {v € H | {(v,x) = 0}
forall x € Sy (thatis, the tangent space is the orthogonal complement
to the base point x).

Let ¢: M — N be a smooth submersion. Show that ¢ admits smooth
local sections, that is, for every x € M there is ¢(x) € U € N and a

smooth map o : U — M with o (¢(x)) = x and ¢ o o = idy. Deduce
then that ¢ is an open map.

Hint: Use the characterisation from Remark 1.52.

Remark: If M, N are Banach manifolds, the existence of local sec-
tions is equivalent to ¢ being a submersion; see Margalef-Roig and
Dominguez (1992, Proposition 4.1.13).

Let ¢: M — N be a smooth surjective submersion. Show that
fi: N> LisC" ifand only if f o ¢ is C” for r € Ny U {oo}.

Hint: Use Exercise 1.7.5.

Show that if f: M — N and g: N — L are immersions (embed-
dings), sois g o f.

Work out the details omitted in the proof of Lemma 1.61.
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