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THE CONVENIENT SETTING FOR QUASIANALYTIC
DENJOY-CARLEMAN DIFFERENTIABLE MAPPINGS

ANDREAS KRIEGL, PETER W. MICHOR, AND ARMIN RAINER

ABSTRACT. For quasianalytic Denjoy—Carleman differentiable function classes
CQ where the weight sequence Q@ = (Qy) is log-convex, stable under deriva-
tions, of moderate growth and also an L-intersection (see (1.6)), we prove the
following: The category of C'Q-mappings is cartesian closed in the sense that
CQE,C?F,G)) = CQ(E x F,Q) for convenient vector spaces. Applications
to manifolds of mappings are given: The group of C'Q-diffeomorphisms is a
regular C@-Lie group but not better.

Classes of Denjoy-Carleman differentiable functions are in general situated be-
tween real analytic functions and smooth functions. They are described by growth
conditions on the derivatives. Quasianalytic classes are those where infinite Taylor
expansion is an injective mapping.

That a class of mappings & admits a convenient setting means essentially that
we can extend the class to mappings between admissible infinite dimensional spaces
E,F,... so that S(E, F) is again admissible and we have S(E x F,G) canonically
S-diffeomorphic to S(E,S(F,G)) (the exponential law). Usually this comes hand
in hand with (partly nonlinear) uniform boundedness theorems which are easy S-
detection principles.

For the C*° convenient setting one can test smoothness along smooth curves.
For the real analytic (C*) convenient setting we have: A mapping is C* if and only
if it is C°° and in addition C* along C*-curves (C* along just affine lines suffices).
We shall use convenient calculus of C'*° and C* mappings in this paper; see the
book [15], or the three appendices in [17] for a short overview.

In [17] we succeeded to show that non-quasianalytic log-convex Denjoy-Carleman
classes CM of moderate growth (hence derivation closed) admit a convenient setting,
where the underlying admissible locally convex vector spaces are the same as for
smooth or for real analytic mappings. A mapping is CM if and only if it is CM
along all CM-curves. The method of proof there relies on the existence of CM
partitions of unity.

In this paper we succeed to prove that quasianalytic log-convex Denjoy-Carleman
classes C9 of moderate growth which are also L-intersections (see (1.6)), admit a
convenient setting. The method consists of representing C? as the intersection
N{CL : L € £(Q)} of all larger non-quasianalytic log-convex classes C; this is the
meaning of: @ is an L-intersection. In (1.9) we construct countably many classes
(Q which satisfy all these requirements. Taking intersections of derivation closed
classes CT only, or only of classes C* of moderate growth, is not sufficient for
yielding the intended results. Thus we have to strengthen many results from [17]
before we are able to prove the exponential law. A mapping is C% if and only if
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it is C* along each C'L-curve for each L € £(Q). It is an open problem (even in
R?), whether a smooth mapping which is C? along each C%?-curve (or affine line),
is indeed C?. As replacement we show that a mapping is C? if it is C% along
each C? mapping from a Banach ball (5.2). The real analytic case from [14] is not
covered by this approach.

The initial motivation of both [17] and this paper was the desire to prove the
following result which is due to Rellich [19] in the real analytic case. Let ¢t — A(t)
for t € R be a curve of unbounded self-adjoint operators in a Hilbert space with
common domain of definition and with compact resolvent. Ift — A(t) is of a certain
quasianalytic Denjoy-Carleman class C9, then the eigenvalues and the eigenvectors
of A(t) may be parameterized C? in t also. We manage to prove this with the
help of the results in this paper and in [17]. Due to length this will be explained in
another paper [18].

Generally, one can hope that the space CM (A, B) of all Denjoy-Carleman C™-
mappings between finite dimensional C™-manifolds (with A compact for simplicity)
is again a CM-manifold, that composition is C™, and that the group Diff (A) of
all CM_diffeomorphisms of A is a regular infinite dimensional C'™-Lie group, for
each class C™ which admits a convenient setting. For the non-quasianalytic classes
this was proved in [17]. For quasianalytic classes this is proved in this paper.

1. WEIGHT SEQUENCES AND FUNCTION SPACES

1.1. Denjoy—Carleman C¥-functions in finite dimensions. We mainly follow
[17] and [25] (see also the references therein). We use N = N5 U {0}. For each
multi-index « = (a1,...,q,) € N*, we write o! = 1!+ !, |a] = a1 + -+ + g,
and 9% = 911 /92§ - .- Gaon.

Let M = (My)ren be a sequence of positive real numbers. Let U C R™ be open.
We denote by CM(U) the set of all f € C>°(U) such that, for all compact K C U,
there exist positive constants C' and p such that

0% f ()] < C pl! la|! M for all « € N" and = € K.

The set CM(U) is a Denjoy—Carleman class of functions on U. If Mj, = 1, for all
k, then CM(U) coincides with the ring C%(U) of real analytic functions on U.
A sequence M = (My,) is log-convex if k — log(Mjy) is convex, i.e.,

M? < My,_1 My, for all k.
If M = (M) is log-convex, then k — (Mj/My)'/* is increasing and
(1) M; M, < My Ml+k for all l,k eN.

Furthermore, we have that k — k!Mj, is log-convex (since Euler’s I-function is so),
and we call this weaker condition weakly log-convex. If M is weakly log-convex then
CM(U,R) is a ring, for all open subsets U C R".

If M is log-convex then (see the proof of [17, 2.9]) we have

(2)  M{ My >M;M,, - M,, forall a; € Nsgwitha; + -+ a; = k.

This implies that the class of CM-mappings is stable under composition ([20], see
also [2, 4.7]; this also follows from (1.4)). If M is log-convex then the inverse
function theorem for CM holds ([12]; see also [2, 4.10]), and CM is closed under
solving ODEs (due to [13]).

Suppose that M = (My) and N = (Ny) satisfy M, < C* Ny, for a constant C
and all k. Then CM(U) C CN(U). The converse is true if M is weakly log-convex:
There exists f € CM(R) such that |f*)(0)| > k! M, for all k (see [25, Theorem 1]).
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If M is weakly log-convex then CM is stable under derivations (alias derivation
closed) if and only if

My41\ %

3 sup ( ) < 00

®) keN-o N My

A weakly log-convex sequence M is called of moderate growth if
M;p, \ 7%

4 sup (L) < 00.

W jkeNso S My My

Moderate growth implies derivation closed.

Definition. A sequence M = (Mj)r=0,1,2,... is called a weight sequence if it satisfies
My =1 < M; and is log-convex. Consequently, it is increasing (i.e. My < Mp41).

A DC-weight sequence M = (My)g=0.12,... is a weight sequence which is also
derivation closed (DC stands for Denjoy-Carleman and also for derivation closed).
This was the notion investigated in [17].

1.2. Theorem (Denjoy—Carleman [6], [5]). For a sequence M of positive numbers
the following statements are equivalent.

(1) CM s quasianalytic, i.e., for open connected U C R"™ and each a € U, the
Taylor series homomorphism centered at a from CM(U,R) into the space
of formal power series is injective.

(2) Sorey ﬁ = oo where mi;c(z) = inf{(j! M;)}9 1 j > k} is the increasing
minorant of (k! My,)'/%.

(3) Z,?;l(W)l/k = oo where MZUC) is the log-convex minorant of k! My,

k

given by M1 = inf{(j1 M;) 75 (W M) 7+ j <k <1,j <I}.

b(le)
M
(4) Yo 3w =0
k=0 ;,b(e) .
MY

For contemporary proofs see for instance [11, 1.3.8] or [22, 19.11].

1.3.  Sequence spaces. Let M = (Mj)ren be a sequence of positive numbers
and p > 0. We consider (where F stands for ‘formal power series’)

FM = {(fk)keN eRY:3C > 0VkeN:|fi| < Cp~ k! Mk} and FM = | 7).
p>0

Note that, for U C R" open, a function f € C*(U,R) is in CM (U, R) if and only
if for each compact K C U

(sup{|0° f(2)| : x € K, |a| = k})gen € FM.
Lemma. We have
FMUCFM o 3p > 0V : M) < pFt M3
& 3C,p>0Vk: M} < Cp* M.
Proof. (=) Let f; := kIM}. Then f = (fx)ken € FM' € FM? g6 there exists a
p > 0 such that kIM} < p*1EIM? for all k.

(<) Let f = (fu)ren € FM' | ie. thege exists a 0 > 0 with |f| < oFTLEIM] <
(po)kT1EkIM? for all k and thus f € FM". O

1.4. Lemma. Let M and L be sequences of positive numbers. Then for the compo-
sition of formal power series we have

]:'Moj:éo gj:MoL

where (M o L) := max{M;Lq, ... La; : & € Nsg,a1 + -+ a; =k}
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Here FL, := {(gx)ken € FE : go = 0} is the space of formal power series in F~
with vanishing constant term.

Proof. Let f € FM and g € FL. For k > 0 we have (inspired by [7])

k
(fogh _ 3 fi Yy 9oy
k! il P!
T Vi ! aq Oé]
Jj=1 aeNL g
ai+-+a;=k

(Foohl g~ Il g~ ol ool

| | . | RV |
k(Mo L)y = J'M; werd, a1!Lg, a;!La,
ar+-taj=k
i u k-1
<Sae ¥ da=yae(t))be
i=1 aeNL, i=1 J
a1+-»~+aj:k
k k-1
= dhsCeCy 3 orC (1) = s €y 4 )t
j=1
K PCrCy

= 1 C
(/)g( + py g)) 1+ psC,

1.5. Notation for quasianalytic weight sequences. Let M be a sequence
of positive numbers. We may replace M by k — C p* M, with C,p > 0 without
changing 7M. In particular, it is no loss of generality to assume that M; > 1 (put
Cp > 1/M;) and My = 1 (put C := 1/My). If M is log-convex then so is the
modified sequence and if in addition p > My/M; then the modified sequence is
monotone increasing. Furthermore M is quasianalytic if and only if the modified
sequence is so, since M ,z(lc) is modified in the same way. We tried to make all con-
ditions equivariant under this modification. Unfortunately, the next construction
does not react nicely to this modification.

For a quasianalytic sequence M = (M) let the sequence M = (M) be defined
by

k k
- 1 .
Mk Z:Mk (1—) s MOZ]..
(= Gy
We have ]\:@ < M. Note that if we put my := (k!M)'/* (and mg := 1) and
my = (k!My)"* (where we assume My > 0) then

il 1
Thk = my H <1 — >
I

or, recursively,
m -1
karl = ka and mo = ]., Thl =Mmy — 1.
mg
And conversely, if all Mj, > 0 (this is the case if M is increasing and M; > 1) then

M1

mp41 = 1+ my and mg=1, m; =m +1

mg
i.e.

).

k
1
1 — (1
(1) mg = mg +;mj
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For sequences M we define (recall from (1.1) that M is called weakly log-convex
if k — log(k! My) is convex):

L(M):={L > M : L non-quasianalytic, log-convex}
Ly, (M) :={L > M : L non-quasianalytic, weakly log-convex} D L(M)

1.6. Theorem. Let Q = (Qk)r=0,1,2,... be a quasianalytic sequence of positive real
numbers. Then we have:

(1) If the sequence Q = (Qy) is log-convex and positive then

Fe= () F-
LeL(Q)
(2) If Q is weakly log-convex, then for each L', L* € L,(Q) there exists an
L€ L,(Q) with L < L', L?.
(3) If Q is weakly log-convex of moderate growth, then for each L € L,(Q)
there exists an L' € L,,(Q) such that L), < CItFL;Ly for some positive
constant C' and all j, k € N.

We could not obtain (2) for log-convex instead of weakly log-convex, in particular

for £(Q) instead of £, (Q).

Definition. A quasianalytic sequence ) of positive real numbers is called L-
intersectable or an L-intersection if FO = ﬂLeﬁ(Q) FE holds.

Note that we may replace any non-quasianalytic weight sequence L for which
k— (%:)1/’C is bounded, by an L € £(Q) with FL = FL: Choose p > 1/L; (see
(1.5)) and p > sup{(%:)l/k .k € N} then Ly := p*Lj, > Q.

Proof. (1) The proof is partly adapted from [3].

Let g = (k!Qp)'/* and qo = 1, similarly gx = (k! Qx)'/*, I, = (k!Ly)'/*, etc..
Then ¢ is increasing since Qg = 1, and () and the Gamma function are log-convex.

Clearly F@ C ﬂLeL(Q) FE. To show the converse inclusion, let f ¢ F¢ and
gk = |fx|"*. Then

Tim 9k
im = = o0.
qk
Choose aj,b; > 0 with a; / oo, b; \, 0, and > L < 00. There exist strictly

a;b;
9k

dk

increasing k; such that > a;. Since g—: is increasing by (1.5.1) we get b; % =
oy 9y :
J ak; dk;
and 1 < 3; :=b; g% /" 0o0. Passing to a subsequence again we may also get
j
k-.
(4) Bi+1 > (B;)™ .
Define a piecewise affine function ¢ by
0 if k=0,
o(k) == kjlogp; if k =k;j,
¢;j +d;k  for the minimal j with k& < kj,

kq

> a;b; O Passing to a subsequence we may assume that kg > 0

where ¢; and d; are chosen such that ¢ is well defined and ¢(k;—1) = ¢; + d;jk;_1,
ie., for j > 1,
(5) Cj + djkj = kj IOg 5j7
¢+ djk‘j,1 = k‘j,1 log ﬁj,h and
Co = 07
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doy = log Bo.
This implies first that ¢; < 0 and then
kjlogBj —kj—1logfi—1 _  k;

6 I < d; = I ;
( ) Ogﬁj = aj kj — kj—l = kj _ kj—l Ogﬁj
@ log Bj+1
< 2T < i1
< kj — kj—l = Og/@jJrl

Thus j +— d; is increasing. It follows that ¢ is convex. The fact that all ¢; < 0
implies that ¢(k)/k is increasing.

Now let
Ly = e*®) . Q.
Then L = (L) is log-convex and satisfies Ly = 1 by construction and f ¢ FL,
since we have (l]kTJ] = % =b; — 0and som%’: = oo.

Let us check that L is not quasianalytic. By (6) and since (g ) is increasing, we
have, for kj_1 <k <kj,

Ly, _ e®(k)—¢(k+1) Qk _ e (k)—¢(k+1) ‘jl]z - ql;3
(k+ 1)Lkt (k4+1) Qrt1 q’]zii qll:jj
Ik 1
T Bide bigk; dk
Thus, by (1.5.1),
Z Ly G 1 oG 1
T (k+1)Lit1 ~ bjge, el (jk = bigr, — ajb;’

which shows that L is not quasianalytic and Cy := Y 22, i < oo by (1.2).

1/k
Next we claim that ¢ C F%. Since é—’; = % = e?(R)/* ig increasing, we

have
Slos By Bl 1y ) -
R =t/ L i) I

which proves F¢ C FL. Finally we may replace L by some L € £(Q) without
changing FL by the remark before the proof. Thus (1) is proved.

(2) Assume without loss that L} = LZ = 1. Let k!Lj, be the log-convex minorant
of k!Lj, where Ly, := min{L3, L2}. Since L', L? > L > Q and k!Q, is log-convex we
have L', L? > L > Q. Since L', L? are not quasianalytic and are weakly log-convex
(hence k — (k!L7)'/* is increasing), we get that k — (k!Lj)'/* is increasing and

1 1 1
—F < — + 7 < 00.
> G < g
By (1.2, 2=1) we get that L is not quasianalytic. By (1.2, 1=3) we get

Dok W < 00 since EWC) = L, i.e. L is not quasianalytic.
(3) Let Qr := K'Q, Ly := k'L, and so on. Since Q is of moderate growth we

have ess)
+ N\ /)
C~ —sup Qkﬂ 25up(Q+7) < 00.
QkQ] k,j QkQJ

Let L € L,(Q); Wlthout loss we assume that Ly = 1. We put
Ly, = Cymin{LjLy—j:j =0,....k} = Cmin{L;Ly—;: 0 < j < k/2}.
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Then

I 1/(k+3) i/ 4 1/(k+34)
sup (’W) < bup lavd < Cp < o0.
k,j j LkL

Since L is log—conwjx we haveji% < Iijgk_j and ik;kj_l < ijigk+1_j for j =
., k; therefore L), = C’%kLi and Lb, | = C’%kHLkLkH. It is easy to check

that L' is log-convex. To see that L’ is not quasianalytic we will use that (L} )/*

is increasing since L’ is log-convex. So it suffices to compute the sum of the even
indices only.

1 1 1
) PELENINE I S N
k L’le/(%) CQ k L 1/k
It remains to show that L’ > @. Since L € £L,,(Q) we have @ < L and for j = |k/2],
Qr  Qx Q Qk Q;
L

tk_xk_ ___ 2k o Qk_jgl.D
L, L, CEL;Ly_, L

1.7. Corollary. Let Q be a quasianalytic weight sequence. Then

Fe= (N F~-
LeL,(Q)

Proof. Without loss we may assume that the sequence i, is increasing. Namely, by
definition thlb is the case if and only if qx < qr11 — 1 Since Qo = 1 and (Qy) is log-
convex, Qk is increasing and thus g1 — qx > Qk ((k+ 1)‘k+1 k%) > Qix>1
If we set Qi = €*Qy, then Q = (Qk) is a quasianalytic weight sequence Wlth
Q1> 1, FQ = FQ, and g, is increasing.

Now a little adaptation of the proof of (1.6.1) shows the corollary: Define here

li := Bjgr  for the minimal j with k£ < kj.

by _

Ik

B35
9k

Then

=b; — 0 and so lim% = 0o. We have
k;

k:.

1 : 1 ik, 1 : 1
g r = g — = ka7 E -~ S ka] S T
k=k;_1+1 F  k=k;_ 141 B bigh; ka1 % Ik 4305

and thus >, ll < 00. As [ is increasing, the Denjonyarleman theorem (1.2)

implies that Ly = lk, is non-quasianalytic. Slnce = (3, is increasing, we find (as in
the proof of (1.6.1)) that C := max{Lo/L1,supk l’“} < oo. Replacing Ly by C¥ Ly,
we may assume that @ < L. Let the sequence k'Lk be the log-convex minorant of
k!Ly. Since Qy is (weakly) log-convex, we have @ < L. By (1.2) and the fact that

L is non-quasianalytic, L is non-quasianalytic as well. Thus L € £,,(Q) and still
fé¢FE O

Corollary (1.7) implies that for the sequence w = (1); describing real analytic
functions we have 7 = (o (o) F L. Note that £,,(w) consists of all weakly log-
convex non-quasianalytic L > 1. This is slightly stronger than a result by T. Bang,
who shows that F* = [ F% where L runs through all non-quasianalytic sequences
with I = (k! L)"/* increasing, see [1], [3].

This result becomes wrong if we replace weakly log-convex by log-convex:
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1.8. The intersection of all 7, where L is any non-quasianalytic weight

sequence. Put

klog(k +e))*
Q= HBEEI o,
Then @ = (Qy) is a quasianalytic weight sequence of moderate growth with @, > 1.
We claim that @ is L-intersectable, i.e., FQ = ﬂLeL(Q) FL. We could check that

@ is log-convex. This can be done, but is quite cumbersg)me. A simpler argument
is the following. We consider ¢} := k, ¢, := 1. Then @}, = k¥/k! is log-convex.
Since Cylogk < Z?:l % < Cslogk, we have by (1.5.1)

Csklog(k + €) < g, < Cyklog(k + e)
for suitable constants C;. Hence FQ = F?'. By theorem (1.6.1) we have

Fe=r9= ( Ft= (| F*
LeL(@) LeL(Q)

since £(Q) and £(Q') contain only sequences which are ”equivalent mod (p*)”. The
claim is proved.
Let L be any non-quasianalytic weight sequence. Consider

_ (WLt L
TR T R
Since L is log-convex and Ly = 1, we find that L,lc/ " is increasing. Thus, for s < k

we find

a, k sl/s L/s 5
e b2 Es o9
ap s KWWk L,lf/k -

(using Stirling’s formula for instance). Since L is not quasianalytic, we have
Sy ﬁ < 0o. But
v Lol Loy DL L ek
Sovg 2e « s 2e  «y 2
VE<s<k VE<s<k

The sum on the left tends to 0 as k — oo. So I‘Lgkk = %}f"k is bounded. Thus
FQ C Fh

So we have proved the following theorem (which is intimately related to [21,

Thm. CJ).

Theorem. Put Qi = (klog(k + €))*/k!, Qo = 1. Then Q is L-intersectable. In
fact,

FO = ﬂ{]—'L : L non-quasianalytic weight sequence}. O

Remark. Log-convexity of @ is only sufficient for Q being an L-intersection, see
(1.6.1): Using Stirling’s formula we see that FQ = FQ" for Q) = (klog(k +e))*/k!
and QY = (log(k +¢))*. Also £(Q) and £(Q") contain only sequences which are
“equivalent mod (p*)” and (1.6.1) holds for @, thus also for Q”. But Q" is not
log-convex.

1.9. A class of examples. Let log™ denote the n-fold composition of log defined
recursively by

log! := log,
log™ :=logolog" ™, (n>2).
For 0 < 0 < 1, n € Ny, we recursively define sequences ¢*" = (qi’")kzﬁn by

q,i’l = klogk,
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" =g (log™ (k) (n>2),

where k., is the smallest integer greater than e 1T n, i.e.,

e

kni=lelTn], elln:= e

<
n times
Let Q%™ := (Qi’")keN with
g,n =1,
QO = Gy @) T 2 ),

and consider

Q:={Q"}IU{R*":0<d<1,meN}.
It is easy to check inductively that each @ € Q is a quasianalytic weight sequence
of moderate growth with Q; > 1. Namely, (log"(k))°* is increasing, log-convex,
and has moderate growth. Quasianalyticity follows from Cauchy’s condensation
criterion or the integral test. By construction, @ 3 Q — F€< is injective.

Let us consider
k

1
An . 1n—1
q." =q" 1+ Z T,n—1
J=kn qj

1

Since % log"(z) = TTog(@)—TogmT(@)’ W€ have (by comparison with the correspond-
ing integral)

k

n 1 n
Cilog"(k) < Z BT g Cs log" (k)

Jj=kn 1J
and thus
(1) Csqy" < 4" < Cagy™
for suitable constants C;. Hence FOU = F@'". Since QY"1 is log-convex,
theorem (1.6.1) implies

le,n _ f@l,n _ m FL _ ﬂ fL
LeL(QV™) LeL(@tm)

since £(Q'") and £(Q"™) contain only sequences which are ”equivalent mod (p*)”.
Hence we have proved (the case n =1 follows from (1.8)):

Theorem. Each Q" (n € Nsg) is a quasianalytic weight sequence of moderate
growth which is an L-intersection, i.e.,

A A
LeL(@tn)

Conjecture. This is true for each Q € Q.

Remark. Let Q be any quasianalytic log-convex sequence of positive numbers.
Then the corresponding sequence @ (determined by (1.5.1)) is quasianalytic and
L-intersectable. However, the mapping @ — F© is not injective. For instance, the
image of (Cp*Q4 ) is the same for all positive C and p (which follows from (1.5.1)).
Here is a more striking example:

Let Q°" € Q and let P = (PY™),, be defined by

1
om ._ - . dn k—14kn on
P = (k—l—&-/@n)!(pk_l‘*‘”") » Rt=
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where
pi’n—qk” 1+Z 67 , for0<d<1,
j=rn i
1,n 1,n+1 1,
"=, ,n+ an 1+ Z
J=Kn+1 ]

We claim that FP'" ' = FP"" = FP°" for all 0 < é,e < 1. For: Since

d (log"(2))1~ I
de 1-6  zlog(z)---log" (z)(log"(x))®’
we have
k
(log k 1=9 (log" (k))'—°
C— 5 Z " <C 2T s
j=rn 4
and thus
n 1 % n n —
i ot (S i) om iy g
o 1 k))e - log" (k)¢ (log™ (k)1
pp" (log"(k)) (1+EJ n%) (log" (k)< (log" (k)
and similarly
J,
p]:n Z C14
Dy

for suitable constants C;. By lemma (1.3) we have FP" = FP" forall 0 < 6, < 1.
The same reasoning with = 0 proves that FPUT o Pt

1.10.  Definition of function spaces. Let M = (Mj)ren be a sequence of
positive numbers, E and F' be Banach spaces, U C F open, K C U compact, and
p > 0. We consider the non-Hausdorff Banach space

N0 F) = {1 € C¥(UF): (sup |7 W @)lls . )i € 7'}
={fe =W, F): |flx, < oo}, where

1F ™ @)l 2x )
k'Mk pk '

£l _bu{ xeK,keN},

the inductive limit

C (U, F) :=lim C¥ (U, F),
p>0

and the projective limit

CM(U,F) := lim CM (U, F), where K runs through all compact subsets of U.
KCU

Here f(*)(z) denotes the k"™ -order Fréchet derivative of f at z.
Note that instead of Hf(k)($)||Lk(E7F) we could equivalently use sup{||d® f(z)|r :
lvlle < 1} by [15, 7.13.1]. For E = R™ and F' = R this is the same space as in

(1.1).

For convenient vector spaces F and F, and ¢>®-open U C E we define:

CM(U, F) = {feC“(aF) :VBY compact K CUNEp3p>0:



QUASIANALYTIC MAPPINGS 11

f(k)(x)(vh-navk)
= {fGCOO(U,F) :VBY compact K CUNEg3p>0:
dif(@) | |
{m :keN,zeK,|vl|lp <1} is bounded in F}

Here B runs through all closed absolutely convex bounded subsets and Ep is the
vector space generated by B with the Minkowski functional ||v]|g = inf{A > 0:v €
AB} as complete norm.

Now we define the spaces of main interest in this paper: First we put

CMR,U):={c:R—U : Locc CM(R,R)V/ € E*}.

:k e N,z € K, ||vi||p <1} is bounded in F}

In general, for L log-convex non-quasianalytic we put
CHU,F):={f: foce CER,F)Vece C*R,U)}
={f:lofoce CFR,R)Vce CER,U),V e F*}

supplied with the initial locally convex structure induced by all linear mappings
CL(c,t) : f +— Lofoc € CE(R,R), which is a convenient vector space as c>-
closed subspace in the product. Note that in particular the family ¢, : C*(U, F) —
CE(U,R) with £ € F* is initial, whereas this is not the case for C replaced by CF
as example (1.11) for {inj, o gV (k) : k € N} C CL(R,RY) shows, where inj, denotes
the inclusion of the k-th factor in RN,

For @ a quasianalytic L-intersection we define the space

CoUF):= ()| CHU,F)
LEL(Q)

supplied with the initial locally convex structure. By theorem (1.6.1) this definition
coincides with the classical notion of C? if E and F are finite dimensional.

Lemma. For Q a quasianalytic L-intersection, the composite of C?-mappings is
again C?, and bounded linear mappings are C9.

Proof. This is true for C¥ (see [17, 3.1 and 3.11.1]) for every L € £(Q) since each
such L is log-convex. O

1.11. Example. By [25, Theorem 1], for each weakly log-convex sequence M there
exists f € CM(R,R) such that [f*)(0)| > k! M}, for all k € N. Then g : R? — R
given by g(s,t) = f(st) is CM, whereas there is no reasonable topology on CM (R, R)
such that the associated mapping g¥ : R — CM(R,R) is C’lf‘/[. For a topology on
CM (R, R) to be reasonable we require only that all evaluations ev; : CM(R,R) — R
are bounded linear functionals.

Proof. The mapping g is obviously C™. If gV were CM, for s = 0 there existed p

such that
vy (k)
{(g' )k (0) :keN}
k‘.p Mk
was bounded in C™ (R, R). We apply the bounded linear functional ev; for t = 2p
and then get

(91 0)2p) _ 2p)" fM(0) _

k!pk M;, n k!pk M, ~ 77

a contradiction. O
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This example shows that for C’lf” one cannot expect cartesian closedness. Using
cartesian closedness (3.3) and (2.3) this also shows (for FF = CM(R,R) and U =
R = E) that

Cy'(U,F)2 () G (UNEg, Fy)
B,V
where Fy is the completion of F/ p;I(O) with respect to the seminorm py induced
by the absolutely convex closed 0-neighborhood V.

If we compose gV with the restriction map (incly)* : CM(R,R) — RY := [,y R
then we get a CM-curve, since the continuous linear functionals on RY are linear
combinations of coordinate projections ev; with ¢ € N. However, this curve cannot
be CM as the argument above for ¢ > p shows.

2. WORKING UP TO CARTESIAN CLOSEDNESS: MORE ON NON-QUASIANALYTIC
FUNCTIONS

In [17] we developed convenient calculus for C* where M was log-convex, in-
creasing, derivation closed, and of moderate growth for the exponential law. In
this paper we describe quasianalytic mappings as intersections of non-quasianalytic
classes C¥, but we cannot assume that L is derivation closed. Thus we need stronger
versions of many results of [17] for non-quasianalytic L which are not derivation
closed, and sometimes even not log-convex. This section collects an almost mini-
mal set of results which allow to prove cartesian closedness for certain quasianalytic
function classes.

2.1. Lemma (cf. [17, 3.3]). Let M = (My)ren be a sequence of positive numbers
and let E be a convenient vector space such that there exists a Baire vector space
topology on the dual E* for which the point evaluations ev, are continuous for all
z € E. Then a curve c: R — E is CM if and only if ¢ is C'.

Proof. Let K be compact in R and ¢ be a CM-curve. We consider the sets
[£(c™ ()]
pF k! My,
which are closed subsets in E* for the given Baire topology. We have | p.C Apc =
E*. By the Baire property there exists p and C such that the interior U of A, ¢ is

non-empty. If ¢y € U then for each ¢ € E* there is a § > 0 such that §¢ € U — {y
and hence for all z € K and all k& we have

(€)@ @) < § (16 +£) o)) +1(t 0 ) P(x)]) < 26 p k1 M.

Apoi={tep: <CforallkeNzeK}

So the set “
M (x)
————:keN K
{ g kenaek)
is weakly bounded in F and hence bounded. [l

2.2. Lemma (cf. [17, 3.4]). Let M = (My)ren be a sequence of positive numbers
and let E be a Banach space. For a smooth curve ¢ : R — E the following are
equivalent.
(1) cis CM =CM.
(2) For each sequence (ry,) with vy, p* — 0 for all p > 0, and each compact set
K in R, the set {k!zlm c®(a)ry s a € K,k € N} is bounded in E.
(3) For each sequence (i) satisfying ry > 0, rire > Trpie, and vy, p* — 0 for
all p > 0, and each compact set K in R, there exists an 6 > 0 such that
{m c®(a)ry, 6% : a € K,k € N} is bounded in E.




QUASIANALYTIC MAPPINGS 13

Proof. (1) = (2) For K, there exists p > 0 such that

C(k)(a)
Tk
k! M,

(k)

c\"(a

! k( ) ||
k! ok My || g

.|
is bounded uniformly in £ € N and a € K by (2.1).

(2) = (3) Use 6 =1.

(3) = (1) Let aj, := sup,cx ||m ™ (a)||g. Using (4=1) in [15, 9.2] these
are the coefficients of a power series with positive radius of convergence. Thus
ay/p” is bounded for some p > 0. (]

2.3. Lemma (cf. [17, 3.5]). Let M = (My)ren be a sequence of positive numbers.
Let E be a convenient vector space, and let S be a family of bounded linear func-
tionals on E which together detect bounded sets (i.e., B C E is bounded if and only
if £(B) is bounded for all { € S). Then a curve ¢ : R — E is CM if and only if
loc:R—=RisCM foralll €S.

Proof. For smooth curves this follows from [15, 2.1, 2.11]. By (2.2), for £ € S, the
function £oc is C™ if and only if:

(1) For each sequence (ry) with rj t* — 0 for all ¢ > 0, and each compact set
K in R, the set {5~ (£oc)®(a)ry : a € K,k € N} is bounded.

ETMy,
By (1) the curve c is CM if and only if the set {kulwk c®(a)ry 1 a € K,k € N} is
bounded in E. By (1) again this is in turn equivalent to foc € CM for all £ € S,
since S detects bounded sets. ]

2.4. Corollary. Let M = (My)ken be a non-quasianalytic weight sequence or an
L-intersectable quasianalytic weight sequence. Let U be c*°-open in a convenient
vector space E, and let S = {{ : F — F;} be a family of bounded linear map-
pings between convenient vector spaces which together detect bounded sets. Then a
mapping f: U — F is CM if and only if Lo f is CM for alll € S.

In particular, a mapping f : U — L(G, H) is CM if and only ifev,of : U — H
is CM for each v € G, where G and H are convenient vector spaces.

This result is not valid for CM instead of CM| by a variant of (1.11): Replace
CM(R,R) by RN,
Proof. First, let M be non-quasianalytic. By composing with curves we may
reduce to U = E = R. By composing each ¢ € S with all bounded linear functionals
on Iy we get a family of bounded linear functionals on F' to which we can apply
(2.3). For quasianalytic M the result follows by definition. The case F = L(G, H)
follows since the ev, together detect bounded sets, by the uniform boundedness
principle [15, 5.18]. O

2.5. CL-curve lemma (cf. [17, 3.6]). A sequence , in a locally convex space
E is said to be Mackey convergent to x, if there exists some A, /' oo such that
An (2 — ) is bounded. If we fix A = (\,,) we say that z,, is A-converging.

Lemma. Let L be a non-quasianalytic weight sequence. Then there exist sequences
A — 0, ty — too, Sk > 0 in R with the following property: For 1/\ = (1/A,)-
converging sequences T, and vy, in a convenient vector space E there exists a strong
uniform C*-curve ¢ : R — E with c(ty +t) = xp + t.oy for [t| < sg.

Proof. Since O is not quasianalytic we have >, 1/(k!Ly)'/* < oo by (1.2). We
choose another non-quasianalytic weight sequence L = (Ly,) with (Ly/Ly)"/* — oc.
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By [17, 2.3] there is a CL-function ¢ : R — [0,1] which is 0 on {¢ : [t| > 1} and
which is 1 on {t: [¢| < 1}, i.e. there exist C, p > 0 such that

|¢(k)(t)| <Cp*KIL, forallteRand ke N.

For z,v in an absolutely convex bounded set B C E and 0 < T" < 1 the curve
c:t— ¢(t/T) - (x + tv) satisfies (cf. [4, Lemma 2]):
Bty =T Fp® (L) .(x + tw) + kT F eV (L)

eT*CPP K Ly(1+L).B+kT"*Cp" (k—1)!Ly_1.B

CTCp K Ly(1+5).B+TT *CLp k! Ly.B

CCE+2)T " p K Ly.B
So there are p,C = C(3 + %) > 0 which do not depend on ,v and T such that
c®)(t) e CTF p* k! Ly.B for all k and t.

Let 0 < T3 < 1 with Zj_Tj < oo and ty := Q_ZKij + T},. We choose the A;
such that 0 < )\j/TJk < Li/Ly (note that Tf Ly /Ly — oo for k — o0) for all j and
k, and that \;/TF — 0 for j — oo and each k.

Without loss we may assume that z,, — 0. By assumption there exists a closed
bounded absolutely convex subset B in E such that x,,v, € A\, - B. We consider
¢j it — o((t—t;)/Ty) - (z; + (t — t;)v;) and ¢ = >-;¢j- The ¢; have disjoint
support C [t; — Tj,t; + T}], hence ¢ is C* on R\ {t} with

M)y e CT ¥ pFRILL A; - B for |t —t;] < T
Then ) I
1™ @)|p < Cp* KLy, 22 < CpFRILE 22 = C p* k1L
Tj’ Lk

for t # to. Hence ¢ : R — Ep is smooth at t as well, and is strongly C* by the
following lemma. O

2.6. Lemma (cf. [17, 3.7]). Let c: R\ {0} — E be strongly C* in the sense that c
is smooth and for all bounded K C R\ {0} there exists p > 0 such that

(k)
{pckk'(z)k tkeNze K} 18 bounded in E.

Then ¢ has a unique extension to a strongly C*-curve on R.

Proof. The curve ¢ has a unique extension to a smooth curve by [15, 2.9]. The
strong C'* condition extends by continuity. O

2.7. Theorem (cf. [17, 3.9]). Let L = (L) be a non-quasianalytic weight sequence.
Let U C E be c>®-open in a convenient vector space, let F' be a Banach space and
f:U — F a mapping. Furthermore, let L < L be another non-quasianalytic weight
sequence. Then the following statements are equivalent:

(1) fisCL, d.e. focis CL for all C*-curves c.

(2) flunes : EB 2 UNEg — F is CF for each closed bounded absolutely

convex B in E. -
(3) focis CL for all CE-curves c.
(4) f € CE(U, F).

Proof. (1) = (2) is clear, since Eg — F is continuous and linear, hence all
CT-curves ¢ into the Banach space Ep are also C¥ into E and hence focis C* by
assumption.

(2) = (3) is clear, since CF C CL.
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(3) = (4) Without loss let E = Ep be a Banach space. For each v € E and
x € U the iterated directional derivative d¥f(x) exists since f is CL along affine
lines. To show that f is smooth it suffices to check that d¥ f(x,) is bounded for
each k € N and each Mackey convergent sequences z,, and v, — 0, by [15, 5.20].
For contradiction let us assume that there exist £ and sequences x, and v, with
lld* f(x,)|| — oo. By passing to a subsequence we may assume that z,, and v,
are (1/\,,)-converging for the \,, from (2.5) for the weight sequence L. Hence there

Un,

exists a C’bL—curve ¢ in E and with ¢(t + t,) = x, + t.v, for ¢t near 0 for each n
separately, and for ¢, from (2.5). But then ||(foc)®(t,)|| = ||dE f(zn)|| — o0, a
contradiction. So f is smooth.

Assume for contradiction that the boundedness condition in (4) does not hold:
There exists a compact set K C U such that for each n € N there are k, € N,
xn € K, and v, with |Jv,|| = 1 such that

1\ Fntl
e el > ki, (55)
where we used C' = p := 1/A2 with the \,, from (2.5) for the weight sequence L. By
passing to a subsequence (again denoted n) we may assume that the z,, are 1/\-
converging, thus there exists a Cf-curve ¢ : R — E with c(t, +t) = z, + t.A\p.vp
for ¢ near 0 by (2.5). Since

(foo) B (t,) = Ahdl f(an),

1 1
1 o™ ) I Y= _ (e, I f )} ™71
| - n | > kn+2 — 00,
kn~Lkn knl/kn AFnHT

a contradiction to foc e CL.

(4) = (1) We have to show that focis CT for each C*-curve ¢ : R — E. By
(2.2.3) it suffices to show that for each sequence (ry) satisfying ri, > 0, rere > riie,
and 7, t* — 0 for all ¢ > 0, and each compact interval I in R, there exists an € > 0
such that {k!lLk (foc)®)(a)rye® :a € I,k € N} is bounded.

By (2.2.2) applied to 72" instead of 7y, for each ¢ € E*, each sequence
(rg) with rpt* — 0 for all ¢ > 0, and each compact interval I in R the set

k!lLk (Loc)®)(a)r, 2% : a € I,k € N} is bounded in R. Thus {ﬁ c®)(a)ry 2%
a € I,k € N} is contained in some closed absolutely convex B C E. Consequently,
c®) . I — Ep is smooth and hence K}, := {k,lLk c®)(a)ry, 2% : a € I} is compact in
Ep for each k. Then each sequence (z,) in the set

1 1
K:={-——¢® : I = —
{k!ch (a)ri:a € ,kEN} Ky,

we get

has a cluster point in K U{0}: either there is a subsequence in one Ky, or 2Frx) €
Ky, C B for k, — o0, hence zy, — 0in Ep. So K U {0} is compact.
By Faa di Bruno ([7] for the 1-dimensional version, k > 1)

(foc k) 1 . C(m)(a) C(aj)(a)
; CEN; ﬁdﬂf(c(a))( o )
oz1+~-+ocj:k:

and (1.1.2) for a € I and k € N5 we have

| o0 @ n

<
k'L -
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. dj j ozL)
< ZLJI Z |d” f(c(a ||L (Ep,F) H [ 'LHB Ta;
i>1 e it
041+---+a7’:k
J 1 ko1 L
<ZL Cplop = Lip(1+ Lip)* 710 o
j>1
k
So {k,lLk (foe)®)(a) (ﬁ) re:a €l ke N} is bounded as required. O

2.8. Corollary. Let L = (Ly) be a non-quasianalytic weight sequence. Let U C E
be c*-open in a convenient vector space, let F' be a convenient vector space and
f: U — F a mapping. Furthermore, let L < L be a non-quasianalytic weight
sequence. Then the following statements are equivalent:
(1) f s CF.
(2) fluongs : EB 2 UNE — F is CE for each closed bounded absolutely
conver B in I. B
(3) focis CL for all CE-curves c.
(4) myof € CE(U,Fy) for each absolutely convex 0-neighborhood V. C F,
where wy : F' — Fy denotes the natural mapping.

Proof. Each of the statements holds for f if and only if it holds for 7y o f for each
absolutely convex 0-neighborhood V' C F. So the corollary follows from (2.7). O

2.9. Theorem (Uniform boundedness principle for CM | cf. [17, 4.1]). Let M =
(M) be a non-quasianalytic weight sequence or an L-intersectable quasianalytic
weight sequence. Let E, F', G be convenient vector spaces and let U C F be c* -open.
A linear mapping T : E — CM(U,G) is bounded if and only if ev,oT : E — G is
bounded for every x € U.

Proof. Let first M be non-quasianalytic. For x € U and ¢ € G* the linear mapping
loev, = CM(z,¢): CM(U,G) — R is continuous, thus ev, is bounded. Therefore,
if T is bounded then so is ev, o T.

Conversely, suppose that ev, oT is bounded for all x € U. For each closed
absolutely convex bounded B C FE we consider the Banach space Ep. For each
¢ € G*, each CM-curve ¢ : R — U, each t € R, and each compact K C R the
composite given by the following diagram is bounded.

BT cMu,q) e G
T lCM(c,IZ) Y4
Ep — CM(R,R) —— hm CM(K,R) ™ s R

By [15, 5.24, 5.25] the map T is bounded. In more detail: Since lii>np C’%(K, R)
is webbed, the closed graph theorem [15, 52.10] yields that the mapping Ep —
h_H)lp CM(K,R) is continuous. Thus T is bounded.

For quasianalytic M the result follows since the structure of a convenient vector
space on CM (U, @) is the initial one with respect to all inclusions CM (U, G) —
CH(U,G) for all L € L(M). O

As a consequence we can show that the equivalences of (2.7) and (2.8) are not
only valid for single functions f but also for the bornology of CM (U, F):
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2.10. Corollary (cf. [17, 4.6]). Let L = (Lx) be a non-quasianalytic weight se-
quence. Let E and F' be Banach spaces and let U C E be open. Then
CHU, F) = CH(U, F) = limlim CF (U, F)
K p
as vector spaces with bornology. Here K runs through all compact subsets of U
ordered by inclusion and p runs through the positive real numbers.

Proof. The second equality is by definition (1.10). The first equality, as vector
spaces, is by (2.7). By (1.10) the space CL (U, F) is convenient.
The identity from right to left is continuous since C*(U, F) carries the initial
structure with respect to the mappings
C(dr,0) : CH(U, F) — C*(R,R) = lim lim Cf (R, R) — lim CF ,(R, R),
ICR p>0 0>0

where ¢ runs through the C Ll Cl-curves, £ € F* and I runs through the
compact intervals in R, and for K :=¢(I) and p’ := (1+p||c||1,,) -0, where o > 0 is
chosen such that ||¢||1., < oo, the mapping C*(c|r, () : C% (U, F) — Cf ,(R,R) —
h_H)lp,> 0 Cr o (R,R) is continuous by (1.4). These arguments are collected in the
diagram:

lim, O7 (R.R) — C*(R,R) 57— CH(U, F) < G} (U, F) = lim, O (U. F)

CER,R) = lim CF,(R,R) < lim Cf (U, F)=CL(U, F)
T CE(c|1,0) T
Cﬁp/(KR) C]L(vp(U, F)

The identity from left to right is bounded since the countable (take p € N) inductive
limit li_n)1p of the (non-Hausdorff) Banach spaces C’IL(, ,(U, F) is webbed and hence

satisfies the S-boundedness principle [15, 5.24] where § = {ev, : & € U}, and by
[15, 5.25] the same is true for CL (U, F). O

2.11. Corollary (cf. [17, 4.4]). Let L = (Li) be a non-quasianalytic weight se-
quence. Let E and F be convenient vector spaces and let U C E be c*-open.
Then

CEU,F) = lim CY(R,F) = lim CY(UN Ep, F) = lim CY(R,F)
— — —
ceCL BCE seck

as vector spaces with bornology, where ¢ runs through all C¥-curves in U, B runs
through all bounded closed absolutely convexr subsets of E, and s runs through all
CE-curves in U.

Proof. The first and third inverse limit is formed with g* : C*(R, F) — CL(R, F)
for g € C*(R,R) as connecting mappings. Each element (f.). determines a unique
function f : U — F given by f(z) := (f oconst,)(0) with foc = f, for all such
curves ¢, and f € CF if and only if f. € CF for all such ¢, by (2.8). The second
inverse limit is formed with incl* : CL(UNEp, F) — CE(UNEp/, F) for B' C B as
connecting mappings. Each element (f5)p determines a unique function f : U — F
given by f(z) := fi_1,1.(z) with f|g, = fp for all B, and f € C if and only if
fB € CF for all such B, by (2.8). Thus all equalities hold as vector spaces.
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The first identity is continuous from left to right, since the family of /. :
CH(R,F) — CE(R,R) with ¢ € F* is initial and CL(c,¢) = l,oc* : CL(U, F) —
CL(R,R) is continuous and linear by definition.

Continuity for the second one from left to right is obvious, since C'-curves in
UNEg are CF into U C E.

In order to show the continuity of the last identity from left to right choose a C&-
curve s in U, an £ € F* and a compact interval I C R. Then there exists a bounded
absolutely convex closed B C E such that s|; is CbL = C% into U N Eg, hence
CL(s|r,¢) : CE(U,F) — CE(I,R) factors by (1.4) as continuous linear mapping
(s|lr)* : CE(U N Eg,R) — CE(I,R) over CE(U,F) — CL({UNEg,F) — CEUN

(2.10)

Ep,R) === CL(U N Ep,R). Since the structure of C*(R, F) is initial with
respect to incl* o £, : CL(R, F) — C¥(I,R) the identity lim Cl(UNER,F)—
liLnSerL CL(R, F) is continuous. -

Conversely, the identity lim _, CLR,F) — CE(U,F) is bounded, since
)
CI(R, F) is convenient and hence also the inverse limit lim cor CI(R,F) and
i)

CL (U, F) satisfies the uniform boundedness theorem (2.9) with respect to the point-
evaluations ev, and they factor over (const,)* : C¥(U, F) — CE(R, F). O

3. THE EXPONENTIAL LAW FOR CERTAIN QUASIANALYTIC FUNCTION CLASSES

We start with some preparations. Let @) = (Q) be an L-intersectable quasian-
alytic weight sequence. Let E and F' be convenient vector spaces and let U C F
be c*°-open.

3.1. Lemma. For Banach spaces E and F we have
COU,F)=CPUF)= (| CNUF)
NEﬁw(Q)

as vector spaces.

Proof. Since @ is L-intersectable we have FQ = mLeL(Q) FE. Hence

CP(U,F) = {f € C®(U,F) : YK : (sup [|f* (@) s,k € FO = [ F}
e LeL(@)
={feC®U,F):YKVYL € L(Q) : (sup | f*)(z)|)x € F*}
TEK

={feC>®(U,F):VLe L(Q)VK : (sg}];; 1 ()| € FE}

- N ctwrZd N cU,F)=CceU.F).
LeL(Q) LeL(Q)
cew L N clw,p) 2 () CHUF) 203U, F). O
LeL(Q) Lelw(Q)

3.2. Lemma. For log-convex non-quasianalytic L', L? and weakly log-convex non-
quasianalytic N with Niy, < CkJr”L,lgL% for some positive constant C' and all
k,n € N, for Banach-spaces E1 and Es3, and for f € CéV(Ul x Us,R) we have

f¥ e Ot (U, CF (U, R)).
Proof. Since f is C}Y, by definition, for all compact K; C U; there exists a p > 0

such that for all k,j € N, z; € K; and |jv1|| = --- = ||v;|| =1 = ||wi|| = - - - = |Jwg]|
we have

0507 f (1, 22)(v1, ..., v5,w1, .. wi)] < PPN K+ §) N
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< PFHIIMHIRIGICH I LILE = p(2Cp) jIL - (2Cp)*kILE.

In particular (& f)¥(K;)(0E¥) is contained and bounded in C£” (Uy, R), where 0E;
denotes the unit ball in Ey, since d*((87 f)Y (x1))(x2) = 058 (21, x2).

Claim. If f € CF then [V : Uy — CE (Us,R) is C™ with d’ f¥ = (8] f)V.

Since 0512(U2,R) is a convenient vector space, by [15, 5.20] it is enough to show
that the iterated unidirectional derivatives dJ fV () exist, equal & f(z, )(v?), and
are separately bounded for x, resp. v, in compact subsets. For j = 1 and fixed x, v,
and y consider the smooth curve ¢ : ¢t — f(x + tv,y). By the fundamental theorem

[t t0) = 17@) ) 0,5 @) w) = L= _ )

t t
SRS
:t/ s/ ' (tsr)dr ds
o Jo
1ol
:t/ s/ O} f(x +tsrv,y)(v,v) drds.
o Jo

Since (97 f)V(K1)(0oFE?) is bounded in lez (U3, R) for each compact subset Ky C Uy
this expression is Mackey convergent to 0 in C’bL2 (U2, R), for t — 0. Thus d, [ ()
exists and equals 91 f(xz, )(v).

Now we proceed by induction, applying the same arguments as before to
(df)" : (w,y) = 0] f(z,y)(v7) instead of f. Again (97(d]fY)")Y(K1)(oF}) =
(8712 f)V (K1) (0B, 0By, v,...,v) is bounded, and also the separated boundedness
of dJ fV(x) follows. So the claim is proved.

It remains to show that f¥ :U; — C’bL2 (Uz,R) :=lim li_n)1p CIL(L(UQ,]R) is O
By (2.4), it suffices to show that f* : Uy — lim_ CE (Us,R)is CF' C CF for all
Ko, i.e., for all compact Ky C Uy and K7 C U; there exists p; > 0 such that

dkfv(Kl)(Ul, e ,Uk)
klpk L,

. . . 2
tkeN, |lu] < 1} is bounded in h_H)lC}Ié27p(U2,R),
P

or equivalently: For all compact Ky C Uy and K; C U;p there exist p; > 0 and
p2 > 0 such that

50F f(Ky, K)(v1, ..
KoL LY Py Ly

For k1 € N, x € K1, p; :=2Cp, and ||lv;|| <1 we get:

dklf\/(.ﬁ)(vh . ,Ukl)
plfl kl' Lllcl

£ Ukt) ckeNleN, v < 1} is bounded in R.

Ks,p2
S T YT
p’fl kl' Lllcl p}2€2 ]{12' Liz

k1+ko)!
(o) okithe | 98208 f (2, y) (v, . .51, .. )|

ky €N,y € Ko, |wil < 1}

< sup T €N,y € IS, wi] <1}
P 5 (k1 + ka)! Nk, 41, '
20 k1 tk2 |Gk k2) e ..
< up{ GRS won, s e g g < 1)
p1 pa® (k1 + k2)! Ny,

‘8(k1,k2)f(x’y>(’[jl7 W, )‘
pk1+k2 (kl —+ kz)' Nk1+k2

So fVis CLr. 0

= sup{ €Ny € Kyt <1} <p
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3.3. Theorem (Cartesian closedness). Let Q = (Qg) be an L-intersectable quasi-
analytic weight sequence of moderate growth. Then the category of C?-mappings
between convenient real vector spaces is cartesian closed. More precisely, for con-
venient vector spaces Fi, FEo and F and c>®-open sets Uy C E; and Us C E5 a
mapping f : Uy x Uy — F is C? if and only if f¥ : Uy — C9 (U, F) is C9.

Actually, we prove that the direction (<) holds without the assumption of mod-
erate growth.
Proof. (=) Let f : Uy x Uy — F be C9, ie. CL for all L € £(Q). Since
(E;)B, — E; is bounded and linear and since C'* is closed under composition we
get that £o f : (U1N(E1)p,) X (UsN(Es)p,) — Ris CL = CF (by (2.7) since (E;) 5,
are Banach-spaces) for £ € F*, arbitrary bounded closed B; C E; and all L € £(Q).
Hence (o f is C} even for all L € L,(Q) by (3.1). For arbitrary L', L? € £(Q), by
(1.6.3) and (1.6.2), there exists an N € L,,(Q) with Ny4,, < CFTLLL2 for some
positive constant C' and all k,n € N. Thus ¢o f : (U; ﬁ(El)Bl) (UaN(E2)B,) — R
is C. By (3.2), the function (£o f)¥ : Uy N (Ey)p, — CL* (UsN (B2)p,,R) is CL'.
Since the cone

2

CO(Us, F) — C¥' Uy, F) S22 OF (U3 0 (E2) 5, R) = CF (U2 N (B2) 5, R),
with Ly € £(Q), ¢ € F*, and bounded closed By C E», generates the bornology
by (2.11), and since obviously fV(z) = f(z, ) € C?(Us, F), we have that fV :
Uy N (Ey)p, — C2Us, F) is CL', by (2.4). From this we get by (2.8) that fV :
Uy — CQUy, F) is CL' for all L' € L(Q), ie., f¥ : Uy — C(Uy, F) is C9 as
required. The whole argument above is collected in the following diagram where
Uéi stands for U; N Ep;:

fec@ fYect!
Ul x U? F U Gs CQ(U2, F) CL(U?, F)
Tincl l Tincll/ﬁ) Ly o inchl(zll)
fGCQCCN ct! 2 2
Ub, xUp, =GR = Ub, — = CV (U}, R) == CF" (U}, B)

(«=) Let, conversely, fV : Uy — CQ(Uy, F) be C9, ie., CF for all L € £(Q). By the
description of the structure of C? (U, F') in (1.10) the mapping f¥ : U; — CE(Uy, F)
is CL. We now conclude that f : U; x Uy — F is C¥; this direction of cartesian
closedness for CL holds even if L is not of moderate growth, see [17, 5.3] and its
proof. This is true for all L € £(Q). Hence f is C%. O

3.4. Corollary. Let Q be an L-intersectable quasianalytic weight sequence of mod-
erate growth. Let E, F, etc., be convenient vector spaces and let U and V be
™ -open subsets of such. Then we have:

(1) The exponential law holds:

CeU,C(V,Q)) = C(U x V,G)

is a linear CQ-diffeomorphism of convenient vector spaces.
The following canonical mappings are C<.

(2) ev:COU,F)xU — F, ev(f,z)=f(z)
(3) ins: E— CYF,ExF), ins(z)(y) = (,v)
4 ()":0%U,C%V.G) = CUU x V.G)
(5) ()Y CUUXV,G) = COUUCUV,G))
(6)  comp:CYF,G)x CYU,F) — C?U,G)
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7 CQ( ):CQ(F,Fl)xCQ(El,E)HCQ(CQ(E,F),CQ(El,FIU
(f.g) = (h— fohog)

®  [[:[[c%E.F)—c? (H E;, HF)

Proof. This is a direct consequence of cartesian closedness (3.3). See [17, 5.5] or
even [15, 3.13] for the detailed arguments. O

4. MORE ON FUNCTION SPACES

In this section we collect results for function classes C™ where M is either a
non-quasianalytic weight sequence or an L-intersectable quasianalytic weight se-
quence. In order to treat both cases simultaneously, the proofs will often use
non-quasianalytic weight sequences L > M. These are either M itself if M is non-
quasianalytic or are in £L(M) if M is L-intersectable quasianalytic. In both cases
we may assume without loss that L is increasing, by (1.5).

4.1. Proposition. Let M = (M}) be a non-quasianalytic weight sequence or an
L-intersectable quasianalytic weight sequence. Then we have:

(1) Multilinear mappings between convenient vector spaces are CM if and only
if they are bounded.

(2) If f: ED U — F is CM| then the derivative df : U — L(E, F) is CM+1,
and also (df)" : UxE — F is CM+1 where the space L(E, F) of all bounded
linear mappings is considered with the topology of uniform convergence on
bounded sets.

(3) The chain rule holds.

Proof. (1) If f is CM then it is smooth by (2.8) and hence bounded by [15, 5.5].
Conversely, if f is multilinear and bounded then it is smooth, again by [15, 5.5].
Furthermore, f oip is multilinear and continuous and all derivatives of high order
vanish. Thus condition (2.8.4) is satisfied, so f is CM.

(2) Since f is smooth, by [15, 3.18] the map df : U — L(E,F) exists and is
smooth. Let L > M,; be a non-quasianalytic weight sequence and ¢ : R — U be
a CL-curve. We have to show that t — df (c(t)) € L(E, F) is CX. By the uniform
boundedness principle [15, 5.18] and by (2.3) it suffices to show that the mapping
t i c(t) — £(df(c(t))(v)) € Ris CL for each £ € F* and v € E. We are reduced
to show that « — £(df(z)(v)) satisfies the conditions of (2.7). By (2.7) applied to
Lo f, for each L > M, each closed bounded absolutely convex B in F, and each
x € UN Ep there are r > 0, p > 0, and C > 0 such that

1 .
m”dk(gofolB)(a)”Lk(EB,R) <Cp"
for all @ € UN Ep with ||a —z||p < r and all Kk € N. For v € E and those B
containing v we then have:
la*(d(¢o )( )())oin)(a)lormym = 4" (Lo foin)(a)(v,... ) rmy k)
< |[|d* (Lo foip)(a)llprtr(mymllvle < C o (k+ 1)! Ly
= Cp((k+1)"*p)* k! Liy1 < Cp (2p)* k! (L)
By (4.2) below also (df)" is CL+1.
(3) This is valid even for all smooth f by [15, 3.18]. O

4.2. Proposition. Let M = (M}) be a non-quasianalytic weight sequence or an
L-intersectable quasianalytic weight sequence.
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(1) For convenient vector spaces E and F, on L(E, F) the following bornologies
coincide which are induced by:
e The topology of uniform convergence on bounded subsets of E.
e The topology of pointwise convergence.
e The embedding L(E,F) C C*(E, F).
e The embedding L(E,F) C CM(E, F).
(2) Let E, F, G be convenient vector spaces and let U C E be ¢™-open. A
mapping f : U x F — G which is linear in the second variable is CM if and
only if f¥ : U — L(F,G) is well defined and C™M.

Analogous results hold for spaces of multilinear mappings.

Proof. (1) That the first three topologies on L(E, F) have the same bounded
sets has been shown in [15, 5.3, 5.18]. The inclusion CM(E, F) — C*(E, F) is
bounded by the uniform boundedness principle [15, 5.18]. Conversely, the inclusion
L(E,F) — CM(E, F) is bounded by the uniform boundedness principle (2.9).

(2) The assertion for C™ is true by [15, 3.12] since L(E, F') is closed in C*(E, F').

If fis CM let L > M be a non-quasianalytic weight-sequence and let ¢ :
R — U be a Ct-curve. We have to show that fYoc is CF into L(F,G). By
the uniform boundedness principle [15, 5.18] and (2.3) it suffices to show that
t = L(fV(c(t)(v) = £(f(c(t),v)) € Ris CF for each ¢ € G* and v € F; this is
obviously true.

Conversely, let fV : U — L(F,G) be C™ and let L > M be a non-quasianalytic
weight-sequence. We claim that f: U x F — G is CL. By composing with ¢ € G*
we may assume that G = R. By induction we have

d* f (2, w0) ((vk, W), - - ., (v1,w1)) = d* (V) (@) (g, - . ., v1) (wo)+

k
+ de_l(fv)(a:)(vk, T ) (W)

We check condition (2.7.4) for f where x € K which is compact in U:

¥ f(z, Wo) || Lk (Bp x Fpr R) <

k
<N () @) (D) o)l prar) + N ) @) o1 (B 1Py 2y
i=1
k
< ”dk(fv)('r)HL’“(EB7L(FB/,]R))HUJOHB’ + Z ||dk71(fv)('r)HL’“—l(EB,L(FB/R))

i=1

k
< C PR Lillwoll + 32 C 0" (= 1) Ly = C B L (Jlwol + 55
i—1
where we used (2.7.4) for L(ip/,R)o f¥ : U — L(Fp:,R). Since L is increasing, f
is CL. O

4.3. Theorem. Let Q = (Qr) be an L-intersectable quasianalytic weight sequence.
Let U C E be c™®-open in a convenient vector space, let F' be another convenient
vector space, and f : U — F a mapping. Then the following statements are equiv-
alent:
(1) fis C9, i.e., for all L € L(Q) we have foc is CL for all CL-curves c.
(2) flunes : EB 2 UNEp — F is C? for each closed bounded absolutely
conver B in E.
(3) For all L € L(Q) the curve foc is CL for all CF-curves c.
(4) myof is CbQ for all absolutely convex 0-neighborhoods V in F and the
associated mapping Ty : F — Fy .
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Proof. This follows from (2.8) for L := L since C% := Nrec@) CL and C’bQ =
MNrec) Cy. O

4.4. Theorem (cf. [17, 4.4]). Let Q = (Qx) be an L-intersectable quasianalytic
weight sequence. Let E and F' be convenient vector spaces and let U C E be ¢*°-
open. Then

CU,F)= lm CHR,F)=lim COUUNERF)= lim C'RF)
LeL(Q),ceCL BCE LeL(Q),s€Cy

as vector spaces with bornology, where ¢ runs through all C*-curves in U for L €
L(Q), B runs through all bounded closed absolutely convex subsets of E, and s runs
through all CE-curves in U for L € L(Q).

Proof. This follows by applying lim to (2.11). O

LeL(Q)

4.5. Jet spaces. Let E and F' be Banach spaces and A C E convex. We consider
the linear space C*°(A, F) consisting of all sequences (f*) € [[,en C(A, L¥(E, F))
satisfying

1

fﬁwﬁﬁ—fﬁww)=/1ﬂ*%m+ﬂy—@ﬂy—%wdt

0
forall k € N, 2,y € A, and v € E*. If A is open we can identify this space with
that of all smooth functions A — F' by the passage to jets.
In addition, let M = (M}) be a weight sequence and (rx) a sequence of positive
real numbers. Then we consider the normed spaces

(A, F) = { () € C(AF) ()l < o0}
where the norm is given by

k |5 (a)(v, ... v
ro) i= SU keNae Ajv, € Eb.
1 ey p{mTkwauvnw~~~w%u }

If (1) = (p*) for some p > 0 we just write p instead of (ry) as indices. The spaces

C(%)(A, F) are Banach spaces, since they are closed in £>°(N, (> (A, L¥(E, F))) via

(fk)k . (k = k!rkle fk)
If A is open, C*(A, F) and C}'(A, F) coincide with the convenient spaces
treated before.

4.6. Theorem (cf. [17, 4.6]). Let M = (M},) be a non-quasianalytic weight sequence
or an L-intersectable quasianalytic weight sequence. Let & and F' be Banach spaces
and let U C E be open and convex. Then the space CM (U, F) = CM(U,F) can
be described bornologically in the following equivalent ways, i.e. these constructions
give the same vector space and the same bounded sets

(1) lim lim C (W, F)
K p,W

(2) lim lim C2 (K, F)
K p

(3) lim C)%) (K, F)
K,(rk)

Moreover, all involved inductive limits are reqular, i.e. the bounded sets of the in-
ductive limits are contained and bounded in some step.

Here K runs through all compact convex subsets of U ordered by inclusion, W
runs through the open subsets K C W C U again ordered by inclusion, p runs
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through the positive real numbers, (ry) runs through all sequences of positive real
numbers for which p* /ry, — 0 for all p > 0.

Proof. This proof is almost identical with that of [17, 4.6]. The only change is
to use (2.7) and (4.3) instead of [17, 3.9] to show that all these descriptions give
CM(U, F) as vector space. O

4.7. Lemma (cf. [17, 4.7]). Let M be a non-quasianalytic weight sequence. For
any convenient vector space E the flip of wvariables induces an isomorphism
L(E,CM(R,R)) = CM(R, E’) as vector spaces.

Proof. This proof is identical with that of [17, 4.7] but uses (2.9) instead of [17,
4.1] and (2.3) instead of [17, 3.5]. O

4.8. Lemma (cf. [17, 4.8]). Let M = (M) be a non-quasianalytic weight sequence.
By MM (R) we denote the ¢ -closure of the linear subspace generated by {ev, : t € R}
in CM(R,R) and let § : R — AM(R) be given by t +— ev;. Then AM(R) is the free
convenient vector space over CM, i.e. for every convenient vector space G the CM -
curve § induces a bornological isomorphism

5 LOM(R),G) = CM(R,G).

We expect AM(R) to be equal to CM(R,R)’ as it is the case for the analogous
situation of smooth mappings, see [15, 23.11], and of holomorphic mappings, see
23] and [24].

Proof. The proof goes along the same lines as in [15, 23.6] and in [8, 5.1.1]. It is
identical with that of [17, 4.8] but uses (2.3), (2.9), and (4.2) in that order. O

4.9. Corollary (cf. [17, 4.9]). Let L = (Ly) and L' = (Lj},) be non-quasianalytic
weight sequences. We have the following isomorphisms of linear spaces

(1) C>*(R,CH(R,R)) = CH(R,C>(R,R))

(2) C¥(R,CE(R,R)) = CL(R,C¥(R,R))

(3) CL'(R,CE(R,R)) = CL(R,CLY' (R, R))

Proof. This proof is that of [17, 4.9] with other references: For « € {oo,w, L'} we
get

C*(R,C%(R,R)) = L(A\*(R),C*(R,R)) by (4.8)
~ C*R,L(A*(R),R)) by (4.7), [15, 3.13.4, 5.3, 11.15]
~ C*(R,CH(R,R)) by (4.8). O

4.10. Theorem (Canonical isomorphisms). Let M = (M}) be a non-quasianalytic
weight sequences or an L-intersectable quasianalytic weight-sequences; likewise
M' = (M}). Let E, F be convenient vector spaces and let W; be c>-open sub-
sets in such. We have the following natural bornological isomorphisms:

CM (W, CM' (Wy, F)) = CM' (Wy, CM (W4, F)),
N[(Wla (WQa ))*COO(W%CM(WMF))
MWy, C¥ (W, F)) 22 C¥(Wa, CM (W1, F)).
M(W17 ( )) L(E’CM<W1’F))'
M(Wl,EDQ(X F)) 2 (X, CM(Wy, F)).
MW, Lip* (X, F)) = Lip* (X, CM (W1, F)).
In (5) the space X is an £*-space, i.e. a set together with a bornology induced by
a family of real valued functions on X, cf. [8, 1.2.4]. In (6) the space X is a Lip"-
space, cf. [8, 1.4.1]. The spaces £°(X,F) and Lip*(W, F) are defined in [8, 3.6.1
and 4.4.1].

QQQQQQ
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Proof. This proof is very similar with that of [17, 4.8] but written differently. Let
C' and C? denote any of the functions spaces mentioned above and X; and Xj
the corresponding domains. In order to show that the flip of coordinates f — f ,
CY(X1,C*(X2, F)) — C*(X2,CH(X4, F)) is a well-defined bounded linear mapping
we have to show:

e f(zy) € CY(X,,F), which is obvious, since f(zy) = evg,of : X1 —
C*(Xy,F) — F.

o [ €C?(X,,CH(X,,F)), which we will show below.

o fi— f is bounded and linear, which follows by applying the appropriate
uniform boundedness theorem for C? and C! since f — ev,, oevy, o f =

evy, 0evy, o f is bounded and linear.

All occurring function spaces are convenient and satisfy the uniform S-boundedness
theorem, where S is the set of point evaluations:

CM by (1.10) and (2.9).
C> by [15, 2.14.3, 5.26]
C¥ by [15, 11.11, 11.12],
L by [15, 2.14.3, 5.18]
(> by [15, 2.15, 5.24, 5.25] or [8, 3.6.1 and 3.6.6]
Lip® by [8, 4.4.2 and 4.4.7]

It remains to check that f is of the appropriate class:

(1) follows by composing with the appropriate (non-quasianalytic) curves ¢; :
R — Wi, co: R— W5 and A € F* and thereby reducing the statement to
the special case in (4.9.3).

(2) as for (1) using (4.9.1).

(3) follows by composing with c; € CP2(R, W), where £ is in {oo,w},

and with CF(cy,A\) : CM (W1, F) — CE(R,R) where ¢; € CE(R, W)
with L > M non-quasianalytic and A € F*. Then C*(c;,\)ofocy =
(CP2(cg,\)o foc)™ : R — CE(R,R) is CP2 by (4.9.1) and (4.9.2), since
CP2(co,N)o foey : R — Wy — C¥(Wa, F) — C2(R,R) is CF.
For the inverse, compose with ¢; and C%2(cp, \) : C¥ (W, F) — CP2(R,R).
Then CP(cy,N)o foey = (CE(e1, Ao foey)™ : R — CP2(R,R) is CE by
(4.9.1) and (4.9.2), since CF(c1,\)ofocy : R — Wy — CL(Wy, F) —
CE(R,R) is CP2.

(4) since L(E, F) is the c¢*>-closed subspace of CM(E, F) formed by the linear
CM_mappings.

(5) follows from (4), using the free convenient vector spaces ¢!(X) over the
(>-space X, see [8, 5.1.24 or 5.2.3], satisfying (X, F) = L({}(X), F).

(6) follows from (4), using the free convenient vector spaces A\¥(X) over the
LipF-space X, satisfying Lip" (X, F) = L(\*(X), F). Existence of this free
convenient vector space can be proved in a similar way as in (4.8). t

5. MANIFOLDS OF QUASIANALYTIC MAPPINGS

For manifolds of real analytic mappings [14] we could prove that composition
and inversion (on groups of real analytic diffeomorphisms) are again C* by testing
along C*°-curves and C*-curves separately. Here this does not (yet) work. We have
to test along CT-curves for all L in £(Q), but for those L we do not have cartesian
closedness in general. But it suffices to test along C?-mappings from open sets in
Banach spaces, and this is a workable replacement.



26 A. KRIEGL, P.W. MICHOR, A. RAINER

5.1. CP-manifolds. Let @ = (Qx) be an L-intersectable quasianalytic weight se-
quence of moderate growth. A C@-manifold is a smooth manifold such that all
chart changings are C?-mappings. Likewise for C?-bundles and C? Lie groups.

Note that any finite dimensional (always assumed paracompact) C°°-manifold
admits a C°°-diffeomorphic real analytic structure thus also a C@-structure.
Maybe, any finite dimensional C'@-manifold admits a C%-diffeomorphic real an-
alytic structure. This would follow from:

Conjecture. Let X be a finite dimensional real analytic manifold. Consider the
space CQ(X,R) of all C?-functions on X, equipped with the (obvious) Whitney
C%-topology. Then C¥(X,R) is dense in C9(X,R).

This conjecture is the analog of [10, Proposition 9].

5.2. Banach plots. Let Q = (Qp) be an L-intersectable quasianalytic weight
sequence of moderate growth. Let X be a C%-manifold. By a C9-plot in X we
mean a C%-mapping ¢ : D — X where D C E is the open unit ball in a Banach
space FE.

Lemma. A mapping between C?-manifolds is C? if and only if it maps C9-plots
to C?-plots.

Proof. For a convenient vector space E the c>-topology is the final topology for
all injections EFg — FE where B runs through all closed absolutely convex bounded
subsets of E. The ¢*-topology on a ¢*°-open subset U C F is final with respect
to all injections Eg N U — U. For a C@-manifold the topology is the final one
for all CQ-plots. Let f : X — Y be the mapping. If f respects C%-plots it is
continuous and so we may assume that Y is ¢*-open in a convenient vector space
F and then likewise for X C E. The (affine) plots induced by X N Ep C X are
C®. By definition f is C? if and only if it is C for all L € £(Q) and this is the
case if fis CL on X N Eg for all B by (2.8). O

5.3. Spaces of C%-sections. Let p : £ — B be a C? vector bundle (possibly
infinite dimensional). The space C?(B « E) of all C%?-sections is a convenient
vector space with the structure induced by

CoB «— E) - [[C?wa(U), V)

S pr201/)aosou;1

where B D U, —“— u,(U,) C W is a C@-atlas for B which we assume to be
modeled on a convenient vector space W, and where v, : E|y, — Uy X V form a
vector bundle atlas over charts U, of B.

Lemma. Let D be a unit ball in a Banach space. A mapping c: D — C?(B «— E)
is a CQ-plot if and only if ¢ : D x B — E is C<.

Proof. By the description of the structure on C9(B « FE) we may assume that
B is c*°-open in a convenient vector space W and that E = B x V. Then we have
C?(B « B x V)= C?B,V). Thus the statement follows from the exponential
law (3.3). O

Let U C E be an open neighborhood of s(B) for a section s and let ¢ : F — B
be another vector bundle. The set C¥(B « U) of all C@-sections s’ : B — E with
s'(B) C U is open in the convenient vector space C?(B « E) if B is compact.
An immediate consequence of the lemma is the following: If U C FE is an open
neighborhood of s(B) for a section s, F — B is another vector bundle and if
f:U — Fis a fiber respecting C%-mapping, then f, : C9(B « U) — C?(B « F)
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is C% on the open neighborhood C?(B « U) of s in C?(B « E). We have
(d(f)($)v)e = d(flune, ) (s(@))(v()).

5.4. Theorem. Let Q = (Qf) be an L-intersectable quasianalytic weight sequence of
moderate growth. Let A and B be finite dimensional C9-manifolds with A compact
and B equipped with a C® Riemann metric. Then the space C2(A, B) of all C?-
mappings A — B is a C?-manifold modeled on convenient vector spaces C?(A «
[*TB) of C9-sections of pullback bundles along f : A — B. Moreover, a mapping
c: D — CR(A,B) is a C9-plot if and only if ¢ : D x A — B is C9.

If the C@-structure on B is induced by a real analytic structure then there exists
a real analytic Riemann metric which in turn is C<.
Proof. C@-vector fields have C%?-flows by [13]; applying this to the geodesic spray
we get the C9 exponential mapping exp : TB O U — B of the Riemann metric,
defined on a suitable open neighborhood of the zero section. We may assume that
U is chosen in such a way that (7p,exp) : U — B x B is a C%-diffeomorphism onto
an open neighborhood V of the diagonal, by the C? inverse function theorem due
to [12].

For f € C9(A, B) we consider the pullback vector bundle

AXTB<—AxpTB—— TB 2 s 1R

|
f

A——B

Then the convenient space of sections C?(A « f*T'B) is canonically isomorphic
to the space C?(A,TB); := {h € C¥(A,TB) : tgoh = f} via s — (75 f)os and
(Ida, h) < h. Now let

Us:={g€C?A,B): (f(x), g(x)) €V for all z € A},
up: Uy — C9A — f*TB),
ur(9)(@) = (z,exp7(, (9(2))) = (, (15, exp) ™" o(£, 9)) (x)).

Then uy : Up — {s € C(A « f*TB):s(A) C f*U = (75f)"1(U)} is a bijection
with inverse u;l(s) =expo(nh f)os, where we view U — B as a fiber bundle. The
set uy(Uy) is open in C?(A « f*TB) for the topology described above in (5.3)
since A is compact and the push forward uy is C? since it respects C?-plots by
lemma (5.3).

Now we consider the atlas (Uy,us)rece(a,p) for C%(A, B). Its chart change

mappings are given for s € u,(U; NU,) C C9(A « g*TB) by
(ug oy )(s) = (Ida, (w5, exp) " o(f,exp o(isg) 0 )
= (77" o7):(9),
where 7,4(7,Yy(2)) = (7,expy)(Yg(x))) is a CQ-diffeomorphism 7, : ¢*TB 2
g*U — (9 x Idg)™' (V) C A x B which is fiber respecting over A. The chart
change uy oug_1 = (7']71 0T,4)« is defined on an open subset and it is also C? since
it respects C?-plots by lemma (5.3).

Finally for the topology on C?(A, B) we take the identification topology from
this atlas (with the ¢>-topologies on the modeling spaces), which is obviously finer
than the compact-open topology and thus Hausdorff.

The equation uy oug’1 = (7'f_1 07,)« shows that the C%-structure does not de-

pend on the choice of the C® Riemannian metric on B.
The statement on C%-plots follows from lemma (5.3). O
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5.5. Corollary. Let A;, Ay and B be finite dimensional C?-manifolds with A, and
Ay compact. Then composition

CQ(A27B)XCQ(A17A2)_>CQ(A1aB)a (fvg)'_)fog

is C9. However, if N = (Ny) is another weight sequence (L-intersectable quasian-
alytic) with (Ny/Qr)Y* \, 0 then composition is not CV.

Proof. Composition maps C%?-plots to C?-plots, so it is C<.

Let Ay = Ay = St and B = R. Then by [25, Theorem 1] or [17, 2.1.5] there exists
f € C9SLR)\ CN(S',R). We consider f as a periodic function R — R. The
universal covering space of C? (S, S') consists of all 2rZ-equivariant mappings in
C?(R,R), namely the space of all g+Idg for 2r-periodic g € C?. Thus C9(S!, S1)
is a real analytic manifold and ¢t — (x +— x 4 t) induces a real analytic curve ¢ in
CR(S*,SY). But f.ocis not CV since:

(OFlimolfo o)) (@) _ ot @+8) _ fW(a)

which is unbounded in k for x in a suitable compact set and for all p > 0, since

fecon. 0

5.6. Theorem. Let Q = (Qx) be an L-intersectable quasianalytic weight sequence
of moderate growth. Let A be a compact (= finite dimensional) C?-manifold. Then
the group Difo(A) of all CQ-diffeomorphisms of A is an open subset of the C9-
manifold CR(A, A). Moreover, it is a C9-reqular C? Lie group: Inversion and
composition are C?. Its Lie algebra consists of all CQ-vector fields on A, with the
negative of the usual bracket as Lie bracket. The exponential mapping is C<. It is
not surjective onto any neighborhood of 1d 4.

Following [16], see also [15, 38.4], a C%?-Lie group G with Lie algebra g = T.G
is called C@-regular if the following holds:

e For each CP-curve X € C9(R,g) there exists a C?-curve g € C?(R,G)
whose right logarithmic derivative is X, i.e.,

g(0)  =e
Brg(t) = To(ps™)X(t) = X ().9(t)

The curve g is uniquely determined by its initial value ¢(0), if it exists.
e Put evol;(X) = g(1) where g is the unique solution required above. Then
evoly, : C9(R,g) — G is required to be C¥ also.

Proof. The group Diff® (A) is open in C?(A, A) since it is open in the coarser C'*
compact-open topology, see [15, 43.1]. So DinQ(A) is a C'?-manifold and composi-
tion is C? by (5.4) and (5.5). To show that inversion is C? let ¢ be a C?-plot in
Diff?(A). By (5.4) the map ¢ : D x A — A is C? and (invo )" : Dx A — A
satisfies the Banach manifold implicit equation ¢" (¢, (invo ¢)"(t,z)) = x for z € A.
By the Banach C% implicit function theorem [26] the mapping (invo ¢)" is lo-
cally C? and thus C?. By (5.4) again, invo ¢ is a C9-plot in Diff?(4). So
inv : Diff?(A4) — Diff%(A) is C?. The Lie algebra of Diff?(A) is the convenient
vector space of all C@-vector fields on A, with the negative of the usual Lie bracket
(compare with the proof of [15, 43.1]).

To show that Diff? (A) is a C%-regular Lie group, we choose a C?-plot in the
space of C?-curves in the Lie algebra of all C9 vector fields on A, ¢ : D —
C?(R,CP(A « TA)). By lemma (5.3) ¢ corresponds to a (D x R)-time-dependent
C? vector field ¢ : D x R x A — TA. Since C?-vector fields have C?-flows and
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since A is compact, evol”(c"(s))(t) = FIEA(S) is C9 in all variables by [27]. Thus
Diff?(A) is a C9-regular C? Lie group.

The exponential mapping is evol” applied to constant curves in the Lie algebra,
i.e., it consists of flows of autonomous C'? vector fields. That the exponential map
is not surjective onto any C'@-neighborhood of the identity follows from [15, 43.5]
for A = S'. This example can be embedded into any compact manifold, see [9]. O

REFERENCES

(1] T. Bang, Om quasi-analytiske Funktioner, Thesis, University of Copenhagen, 1946.

[2] E. Bierstone and P. D. Milman, Resolution of singularities in Denjoy-Carleman classes,
Selecta Math. (N.S.) 10 (2004), no. 1, 1-28.

[3] J. Boman, On the intersection of classes of infinitely differentiable functions, Ark. Mat. 5
(1963/1965), 301-309 (1963/65).

, Differentiability of a function and of its compositions with functions of one variable,
Math. Scand. 20 (1967), 249-268.

[5] T. Carleman, Les fonctions quasi-analytiques, Collection Borel, Gauthier-Villars, Paris, 1926.

[6] A. Denjoy, Sur les fonctions quasi-analytiques de variable réelle, C. R. Acad. Sci. Paris 173
(1921), 1320-1322.

[7] C.F. Faa di Bruno, Note sur une nouvelle formule du calcul différentielle, Quart. J. Math. 1
(1855), 359-360.

[8] A. Frolicher and A. Kriegl, Linear spaces and differentiation theory, Pure and Applied Math-
ematics (New York), John Wiley & Sons Ltd., Chichester, 1988, A Wiley-Interscience Publi-
cation.

[9] J. Grabowski, Free subgroups of diffeomorphism groups, Fund. Math. 131 (1988), no. 2,
103-121.

[10] H. Grauert, On Levi’s problem and the imbedding of real-analytic manifolds, Ann. of Math.
(2) 68 (1958), 460-472.

[11] L. Hérmander, The analysis of linear partial differential operators. I, Grundlehren der Math-
ematischen Wissenschaften [Fundamental Principles of Mathematical Sciences], vol. 256,
Springer-Verlag, Berlin, 1983, Distribution theory and Fourier analysis.

[12] H. Komatsu, The implicit function theorem for wultradifferentiable mappings, Proc. Japan
Acad. Ser. A Math. Sci. 55 (1979), no. 3, 69-72.

, Ultradifferentiability of solutions of ordinary differential equations, Proc. Japan
Acad. Ser. A Math. Sci. 56 (1980), no. 4, 137-142.

[14] A. Kriegl and P. W. Michor, The convenient setting for real analytic mappings, Acta Math.
165 (1990), no. 1-2, 105-159.

,  The convenient setting of global analysis, Mathematical Surveys and
Monographs, vol. 53, American Mathematical Society, Providence, RI, 1997,
http://www.ams.org/online_bks/surv53/.

[16] , Regular infinite-dimensional Lie groups, J. Lie Theory 7 (1997), no. 1, 61-99.

[17] A. Kriegl, P. W. Michor, and A. Rainer, The convenient setting for non-quasianalytic
Denjoy—Carleman differentiable mappings, J. Funct. Anal. 256 (2009), 3510-3544.

, Denjoy—Carleman differentiable perturbation of polynomials and unbounded opera-
tors, Preprint, arXiv:0910.0155, 2009.

[19] F. Rellich, Stérungstheorie der Spektralzerlegung. V, Math. Ann. 118 (1942), 462-484.

[20] C. Roumieu, Ultra-distributions définies sur R™ et sur certaines classes de wvariétés
différentiables, J. Analyse Math. 10 (1962/1963), 153-192.

[21] W. Rudin, Division in algebras of infinitely differentiable functions, J. Math. Mech. 11
(1962), 797-809.

[22] , Real and complex analysis, third ed., McGraw-Hill Book Co., New York, 1987.

[23] E. Siegl, A free convenient vector space for holomorphic spaces, Monatsh. Math. 119 (1995),
85-97.

[4]

(13]

(15]

(18]

[24] , Frree convenient vector spaces, Ph.D. thesis, Universitat Wien, Vienna, 1997.

[25] V. Thilliez, On quasianalytic local Tings, Expo. Math. 26 (2008), no. 1, 1-23.

[26] T. Yamanaka, Inverse map theorem in the ultra-F-differentiable class, Proc. Japan Acad.
Ser. A Math. Sci. 65 (1989), no. 7, 199-202.

, On ODEs in the ultradifferentiable class, Nonlinear Anal. 17 (1991), no. 7, 599-611.

27]




30 A. KRIEGL, P.W. MICHOR, A. RAINER

FAKULTAT FUR MATHEMATIK, UNIVERSITAT WIEN, NORDBERGSTRASSE 15, A-1090 WIEN, AUs-
TRIA

E-mail address: andreas.kriegl@univie.ac.at

E-mail address: peter.michor@univie.ac.at

E-mail address: armin.rainer@univie.ac.at



