This version: 28/02/2014

Chapter 1

Holomorphic and real analytic calculus

In this chapter we develop basic analysis in the holomorphic and real analytic
settings. We do this, for the most part, simultaneously, and as a result some of
the ways we do things are a little unconventional, especially when compared to the
standard holomorphic treatments in, for example, texts like [Fritzsche and Grauert
2002, Gunning and Rossi 1965, Hormander 1973, Krantz 1992, Laurent-Thiébaut 2011,
Range 1986, Taylor 2002]. We assume, of course, a thorough acquaintance with real
analysis such as one might find in [Abraham, Marsden, and Ratiu 1988, Chapter 2]
and single variable complex analysis such as one might find in [Conway 1978].

1.1 Holomorphic and real analytic functions

Holomorphic and real analytic functions are defined as being locally prescribed
by a convergent power series. We, therefore, begin by describing formal (i.e., not
depending on any sort of convergence) power series. We then indicate how the usual
notion of a Taylor series gives rise to a formal power series, and we prove Borel’s
Theorem which says that, in the real case, all formal power series arise as Taylor series.
This leads us to consider convergence of power series, and then finally to consider
holomorphic and real analytic functions.

Much of what we say here is a fleshing out of some material from Chapter 2 of
[Krantz and Parks 2002], adapted to cover both the holomorphic and real analytic
cases simultaneously.

111 F"

Because much of what we say in this chapter applies simultaneously to the real
and complex case, we shall adopt the convention of using the symbol F when we wish
to refer to one of R or C. We shall use |x| to mean the absolute value (when F = R) or
the complex modulus (when IF = C). In like manner, we shall denote by X the complex
conjugate of x if F = C and ¥ = x if F = R. We use

n

) =) 7,

=1
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to denote the standard inner product and

n
ot = () )
=1

to denote the standard norm on F” in both cases.
We shall need notions of balls and disks in . Balls are defined in the usual way.
Given xp € " and r € R, the open ball with radius r and centre x; is

B'(r,x0) = {Ix € F" | |lx — xoll <7},

with _
B'(r,x0) = {x € F" | |lx —xoll < 7}

similarly denoting the closed ball. For xy € F" and for r € R, denote
Dn(rle) = {x e | |x] - ijl < 7"jl ] € {1/ . -/n}}/

which we call the open polydisk of radius r and centre x;. The closure of the open
polydisk, interestingly called the closed polydisk, is denoted by

D"(r,x0) = {x € F" | Ixj—xojl <rj, j€{1,...,n}}.

If r € R,y then we denote # = (r,...,r) € R, so that D"(#,x) and B”(f, Xp) denote
polydisks whose radii in all components are equal.
If U € F"is open, if A C U, and if f: U — F" is continuous, we denote

1flla = supllf()ll | x € A}. (1.1)

A domain in F" is a nonempty connected open set.
Amap f: U — F" from an open subset U C F" to F"” will be of class C', r € Z5,U{oo},
if it is of class C" in the real variable sense, noting that C" ~ R?".

1.1.2 Multi-index and partial derivative notation

A multi-index is an element of ZZ ). For a multi-index I we shall write I = (iy, ..., i,).
We introduce the following notation:
1. =i+ +1iy
2. I'=14!---4,);
3. xf=x]--xyforx = (xy,...,x,) € F".
Note that the elements e;, ..., e, of the standard basis for " are in ZZ,
think of these vectors as elements of ZZ ) when it is convenient to do so.
The following property of the set of multi-indices will often be useful.

so we shall
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1.1.1 Lemma (Cardinality of sets of multi-indices) For n € Z., and m € Z,,

+m-1
card(l € 27, | |I|:m}:(n m )

n-1

Proof We begin with an elementary lemma.

m .
+j-1
1 Sublemma Forn € Z+g and m € Zsg, Z (n J . ) = (n ;m)
n —
j=0

Proof Recall that for j, k € Z>o with j < k we have

(k)_ K
i) k=)

We claim that if j, k € Z satisty j < k then
eb2=(5)
J+1 . = B
-1 j

k! N k! (k= j+ DK jk!
k=7t " G=Dik—j+ D~ Gk—j+Djik= ! jG— DIk = j+1)!
(k= j+ Dkl + jk!

This is a direct computation:

itk = j+ 1)
o k+ DK (k1) _(k+1)
TRKED =T AMEED =\ )

Now we have

as desired. v

We now prove the lemma by induction on n. For n = 1 we have

card{j € Zso | j=m)=1= (’g)

which gives the conclusions of the lemma in this case. Now suppose that the lemma

holds forn € {1,...,k}. If I € Z’;’Bl satisfies |I| = m, then write I = (i1, ..., I, ix.1) and take
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I'=(,..., i) Ifigey = j€{0,1,...,m) then |I'| = m — j. Thus

card{l € ZE5! | Il =m} = ) card(l' € 22, | II') = m - j)
i=0

v (ktm—j+1 o k-1
‘Z( k-1 )‘]Z:(-)( k—l)

j=0
_(k+m\  ((k+1)+m-1
k) k+D)-1 )
using the sublemma in the penultimate step. This proves the lemma by induction. u

Multi-index notation is also convenient for representing partial derivatives of multi-
variable functions. Let us start from the ground up. Let (ey,...,e,) be the standard
basis for F" and denote by (a;,...,a,) the dual basis for (F")". Let U C F" and let
f: U — F. The F-derivative of f at xy € U is the unique F-linear map Df(x,) € L(F"; )

for which
lim f(x) — f(x0) — Df(x0)(x — x0)

X=X X — X
provided that such a linear map indeed exists. Higher F-derivatives are defined
recursively The kth F-derivative of f at x, we denote by D" f(x,), noting that D* f(x,) €
(F"; F) is a symmetric k-multilinear map [see Abraham, Marsden, and Ratiu 1988,

=0,

sym
Proposition 2.4.14]. If Dt f(x) exists for every x € U and if the map x Df f(x) is
continuous, f is of F-class C* or k-times continuously F-differentiable. This slightly
awkward and nonstandard notation will be short-lived, and is a consequence of our
trying to simultaneously develop the real and complex theories.
We denote by L¥(F"; FF) the set of k-multilinear maps with its usual basis

(@, ® --®aj)]| ji,..., jk €{l,...,n}}.

Thinking of Df(xy) as a multilinear map, forgetting about its being symmetric, we
write

D f(xo) = Z ax (xo)ah ®-- ®aj.
..... ]k 1
Let us introduce another way of writing the F-derivative. For ji,...,jx € {1,...,n},
define I € Z. by letting i,, € Zy be the number of times m € {1,...,n} appears in
the list of numbers ji,..., k. We recall from Section F.2.3 the product © between

k n. n. 1
Ae Lsym(IE‘ F)and B € Lsym(IF ; F) given by
k+1
AOB= (k'l') Sym, (A ® B),

where, for C € L], (F";F),

sym

1
Sym,,(O©1,--+,0n) = — )" C@oa) -+ Vatm):

eSS,
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Then, as discussed in Section F.2.4, we can also write

D" f(xo) = Z — ! — }8kf —(x0)a! O+ O al
iy, e 1.1y 8x111 . 8x2’
i1+-+ip=k
For I = (iy,...,1,) € ZL,, we write
N f
D'f(xo) = i1 ~(%0)-
axl .o x]’l

We may also write this in a different way:

D'f(xo) = o (x0)-
Ox1---Ox1 - Ox,--- O,

ip times i, times

Indeed, because of symmetry of the [F-derivative, for any collection of numbers
ji,---,jo €11, ..., n} for which k occurs i times for each k € {1,...,n}, we have

ol
D'fx) = LG

e Jm

In any case, we can also write

1 ; -
D f(x) = ), D' flxoal 00
IS

1=k

We shall freely interchange the various partial F-derivative notations discussed
above, depending on what we are doing.

1.1.3 Formal power series

To get started with our discussion of holomorphicity and analyticity, it is useful
to first engage in a little algebra so that we can write power series without having to
worry about convergence.

Definition (Formal power series with finite indeterminates) Let £ = {&4,...,¢&,) be
a finite set and denote by Zio the set of maps from & into Zy. The set of F-formal

power series with indeterminates X is the set of maps from Zio to IF, and is denoted by

FI[E]]- .

There is a concrete way to represent Z‘io. Given ¢: & — Zs we note that ¢(&) is
uniquely determined by the n-tuple

((P((El)/ RN ¢(£n)) € Zgo-
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Such an n-tuple is nothing but an n-multi-index. Therefore, we shall identify Zio with
the set ZZ ) of multi-indices.
Therefore, rather than writing a(¢) for a € F[[&]] and ¢ € ZZ,, we shall write a(I)

for I € ZZ,. Using this notation, the F-algebra operations are def?glled by
(@ + B)(I) = a(l) + B(D),
(@a)(I) = a(a(D)),
(@ ph= Y alb)p),

I] ,IzEZ;O
L+DL=1

fora e Fand a,p € F[[&4, ..., &]]. We shall identify the indeterminate &, j € {1,...,n},
with the element a; of F[[£]] defined by

1, I=e;,
aj(I) ={ !

0, otherwise,

where (ey, . . ., e,) is the standard basis for ", thought of as an element of Z,. One can
readily verify that, using this identification, the k-fold product of &; is

1, I=ke;,
$®={ ]

0, otherwise.
Therefore, it is straightforward to see that if a € F[[&]] then

a= ) aE &) (12)

I=(it,../in) €72,

Adopting the notational convention él = Elf e 551”, the preceding formula admits the
compact representation

a= Y al)é&.

We can describe explicitly the units in the ring F[[£]], and give a formula for the
inverse for these units.

1.1.3 Proposition (Units in F[[&]]) A member a € F[[E]] is a unit if and only if a(0) # 0.
Moreover, if v is a unit, then we have

foralll € 7.
Proof First of all, suppose that « is a unit. Thus there exists € F[[&]] such thata - = 1.
In particular, this means that a(0)(0) = 1, and so a(0) is a unit in F, i.e., is nonzero.
Next suppose that a(0) # 0. To prove that « is a unit we use the following lemma.
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1 Lemma If g € F[[&]] satisfies B(0) = O then (1 — B) is a unit in F[[E]] and

(o]

A-p'm =)

k=0
forall 1 € Z,,.

Proof First of all, we claim that } 7, ﬁk is a well-defined element of F[[&]]. We claim that
ﬁk(l) = 0 whenever [I| € {0,1,...,k}. We can prove this by induction on k. For k = 0 this
follows from the assumption that $(0) = 0. So suppose that g¥(I) = 0 for |I| € {0,1,...,k},
whenever k € {0,1,...,r}. Then, for] € Z’;O satisfying |I| € {0,1,...,7 + 1}, we have

=@ =Y, BUE D)
=BOB M+ Y, BIOPU-1)=0,
e

using the definition of the product in F[[£]] and the induction hypothesis. Thus we indeed
have ﬁk(I) = 0 whenever [I| € {0,1,...,k}. This implies that, if I € Z;O, then the sum
Yoo ﬁk(l) is finite, and the formula in the statement of the lemma for (1 — f)~! at least

makes sense. To see that it is actually the inverse of 1 — g, for I € Z! j we compute

[o0]

a-p-() =Y - =1,
0 k=1

k=0 k=
as desired. v

Proceeding with the proof, let us define g = 1— 7 so that §(0) = 0. By the lemma, 18

is a unit. Since & = a(0)(1 — B) it follows that a is also a unit, and that a~! = a(0)"}(1 - ).
The formula in the statement of the proposition then follows from the lemma above. W

Note that one of the consequences of the proof of the proposition is that the expres-
sion given for ' makes sense since the sum is finite for a fixed I € Z2.

1.1.4 Formal Taylor series

One can see an obvious notational resemblance between the representation (1.2)
and power series in the usual sense. A common form of power series is the Taylor
series for an infinitely F-differentiable function about a point. In this section we flesh
this out by assigning to an infinitely F-differentiable map a formal power series in
a natural way. Throughout this section we let & = {&;,..., &) so F[[£]] denotes the
[F-formal power series in these indeterminates.

We let (ey, ..., e,) be the standard basis for F”". We might typically denote the dual
basis for (F")* by (e!,.. ., "), but notationally, in this section, it is instead convenient to
denote the dual basis by (a4, ..., ay).
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Let xo € F" and let U be a neighbourhood of x;, € F". We suppose that f: U — F™
is infinitely F-differentiable. We let D* f(x,) be the kth F-derivative of f at x,, noting
that this is an element of L]s‘ym(]F ", ™) as discussed in Section 1.1.2. As we saw in our

discussion in Section 1.1.2, writing this in the basis for Lt (F"; IF) gives

sym

m
1 ; .
Dfxo) =Y ) =D fut) (e ©- 0w ®e.
a=1 Iz, =
lIl=k

Thus, to f € C*(U) we can associate an element a¢(xo) € F[[&1,...,E,]] ® F by

ar) = Y Y SO i) (e € @ e

a=1 IeZ;O

One can (somewhat tediously) verify using the high-order Leibniz Rule (which we
prove as Lemma A.2.2 below) that this map is a homomorphism of F-algebras. That
is to say,

aqr(x0) = aa(xo), pig(xo) = ap(xo) + ag(xo), ape(x0) = ar(xo)ag(xo).

We shall call a¢(xo) the formal Taylor series of f at x;.
To initiate our discussions of convergence, let us consider R-valued functions for
the moment, just for simplicity. The expression for as(xo) is reminiscent of the Taylor

series for f about x:
. 1
Y. Y, 7D flo - xo)

k=0 Iez!,

This series will generally not converge, even though as small children we probably
thought that it did converge for infinitely differentiable functions. The situation re-
garding convergence is, in fact, as dire as possible, as is shown by the following
theorem of Borel [1895]. Actually, Borel only proves the case where n = 1. The proof
we give for arbitrary n follows [Mirkil 1956].

1.1.4 Theorem (Borel) If x) € R" and if U is a neighbourhood of x,, then the map f — as(xg)
from C=(U) to R[[&]] is surjective.
Proof Let us define h: R — R by

0, X € (_OO/ _2]/
e- e_l/(l_(x"'l)z)’ X € (_2’ _1),
h(X) = 1, X € [_11 1]/

.. e_l/(l—(x—l)z), xe(1,2),
0/ X € [2/ OO)
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Figure 1.1 The bump function

As is well-known, cf. [Abraham, Marsden, and Ratiu 1988, Page 82] and Example 1.1.5,
the function / is infinitely differentiable. We depict the function in Figure 1.1.

Let a € R[[&]]. Without loss of generality we assume that xg = 0. Let 7 € R, be such
that B"(r,0) C U. We recursively define a sequence (f))jez,, in C*(U) as follows. We take

fo € C*(U) such that fy(0) = @(0) and such that supp(fy) € B"(r,0), e.g., take
fox) = a(Q)h(ZlIxl)).

Now suppose that fy, fi,..., fr have been defined and define gi,;: U — R to a homo-
geneous polynomial function in xy,...,x, of degree k + 1 so that, for every multi-index
I=(h,...,iy) for which |I| = k + 1, we have

D'g1(0) = a(I) = D' fo(0) — - - - — D' £(0).

Note that D/ Sk+1(0) = 0if |I] € {0,1,...,k} since in these case D! Sk+1(x) will be a homoge-
neous polynomial of degree k + 1 — m. Next let

21 (1) = S (VR I¥)

so that, since the function x — h(%llxll) is equal to 1 in a neighbourhood of 0,
D'241(0) = a(l) - D'fo(0) - --- = D' /;(0)

and Dlgk+1(0) =0if I €{0,1,...,k + 1}. Also supp(gr+1) € §”(r, 0). Nextlet A € Ryq. If we
define h j41(x) = Akl 3k+1(Ax) then

D'hy ar(x) = ATHDI g (Ax).
Thus, if |I| € {0,1,...,k}, then we can choose A sufficiently large that ID'h A1) < 2-k-1
for every x € B"(r,0). With A so chosen we take

fre1(®) = hp g (x).

This recursive definition ensures that, for each k € Zx, fi has the following properties:
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supp(fy) € B"(1,0);

D'£i(0) = a(I) = Dfy(0) — - - - — D' fi(0) whenever I = (iy, .. .i,) satisfies |I| =
D'fi(0)=0if |1l € {0,1,...,k—1};

|lek(x | < 27F whenever |I| €{0,1,...,k—1} and x € B"(r,0).

We then define f(x) = Y72, fi(x).

From the second property of the functions fi, k € Z5o, above we see that a = ay. It
remains to show that f is infinitely differentiable. We shall do this by showing that the
sequences of partial sums for all partial F-derivatives converge uniformly. The partial
sums we denote by

BPwop o

() = ) fil).
k=0

Since all functions in our series have support contained in B'(r, 0), this is tantamount to
showing that, for all multi-indices I, the sequences (D Fi)mez., are Cauchy sequences in

the Banach space C(B"(r,0); R) of continuous R-valued functions on B"(r,0) equipped
with the norm

lglleo = supflg(x)| | x € B"(r,0)};

see [Hewitt and Stromberg 1975, Theorem 7.9].
Lete e RygandletI = (iy,...,i,) be a multi-index. Let N € Z-( be such that

for every I, m > N, this being possible since Z]‘il 27/ < co. Then, for I, m > {N, |I|} with m > I
and x € B"(r,0), we have

ID'Fy(x) — D'F,u(x)| = 'Zm" foj(x‘ Z D! ()| < Z —~ <e,

j=l+1 j=l+1 j:l+1

showing that (DIFm)mGZ>0 is a Cauchy sequence in CO(E”(r, 0); R), as desired. ]

Thus any possible coefficients in a formal power series can arise as the Taylor
coefficients for an infinitely differentiable function. Of course, an arbitrary power

series
y Z a(l)(xl—xmw (= Xou)"

k=0 I=(iy,..

may well only converge when x = xo. Not only this, but even when the Taylor series
does converge, it may not converge to the function producing its coefficients.
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Figure 1.2 Everyone’s favourite smooth but not analytic function

f(@)

1.1.5 Example (A Taylor series not converging to the function giving rise to it) We
define f: R — R by
e_xlz, x#0,
flx) = {

0, x=0,

and in Figure 1.2 we show the graph of f. We claim that the Taylor series for f is the
zero R-formal power series. To prove this, we must compute the derivatives of f at
x = 0. The following lemma is helpful in this regard.

1 Lemma For j € Z there exists a polynomial p; of degree at most 2j such that

(X
p](.)e_x]_z, x # 0.

f(j)(x) - 3

Proof We prove this by induction on j. Clearly the lemma holds for j = 0 by taking
po(x) = 1. Now suppose the lemma holds for j € {0,1,...,k}. Thus

for a polynomial pi of degree at most 2k. Then we compute

N X°p;(x) = 3kxpr(x) = 2pi(x) 1
f(k 1)(x) = x3(k+1) e 2.

Using the rules for differentiation of polynomials, one easily checks that
X = Xp(x) = 3ka’pr(x) — 2pi(x)
is a polynomial whose degree is at most 2(k + 1). v

From the lemma we infer the infinite differentiability of f on R \ {0}. We now need
to consider the derivatives at 0. For this we employ another lemma.
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1

Lemma lim,,o 5~ = 0 for all k € Zs,.
Proof We note that

We have
2
oL
i
e
. 2 ka
In particular, e¥ > 77, and so
k!
o <l
and so :
e__2
lim — = 0,
x—0 X
as desired. v

Now, letting pr(x) = Z?io a;x’, we may directly compute

1 _L
2 2

2k
lim f®(x) = limZa-xf = Za hm =0.
x—>0f ( ) x—0 A = J x3 - ]x—>0 x3k j

]:

Thus we arrive at the conclusion that f is infinitely differentiable on R, and that f and
all of its derivatives are zero at x = 0. Thus the Taylor series is indeed zero. This
is clearly a convergent power series; it converges everywhere to the zero function.
However, f(x) # 0 except when x = 0. Thus the Taylor series about 0 for f, while
convergent everywhere, converges to f only at x = 0. This is, therefore, an example of
a function that is infinitely differentiable at a point, but is not equal to its Taylor series
atx = 0. This function may seem rather useless, but in actuality it is quite an important
one. For example, we used it in the construction for the proof of Theorem 1.1.4. It is
also used in the construction of partitions of unity which are so important in smooth
differential geometry, and whose absence in holomorphic and real analytic differential
geometry makes the latter subject so subtle. o

Another way to think of the preceding example is that it tells us that the map
f = ap(xo) from C*(U) to R[[&]], while surjective, is not injective.
1.1.5 Convergent power series

In the preceding section we saw that smoothness in the R-valued case was not
enough to ensure that the Taylor series of a function has any useful correspondence
to the values of the function. This leads us to naturally consider convergent power
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series. Throughout this section we let & = {&;, ..., &} so F[[£]] denotes the F-formal
power series in these indeterminates.

Let us turn to formal power series that converge, and give some of their properties.
Recalling notation from Section 1.1.2, we state the following.

Definition (Convergent formal power series) Let & = {&5,...,&,). A formal power
series a € F[[&]] converges at x € F" if there exists a bijection ¢: Z.o — Z, such that
the series

o0

Y (it

=1

converges. Let us denote by Reony(c@) the set of points x € F” such that a converges at
x. We call Reony(a) the region of convergence. We denote by

FIIEN = { € RI[E]T | Reonv(@) # (O})

the set of power series converging at some nonzero point. .

Remark (On notions of convergence for multi-indexed sums) Note that the def-
inition of convergence we give is quite weak, as we require convergence for some
arrangement of the index set Z. A stronger notion of convergence would be that the
series

[se]

Y (it

=1

converge for every bijection ¢: Z.o — Z,. This, it turns out, is equivalent to absolute
convergence of the series, i.e., that

Dl < co.

IEZ;O

This is essentially explained by Roman [2005] (see Theorem 13.24) and Rudin [1976]
(see Theorem 3.55)." We shall take an understanding of this for granted. °

Let us now show that convergence as in the definition above at any nontrivial point
(i.e., anonzero point) leads to a strong form of convergence at a “large” subset of other
points. To be precise about this, for x € " let us denote

Cx) = {(c1x1,...,caxy) €F" | ¢c1,...,c, € DY(1,0)).

Thus C(x) is the smallest open polydisk centred at the origin whose closure contains
X.

! Also see the interesting paper of Dvoretzky and Rogers [1950] in this regard, where it is shown that
the equivalence of absolute and unconditional convergence only holds in finite dimensions.
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1.1.8 Theorem (Uniform and absolute convergence of formal power series) Let o €
F[[&]] and suppose that a converges at xo € F". Then a converges uniformly and absolutely
on every compact subset of C(x).
Proof Let K C C(xg) be compact. The proposition holds trivially if K = {0}, so we suppose
this is not the case. Let A € (0,1) be such that [x;| < A|xg;| forx € Kand j € {1,...,n}. Let
¢: Zso — L5, be a bijection such that

[o0]

Y (g

=

converges. This implies, in particular, that the sequence (a(¢(j))x8b(j))jez>o is bounded.
Thus there exists M € R, such that Ioc(l)llxél < Mforevery I € Z’;O. Then |a(I)|jx!| < MAN
for every x € K. In order to complete the proof we use the following lemma.

(m+j)!xj B d™ (1Xm )

1 Lemma Forxe(—l,l),z 7 = T

i=0
Proof Leta € (0,1) and recall that

—_— X :

!

—a

m [e¢]
a =§ am+j
—a -

j=0

[Rudin 1976, Theorem 3.26]. Also, by the ratio test, the series

Z(m +)m+j—1)-- (m+ j— ket (1.3)
=0
converges for k € Zxo.
Now, for x € [~a,a], since |7= xl < ﬁ,we have
m+j _
Z * 1-x’
j=0

with the convergence being uniform and absolute on [-a,a]. Thus the series can be
differentiated term-by-term to give

ddx Z(m+])xm+] 1

Since [(m + j)x" 7| < (m + j)a"™*i~!, this differentiated series converges uniformly and
absolutely on [-a, a] since the series (1.3) converges. In fact, by the same argument, this
differentiation can be made m-times to give

n m
c(lix” Z(m+]) (m+j—m+1)x = Z(m;-]
j=0

as desired. v
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Now, continuing with the proof, for x € K and for m € Z>y we have

Zla(lx’|< Z|a1)||xf|< ZMA|1|<MZ(n+] 1) N

IEZ” IeZ” IEZ”
|I|<m IIISm |I|§m
= (4 - 1) drt  ant
= J A= - ),
<M]Z-;- n—1) Md/\”—l(l—/\)

using Lemma 1.1.1 and Lemma 1. Thus the sum

Z a(D)x!
IEZ;O

converges absolutely on K, and uniformly in x € K since our computation above provides
a bound independent of x. ]

The result implies that, if we have convergence (in the weak sense of Defini-
tion 1.1.6) for a formal power series at some nonzero point in F”, we have a strong
form of convergence in some neighbourhood of the origin. We now define

Raps(@) = | ) {x e " Z la()y'| < oo for all y € B"(r,x)},

reRsg I EZZO

which we call the region of absolute convergence. The following result gives the
relationship between the two regions of convergence.

1.1.9 Proposition (int(Reonv (@) = Raps(a)) For a € F[[&]], int(Reony ) (@) = Raps(a).
Proof Let x € int(Reonv(e)). Then, there exists A > 1 such that Ax € Reonv(a). For such a
A, x € C(Ax). Let K € C(Ax) and r € R be such that B"(r,x) C K, e.g., take K to be a large
enough closed polydisk. By Theorem 1.1.8 it follows that

Y lay'| < e

IeZ;U

for y € B"(r,x) C K, and so x € Ryps(a).
If x € R ps() then there exists ¥ € Ry such that

Y lay'| < oo

IeZ;O

for y € B"(r, x). In particular, @ converges at every y € B"(r,x) and so x € int(Reonv(a)). W

Examples show that the relationship between the region of convergence and the
region of absolute convergence can be quite general, apart from the requirement of the
preceding proposition.
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1.1.10 Examples (Regions of convergence)
1. Consider the formal power series

¥
2ij
j=1
in one variable. We compute
N -
]—)oo ]1—>r£10 2]+1(] + 1)2 B 2
By the ratio test [Rudin 1976 Theorem 3.34]it follows that the radius of convergence

of the power series )" =1 21]2 is 2. When |z| = 2 we have

‘221] ' ;ZL ‘:;%’

from which we conclude that the series converges absolutely and so converges.
Thus Raps() = D'(2,0), while Reony (@) = D1(2,0).
2. Now consider the formal power series

2Jj
j=1
again in one variable. We again use the ratio test and the computation

i = i | =5
]1—>oo aj ]—>00 2]+1(]+1)

to deduce that this power series has radius of convergence 2. When |z| = 2 let us
write z = 2e'? so the power series at these points becomes

= e =1 COS ]6) sin(jO)
Yoy e,y

j=1 j=1 j=1

ijo

One can look up (I used Mathematica®)

y Cos](.j 9. ~5 (log(1 - ) + log(1 - &™) (14)
=1
and o . . .
Z 51n§]9) _ %(log(l _ eie) _ log(l _ e—i@))_ (15)
=1

From this we conclude that R.ps(a) = D'(2,0), while
Reonv(@) = D'(2,0) \ {2 +i0}.
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3. Now we define the formal power series

X 2k
“=) o
k=1
in one variable. We have
. 1 [1/2k 1 1.\1/2k 1
lim sup|a|'/ = lim su ‘—| = — lim( - = —.
joo p ! k— o0 p Zkk \/E k—>oo(k) \/E

Thus the radius of convergence is V2 by the root test. When [z| = V2 we write
z = V2e'¥ and so the power series becomes

© 2i0
L
k=1
at these points. By replacing “0” with “26” in the equalities (1.4) and (1.5) we
deduce that R, = D'( V2, 0) while
Reonv = DY(V2,0) \ { V2 +i0, — V2 +i0}.

If we consider the preceding examples as R-power series, we see that the region of
convergence can be an open interval, a closed interval, or an interval that is neither
open nor closed. o

This result has the following corollary that will be useful for us.

1.1.11 Corollary (Property of coefficients for convergent power series) If a € F[[£]] and
if x € Raps() then there exists C, e € R, such that

C
(Ix1| + €)lr - - - (IXn| + €)in

la(D] <
for every 1 € Z5,,.
Proof Note that, if x € R (), then

(Ix1l, - -, [xnl) € Raps(a)

by definition of the region of absolute convergence and by Theorem 1.1.8. Now, by
Proposition 1.1.9 there exists € € R such that

(lxll + €, cecy |xn| + €) € :Rconv(a)-

Thus there exists a bijection ¢: Z-o — Zxo such that
Z a(p())(x1] + €)PD1 - (x| + €)PDn
=1

converges. Therefore, the terms in this series must be bounded. Thus there exists C € R.g
such that ‘ _
a(D(lx1| + €)'t -+ (fxu| + €)' < C

forevery I € Z%,,. |
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Using this property of the coefficients of a convergent power series, one can deduce
the following result.

1.1.12 Corollary (Convergent power series converge to infinitely F-differentiable func-
tions) If a € F[[&]] then the series
Z a()x!

IeZ‘Z‘O

converges in Raps to an infinitely F-differentiable function whose F-derivatives are obtained by
differentiating the series term-by-term.

Proof By induction it suffices to show that any partial F-derivative of f is defined on Raps
by a convergent power series. Consider a term a(I)x! in the power series for I € Z%,. For

] € Zsp we have
d 0, i;=0,
Ta(])xl =i (D= ! o1
X; ija(x™%, ij>1.
Thus, when differentiating the terms in the power series with respect to x;, the only nonzero

contribution will come from terms corresponding to multi-indices of the form I + ¢;. In
this case,

P .
8_xja(l + ej)xI+ = (i + Da( + ej)xl.

Therefore, the power series whose terms are the partial F-derivatives of those for the given
power series with respect to x; is

Z (l] + 1)0{([ + e]-)xl.

IEZ;O
Now let x € R,ps and, according to Corollary 1.1.11, let C, € € R be such that
C

Dl < - —, Iez,.
OIS v o ol or 20
Let y € Raps be such that y € D"(5, x). Note that
|y]‘| < |X]'| + |yj —le < Ile + %
Also let
‘em 1| + 5 [xul + 5 c0.1)
bl +e” " el + e o

Then, we compute

pal+ 5\ (bl + 5"
i+ 1) a + e)| Y] < Cli; + | ——=| ---
Y lij+llad+eply'I < Y, Cli |(|x1|+€ e

IeZ5, IeZ8,
- . m . n-m-1\) .
<Y ) clij+1 SZC(m+1)( o )/\ ,
m=0IeZ” | m=0

\I|=m
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using Lemma 1.1.1. The ratio test shows that this last series converges. Thus the power
series whose terms are the partial F-derivatives of those for the given power series with
respect to x; converges uniformly and absolutely in a neighbourhood of x. Thus

Qix]-(z a() = Y G + Dall + e,

IEZ;O IeZ';O

which gives the corollary, after an induction as we indicated at the beginning of the proof.
u

In Theorem 1.1.16 below we shall show that, in fact, convergent power series are
real analytic on Rps.

1.1.6 Holomorphic and real analytic functions

Throughout this section we let & = {&5, ..., &} so F[[£]] denotes the F-formal power
series in these indeterminates.

Now understanding some basic facts about convergent power series, we are in a
position to use this knowledge to define what we mean by a real analytic function,
and give some properties of such functions.

1.1.13 Definition (Holomorphic function, real analytic function) Let U C F" be open. A
function f: U — Fis

(i) (if F = R) real analytic or of class C* on U, or
(i) (if F = C) holomorphic or of class C** on U
if, for every x( € U, there exists a,, € I[[&]] and 7 € R+ such that

f0) =) a (D =x0) = ) ag (D = o)™ -+ (5 = xo)"

I eZ;O IeZ;O

for all x € B"(r, xp). The set of real analytic functions on U is denoted by C“(U).

A map f: U — F™ is real analytic (resp. holomorphic) or of class C* (resp. class
C"! on Uif its components fi, ..., f,,: U — F are real analytic (resp. holomorphic). The
set of real analytic (resp. holomorphic) F”-valued maps on U is denoted by C*(U; R™)
(resp. C"'(W; C™)). )

1.1.14 Notation (“Real analytic” or “analytic”) We shall very frequently, especially outside
the confines of this chapter, write “analytic” in place of “real analytic.” This is not
problematic since we use the term “holomorphic” and not the term “analytic” when
referring to functions of a complex variable. J

We can now show that a real analytic (resp. holomorphic) function is infinitely
[F-differentiable with real analytic (resp. holomorphic) derivatives, and that the power
series coefficients ay (I), I € ZZ, are actually the Taylor series coefficients for f at xy.
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1.1.15 Theorem (Holomorphic or real analytic functions have holomorphic or real ana-
lytic partial derivatives of all orders) If U C " is open and if £: U — F is holomorphic
or real analytic, then all partial F-derivatives of f are holomorphic or real analytic, respectively.
Moreover, if xo € U, and if a € F[[&]] and r € R.q are such that

f(x) = Z a(D)(x — xp)" (1.6)

1eZ3,

for all x € B"(r,x¢), then a = a(xo).
Proof We begin with a lemma.

1 Lemma If U C F"isopen and if £: U — F is holomorphic or real analytic, then { is F-differentiable
and its partial F-derivatives are holomorphic or real analytic functions, respectively.

Proof Letxy € U and let r € Ry and a € F[[&]] be such that
f@ =) al-x) (17)

I eZ;O

for all x € B"(r, xp). As we showed in the proof of Corollary 1.1.12, the power series whose
terms are the partial derivatives of those for the power series for f with respect x; is

Y G+ Dadl + e - x0)".
IeZ;O
Now let € € R, be such that
LA

(xo1 +€,..., %0 +€) € B"(r,x0).

Since the series (1.7) converges at x,, the terms in the series (1.7) must be bounded. Thus
there exists C € R, such that, forall I € Z>0'

la(D)(xe — x0)'| = la(De" < C.

Let x € B"(r, x0) be such that |x; — xo;| < Ae for some A € (0,1). We then estimate

Y 16+ Dad + e —x0)| = Y 7+ Dl + e))lx = xo)'

IEZZO IeZ;O
|(x —x0)| I
SCZ(1]+1) S S ZZ(1+1/\"
IGZQO k OIGZ”
- |I|:k
C v n+k-1
<=y (k+1 Ak
T € ;‘( * )( n-—1 )

where we have used Lemma 1.1.1. The ratio test can be used to show that this last series
converges. Since this holds for every x for which |x; — xo;| < Ae for A € (0, 1), it follows that
there is a neighbourhood of x( for which the series

Y alhe - x)

rez, "
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converges absolutely and uniformly. This means that % is represented by a convergent
]

of

power series in a neighbourhood of xp. Since xp € U is arbitrary, it follows that 5 is
]
holomorphic or real analytic in U. v

Now, the only part of the statement in the theorem that does not follow immediately
from a repeated application of the lemma is the final assertion. This conclusion is proved
as follows. If we evaluate (1.6) at x = xp we see that a(0) = f(xp). In the proof of the lemma
above we showed that

aaf] Z (i + Da(l + ej)(x — xo)!

IeZ”

in a neighbourhood of x¢. If we evaluate this at x = xp we see that a(e;) = af (xo) We can
then inductively apply this argument to higher-order F-derivatives to derlve the formula

alije; + -+ iney) = D’1+ i f(xg) = —DI f(xo),

i!---

which gives a(I) = af(xo)(I), as desired. [ |

By definition, holomorphic and real analytic functions are represented by conver-
gent power series—in fact their Taylor series by Theorem 1.1.15—in a neighbourhood
of any point. Conversely, any convergent power series defines a real analytic function
on its domain of convergence.

1.1.16 Theorem (Convergent power series define holomorphic or real analytic func-
tions) If a € F[[&]] then the function f,: Raps(a) — T defined by

f,(x) = Z a()x! (1.8)

IEZ;‘0

is holomorphic or real analytic.
Proof By Corollary 1.1.12 we know that f, is infinitely F-differentiable and its IF-
derivatives can be gotten by term-by-term differentiation of the series for f,. Let
x0 € Raps(a). By an induction on the argument of Corollary 1.1.12,if | = (j1, ..., ju) € Z,,

then
D/ fao) = Y (i1 + j1) -+ (i + 1)+ Gin + )+~ i + DT + J)xh.
IeZ;O

Note that _ . . _

D= Y (“ T”) - (l” T]”)au + D

I Iez?, 1 Jn
We must show that

falx) = ],D’fa (x0)(x — x0)/
]eZ"

for x in some neighbourhood of x¢. To this end, the following lemma will be useful.
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1 Lemma lf a,b € Ry satisfy a+b < 1, then
iy +j1) _ (ln jn ) Il — ( 1 )n
IZZ:I;( n A trath

Proof Recall that for m € Zsy we have

Y (”J?)am-fbf = @+b)",

=0

as is easily shown by induction. Therefore,

o] m 1
Zajz( )m]b] T

cf. the proof of Lemma 1 from the proof of Theorem 1.1.8. Note that the sets

(el ivj=m), ((m))eZ’| j<m)

are in one-to-one correspondence. Using this fact we have

it i) (et e g _ (i1+fl) it (inﬂ'n) in
. . a b — . a b] e . a b]
YL - T I ;

JeZt, 12t Jez, IeZr,,
co my o my
— ml ]1b]1 (m ) my— ]"b]”
1 m
- (1 —a- b) ’
as desired. v

Let z € Raps() be such that none of the components of z are zero and such that '};—i’| <1
for j € {1,...,n}. This is possible by openness of R,ps(r). Denote

x01 Xon }

A= max{ ..,
Zl Zn

Let p € Ryo be such that A + p < 1. If y € Raps(a) satisfies [y; — xoj < plzj| for j € {1,...,n}.
With these definitions we now compute

Y, 0l -l = Y Y (il;jl)---(i”].*j”)|a<1+1>||xé||(x—xo>f|

]eZ” ]eZ’ZZO IeZ;O

nt g\ (it e\ _C o
Y Z( 4 ) ( N )le'IxOIP 12|

] EZ;O I eZ’;O

=cy Y i Th)...(in;]'n)/ﬂnpm :C(l—i—p)n’

Jez, 1€zt ( ;

IA
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using the lemma above. This shows that the Taylor series for f, at xo converges absolutely
and uniformly in a neighbourhood of xp. It remains to show that it converges to f,. We do
this separately for the holomorphic and real analytic cases.

First, for the holomorphic case, as in the proof of Corollary 1.1.24, we have

ph@=sm) [ bl o

21117 Jpapn(rzg) (C1 = z1)0*1 -+ (G — 2t

where r € R, is chosen sufficiently small that 5”(?, zp) € U. Thus we have, using Fubini’s
Theorem and the Dominated Convergence Theorem,

Z %lea(zo)(z —zo) = Z (z— ZQ)I(%)H fd £2(Q)dCy -+ ATy

ez, &z T Jod D zg) (C1 = 2o)1*t -+ (Cu = zon) !

1\ fa(Q) z1—zo1\'  (Zn — Zon \In

= (— o (BEEY 4 -

(2771) fbd D(7,20) (C1 = 201) -+ (S — Zon) I;f (Cl - 201) (Cn - ZOn) ! "
>0

1 yn fa(©) 1 1

= (2_) f R — 217201 o Zn—Z0n dCl o dCI’l
i bd D"(7,zp) (Cl ZOl) (Cn ZOn) eE 1- T zon

B L n fa(C)
= (27'(i) LdD”(?,zo) (Cl _Zl)"'(Cn—Zn) ~-dCy, = fa

for z € D*(7, zp).

Now we consider the real analytic case, and show that the Taylor series for f, converges
to f, at xg. Let x be a point in the neighbourhood of xyp where the Taylor series of f, at
xg converges. Let k € Z.o. By Taylor’s Theorem [Abraham, Marsden, and Ratiu 1988,
Theorem 2.4.15] there exists

zef{(l-txy+tx| te€]0,1]}

such that
fi® =Y ],foa<xo><x ) + ) ],foa<z><x x).

JeZ, Jez?,
|I|<k /1= k+1

By Corollary 1.1.12 we have

1 i1+] in+ jn
ﬁpffau): 2(1].1 1)( i )a<l+1>zf

n

1€zl
Therefore,
1
0= 3, P et < Y G0l el o))
]EZ ]eZ .
sk =k
1+ in + Jin
= Z Z (ll ‘ ]1)(1 ' ] )|a(1+])||zl||(X—xo)]|.
JeZ, 12t ) In

|J|= k+1
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Just as we did above when we showed that the Taylor series for f, at xp converges
absolutely, we can show that the series

Y X () (ot it s
jez, iz, \ 1 In
converges. Therefore,

im 3, ) (” ;h)“'(ln;h)la(l+])||zlll(x—xo)]| =0,

Jezt, Iezt; "

I=k+1
and so ,
Jim|fu) ~ Y, 7D fat)e — x| =0,
]eZ;O
<k
showing that the Taylor series for f, at xg converges to f, in a neighbourhood of xo. W

As a final result, let us characterise real analytic functions by providing an exact
description of their derivatives.

1.1.17 Theorem (Derivatives of holomorphic or real analytic functions) If U C " is open
and if £: U — T is infinitely F-differentiable, then the following statements are equivalent:

(i) fis holomorphic or real analytic;
(ii) for each xo € U there exists a neighbourhood V C U of xo and C,r € R, such that

ID'f(x)| < CItr

forallx e Vand1 € Z3,

Proof We consider the holomorphic and real analytic cases separately.

First, in the holomorphic case, if f is holomorphic then it follows from Corollary 1.1.24
that condition (i) holds. Conversely, suppose that for each xy € U there exists a neighbour-
hood V C U of xy and C,r € R such that

ID'f(x)| < crir M
forallxeVand I e Z’;O. Then, for xg € U, let C, 7, p € R5( be such that p < ¥ and
D'l <cir M, Tezl), xeB(p,x0).

Then, for x € B"(p, x9) we have

Y i feole-xi< Y (2) <Y Y (2
Iez?, ’ ez, r k=0 I€ZZ, '
|I|=k
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using Lemma 1.1.1. By theratio test, the last series converges, giving absolute convergence
of the Taylor series of f at xo. We must also show that the series converges to f. This can
be done in the holomorphic case just as in the proof of Theorem 1.1.16.

Now we consider the real analytic case. We will use the following lemmata.

1 Lemma Let] € Z“ and let x € R" satisfy x| <1,k € {1,...,n}. Then

lel1+]1 . 1n+]n Il_&”'
8x] T1- xk

IeZ“

Proof By Lemma 1 from the proof of Theorem 1.1.8 we have

Jk

Z ( ]k) i _ Z(lkﬂk ik_djk,(lika), ke{l,... n).

Jk
1,=0 =0 dxk

Therefore,

Z ]'(11 ;’1]1) ) (Zn ;1]7’1)|x1| — Z ]-1!(11 Z]l)x? . 'jn!(ln + ]”)xf:

IEZQO IGZZO P
© i SN
= (HZ:;) ]1!(11 : ]1)x111) . (ZZ:'& ]n!(Z” : ]n)le)
dh le djn xjn
{fol (50
QIII x
ax] 1_xk
as desired. v

2 Lemma For each R € (0, 1) there exists A, A € Ry such that, for each m € Zso,

dam , xm _
sup{dxm(1 — x) | X € [—R,R]} < Am!IA™™,
Proof We first claim that -
m+j\ 1
- 1.9
;( - 9

for x € (-1,1) and m € Zxo. Indeed, by [Rudin 1976, Theorem 3.26] we have

IR

j=0

and convergence is uniform and absolute on [-R, R] for R € (0, 1). Differentiation m-times
of both sides with respect to x then gives (1.9).
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By Lemma 1 from the proof of Theorem 1.1.8 we have

Gl =L

dxm\1 —x

=S

for x € (-1,1). If x € [-R, R] then

&R S S )
(@)= =a-» Z; mm!j!] X =(1=F) Z;(mJ ])x]
= j=
_ (1-R)" _(1=-Rym 1 - 1
_(1_x)m+1_( ) 1_x—1_R.

1-—x

That is to say,

dm , x" 1
< (1-R)™,
Q" 1—x)_ T—g™A-R)
and so the lemma follows with A = ﬁ and A =1-R. v

Now, for x in a neighbourhood V of xy we have

f@ = Y 0o -

ezt ™
Let us abbreviate a(I) = £ D’ f(xo). By Corollary 1.1.11 there exists C’, 0 € R such that
la(Dl < C’'cM,  TeZl,

By Corollary 1.1.12 and following the computations from the proof of Theorem 1.1.16,

we can write ' ‘ . -
Dl =Y (” - 1) - (Z” ; ]”)aa + e - x0)' (1.10)

1 n
IeZ;O J

for ] e Z;O and for x in a neighbourhood of xy. Therefore, there exists p € (0, o) sufficiently
small that, if x € R" satisfies |x; — xo;j| < p, j € {1,...,n}, (1.10) holds. Let C; be the partial

derivative '
n Jk

Sl

ox/ 1 1—x

evaluated at x = (g, ey g). Let R € (0,1) satisfy R > g. By the second lemma above there
exists A, A € R, such that, for each k € {1,...,n} and each x; € [-R,R], we have

. jk
dix ( X,

dxlik 1=

) < AjitATs

It follows that ,
Jk

I A x R
@(g - _kxk)sA Al
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whenever x = (x1,...,x,) satisfies [x;| <R, j € {1,...,n}. In particular, C; < ATIATIL
Then, for such x such that |x; — xoj| < p, j € {1,...,n}, we have

DfEI< Y I'(” “1) --(i”].*j")|a<l+f>||(x—xo>’|

ez,

< (T T (B
(7)o
>0

<Collc; < A" YA + o),

using the lemmata above. Thus the second condition in the statement of the theorem holds
withC=C'A"andr = A +o.

For the converse part of the proof, we can show as in the holomorphic case that
the Taylor series for f converges absolutely in a neighbourhood of xo. We must show
that we have convergence to f. Let k € Z., let x € B"(p, x0), and recall from Taylor’s
Theorem [Abraham, Marsden, and Ratiu 1988, Theorem 2.4.15] that there exists

ze{l—-txp+tx| tel0,1]}

such that . .
f@ =) oD'feo)x—x0) + ) =D'f()x ~x0)"
IeZ 178,
i<k lIl=k+1
Thus

- Y 20 -y < Y LD @I -0

IGZ" IEZ”
II|<k I]= k+1
< Z (p)lll B n—k (p)k+1
T\ ok N
IEZZO
[I|=k+1

As we saw above, the series

2;(” k- 1)_

lim (” - ")(E)k+1 = 0,

converges, and so

k—o0 k r
giving
tim| £~ Y 10! )= x0)| = 0
IeZ8
|I|§k

and so f is equal to its Taylor series about x( in a neighbourhood of xo. n



28 1 Holomorphic and real analytic calculus 28/02/2014

Note that while holomorphic and real analytic functions satisfy the same estimate
for derivatives as in the theorem, the nature of the constant C in the estimate is different
in the holomorphic and real analytic case. Indeed, from Corollary 1.1.24 below we
can take

C = sup{llf(2)ll | z € D", zo)}.

Thus the derivative bounds are expressed in terms of the values of the function. This is

not the case for real analytic functions. This will have consequences, for example, when

we place suitable topologies on spaces of holomorphic objects and real analytic objects.

Such topologies are typically much more easy to understand in the holomorphic case.
The following result is one that is often useful.

1.1.18 Theorem (ldentity Theorem in ") If U C " is a connected open set, if V C U is a
nonempty open set and if f,g: U — F are holomorphic or real analytic and satisfy f|V = g|V,
thenf = g.
Proof It suffices to show that if f(x) = 0 for x € V then f vanishes on U. Let

O =int({x e U| f(x) =0}).

Since O is obviously open, since U is connected it suffices to show that it is also closed
to show that O = U. Thus let xgp € cly(O). Note that for all r € R sufficiently small
that B"(r,x0) € U we have B"(5,x) N O # 0. Thus let x € B"(5,xp)) N O and note that
xo € B"(5,x) N O € U. Now additionally require that r be sufficiently small that the Taylor
series for f at x converges in B"(3, x). Since x € O, this means that this Taylor series is zero
in a neighbourhood of x and so the Taylor coefficients must all vanish. Consequently, f
vanishes on B"(3, x) and, in particular, in a neighbourhood of xy. Thus xo € O and so O is
closed. |

In the one-dimensional case, a stronger conclusion can be drawn.

1.1.19 Proposition (A strong Identity Theorem in one dimension) If U C F is a connected
open set, if S C W is a set with an accumulation point, and if £: U — F is holomorphic or real
analytic function for which f(x) = 0 for every x € S, then f(x) = 0 for every x € U.

Proof Let xy € U be an accumulation point for S. Then there exists a sequence of distinct
points (x))jez,, in S converging to xo. Suppose, without loss of generality (by translating
U if necessary), that xo = 0 for simplicity. Note that the sequence (%) jeZoo 1N D'(1,0)
must contain a convergent subsequence by the Bolzano-Weierstrass Theorem [Abraham,
Marsden, and Ratiu 1988, Theorem 1.5.4] and compactness of 51(1,0). Thus we can
suppose, by passing to a subsequence if necessary, that all points in the sequence have
real and imaginary parts of the same sign. Let us also suppose, without loss of generality
by passing to a subsequence if necessary, that the sequence (|yjl)jez., is monotonically
decreasing.

We claim that, for every r € Zq, (1) D'(fo¢~1)(0) = 0 and (2) there exists a sequence
(Yr,j)jez., in BY(R,0) converging to 0 such that D'(fo¢~!)(y,j) = 0. We prove this by
induction on r. For r = 0, by continuity of f we have

fo¢(0) = lim fo¢™H(y)) =0,
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and so our claim holds with yo; = yj, j € Zso. Now suppose that, for r € {1,...,k}, we
have (1) D'( f(p_l)(O) = 0 and (2) there exists a sequence (y;,;)jez., in B"*(R,0) converging
to 0 such that D"(f °¢™)(yy,;) = 0. Let j € Zso. By the Mean Value Theorem [Abraham,
Marsden, and Ratiu 1988, Proposition 2.4.8], there exists

Yker,j €A = BDypj + tykjer | £ €[0,1]}

such that Dk+1(f O(p‘l)(kaJ) = 0. Let us show that lim;_,c yx+1,j = 0. Let t; € [0, 1] be such
that

Yke1,j = (L= £))ykj + Yk j1-
Then, since
[Yir1,jl < (1= E)lyk il + tilyk j+1l,

we indeed have lim;_, Yk+1,; = 0. Continuity of D fo qb_l) ensures that
D (fo¢™)(0) = lim D (f o™y, ) = 0,

giving our claim by induction.

Since f ¢! is analytic and all of its derivatives vanish at 0, there is a neighbourhood
Uj of 0in B"(R, 0) such that f o ¢‘1 vanishes identically on V’. The result now follows from
the preceding theorem. |

1.1.7 Some particular properties of holomorphic functions

In this section we provide a few important distinction between the cases F = C and
[F = R. The first crucial, and perhaps surprising, difference concerns so-called separate
holomorphicity.

Definition (Separately holomorphic) Let UL € C" be openand, for j € {1,...,n}, define
the open set

uj(ill' . -lﬁj—1/2j+1/2n) = {Z eC | (21/- . -/2j—l/Z/Zj+l/- . -/21’1) € u}/

provided that this set is nonempty. A function f: U — C is separately holomorphic if
the function

Zj = f(21/ ce /2j—1lz]'/2j+1/ ce ;271)

on Uj(Z1,...,Z£j-1,2j41,2,) is holomorphic (in the usual single variable sense) for each
j €1{1,...,n} and each 2,...,2,4,%2j41,...,2, € C for which U;(%y,...,2;-1,2j11,2,) is
nonempty. .

The main theorem is that separate holomorphicity implies holomorphicity (which
for now we know as C-differentiability), with no additional hypotheses [Hartogs
1906].
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1.1.21 Theorem (Hartogs’ Theorem) If U C C" is open and if f: U — C is a separately holomor-
phic, then £ is holomorphic on U.
Proof See [Krantz 1992, §2.4]. [ |

It is not the case that a separately real analytic function is real analytic, and a
counterexample is provided by the function f: R?> — R given by

12 (xl,xz) * (0, O),

ﬂ““”:{dz (x1,%2) = (0,0).

A discussion of this may be found in [Krantz and Parks 2002, §4.3].

A nice consequence of Hartogs” Theorem is that it permits the use of single variable
methods in some several variable cases. One example of this is the extension to several
variables of the Cauchy—-Riemann equations. We define

Jd 1,9 . d Jd 1,9 .0 .
a—zj = E(a—x] - 18_%)’ &_Z/ = §<&—x] + la—yj), ] € {1,...,n}, (111)
and so, if f: U — C is differentiable in the real variable sense, we can define < f and
% f. Moreover, we have the following result.

1.1.22 Corollary (Cauchy—-Riemann equations) If U C C" is open and if £: U — C is contin-
uously differentiable in the real variable sense, then f is holomorphic if and only if aizjf(z) =0

for every z € Wand every j € {1,...,n}.

If we decompose z and f into their real and imaginary parts as z = x + iy and
f(z) = g(z) + ih(z), then this reproduces the familiar Cauchy—Riemann equations:

g om dg  an

a_Xj —a—yj, ay] ——a—xj, ]6{1,...,n}.

Another theorem very clearly particular to the complex case is the following.

1.1.23 Theorem (C-differentiable functions are infinitely C-differentiable) If Ul € C" is
open and if f: W — C is C-differentiable, then f is infinitely C-differentiable.
Proof For zp € U we let r € RZ, be sufficiently small that D"(r, zp) C U. Then a repeated

application of the Cauchy integral formula in one-dimension and an application of Fubini’s
Theorem gives

1y dg; )Ly
f(Z) - (2_7U) ‘fl;l_zoﬂzrl Cl ! - jl;n_20n|:7’n Cn ~Zn (112)
2mi bd D (r, o) (C1—z1) - (Cu — 2zn)
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for every z € D"(r, z9). By the Dominated Convergence Theorem we can then differentiate
under the integral sign to get

Q7i)" JodDr(rzg) (C1 = 21)1FL -+ (G — 2)In

for all z € D"(r,zp). Thus we conclude that C-differentiable functions are infinitely C-
differentiable. |

The following corollary, also particular only to the complex case, is useful.

1.1.24 Corollary (Derivative estimates for C-differentiable functions) If U € C" is open
and if £: W — C is holomorphic, then

I!
ID'(zo)l| < RIS sup{|f(¢)l | ¢ € D"(x, zo)},

1 n

for any z, € U, and where xr € RY is such that D*(r, zo) € U.
Proof Denoting

M = sup{|f(Q)| | ¢ € D"(r, z0)}

and using the formula (1.12) with z = 2o, along with the fact that C; = zp; + r]-eie, 0 €10,2m],
on the contours along which integration is performed, we have

I! M
ID' f(zo)ll < f dg - - f dc
(27—()” 7’§1+1 s rﬁd—l |C1—z01l=11 |Ci—z0n|=Tn !

oo M
- L+1 1
2n)r ,/11+ ”;Iq+

2mry) - - 2mry),

which is the desired estimate. [ |

As a result of the discussion in this section and in Section 1.1.7, we have the
following result.

1.1.25 Theorem (Characterisation of holomorphic functions) If U C C" is open and if
f: W — C™, then the following statements are equivalent:
(i) fis holomorphic;
(ii) fis separately holomorphic;
(iii) tis C-differentiable;
(iv) £ is continuously differentiable in the real wvariable sense and satisfies the
Cauchy—Riemann equations.

As a result of this, we can now dispense with some of the cumbersome terminol-
ogy we have been using. For example, we do not need the notion of “C-class C*.”
Thus, we will dispense with this, and revert to the standard notion of simply saying
“holomorphic” in the complex case (since this covers everything) and “class C” for
k € Z-y U {00, w} in the real case.

Another useful property of holomorphic functions mirroring what holds in the
single variable case is the Maximum Modulus Principle.
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1.1.26 Theorem (Maximum Modulus Principle in C") If U C C" is a connected open set, if
f e CM(W), and if there exists zo € U such that |f(z)| < |f(zo)| for every z € U, then £ is
constant on U.

Proof Letr € R be such that D"(7, zo) C U and calculate, using the variable substitution
C]' =Zzoj + rele/, j€ {1,...,n},

1 f f(©)
Qri)" Jpa@n(r,z)) (€1 = 201) -+ (Cu = Zou)

1 f i0 i0
= (zo + (re™, ..., re"""))dBq ---dO,,.
2n)" bd(ﬁn(f,zo))f ° "

f(z0) =

déy---déy

Therefore,

1

el < G

f |f(zo + (re'?, ..., rel%))d6; - --d6,
bd(D"(7,20))

<

: f
|f(z0)ldO1 - --dO, = |f(20)l,
@2n)" bd(B”(f,zo))f Ve flz

using the fact that zg is a maximum for f. Thus we must have

f ) (|f(ZO + (reiell .. '/reien )l - |f(x0)|)d91 e dei’l = 0/
bd(D"(7,zp))

implying that . _

|f(zo + (re', ..., re%) = | f(x0)| = 0
for all 04,...,0, € [0,2m) since the integrand is continuous and nonnegative. Thus f has
constant modulus in D"(7, zp). Let us write

f(2) = €9 f(z0)|
for a differentiable function 6: 5”(?, zp) — R. We then have

_of . .. 90
= 8_2] z) = 1f(z)a—zj(z)

0
forall j € {1,...,n} and z € D*(#,z9). Thus 0 is a real-valued holomorphic function on
D"™(#, zp). Thus, using the Cauchy-Riemann equations,

20 20

(@) =-ig ()

oxj Iy;
forall j € {1,...,n} and z € D"*(f,z9). However, since both partial derivatives are real
functions, they must both be zero, and so 6 must be constant. Thus f(z) = f(zo) for all
z € D'(#, z0), and so f is constant by the Identity Theorem, Theorem 1.1.18. |
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1.2 Holomorphic and real analytic multivariable calculus

Now that we know what holomorphic and real analytic functions are, and what are
some of their properties, we can turn to the calculus of holomorphic and real analytic
functions. We describe here the bare basics of this theory, enough so that we can do
holomorphic and real analytic differential geometry.

1.2.1 Holomorphicity, real analyticity, and operations on functions

Let us verify that holomorphicity and real analyticity is respected by the standard
ring operations for [F-valued functions on a set. The proofs we give here are real
variable in nature, meaning that they are direct proofs using Taylor series. It is usual,
when working only with holomorphic things, to give proofs using complex variable
methods.

Proposition (Holomorphicity, real analyticity, and algebraic operations) If U C "
isopenand if £, g: U — F are holomorphic (resp. real analytic) then f+g and fg are holomorphic
(resp. real analytic). If, moreover, g(x) # 0 for all x € U, then é is holomorphic (resp. real
analytic).
Proof Let us first prove that f + g and fg are holomorphic (resp. real analytic). Let xg € U
and let r € R, be such that, for x € B"*(r, xg), we have

f@) =Y apx)DE-x0), g() =) ag@)D)x—x),

IGZZO IEZZO

with the convergence being uniform and absolute on B"(r,xp). Absolute convergence
implies that for any bijection ¢: Z>¢ — LS, we have

f0) =) ar@)@()x—x0)*D,  g(x) = Y ag@)(@(i)x - x0)*?
j=0 j=0

The standard results on sums and products [Rudin 1976, Theorem 3.4] of series now apply
(noting that convergence is absolute) to show that

£) + 80) = Y (@ (xa)@()) + agr) (SN — ),
=0
f@g = )

j
k
(ap(x0)(())agxo) @k — )))(x — x) "V *PE=D
k=0 j=0

for all x € B"(r, x9), with convergence being absolute in both series. Absolute convergence
then implies that we can “de-rearrange” the series to get

f@)+8@ =Y (@p(xo)l) + agleo(D)(x - xo),

IeZ’;O

f@s@ =Y. Y. axo)hag(xo))E - x)!
16220 11,12€ZZO
T L+DL=I
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for x € B"(r,xp). Thus the power series af(xo) + ag(xo) and af(xo)ag(xp) converge in
a neighbourhood of xp to f + g and fg, respectively. In particular, f + g and fg are
holomorphic (resp. real analytic).

To show that é is holomorphic (resp. real analytic) if ¢ is nonzero on U, we show that %

is holomorphic (resp. real analytic); that § is holomorphic (resp. real analytic) then follows
by our conclusion above for multiplication of holomorphic (resp. real analytic) functions.
Let xp € U and let ¥ € Rs( be such that

800 =Y ag(0)(x - xo) (1.13)

IeZ;O

for x € B"(r,xp), convergence being absolute and uniform in B"(r,x). Let us abbreviate
@ = ag(xp). Since g isnowhere zero on U it follows that a(0) # 0 and so, by Proposition 1.1.3,
a is a unit in F[[£]] with inverse defined by

(o]

_ 1 a(I)
1
I _
=70 Z zx(O)
We will show that this is a convergent power series. Let € € R, be such that
2

(xo1 +€,..., %0 +€) € B"(r,x0).

Since the series (1.13) converges at x,, the terms in the series must be bounded. Thus there
exists C’ € Ry such that, forall I € Z>0'

(D) (xe — x0)!] = la(DIe™ < C”.

Therefore, for I € Z’;O,

|1 a0, C

a0 = T w0y
Let o
C= max{l,l + a(O)}

and let A € R.o be such that CA € (0,1). If x € B"(r, xo) satisfies |x; — xo;| < A, j € {1,...,n},
we have

¥ S-S0l = ¥ 3~ 20l

I€Z>0k 0 I€Z >0 k=0
(o] m
Py Fersf Y For
m=0 [Z20 k=0 m=0 [€Z50 k=0
[Il=m [Il=m
= i Z (m + 1)(CA)" = i (n " 1)(m +1)(CAH)™,
m=0 IZ

[Il=m
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using Lemma 1.1.1 and the fact, from Lemma 1 in the proof of Proposition 1.1.3, that
(1- %)k(l) = 0 whenever [I| € {0,1,...,k}.. The last series can be shown to converge by

the ratio test, and this shows that the series

)ZZ a<o> )

I€Z>0 k=0

converges in a neighbourhood of xy. |

Of course, the addition part of the preceding result also applies to R"-valued real
analytic maps. Thatis, if f, g: U — R™ are holomorphic (resp. real analytic), then f + g
is holomorphic (resp. real analytic).

Next we consider compositions.

1.2.2 Proposition (Compositions of holomorphic or real analytic maps are holomor-
phic or real analytic) Let U C F" and V C F™ be open, and let f: U — Vand g: V — RP
be holomorphic (resp. real analytic). Then gof: U — FP is holomorphic (resp. real analytic).

Proof 1t suffices to consider the case where p = 1, and so we use g rather than g. We
denote the components of f by fi,..., fiu: U — F. Let xo € U and let y, = f(xp) € V. For x

in a neighbourhood U’ € U of x and forke{l,..., m} we write
fiw) =Y alDx - xo)! (1.14)
IEZ;O

and for y in a neighbourhood V" €V of y, we write

s(y) = Z By — v, . (1.15)

]eZ’Z”O

Following Theorem 1.1.8, let ¥ € U’ be such that the series (1.14) converges absolutely at
x = X for each k € {1,...,m} and such that X; — xo; € Rso, j € {1,...,n}. In like fashion,
let # € V' be such that (1.15) converges absolutely at y =  and such that i — yox € Rso,
ke {l,...,m}. Thus we have A, B € R such that

Y laDIE-x0) <A, ke(l,...,m), Y IBOIG-yy) <B,

IeZ’;O ]EZZ’O
Let _ _
Y1~ Yo1 Ym — yOm}
VRERAR a1 .
If x € W and p € (0, 1) satisfies |x;| < p(¥; — x0j), j € {1,...,n}, then, fork € {1,...,m},

Y Dl = xol' < Y lr(DIp" @ = x0) = Y leDIp"® = x0)' < pA < (F — o)
IeZt, 1eZ8, IeZ8,
|I|>1 |I|>1 |1|>1

since p < 1. Therefore, by (1.15),

i Jr
zlﬁ”)'(z'“1<h>llx—xol’1) (2 |an<1n>||x—xo|fn) <B.

]eZ’Z"O llezgo InGZ;[)
|]>1 |L,|>1

r= min{l,
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It follows that

1 J
Y ﬁ(l)( Y (- xo>h) 2 ( Y - xofﬂ)

]eZ’;’O Ilezgo I,,eZ;O
[L|=1 |I;|=1

converges absolutely for x € U satisfying |x;| < p(X; — xo;), j € {1, ...,n}. Note, however,
that since ax(0) = yo, k € {1, ..., m}, this means that the series

D B (( Y, ) —x0)") - ym)h (( X,

Jez, Lezl, I,€Zt,

Tk
(L) (x — xo)l”) - ]/0k)

converges absolutely for x € U satisfying |x;| < p(X; — xo;), j € {1,...,n}. This last series,
however, is precisely g f(x). This series is also a power series after a rearrangement, and
any rearrangement will not affect convergence, cf. Remark 1.1.7. Thus go f is expressed
as a convergent power series in a neighbourhood of xo. u

1.2.2 The holomorphic and real analytic Inverse Function Theorem

The Inverse Function Theorem lies at the heart of many of the constructions in
differential geometry. Thus it is essential for us to have at our disposal the holomorphic
and real analytic versions of the Inverse Function Theorem.

We make the following obvious definition.

1.2.3 Definition (Holomorphic or real analytic diffeomorphism) If U,V C F" are open
sets,amap f: U — Vis a holomorphic (resp. real analytic) diffeomorphism if it (i) is a
bijection, (ii) is holomorphic (resp. real analytic), and (iii) has a holomorphic (resp. real
analytic) inverse. o
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In the proof we shall use the so-called “method of majorants” used by Cauchy in
the proof of what we now call the Cauchy—Kowaleski Theorem.

1.2.4 Definition (Majorisation of formal power series) Given two formal F-power series

Y wg, ) b,

IeZ’;O IEZ;O

the former is majorised by the latter if |a;| < |b/| for every I € ZL,,. °

By Theorem 1.1.17 it follows that if a formal power series is majorised by a conver-
gent power series, the majorised power series also converges, and so converges to a
holomorphic or real analytic function by Theorem 1.1.16. This is a popular means of
proving that a given power series gives a holomorphic or real analytic function. The
following lemma provides a useful result for these sorts of computations.

1.2.5 Lemma (A useful majorisation) Let U C F" be an open set, let f: U — ¥ have the property
that |D'f(x)| < CIlr ™™, and define

Cr
r—(Xg+- - +Xn)

(PC,r (X) =

for x in a sufficiently small neighbourhood of 0. Then the Taylor series for f at x is majorised
by the Taylor series for ¢c, at 0.
Proof Let x: F" — F and yc,: (=1,1) — F be defined by

Cr
r—y’

X@x) =x1+---+x,, P, (y) =

so that ¢c, = ¢, o x. A straightforward induction on the order of the derivatives gives
D'¢c, = crr !,

and the result follows immediately from this. |

We now have the following theorem.

1.2.6 Theorem (Holomorphic or real analytic Inverse Function Theorem) Let U C F" and
let £: U — F™ be holomorphic (resp. real analytic). If the matrix

S(x) o H-(Xo)
Df(xo) = | : L
M(x) -+ $2(x0)

is invertible for xo € U, then there exists a neighbourhood W of xo such that f{Ul': U — £(U")
is a holomorphic (resp. real analytic) diffeomorphism.
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Proof Let us begin by making some simplifying assumptions, all of which can be made
without loss of generality, which can be easily shown. We first suppose that xo = f(xg) = 0.
By a linear change of coordinates we also suppose that Df(0) = I,,.

Note that holomorphic mappings are smooth as real variable mappings. This is
because the C-partial derivatives contain in their expression the R-partial derivatives.
Therefore, we can use the smooth Inverse Function Theorem [Abraham, Marsden, and
Ratiu 1988, Theorem 2.5.2] to assert the existence of a neighbourhood U of 0 such that
f: W — V' = f(W) is a smooth diffeomorphism. We denote by g: V' — U’ the inverse of
f.

Let us write

f@= ) atx!

IEZZO

for x in the neighbourhood U’ of 0 (maybe by shrinking U’). Let us suppose, by Theo-
rem 1.1.17, that
al<cr, ezt

>0/

jell,...n, (1.16)

for some appropriate C, 7 € R.g. Let us consider the map F: W x V' — R" given by

P(x,y)=f(x)—y-

Note that
Fig(y),y)=fo8(y)-y=0, yeV.

Given our assumptions on f we have

Fr,y)=x+ ) a(Dx' -y,
IeZ’;O
1>2

and let us define

Gix,y)= Y b(x' +y,
122,
[>2

where b(I) = —a(l), so that g(y) = G(g(y), y).
Let us write the Taylor series for g as

Y ey,

IeZsg

understanding that this is a formal series as we do not know yet that it converges. The
equality g(y) = G(g(y), ), at the level of formal power series, reads

Z. c(y' = Z b(I)( Z ﬁ(h)yh)l ( Z Cn(In)yIn)n +y. (1.17)

1€eZsy IEZZO I GZZO I, EZ;O
[1]>2

Since g(0) = 0, ¢(0) = 0. Thus (1.17) correctly determines c(0). Since the Jacobian of g at
0 is I;, by the smooth Inverse Function Theorem, c(e;) = e; for j € {1,...,n}. Thus (1.17)
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determines c(I) for |I| = 1. Let I € Z. be such that |I| = m > 2. Then ¢(I) will be a linear
combination of terms of the form

b(J)ex(J1,1) - cr(nj) - enUna) -+ enUn,j,)s (1.18)

where, for each k € {1,...,n}, the sum of the kth components of the multi-indices
Ji1s-o oo oo s Ints oo s Inyj, 18 i We claim that, if (1.18) is nonzero, then

Ul,ll/- . -/|]1,j1|/ ey |]1’l,1|/' ey |]1’l,j,,| < |I|

Suppose that |[;s] > [I| for some [ € {1,...,n} and some s € {1,...,j;}. Since the jth
component of any of these multi-indices cannot exceed i, this implies that [;; = I. But
this implies that the other multi-indices are zero. However, since ¢(0) = 0 this implies
that the expression (1.18) is zero. Thus one gets a recursive formula for determining the
Taylor coefficients c(I) in terms of the Taylor coefficients b(J) and Taylor coefficients c(J)
for multi-indices | of lower order than I. Moreover, an examination of (1.17) shows that
the coefficients of the linear combination of the terms (1.18) are positive. We shall use this
fact later.

Next we find a holomorphic (resp. real analytic) mapping whose Taylor series ma-
jorises that for G. Recalling (1.16) and [Rudin 1976, Theorem 3.26], note that

Cr C
() — I _ _c_<
¢ I;Cr ey O )
>0
l>2
majorises
mef
1eZ8,
l11>2

foreach j € {1,...,n}. By Lemma 1.2.5, if we define

H(x,y) = ¢(x) +y,

then the Taylor series for H; majorises that for G; for j € {1,...,n}. Now define

_ rP+2n(n+ryj—QCn+r Y y+ryrP-2rYy—A4Cn—- Y y)(Lv)
hi(y) = 2n(Cn +r) ’

where )y = y1 + -+ + yn. A tedious computation then verifies that h(y) = H(h(y), y). It
turns out that the Taylor series for h majorises that for g.

1 Lemma With the above notation, the Taylor series for h; at 0 majorises that for g at 0 for each
jell, ..., n}
Proof We have
8() = G(g(y).y), h(y) =H(h(y),y).

Let us write the Taylor series for h as
Z Ay’

IEZ;O
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Then we have

Y, dny' =) DI;P!(O)( Y dl(h)y’l)l ( Y dn(ln)yf")” +y.

IeZ;O IeZ;O I eZ’ZZO IHEZ’;O
[11>2

As we saw above, this means that d(I) is a positive linear combination of terms of the form

D/ pO)d1(Jip) - di(J1,j) -+ du(Ju1) -+ dn(n ju)s

where
|]1,1|/- . 'I|]1,j1|/ ceey |]n,1|/~ cey |]1fl,],,| < |I|

Moreover, this is the same positive linear combination as for the Taylor coefficients for g.
Since

1 .
b;(I)] < ﬁDI(pj(O), 1ezl, jefl,...,n,
we get the desired conclusion by an inductive argument. v

Since h is obviously real analytic in a neighbourhood of 0, we conclude that g is also
analytic in a neighbourhood of 0. u
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1.2.3 Some consequences of the Inverse Function Theorem

Having the holomorphic and real analytic Inverse Function Theorems at our dis-
posal, we are now in a position to perform some of the more or less standard con-
structions that follow from it. Gratifyingly, these follow from the Inverse Function
Theorem just as they do in the differentiable case.

We first state the holomorphic and real analytic Implicit Function Theorem.

1.2.7 Theorem (Holomorphic or real analytic Implicit Function Theorem) Let m,n € Z.,,
let U xV C F" x F™ be open, and let f: U XV — F™ be holomorphic (resp. real analytic).
Denote a point in F™ X F™ by (x,y). If the matrix

%m%> %m%>
D f(xo) =
afm (XO/ yo) afm (XOI yo)

is invertible for (xo,y,) € U XV, then there exist
(i) neighbourhoods W of xo and W’ of f(xo,y,), respectively, and
(i) a holomorphic (resp. real analytic) map g: W X W' — V
such that f(x, g(x, z)) = z for all (x,z) € W X W'.

Proof Let us define h: U XV — F" X F™ by h(x,y) =
partial derivatives of h is

(x, f(x,y)). The Jacobian matrix of

1 0 0 0
0 1 0 0
= d J d J
Dhxo,y0) =1 Py, yg) -+ 2w, ) a—ﬁ(xo,%) L (x0, o)
fu . o
_ﬁyww %m%>$m%> awmw_

By hypothesis, the lower right block is invertible. Since the upper left block is invertible
and the upper right block is zero, it follows that the matrix is invertible. Therefore, by
the Inverse Function Theorem there exists a neighbourhood U X V’ of (xo, y,) such that
hlU" x V' is a holomorphic (resp. real analytic) diffeomorphism. Given the form of h,

hW X V) =

(x,z)

(x, g(x, 2))

U x W’ and the inverse of h|U’ X V' has the form

(1.19)

for some holomorphic (resp. real analytic) g: W' X W' — V' C V. One can easily verify that
g(x,z) = z for all (x,z) € W X W’ by virtue of the fact that the map (1.19) is the inverse of

hW x V.

The next result gives a local normal form for holomorphic (resp. real analytic) maps
whose derivative is surjective at a point.
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1.2.8 Theorem (Holomorphic or real analytic local submersion theorem) Let U C F" be
open and let f: U — F™ be holomorphic (resp. real analytic). If the matrix

%m> %u>
Df(xo) =

j’;f;j Xo) afm Xo)
has rank m for xy € U, then there exists
(i) a neighbourhood Uy € U of xo,
(i) an open set U, C F™ X F*™, and
(iii) a holomorphic (resp. real analytic) diffeomorphism ®@: U, — Uy

such that f-®(y, z) =y for all (y, z) € Us.
Proof Let U C F" be a complement to ker(Df(xp)) so that Df(xp)|U is an isomorphism
onto " [Roman 2005, Theorem 3.5]. Note that F" ~ U & ker(Df(xp)). Choose a basis
(e1,...,am, By, .-, B,_,) for F" for which (ay, ... ay) is a basis for Uand (B;,...,B,_,,) is a
basis for ker(D f(xp)). Define an isomorphism ¢: F"" @ F*™" — F" by

=t UnemfB

1 so that Df(xo) = Df(xo) ot

Y(udv) =uja +---

Then define f: v~ {(U) — F" by f = foy~
& pI(U) - F X ' by

+ Uty + V1B +

Now define

8,2 = (fyoz)2).
Let (y,,z0) = " (x0). Note that the Jacobian matrix of partial derivatives of § is
[ oJ of d ]
ﬁ%m) ;ﬁ%m Mwm &M%m)
a :}l m & :}’l a :;il

Da(y,, 70) = %%@>m35%m;gww ﬁj%m

0 0 1 0

0 0 0 1

We claim that the upper left block of the Jacobian matrix, i.e., le(yo, zp), is invertible.
This follows since 1 is an isomorphism from F” @ {0} onto U and since U is defined so
that Df(xo)|U is an isomorphism. It then follows that Dg(y,, zo) is an isomorphism. By the
Inverse Function Theorem there exists a neighbourhood W of (y,, zo) such that g|U’ is a
holomorphic (resp. real analytic) diffeomorphism onto its image. Denote U, = g(U’) and
denote by W: U, — U’ the inverse of g|U’. Let us write W(y, z) = (W1(y, 2), Y2(y, z)). Note
that

8oV(y,2) = §(W1(y, 2), Va(y, 2)) = (F(W1(y, 2), Va(y, 2), Wa(2)) = (y, 2)
for all (y,z) € Up. Thus W1 (y, z) = z for all (y, z) € Up. Moreover, if we define U; = (U’)
and ©: Uy — Uy by @ = ¢ oW, then we have
y= ,?(\yl(yl Z)/ \Pz(y/ Z)) = f°¢ O\I](yl Z) = foq)(]// Z)/
as desired. u

Next we give a similar result when the derivative is injective at a point.
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1.2.9 Theorem (Holomorphic or real analytic local immersion theorem) Let U C F™ be
open and let f: U — F™ be holomorphic (resp. real analytic). If the matrix

3—2(x0> “1(0)
Df(Xo) .
?;;; Xp) - f’fm Xo)

has rank n for xo € U, then there exists
(i) a neighbourhood V; of £(xo),
(i) a neighbourhood V, € U X F™™ of (xo,0), and
(iii) a holomorphic (resp. real analytic) diffeomorphism WV: Vi — 'V,
such that W -f(x) = (x, 0) for all x € U for which (x,0) € V,.
Proof Since rank(Df(xp)) = n, Df(xo) is injective. Let V C F™ be a complement to
image(Df(xp)). Choose a basis (a1, ..., an,By,...,B,,_,) for F" such that (aq,...,a;,) is a

basis for image(D f(x()) and such that (8,, ..., 8, _ )isabasis for V. Define an isomorphism
& 1 m—n P
Y: F"e """ — F" by

Yudv) =ujar + -+ Uy + o+ 01+ O,

Then define f: U — F" X " by f = ¢~ o f so that Df(xg) = ¢! oDf(xg). Also define
g UXF"" — F" x F"™ by
8(x, y) = f(x) + (0, y).

Note that the Jacobian matrix of g at (xp, 0) is

- 3A a -
,9—£1<xo,o> o P00 0
Bm am
Dg(xo,0) = f(xo,> o P, 00 [0 - 0
0 0 1 --- 0
0 0 0 -+ 1]

The upper left corner of this matrix is invertible since 1) is an isomorphism of " & {0} onto
image(Df(xp)) and since Df(xp) is injective. It follows that Dg(xo) is an isomorphism and
so there exists a neighbourhood V> of (xg,0) such that gV, is a diffeomorphism onto its
image. Let V' = (V) and denote by @: V' — V, the inverse of §|V,. Note that

Dog(x,y) = (x,y)
for every (x, y) € V. Therefore,
Do g(x,0) = Pof(x) = Doy~ of(x) =

Thus, if we define V1 = (V') and W = @ o1)~!, we see that the conclusions of the theorem
hold. |
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]anm

f = constant

F n

Fm—n

F m ]F n

Figure 1.3 The character of local submersions (left) and immer-
sions (right)

In Figure 1.3 we depict the behaviour of maps satisfying the hypotheses of Theo-
rems 1.2.8 and 1.2.9 after the application of the diffeomorphisms from the theorem.

Even when the derivative is neither injective nor surjective, we can still provide a
characterisation of the local behaviour of a map.

1.2.10 Theorem (Holomorphic or real analytic local representation theorem) Let U C F"
be open and let £: U — ™ be holomorphic (resp. real analytic). If k = rank(Df(x)) for
Xo € U, then there exists

(i) a neighbourhood U; C U of xo,

(i) an open set U, C FX x Fo7k,

(iii) a holomorphic (resp. real analytic) diffeomorphism @: U, — Uy,

(iv) an isomorphism ¢: F™ — F* @ F™ %, and

(v) a holomorphic (resp. real analytic) map g: Uy — F™ 7k

such that Y «f-D(y, z) = (y, g(y, z)) for all (y, z) € U, and such that Dg(®(xo)) = 0.

Proof Let (ay,...,04,B4,--.,B,,_;) be a basis for F" such that (aq, ..., a) is a basis for
image(Df(xo)) and (B, ...,p,,_;) is a basis for a complement V to image(Df(xo)). In like
manner we let (ay,...,ax, b1,...,b,_) be a basis for F” such that (b4,...,b,_x) is a basis
for ker(Df(xo)) and (ay,...,ax) is a basis for a complement U to ker(Df(xp)). Define
isomorphisms ¢: F¥ @ F** — F" by

Pu®v) =ujay +--- +ugag + v1by + -+ + v, by,
and ¢: F" — Fk @ Pk by

Y r®s) =ria + -+ ey + s1P1 + + Sp—iB k-
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Let us define f: U — F* X F" ¥ by f = ¢ f. For x € U write f(x) = (f,(%), f,(x)). Note
that Df’l (x0) is injective since 1) is an isomorphism of image(D f(xp)) with F¥ & {0}. Thus
£, satisfies the hypotheses of the local submersion theorem, and so the conclusions of that
theorem furnish us with a neighbourhood U; of xp, an open set U, C F* x F"*, and a
holomorphic (resp. real analytic) diffeomorphism ®: U, — U such that f, c®(y,z) = y
for all (y,z) € Uy. Let us define g: U — F" ¥ by g = f, o® so that

fo®(y,2) = (y,8(y, 2))-
Note that Df,(xo) = 0 since ¢ maps {0} ®F"* to ker(Df(xo)). Thus Dg(®~(xp)) = 0. Finally,

Pofod(y,z) = foD(y,2) = (y,8(y,2)),

giving the theorem. [ |

Finally, we consider the case where the derivative is not necessarily injective nor
surjective, but is of constant rank.

1.2.11 Theorem (Holomorphic or real analytic local rank theorem) Let U C F" be open and
let £: U — F™ be holomorphic (resp. real analytic). If the rank of the matrix

S (X
Dfx)=| : .
F200 5

is equal to k in a neighbourhood U C U of xo, then there exists
(i) a neighbourhood U; € U of xo,
(i) an open set U, C FX x Fn7k,
(iii) an open set V4 C F™,
(iv) an open set V, C F* X F™7%, and
(v) a holomorphic (resp. real analytic) diffeomorphisms ®: Uy, — Uy and W: V; — V,
such that W -f-®(y, z) = (y, 0) for all (y, z) € U,.
Proof The local representation theorem furnishes us with a neighbourhood U; € U of
xo, an open subset U, C F¥ x F"*, a holomorphic (resp. real analytic) diffeomorphism
®: U — Uy, an isomorphism : F" — F* x F"* and a holomorphic (resp. real analytic)
map g: Uy — F"* such that Yo fod(y,z) = (y,g(y, z)) for all (y,z) € U, and such that

Dg(q)‘l(xo)) = 0. We shall assume that U; € U'. Let us denote F(y,z) = (y,g(y,z)). If
pr,: Fk@ "% — FX is the projection onto the first factor, we have

pr; °DE(y, 2) - (u,0) =,
This means that the map

(u,0) = DF(y, z) - (u,0) € image(DF(y, z)) (1.20)
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is injective. By hypothesis image(DF(y, z)) has dimension k, and so the map (1.20) is an
isomorphism for each (y, z) € U;. Now let

(u,Dg(y, z) - (u,v)) € image(DF(y, z)).

Since the map (1.20) is an isomorphism there exists #’ € F¥ such that

DF(!// Z) : (u// 0) = (u’, Dg(yl Z) ' (u/r 0)) = (u//Dlg(y/ Z) ' ul) = (M, Dg(y/ Z) : (u/ U))

Thus #’ = u and

Dg(y,z) - (u,v) = D1g(y,z) - u + D2g(y,z) - v = D1g(y,z) - u

for all v € F**. Thus D»g(y,z) - v = 0 for all (y,2) € U and v € F"*. Thus g is not a
function of z. Since
DyF(y,z)-v =(0,D2g8(y, z) - v),

we conclude that F also does not depend on z. Now define F: pr;(Uz) — Fx x Frmk by
F(y) = F(y, zy) where z, € F "~k is such that (y, zy) € Up. It follows from the fact that the
map (1.20) is an isomorphism and that F is independent of z that DF(y) is injective for
every y € pr,(Uy). In particular, this holds at pr; e®™(xp). We can now apply the local
immersion theorem to give a neighbourhood V’ of F(pr, »®~!(x)), a neighbourhood V, C
pry (Uz) X F"* of (xo,0), and a diffeomorphism W’: V'; — V, such that W’ «F(y) = (y,0)
for all y € pr,(U>) such that (y,0) € V>. Now let (y, z) € Uz and note that

(y,0) =W o F(y) =W oF(y,z) = ¥ opo foD(y, 2),

giving the theorem after taking V1 = ¢! (V/) and W = W’ o 3. n



This version: 28/02/2014

Bibliography

Abraham, R., Marsden, J. E., and Ratiu, T. S. [1988] Manifolds, Tensor Analysis, and
Applications, second edition, number 75 in Applied Mathematical Sciences, Springer-
Verlag, ISBN 0-387-96790-7.

Borel, E. [1895] Sur quelles points de la théorie des fonctions, Annales Scientifiques de
I’Ecole Normale Supérieure. Quatrieme Série, 12(3), 44.

Conway, J. B. [1978] Functions of One Complex Variable I, second edition, number 11
in Graduate Texts in Mathematics, Springer-Verlag, New York/Heidelberg/Berlin,
ISBN 0-387-90328-3.

Dvoretzky, A. and Rogers, C. A. [1950] Absolute and unconditional convergence in normed
linear spaces, Proceedings of the National Academy of Sciences of the United States
of America, 36(3), 192-197.

Fritzsche, K. and Grauert, H. [2002] From Holomorphic Functions to Complex Manifolds,
number 213 in Graduate Texts in Mathematics, Springer-Verlag, New York/Heidel-
berg/Berlin, ISBN 0-387-95395-7.

Gunning, R. C. and Rossi, H. [1965] Analytic Functions of Several Complex Variables,
American Mathematical Society, Providence, RI, ISBN 0-8218-2165-7, 2009 reprint
by AMS.

Hartogs, F. [1906] Zur Theorie der analytischen Funktionen mehrerer unabhingiger
Verinderlichen, insbesondere iiber die Darstellung derselber durch Reihen welche nach
Potentzen einer Verinderlichen fortschreiten, Mathematische Annalen, 62, 1-88.

Hewitt, E. and Stromberg, K. [1975] Real and Abstract Analysis, number 25 in Graduate
Texts in Mathematics, Springer-Verlag, New York/Heidelberg/Berlin, ISBN 0-387-
90138-8.

Hormander, L. [1973] An Introduction to Complex Analysis in Several Variables, second
edition, North-Holland, Amsterdam/New York, ISBN 0-444-10523-9.

Krantz, S. G. [1992] Function Theory of Several Complex Variables, second edition, AMS
Chelsea Publishing, Providence, RI, ISBN 0-8218-2724-3.

Krantz, S. G. and Parks, H. R. [2002] A Primer of Real Analytic Functions, second edition,
Birkhduser Advanced Texts, Birkhduser, Boston/Basel/Stuttgart, ISBN 0-8176-4264-1.

Laurent-Thiébaut, C. [2011] Holomorphic Function Theory in Several Variables: An In-
troduction, Universitext, Springer-Verlag, New York/Heidelberg/Berlin, ISBN 978-
0-85729-029-8, translated from EDP Sciences French language edition, Théorie des
fonctions holomorphes de plusieurs variables.



48 Bibliography

Mirkil, H. [1956] Differentiable functions, formal power series, and moments, Proceedings
of the American Mathematical Society, 7(4).

Range, R. M. [1986] Holomorphic Functions and Integral Representations in Several Complex
Variables, number 108 in Graduate Texts in Mathematics, Springer-Verlag, New
York/Heidelberg/Berlin, ISBN 0-387-96259-X.

Roman, S. [2005] Advanced Linear Algebra, second edition, number 135 in Graduate
Texts in Mathematics, Springer-Verlag, New York/Heidelberg/Berlin, ISBN 0-387-
24766-1.

Rudin, W. [1976] Principles of Mathematical Analysis, third edition, International Series
in Pure & Applied Mathematics, McGraw-Hill, New York, ISBN 0-07-054235-X.

Taylor, J. L. [2002] Several Complex Variables with Connections to Algebraic Geometry and
Lie Groups, number 46 in Graduate Studies in Mathematics, American Mathematical
Society, Providence, RI, ISBN 0-8218-3178-X.



	Holomorphic and real analytic calculus
	Holomorphic and real analytic functions
	Fn
	Multi-index and partial derivative notation
	Formal power series
	Formal Taylor series
	Convergent power series
	Holomorphic and real analytic functions
	Some particular properties of holomorphic functions

	Holomorphic and real analytic multivariable calculus
	Holomorphicity, real analyticity, and operations on functions
	The holomorphic and real analytic Inverse Function Theorem
	Some consequences of the Inverse Function Theorem



