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1 Holomorphic functions of several complex vari-
ables. Cauchy—Riemann equations, Cauchy for-
mula, Taylor series

Definition 1.1 Let Q C C” be an open subset. Recall that a function f :
Q — C is said to be (R-)differentiable at a point p € €, if it is differentiable

there as a function of real variables: there exists an R-linear mapping df (p) :
T,C" ~ R?" — T,C ~ R? such that

f(z) = f(p) = df(p)(z — p) + o(z — p), as z = p.

A function f is said to be C-differentiable at a point p, if it is differentiable
there and its differential df (p) is C-linear. A function f is said to be holo-
morphic on §, if it is C-differentiable at each point zy € 2. A function f is
said to be holomorphic at a point xo € C", if it is C-differentiable in some
its neighborhood. A holomorphic mapping F' = (Fy,...,Fy,) : U — V,
U cC" V cC™is defined in literally the same way: it is holomorphic, if
and only if so are its components Fi,..., Fy,.

Holomorphicity of a differentiable function is equivalent to Cauchy—
Riemann Equations. To write them, let us first recall the following prepara-
tory linear algebra.

Let C be equipped with a complex coordinate z = x + iy. Each R-linear
operator L : C — C can be written in the two following forms

L=ax+py=Az+ Bz, «,5,A,B¢ecC.

The expression of the coefficients A and B via « and § is obtained by the

substitutions
— (42, = a(z— )
r=5(242), y=5(2-2):
a _ B _ _
Lzaaz—kﬁg/z§(z+z)+?(z—z):Az+Bz,
i

A= %(a—iﬁ), B— é(a—l—iﬁ). (1.1)

Let f : U — C be a differentiable mapping of a domain U C C. For
every p € U the differential df (p) : T,C ~ C — Ty(,C ~ C is an R-linear
map C — C. One has

df—gdz—i—gﬂ; of _ 1 ai+za—f

or _Lor ;or ( )
T 9:7% "9z 9 " 2%ar oy 9z 2'0x " 'oy”

of _1

(1.2)



which follows from formula (1.1) applied to the differential L = df (p), taking
into account that in our case

af af
a=——, f=—".
ox y
Proposition 1.2 (Cauchy—Riemann Equations). A differentiable function
f(z1,...,2,) on a domain in C™ is holomorphic, if and only if
of
) i=1,...,n. 1.3
o for every j n (1.3)
The latter equation number j is equivalent to the system of equations
ORef _ Olmf
oxr; — 0Oy;
{aRxéf ~ Vimys (1.4)
dy; —  Oxj T

Proof The tangent space T,C" is the direct sum of complex “coordinate
lines” parallel to the coordinate axes. Thus, the C-linearity of the differential
df (p) is equivalent to the C-linearity of its restrictions to all the coordinate
lines. The latter is equivalent to (1.3). Equivalence of equation (1.3) and
system (1.4) follows from (1.2). This proves the proposition. O

Example 1.3 Holomorphicity is preserved under arithmetic combinations
and compositions. In particular, polynomials and rational functions and in
general, all the elementary functions (restricted to their appropriate defini-
tion domains) are holomorphic.

Remark 1.4 In the case, when n = 1 the above definition coincides with
the classical definition of holomorphic function of one complex variable. If
a function f is holomorphic in €2, then for every complex line L C C" the
restriction f|rnq is holomorphic as a function of one variable. The next Big
Hartogs’ Theorem implies that the converse is also true.

Theorem 1.5 (Hartogs). A function f(z1,...,z,) is holomorphic on a do-
main = Qy x---xQ, CC", if and only if it is separately holomorphic:
for every j = 1,...,n and every given collection of points zs € Qs, s # 7,
the function g(z) = f(21,...,2j-1,%,2j4+1,-- ., 2n) is holomorphic on §2;.

Remark 1.6 The nontrivial part of the theorem says that if a function is
separately holomorphic, then it is holomorphic as a function of several vari-
ables. Under the additional assumption that f is differentiable, this state-
ment follows immediately from Proposition 1.2. We will not prove Theorem



1.5 in full generality. We will prove its weaker version under continuity
assumption (Osgood Lemma).

Holomorphic functions in several variables share the basic properties of
holomorphic functions in one variable: existence of converging Taylor series,
uniqueness of analytic extension, openness, Maximum Principle, Liouville
Theorem. At the same time we will see that the following new phenomena
hold for holomorphic functions in several complex variables, which are in
contrast with the case of one variable:

- no isolated singularities;

- erasing compact singularities: holomorphic functions on a complement
of a domain V' C C" to a compact subset K € V extend holomorphically to
all of V.

Everywhere below for every § > 0 and z € C we denote

Ds(z) = {|w — 2| < §} € C; Ds = Ds(0).

The corresponding balls in C™ of radius ¢ will be denoted by Bs(z) and Bjs
respectively. For every r = (ry,...,r,) € R, 2 = (21,...,2,) € C" the
polydisk of multiradius r centered at z is the product of disks of radii r;,
which we will denote by

A(z) = HDTj(zj) = {w = (w1,...,wy) € C"| |wj—2zj| <r;}; Ay = AL(0).

For § > 0 we denote As(2) = A, 5)(2), As = As(0). In the case, when we
would like to specify the dimension of the ambient space of the polydisk, we
will write A, Af(2) etc.

The next theorem generalizes Cauchy formula for holomorphic functions
in one variable.

Theorem 1.7 (Multidimensional Cauchy formula). Let f : A, — C be a

continuous function that is holomorphic in each variable z;, j = 1,...,n. (In
particular, this holds for every function holomorphic on A, and continuous
on its closure). Then for every z = (z1,...,2n) € A, one has

L 70
12) = G ?.{m:m 7.{<n|:rn T (G — e (D)

Remark 1.8 Let ¢g(¢) denote the sub-integral function in the latter right-
hand side. The multiple integral in (1.5) is independent of integration order
(Fubini’s theorem and continuity of the function ¢(¢)). It is equal to the



integral of the complex-valued differential n-form ¢(¢)d¢i A --+ A d¢, on
the n-torus T" = [[j_, S}, S} = {|¢;| = r;}, oriented as a product of
positively (i.e., counterclockwise) oriented circles. That is, an orienting basis
U1, ..., Up € T¢T™ is formed by vectors v; € T¢; S ]1 oriented counterclockwise.

Proof It suffices to prove the statement of the theorem in the case, when
f is holomorphic in each variable on a domain containing the closed poly-
disk A,: the general case is reduced to it via scaling the function f to
f-(2) = f(e2), 0 < &€ < 1 (which is holomorphic in each variable on A,.) and
passing to the limit under the integral, as ¢ — 1. We prove formula (1.5)
by induction in n.

Induction base: for n = 1 this is the classical Cauchy formula for one
variable.

Induction step. Let formula (1.5) be proved for the given n = k. Let us

prove it for n = k + 1. For every w = (w1, ..., wy) € CF set
fuw(t) = f(wy, ..., wg,t).
For every fixed zj41 € Dy, the function g(w1,...,wy) = fu(2zk+1) is holo-

morphic on A(m,...,m)' Hence,

Zk+1)
Fern o zi) 2m f_ fck_rk Tyt e (10

by the induction hypothesis. The function f¢(¢) being holomorphic in t €

ﬁm 4, forevery ¢ = (C1,...,(k), it is expressed by Cauchy Formula
1
fet) = 7{ Mde+l for every t € Dy, _,.
2mi [Ch+11=Tk+1 Cot1 — 1

Substituting the latter formula with ¢ = z;11 to (1.6) yields (1.5), by conti-
nuity and Fubini Theorem. a

Lemma 1.9 (Osgood). Every continuous function on a domain in C" that
is holomorphic in each individual variable is holomorphic.

Proof It sufficed to prove the statement of the lemma for a function con-
tinuous on a closed polydisk A,. Then Multidimensional Cauchy Formula
(1.5) holds, and its subintegral expression is a continuous family of rational
functions in z € A,. Therefore, the subintegral expressions are holomorphic
on A,. They are uniformly bounded and continuous together with deriva-
tives on compact subsets in A,.. Therefore, the integral is C'-smooth and its



partial derivatives are equal to the integrals of partial derivatives in z of the
subintegral expression (here one can differentiate the integral by the above
boundedness and continuity statements). It satisfies Cauchy—Riemann equa-~
tions, as do the subintegral functions, and hence, is holomorphic. The lemma
is proved. O

Theorem 1.10 Let a sequence of holomorphic functions on a domain ) C
C™ converge uniformly on compact subsets. Then its limit is holomorphic
on €.

Proof Let f,,, be our converging functions. Let us restrict them to a closed
polydisk A C Q and write multidimensional Cauchy formula for them on
the polydisk A. For each z € A its left-hand side f,,(z) is a converging
sequence, and so is the Cauchy integral in the right-hand side, by uniform
convergence of f,,(C1,...,(,). Therefore, the limit function satisfies the
Cauchy formula as well. For every continuous function f((i,...,(,) the
corresponding Cauchy integral is holomorphic in z € A. This together with
the latter statement implies holomorphicity of the limit. The theorem is
proved. a

Set
ZZO =NU {0}

Theorem 1.11 FEvery function f holomorphic at 0 € C™ is a sum of power
series converging to f uniformly on a neighborhood of 0:

f(z) = Z 2’ e e C, 2P =20 2k g = £ (0). (1.7)
keZ,

Proof Fix a § > 0 such that f is holomorphic on the closed polydisk As.
Let us show that the right-hand side of the Cauchy formula is a sum of
power series converging on As. For every (; and z; with |z;| < § = |(;| one
has

1 11 f -1
= Cj_ Tz T Cj_ _le~ (1.8)
G =% -2 =

This series converges absolutely uniformly on every disk |z;| < §’ with ¢’ < 4.
Hence, the product of the latter series for all j = 1,...,n also absolutely

uniformly converges to m on Ay . Substituting formulas (1.8) for all
ALY ]
j to (1.5) together with permutability of integration and series summation



(ensured by absolute uniform convergence of subintegral series and uniform
boundedness of the function on 0A) yields (1.7) with

f(Q)

“k1—1 —
ICal=6" C1 1 G

Substituting k& = 0 yields ¢ = f(0), by (1.5). O

S —dy ... (1.9)
=

Proposition 1.12 FEach holomorphic function is C°°-smooth. If f is holo-
morphic on a polydisk A, and continuous on its closure, then its derivatives
are given by the formulas

" f(2) K '% f F(Cihee i)
= ¢, ... dCy.
82?1"'8'2"” 27” ICil=r1 cul=rn [Tj=1( (G —z)ht! ( 1)
1.10

Proof In the multidimensional Cauchy formula the subintegral expression
a non-vanishing rational function. It is holomorphic, thus its a__ -derivatives

vanish. It is differentiable infinitely many times, and its k-th derlvatlves k=

(k1,...,kp), are equal to @ le)klkfllf((%’i’;"))knﬂ . This together with Cauchy

formula and uniform boundedness of every latter derivative, as |(;| = r; and
z varies on a compact subset in A,, implies that the corresponding derivative
of the Cauchy integral is the integral of the derivative. This proves (1.10).
The C'*°-smoothness statement then follows immediately. O

2 Convergence of power series. Equivalent defini-
tion of holomorphic function

Here we study convergence of power series ) cxz® and present a higher-
dimensional analogue of convergence radius theorem from the theory of func-
tions of one complex variable.

Lemma 2.1 (Abel). Consider a power series Zkezn cpz®. Let its terms

c2® at a given point z = (21y...,2n) € C™ be umformly bounded, set r; =
\zj|, 7 = (r1,...,rn). Let rj; > 0 for all j. Then the series converges
uniformly on compact subsets in the polydisk A,..

In the proof of the lemma and in what follows we will use the following
convention.



Convention 2.2 For every 6,7 € R, we say that 6 <r (§ <), if 0; <r;

(respectively, 0; < r;) for every j = 1,...,n.
Proof of Lemma 2.1. Fix some 6 = (61,...,0,) with 6; > 0, 0 < r. It
suffices to show that > |cx|6% < co. Indeed, set

5.
vi=-2 <1, C=sup|epr’| < 4oo.
T‘j k

Then |c;|6F < Cv*. But

n oo

= v zé 0.
2 ===y <~

=1 s=0

Therefore, the series Y, |cx|d* is majorated by a converging series C Y, v¥,
and hence, converges. The lemma is proved. O

Definition 2.3 The convergence domain of a power series ), cpzF is
>0

the interior of the set of points z € C" where it converges.

Consider the torus T" = S* x - - - x S identified with the product of unit
circles in C. TIts points will be identified with collections ¢ = (t1,...,t,),
[t1] = -+ = |tn| = 1. It acts on C" by coordinatewise rotations:

T :C" - C", t(z1,...,2n) = (t121,. .., tnzn).
Corollary 2.4 The convergence domain of a series y e is a union of
polydisks centered at the origin. It is invariant under the above torus action.

Proof Given a power series, let 2 denote its convergence domain. Given a
point z = (21, ..., 2,) € Q, let us construct a polydisk A, C D containing z.
For every A > 1 close enough to 1 (dependently on z) one has w := Az € ,
by definition. Fix the above A and w. Set r; = |w;j| = Az;| > |, r =
(r1,...,7n). The sequence cgr" is uniformly bounded, by the convergence
of the series Y, cyw®. Therefore, A, C Q (Abel’s Lemma 2.1) and z € A,,
by construction. The first statement of the corollary is proved. Its second
statement follows from the first one and the invariance of each polydisk
centered at 0 under the torus action. The corollary is proved. O

Proposition 2.5 Fach power series converges uniformly on compact sub-
sets in its convergence domain €.



Proof Each point z € 2 is contained in two homothetic polydisks: a
polydisk A, C € and in smaller homothetic polydisk A,,, A, C A, C A,,
r" = Ar, 0 < X < 1. The series converges uniformly on A,., since it converges
at the point r and by Abel’s Lemma. Every compact subset K € {2 can be
covered by a finite number of the above uniform convergence polydisks A,.
This implies uniform convergence on K. The proposition is proved. O

Example 2.6 The convergence domain of the series Y, 2} in two vari-
ables (z1, 2) is the cylinder |z1]| < 1. The convergence domain of the series
S 281282 is the unit bidisk Aj;. The convergence domain of the series
Z(ZlZQ)k is the set {’2122| < 1}.

Let us recall that the convergence radius r of a power series ), cp”
in one variable is given by the classical Cauchy-Hadamard formula r =

_ 1
(limg—yo0cf )~1, or equivalently,
mk_,oo(ckrk)% =1.

The next proposition generalizes this formula to several variables. To state
it, let us introduce the following notation. Consider the mapping

R:C" = RYy, R(z):=(|z1l,---,|zl)-

It can be viewed as the map of the space C" to its quotient RY, by the torus
action.

Proposition 2.7 Consider a given seriesy cx2® in variable z = (z1,. .., 2p).
Let Q denote its convergence domain. For every r = (r1,...,1m,) € R, set
Ero L k n
O(r) == Timp_yoo (| |rF) T, 7% =1 pkn (2.1)

Let z = (z1,...,2,) € C" be a point with z; # 0 for all j.
1) One has z € Q, if and only if p(R(z)) < 1.
2) One has z € 092, if and only if p(R(z)) = 1.

In the proof of the proposition we use following homogeneity and conti-
nuity properties of the upper limit function ¢(r).

Proposition 2.8 1) One has
d(Ar) = Ap(r) for every A > 0. (2.2)

2) The function ¢(r) is well-defined and continuous on the set R} of vectors
with positive components, provided it is well-defined for at least one r € R'}.



Proof Formula (2.2) follows from definition. Let us prove Statement 2).
Let the upper limit ¢(r) exist for at least one r € R’.. Then it exists for
every other ' € R with v/ < r, by definition: (r')* < ¥ for every k € Z2,.
Then ¢(r) extends from the set of the latter 7" to all of R’} by homogeneity
formula (2.2). Let us prove that ¢(r) is continuous on R}.

Claim 1. Let r = (r1,...,ry) with rj > 0 for all j, and let X > 1. For
every r' € R with \™'r <1’ < Ar one has

A7ho(r) < o(r') < Ag(r). (2.3)

1 1

Proof One has A}(r*) < (#/)* < A(r*)T¥ | by definition. This together
with the definition of the value ¢(r) implies (2.3). O

Claim 1 immediately implies continuity of the function ¢ at every r € R}
(taking A arbitrarily close to 1) and finishes the proof of Proposition 2.8. O

Proof of Proposition 2.7. Let z € C" be a point with z; # 0 for all
j. Let us prove the first statement of Proposition 2.7: z €  if and only
if (R(z)) < 1. Indeed, set r = R(z). Let z € Q. Then Az € Q for
some A > 1 (openness; let us fix this A). Hence, for every X' € (1, ) the
series >, cx (N 2)F converges, and thus, its terms are uniformly bounded in
k. This implies that the upper limit of the |k|-th roots of its terms is no
greater than 1. Thus, ¢(r) < ()~ < 1. Conversely, let ¢(r) < 1. Fix a
A > 1 such that ¢(r) < A~ Then ¢(Ar) = Ap(r) < 1. In other words,

mkﬁoo(\ck]()\r)k)ﬁ < 1. This implies that the expression under limit is
less than one, thus |cx|(Ar)¥ < 1, whenever |k| is large enough. Therefore,
Ay, C Q, by Abel’s Lemma, and thus, z € Ay, C €. This proves Statement
1) of Proposition 2.7.

Let us prove Statement 2). Let r = R(z) and let ¢(r) = 1. Then for
every A € (0,1) one has ¢(Ar) < 1, and hence, Ay, C Q (Statement 1)).
This implies that z € Q. But z ¢ €, since ¢(R(z)) = 1 and by Statement
1). Hence, z € 092. Conversely, let z € 02 and R(z) € R’. Then z is
the limit of a convergent sequence wy,, — z, wy, € Q, R(w,) € R”, and
¢(R(wy,)) < 1, by Statement 1). Therefore, ¢(R(z)) < 1, by continuity. We
know that ¢(R(z)) cannot be less than 1, since z ¢ Q and by Statement 1).
Therefore, ¢(R(z)) = 1. Proposition 2.7 is proved. O

Now let us prove that every holomorphic function is C'*°-smooth, using
the fact that it is locally the sum of a converging power series. We show
that the latter is its Taylor series.

10



8lf ak+lf

3.0+ .rgz Of function of one variable and the

The higher derivatives
higher derivatives
gkl f o+l f
92k0zL 9k pzknozl oz’

k,l e ZZO

of a function of n complex variables are defined by subsequent differenti-
ations. They are independent on the choice of order of differentiations (if
the order of smoothness of the function is no less than the number of dif-
ferentiations). This follows from the general fact that every two differential
operators with constant coefficients commute.

Example 2.9 Let f(z) = 27 ...25". Then

ak—i—lf
T PR — = 0 whenever [ # 0;
02" ... 0z 07" ... 0%y
o' =0 wh k f in 7;
9k whenever £; > s; for a certain j;
8kf . - Sj! s

—k .
— = — 2 whenever k; < s; for all j.
82’“ =1 (Sj — kj)! ’

Remark 2.10 All the above statements on power series remain valid for
power series >, cx(z — p)* with arbitrary p € C™: the convergence domain
is a union of polydisks centered at p, etc.

Proposition 2.11 Let a power series f(z) = >, cx2* has a non-empty
convergence domain. Then its sum f(z) is holomorphic and C°°-smooth
there and

1 olklf
1 11 Ak (p),
]{31. e ]i'n 0z

Proof Without loss of generality we consider that p = 0. The convergence
domain is a union of convergence polydisks. Fix a convergence polydisk
A, and let us prove the above regularity statements in A,. We claim that
each derivative (of any order) of the series Y, c,z* converges uniformly on
compact subsets in A,. Let ¢(r), ¢1(r) denote respectively the upper limits
(2.1) corresponding to the initial series and its derivative

0
a—Zl(Z cp2t) = Z kizy e,
k

k

¢ = £(0), cx = (2.4)

11



One has

¢1(r) = Timp_yo0 ((|lrry  cx|r®) mET < mlHoo(!Ci»clrk)"C‘l‘l =¢(r) < 1.

Thus, the above derivative series converge uniformly on compact subsets in
A, by Proposition 2.7. For higher derivatives the proof is analogous: the
I-th derivation yields a new multiplier polynomial in k of fixed degree |I|,
and its contribution to the above upper limit cancels out after taking a root
of order |k|, as in the above inequality. This implies infinite differentiability
of the function f, and each its partial derivative is equal to the sum of the

corresponding derivative series. In particular, (%fj = 0, since this holds for

k
each term of the power series. Hence, f is holomorphic. The value a{;z‘kf (0) is
equal to the free term of the corresponding derivative series, i.e., ki!... kylcg.

This proves (2.4) and the proposition. O

Corollary 2.12 A function f on a domain V- C C™ is holomorphic, if and
only if each point p € V' has a neighborhood where f is a sum of a converging
power series . cx(z — p)¥. The coefficients cy are given by formula (2.4).

The corollary follows from the above proposition and Theorem 1.11.

3 Analytic extension. Erasing singularities. Har-
togs Theorem

Theorem 3.1 (Uniqueness of analytic extension). Every two holomorphic
functions on a connected domain 2 C C" that are equal on an open subset
coincide on all of €.

Proof It is sufficient to show that if a holomorphic function f on a con-
nected domain {2 vanishes on some open subset V' C €2, then f = 0 on all of
). To do this, let us consider the subset

oIkl ¢

One has f|x = 0, since the latter intersection includes £ = 0. The subset
K C € is closed, being an infinite intersection of closed subsets, since f €
C*(Q) (Corollary 2.12). The set K is open. Indeed, at each point p € K the
function f has vanishing Taylor series coefficients, by definition and formula
(2.4). Hence, f = 0 on a neighborhood of the point p, and thus, the latter

12



neighborhood is contained in K. Therefore, K is a nonempty closed and
open subset of a connected domain 2, hence K = and f =0 on (. a

Proposition 3.2 (Openness Principle.) FEach non-constant holomor-
phic function on a connected domain is an open map: the image of each
open subset is open.

Proof Let f be a non-constant holomorphic function on a connected do-
main €). It suffices to show that for every point z € {2 the image of arbitrary
ball centered at z contains a neighborhood of the image f(z). Fix a z € Q
and a complex line L through z where f|; # const in a neighborhood of
z. The line L exists since f is locally non-constant (uniqueness of analytic
extension). The restriction of the function f to a disk in L N centered at
z is an open map, being a non-constant holomorphic function of one com-
plex variable. This implies that the image of every disk as above contains a
neighborhood of the point f(z), and hence, so does the image of arbitrary
ball in €2 centered at z. The proposition is proved. O

Corollary 3.3 (Maximum Principle.) The module of a non-constant
holomorphic function on a connected domain €2 cannot achieve its mazximum
n Q).

Proof If a module of a holomorphic function f # const achieves its max-
imum at a point z € 0, then the image f(€2) contains the point f(z) but
avoids the exterior of the circle through f(z) centered at 0. Hence, it con-
tains no its neighborhood, — a contradiction to Openness Principle. The
corollary is proved. a

Theorem 3.4 (Liouville). Every bounded holomorphic function on all of
C™ is constant.

Proof The restriction of a bounded holomorphic function f to each complex
line through the origin is constant, being a bounded holomorphic function
on C (Liouville Theorem in one variable). Therefore, f = f(0) on C*. O

It is known that for every domain V C C there exists a holomorphic
function on V that extends analytically to no point of its boundary. This
statement is false in higher dimensions. A basic counterexample, the Hartogs
Figure is provided by the next theorem.

13



Theorem 3.5 (Hartogs) Let R = (Ry,...,Ry,), Rj >0, 1 <k <mn,r=
(r1,...,7%), rs < Rs. Set R¥ = (Ry,...,Ry), R"F = (Rgy1,..., Ry). Let
V C Agn-t C C" % be an open subset. Let z = (z1,...,2,) be coordinates
on C". Sett = (21,...,2k), W= (Zktls---)2n),

(In the case, whenn =2, k=1, V = D,,, r2 < Ra, the domain Q is the
so-called Hartogs Figure, see Fig.1.) Then every function holomorphic on
Q extends holomorphically to the whole polydisk Ar = Agr X Agn—k.

t=z 1

Vi

0 I Ry

Figure 1: The Hartogs Figure for n = 2: picture in the positive quadrant

Proof For simplicity, let us prove the theorem in the case, when n = 2,
k=1: thus R¥ = Ry, R" % = Ry, 2 = (21, 22), t = 21, w = 2. The proof in
the general case is analogous. Let f be a function holomorphic on . Fix an
arbitrary 6 € (r1, R1). For every w € V the function f(z;,w) is holomorphic
in z; € Dg, C C, since Dp, x {w} C B C Q. Therefore, for every z; € D;
it is expressed as Cauchy integral

flz,w) = 1 ?{ Md(. (3.1)

211 |z1|:5 C—Zl

For every fixed w € Dpg, the subintegral function is holomorphic in z; €
Ds. Hence, the integral is also holomorphic in z; € Dy, as in the proof of
Osgood’s Lemma. For every fixed ( € Dg,\Ds D 0D;s the function f((,w) is
holomorphic in w € Dg,, since {¢} x Dr, C A C Q. Finally, the subintegral

14



function is holomorphic in (21, w) € Ds x Dpg,, and hence, so is the integral.
Thus, formula (3.1) extends the function f(z;,w) holomorphically to Dy x
Dp,. This holomorphic extension is unique, by the Uniqueness Theorem for
holomorphic extension. Thus, f is holomorphic there and hence, on all of
AR = Dpg, x Dp,, since ¢ is an arbitrary number between r; and R;. This
proves the theorem for n = 2 and k = 1. Theorem 3.5 is proved. O

Exercise 3.6 (Seminar.) Prove Theorem 3.5 in the general case using mul-
tidimensional Cauchy integral.

Theorem 3.7 (Erasing compact singularities). Let G C C™ be an open
subset, K € G be a compact subset. Let both G and the complement G\ K
be connected. Then every function holomorphic on G \ K extends holomor-
phically to all of G.

We prove this theorem only in the case, when the ambient domain is a
polydisk. Its proof in general case is more complicated and can be done by
using, e.g., Bochner—Martinelli integral formula.

Proof of Theorem 3.7 in the case, when G is a polydisk. Let us
prove the theorem in the case when n = 2: in higher dimensions the proof
is literally analogous. Let G = Agr, R = (R1,R2). Let K, Ky denote
respectively the images of the compact set K under the projections to the
z1- and z9-axes: Ky € Dp,, Ky € Dp,. Fix an open subset V' C Dp, \ K»
and a 0 < r; < R such that K1 € D,,. Let Q be the Hartogs figure from
Theorem 3.5 constructed by the chosen r1, V and R. One has Q2 C Ag\ K.
Therefore, every function holomorphic on Ag \ K is holomorphic on 2, and
hence, extends to a function holomorphic on all of Ag, by Theorem 3.5. O

Exercise 3.8 (Seminar). Prove that every function holomorphic on the
complement of a polydisk centered at the origin to a coordinate subspace of
codimension at least two extends holomorphically to the whole polydisk.

Hint. Construct an appropriate Hartogs figure in the complement to the
coordinate subspace in question.
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4 Implicit Function and Constant Rank Theorems.
Complex manifolds. Extension theorems for func-
tions on manifolds

4.1 Implicit Function and Constant Rank Theorems

Theorem 4.1 (Holomorphic Implicit Function Theorem) Let U C
C" x C%, (0,0) €U. Let F: U — C' (X,Y) — F(X,Y) be a holomor-
phic map with F(0,0) = 0. Let the partial differential 3—5(0) : ToCt —
ToCt be a non-degenerate linear operator. Then there exists a neighbor-
hood A = V x W of the origin in C* x C' such that the intersection
AN{F = 0} is the graph {Y = Y(X)} of a holomorphic mapping Y :
V. — W. Its differential dY (Xo) at each point Xo, set Yo = Y (Xop), is
equal to —(g—{:)_l(Xo, Yo)g—fg(Xo, Yo)dX. That is, the latter matriz product
is equal to the Jacobian matriz of the mapping Y (X) at Xo.

Proof The mapping F' being considered as a real mapping of the domain
U C C" x Ct = R x R? to C* = R? satisfies the statement of the real
Implicit Function Theorem from analysis. The above function Y (X)) is well-
defined and C'-smooth on some domain V' C C" containing the origin, and
Y (0) = 0. The above formula for its derivative holds in terms of real linear
operators. The derivatives of the map F' in X and in Y are both C-linear
at each point (Xo,Yy) € U, by holomorphicity. Therefore, the differential
dY (Xp) is also C-linear at each point Xy € V. But each C''-smooth (vector)
function on V with C-linear differential at each point is holomorphic. Hence,
Y (X) is holomorphic on V. This proves the Holomorphic Implicit Function
Theorem. O

Recall the following definition.

Definition 4.2 A mapping F' : U — V of complex domains (manifolds) is
bitholomorphic, if it is holomorphic and has a holomorphic inverse.

Theorem 4.3 (Holomorphic Inverse Map Theorem) Let U C C™ be a neigh-
borhood of the origin. A holomorphic map G : U — C™ with non-degenerate
differential dG(0) is always a biholomorphic map of some neighborhood of
the origin onto an open subset in C™.

Proof It suffices to apply the Implicit Function Theorem to the function
FX,)Y)=G(Y) - X. O
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Remark 4.4 Each biholomorphic mapping is always a C'°° diffeomorphism.
There exist no biholomorphic mappings of domains of different dimensions,
since this is true for diffeomorphisms.

Theorem 4.5 (Constant Rank Theorem). Let U C C" be a neighbor-
hood of the origin. Let F : U — C™ be a holomorphic map, F(0) = 0. Let its
differential have constant rank £ < m on U. Then there exist neighborhoods
V.cU, W C C™ of the origin and biholomorphisms (coordinate changes)
g:V%leVQCC?*ZXCf;,h:W%WleQCCﬁxC;’L*E such that
F(V)CW and ho F o g(z,w) = (w,0).

Proof The proof of this theorem repeats the classical proof of the similar
theorem from calculus. It is done in two steps.

Step 1: case, when £ = m. Let us split coordinates in C™ into two groups
(zyw), z = (21,-++y2n—¢), w = (w1,...,wy) so that the partial differential
% is epimorphic, i.e., invertible. Consider the auxiliary mapping H :
(z,w) — (2, F(z,w)). It is well-defined and holomorphic on a neighborhood
Vi x Vo € C" ¢ x C¢ of the origin. Its differential at the origin is non-
degenerate, by construction. Therefore, shrinking the above domains V7,
Vo, we get that it is a biholomorphism of the product Vi x V5 onto its
image: a neighborhood V of the origin in C¢. Hence, the mapping H has a
holomorphic inverse of the form g : (z,y) — (2,G(z,y)). By construction,
Fog(z,y) =y. The theorem is proved with h = Id.

Step 2: case, when ¢ < m. Let (z,w) be the above splitting of the
coordinates on C". Let us split the coordinates in the image space C™ in
two groups (z,y), x = (z1,...,2¢), ¥y = (Y1, - -, Ym—r), S0 that the map F :=
x o F has rank £ at the origin (and hence, on some its neighborhood). Then
applying Step 1 to the map F we get that there exists amap g : V1 xV2 — C",
g(0) = 0, such that F o g(z,w) = w. Hence, F o g(z,w) = (w,¥(z,w)), ¢
is holomorphic on a neighborhood of the origin. Shrinking V; and Vs, we
consider that the latter neighborhood coincides with Vi x V5. . The rank of
the latter map Fog should coincide with the rank of the map F', that is, with
the dimension ¢ of the w-variable. This implies that the function ¢ (z,w)
has zero derivative in z and hence, depends only on w. Post-composing the
map F o g(z,w) = (w,¥(w)) with the map h: (z,y) — (z,y — ¥(z)) yields
the map (z,w) — (w,0). The Constant Rank Theorem is proved. O
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4.2 Comlex manifolds and extension of functions

Definition 4.6 A complex manifold of complex dimension d is a real 2d-
dimensional manifold M admitting an atlas where all the transition func-
tions are biholomorphic. In more detail, it is a topological space M that
admits a covering by open sets U; such that there exist homeomorphisms
H;:U; —=V;C C? with the following property:

- for every two intersected open subsets U; and U; the transition maps
HjoH; ' : H;(U;nNU;) — H;(U;NU;) C V; are holomorphic (they are biholo-
morphic, since their inverses H; o H j_l are also holomorphic by definition).

Here we suppose that M has a countable basis of neighborhoods.

Definition 4.7 A function f : M — C on a complex manifold M is holo-
morphic if for every j the function f o H P 1. V; — C is holomorphic. A
holomorphic map M — C" and a holomorphic map between complex man-
ifolds are defined analogously.

Definition 4.8 Let M be a n-dimensional complex manifold, and let k& €
N, & < n. A subset A C M is a k-dimensional complez (holomorphic)
submanifold, if it is closed and each point x € A has a neighborhood U =
U(x) C M that admits a biholomorphism h on a neigborhood of the origin
in C, Ly h(z) = 0, such that h sends the intersection A N U onto the
intersection of the image h(U) with the coordinate k-plane {zxy; = -+ =
zn, = 0}. The tangent space of a submanifold at its point is defined in the
same way, as the tangent space of a real submanifold; in the holomorphic
case under consideration the tangent space has a natural structure of a

complex vector space.

Example 4.9 Let f : M — C"* be a holomorphic vector function, and let
A = {f = 0}. Let 0 be not its critical value: the differential df (z) at each
point & € A is non-degenerate, that is, has rank k. Then A is a submanifold,
which follows from the Implicit Function Theorem.

Theorem 4.10 (Erasing codim > 2 singularities). Let M be a complex
manifold, and let A C M be a complex submanifold of codimension at least
two. Then every function holomorphic on M \ A extends holomorphically to
all of M.

Proof It suffices to show that each point x € A has a neighborhood U =
U(x) C M such that each holomorphic function f : U\ A — C extends
holomorphically to all of U. This holds for a neighborhood U that admits
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a biholomorphism onto a polydisk so that A N U is sent to a coordinate
subspace of codimension at least two: see Exercise 3.8. a

5 Analytic sets

First in Subsection 5.1 we introduce notion of analytic subsets and present
their basic properties. Then in Subsection 5.2, 5.3 we study the case of germs
of local hypersurfaces, zero loci of germs of holomorphic functions, where
we prove Weierstrass Preparation Theorem and factoriality of the local ring
of holomorphic functions. Afterwards we will pass to the general theory of
analytic subsets.

5.1 Introduction and main properties

Definition 5.1 An analytic subset in a complex manifold M is a subset
A C M such that each point p € A has a neighborhood U = U(p) C M
where there exists a finite collection of holomorphic functions f; : U — C,
j € J, such that

ANU={f;=0]jeJ}.

Remark 5.2 Each analytic subset is closed. Any holomorphic submanifold
is an analytic subset, but the converse is not true. For example, the coordi-
nate cross A = {zy = 0} € C? and the cusp curve B = {y?> = 23} c C? are
analytic subsets. But they are not submanifolds. See a brief explanation
(with an exercise) below.

Definition 5.3 The regular part of an analytic subset A C M is the subset
Aeq consisting of those points z € A such that there exists a neighborhood
U = U(x) C M for which the intersection U N A is a submanifold in U. This
is an open subset in A. The complement Agjng := A\ A4 is a closed subset
in M called the singular part of the set A.

Exercise 5.4 (Seminar). Let U C C™ be a domain. Consider a holomorphic
function f: U — C. Set

Zp={f=0}CU, Z;:={xeZ;|df(z)+#0}.

Let Z% be dense in Z, and the complement 45 = Zy \ Z3 be non-empty.
Show that Z; ging = Z JSC Deduce the statements of the above remark.

Hint. Suppose to the contrary that Z; is a local submanifold at a point
z € Zj. Then there exists a neighborhood W = W (x) and a biholomorphism
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H that sends W to a domain V' C C" and sends Zy N W to a coordinate
subspace of codimension 1, say, z, = 0. Then the line L through H(x)
parallel to the z,-axis intersects H (W) once, and so does any close line.
But one can find a parallel line L’ arbitrary close to L that intersects H (W)
at least twice: the restriction to L of the function f o H~! has zero H(z) of
total multiplicity bigger than one, since its differential at H(z) is zero.

Proposition 5.5 Any analytic subset A in a connected manifold M either
coincides with all of M, or is nowhere dense. In the latter case its comple-
ment is dense.

Proof The interior Int(A) is obviously open. It suffices to prove that it is
closed: this will imply that it is either emply, or all of M, by connectivity.
Let p € M be an accumulation point of Int(A). Then p € A. Hence, there
exists a neighborhood U = U(p) C M such that the functions f; defining
the set A in U are holomorphic in U and vanish on a non-empty open
subset Int(A)NU. Hence, they vanish identically, by uniqueness of analytic
extension. This implies that ANU = U and hence, p € Int(A) and Int(A)
is closed. The proposition is proved. a

Exercise 5.6 (Seminar). Show that in the above second case the comple-
ment M \ A is connected.

Exercise 5.7 (Seminar). A finite union of analytic subsets A; U ... Ay is
analytic. A finite intersection of analytic subsets A; N --- N Ay is analytic.

Proof It suffices to prove these statements for union (intersection) of two
analytic subsets A1 and Ay of a complex manifold M.

Let us show that A; N As is analytic. Let z € A; N As. Let U be its
neighborhood in M where each A; N U is defined as zero locus of a finite
collection F}; of holomorphic functions. Then A; N Ay N U is the zero locus
of the functions from the finite collection Fy U F5. Therefore, A1 N Ay is
analytic.

Let us now show that A; U As is analytic. Recall that the sets A
and Ay are closed, being analytic. In the case, when they are disjoint,
there is nothing to prove: each point z € A; U As lies only in one subset
Aj, its neighborhood U C M small enough intersects A; only, and thus,
UnN (A1 UAy) =UnNA;is defined by the same collection of holomorphic
functions, as Aj; hence it is analytic. Let now z € A1 N As. Let U C M
be its neighborhood where each A; NU is zero locus of a finite collections
F}; of holomorphic functions on U. Then the zero locus of the products fg,
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f € Fi, g € Fy, coincides with U N (A; U Az). Hence, A; U Ay is analytic.
The statements of the exercise are proved. O

Theorem 5.8 The regular part of an analytic subset A C M is dense in A.

Proof We prove Theorem 5.8 by induction in the dimension n of the am-
bient manifold M.

Induction base: for n = 1 the statement of the theorem is obvious.

Induction step. Let the statement of the theorem be proved for n < k.
Let us prove it for n = k+1. Let x € A. Let us show that A,., accumulates
to z. Fix some small neighborhood V = V(z) C M and consider that x is
the origin in a holomorphic chart containing V. We show that A,eq NV # ()
and then we apply this statement to arbitrarily small V. Thus, we deal with
A as an analytic subset in V' C C", 0 € A, where A is defined as the zero
locus of a finite collection of functions holomorphic on V. Fix a holomorphic
function f # 0 on V, f|4 = 0. There exists a (higher) partial derivative g
of the function f (which may be f itself) that vanishes identically on A and
such that some of its partial derivatives % does not vanish identically on
A. Indeed in the opposite case all the partial derivatives of the function f
would vanish at 0, and hence, f = 0, - a contradiction. Thus, g|4 = 0, and
thus, the analytic subset I' = {g = 0} C V contains A. The regular part of
the set I' contains the open subset 'V :=T'N {g—zgj # 0} C T, since g—zgj\A Z0
and by the Implicit Function Theorem. The intersection A? := I'°N A is
non-empty, by assumption. On the other hand, it is an analytic subset in
the complex manifold I'? of dimension n — 1. Hence, its regular part Ageg
is dense in TN A (and thus, non-empty), by the induction hypothesis. But
Ageg is contained in A,.4. Indeed, for every y € Ageg and every neighborhood
W = W(y) C V such that W NT C I the intersection W N T is obviously
a submanifold in W, and ANW = Ageg N W is a submanifold in the latter
submanifold. Hence, A N W is a submanifold in W: a submanifold of a
submanifold in W is obviously a submanifold in W. Finally, A,., contains
a non-empty subset A?eg C V. Applying the above arguments to arbitrarily
small neighhborhood V' we get that A,., accumulates to x. Hence, A,¢4 is
dense. Theorem 5.8 is proved. O

Definition 5.9 The dimension dim, A of an analytic set A at its regular
point x € A4 is the dimension at = of the submanifold AN U in a small
neighborhood U = U(x). Its dimension at a point « € Agipg is

dimg A := limyea, ., ye dimy A.
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The dimension of analytic set A is

dim A := supdim; A = max dim, A.
€A IEA'reg

Theorem 5.10 (given without proof). For every analytic subset A C M
its singular part Aging is an analytic subset in M of dimension strictly less
than dim A.

Proposition 5.11 The preimage of an analytic subset in a manifold N
under a holomorphic mapping M — N is an analytic subset in M.

The proposition obviously follows from definition.

Definition 5.12 A map F : M — N between topological spaces is proper,
if the preimage of every compact subset in N is a compact subset in M.

A fundamental result of the theory is the following theorem

Theorem 5.13 (Remmert Proper Mapping Theorem). Let M, N be
complex manifolds, and let A C M be an analytic subset. Let F : M — N
be a holomorphic map whose restriction to A is proper. Then the image
F(A) C N is an analytic subset.

Corollary 5.14 Let M, N be complex manifolds, and let N be compact.
Let A C M x N be an analytic subset. Then the projection of the set A to
M is an analytic subset in M.

Theorem 5.15 (was it at the seminar?) Each holomorphic bounded func-
tion on a complement of a compler manifold to an analytic subset extends
holomorphically to the whole ambient manifold.

Proof It suffices to prove the local version of the theorem, for a bounded
holomorphic function f on the complement of a domain U C C7, . to the
zero locus Z,; = {g = 0} of a holomorphic function g : U — C. Fixanz € Z,,.
It suffices to show that f extends holomorphically to a neighborhood of the
point z in Z,. Passing to appropriate local chart we can and will consider
that x = 0, set z = (21,...,2p-1), W = 2y, and that g is holomorphic on the
polydisk A = A, x Ds ¢ C*~! x Oy, and that for every fixed z € A, one
has g(z,w) # 0 in w € Ds. Then one can find a circle S! = {|Jw| = s} C D;
and 0 = (01,...,0,-1), 0j < rj, such that A, x S* is disjoint from the zero
locus Z,;. The intersection of each disk {z} x Ds with Z, is a discrete set
of points. The function f(z,w) with fixed z extends there holomorphically,
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being bounded (Erasing Singularity Theorem for holomorphic functions in
one variable). Thus, for every z € A, and every w with |w| < s one has

1 f(z,m)

flz,w) = i ———=dn,

i Jg1r m—w
by Cauchy Formula. The subintegral expression is holomorphic in (z,w) €
A, x Dg. Therefore, the above Cauchy integral extends f(z,w) holomorphi-
cally to the latter product, and hence, to the neighborhood (A, x D) N Z,
of the point z = 0 in Z,;. The theorem is proved. a

5.2 Weierstrass polynomials. Weierstrass Preparatory The-
orem

Definition 5.16 A polynomial P,(w) = w?+ a1(2)w" ™' + -+ + ag(z) with
variable coefficients depending holomorphically on z = (z1,...,2,) from a
neighborhood of the origin in C" with a;(0) = 0 is a holomorphic function
in n + 1 variables (z,w) called a Weierstrass polynomial in w.

Remark 5.17 For every fixed z a Weierstrass polynomial does not vanish
identically in w and has the same number d of roots with multiplicity.

Definition 5.18 Let f(z,w) be a germ of holomorphic function at (0,0) in
C? x Cy, f(0,0) = 0, that does not vanish identically on the w-axis. Let
d>0,r=(ry,...,ry), rj > 0 be such that the function f is holomorphic on
A, xDg, f(0,w) # 0 for w € Ds\{0} and f|a, xap; # 0. Then A := A, x D;
is called a Weierstrass polydisc for the function f.

Remark 5.19 If f(0,w) # 0 on a neighborhood of zero in the w-axis, then a
Weierstrass polydisk always exists. In general, if f is a holomorphic function
on a neighborhood of the origin in C"*!, then one can choose coordinates
(21,...,2n,w) in such a way that f(0,w) # 0, and hence, in the latter
coordinates a Weierstrass polydisk exists.

Theorem 5.20 (Weierstrass preparatory theorem). Let f(z,w) be a
holomorphic function on a neighborhood of the origin in C"*1 = C? x C,,
z = (z1,...,2n), with f(0,0) = 0 and f(0,w) # 0. Let A = A, x Ds be
a Weierstrass polydisk. Then there exists a unique Weierstrass polynomzial
P.(w) such that on some neighborhood U of the origin one has f(z,w) =
h(z,w)P,(w), h(z,w) is a holomorphic function on the latter neighborhood
U, h(0,0) # 0. Moreover, P,(w) is holomorphic on A, x Cy, and h(z,w) is
holomorphic and nonvanishing on A, x Ds.
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Proof Fix a Weierstrass polydisc A = A, x Ds. Set g,(w) = f(z,w). The
function go has geometrically unique zero in Ds: the origin. Let d denote its
multiplicity. Then for every z € A, the function g, has d roots with multi-
plicities in Ds and does not vanish on its boundary. Let bi(z),...,bq(z) de-
note its roots. The coefficients of the Weierstrass polynomial we are looking
for are uniquely determined as the basic symmetric polynomials o5 = 04(2)
in bj(z) up to sign. (This already proves the uniqueness.) They vanish
at z = 0 by assumption. Let us show that they are holomorphic func-
tions in z. Indeed, they are expressed as polynomials in the power sums
6s(2) = >2;b5(2), s € N. One has

1 ¢ 5520
0s(z) = — - dC. 5.1)
° ) 2mi 0Ds f(za C) (
Indeed, the latter integral is equal to the sum of residues of the subintegral
expression. The nonzero residues may exist only at those ¢, where g,(¢) =
f(2,¢) = 0. The residue value corresponding to a root ¢ of the function
g-(w) of multiplicity v is equal to v(*. Indeed, one has

9=(u) = f(z,u) = c(u—=)"(1+O0(u—=()), asu = ¢ #0,

& (o) = el — (1 4 0(1)) + O((u— ) = T a1+ o))

This implies that the residue at ¢ is equal to v¢®. This proves (5.1). The
right-hand side in (5.1) is holomorphic in z € A,, since the subintegral
expression is holomorphic and its restriction to the integration circle is a
uniformly bounded function whenever z run over arbitrary compact subset
in A,. Therefore, the integral and hence, the power sums 5(z) are holo-
morphic on A,. Hence, the elementary symmetric polynomials o, are also
holomorphic. Therefore, the function

d d
P(w) = [J(w=b;(2)) = w? + Y (=1)°0(z)w""*
j=1 s=1

is a Weierstrass polynomial vanishing exactly on the zero set I' = {f = 0}
of the function f. The ratio h = 4 and its inverse h~1 are holomorphic
functions on the complement (A, x Ds)\T'. Let us show that each of them
extends holomorphically to I' (say h; for h~! the proof is the same): then
the theorem follows immediately. For every fixed z the function h(z,w) has
a nonzero limit, as w tends to a root of the polynomial P,(w), since the
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latter root has the same multiplicity for both functions P,(w) and g,(w).
Therefore, the function h(z,w) is holomorphic in w € Ds for every fixed
z € A,. Hence, it can be written as Cauchy integral

_ 1 h(z,¢)
h(Z,UJ) = 277” |<|:6 g —w

d¢, w € Dyg.

The subintegral expression is holomorphic in (z,w) € A and uniformly
bounded with derivatives and continuous on compact subsets in A. There-
fore, the latter integral, and hence h are holomorphic there. Similarly, A~
is holomorphic. Hence, h is a unity. a

5.3 Local rings. Factorization of holomorphic functions as
products of irreducible ones

Definition 5.21 Let X be a topological space, x € X. Two functions f
and g defined on neighborhoods Uy and U, of the point z are called z-
equivalent, if there exists a neighborhood W = W (z) where f = g. The
germ of a function at a point x is its xz-equivalence class.

Remark 5.22 In general, two functions (e.g., smooth functions on a man-
ifold) defining the same germ at x can be distinct. But if two holomorphic
functions on a connected manifold M have the same germ at some point,
then they are identically equal on M, by uniqueness of analytic extension.
For every point x € M there is a 1-to-1 correspondence between germs at x
of functions f holomorphic on some its neighborhoods Uy depending on f
(i.e., functions holomorphic just at x) and germs of holomorphic functions
at 0 € C", n = dim M, or equivalently, converging power series.

Definition 5.23 The ring of germs of holomorphic functions f at 0 € C"
will be called the local ring and denoted O,. Recall that a unity of a ring
is an invertible element, i.e., an element u for which there exists an inverse
uw™!, uu~! = 1. Thus, a unity in O, is a germ of holomorphic function that
does not vanish at 0.

Remark 5.24 The Weierstrass Preparation Theorem implies that each germ
of holomorphic function f(z,w) at (0,0) € C? x C,, with f(0,0) = 0 and
f(0,w) # 0 is the product of a Weierstrass polynomial and a unity in Op41.

Definition 5.25 An element of a ring is irreducible, if it is not a unity and
cannot be presented as a product ab, where a and b are not unities. A ring is
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factorial, if each its non-zero element that is not a unity can be represented
in a unique way (up to permutation and multiplication by unities) as a
product of powers of irreducible elements times a unity.

Here we prove the following theorem.

Theorem 5.26 The local ring O, is factorial.

In the proof of Theorem 5.26 we use the Weierstrass Preparatory Theo-
rem and the following well-known Gauss Lemma and property of Weierstrass
polynomials.

Lemma 5.27 (Gauss). Let R be a factorial ring. Then the polynomial ring
Rlw] is also factorial.
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