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Currents and complex structures

In this chapter we introduce two new ideas, one coming from differential geom-
etry (currents) and the other coming from analysis (complex analytic manifolds
and their associated complex structures), which we will use frequently through-
out the rest of this book. We start by defining currents, which for differential
forms play the role that distributions play for functions, and then consider the
regularisation problem for currents defined on a C* differential manifold. Solv-
ing this problem, which is easy in R"™ by means of convolution, obliges us to
introduce kernels with similar properties to the convolution kernel. We will also
study the Kronecker index of two currents, which generalises the pairing of a
current and a differential form. This index enables us to prove a fairly general
Stokes’ formula which will be used in Chapters III and IV. We then introduce
the notion of a complex analytic manifold and describe the natural complex
structures which appear on the tangent space of such manifolds, which leads us
to define (p, ¢) differential forms, the d operator, the Dolbeault complex and the
associated cohomology groups. The holomorphic extension phenomena studied
in Chapter V are linked to the vanishing of certain of these cohomology groups,
and some vanishing theorems will be proved in Chapter VII. We end this chapter
with the definition of the complex tangent space to the boundary of a domain
in a complex analytic manifold which appears later in the definitions of CR
functions (Chapter IV) and pseudoconvexity (Chapter VII).

1 Currents

By X we will always denote a C* n-dimensional oriented differentiable man-
ifold. For any p such that 0 < p < n we denote by DP(X) the vector space
of C*° degree p compactly supported differentiable forms on X. We will define
a locally convex topology on DP(X) and study its dual.

A. The topology on DP(X)

Assume first that X is an open set in R™ and denote by £(X) the vector space
of C* functions on X.
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If K is a compact set in X and « is an element of N then for any f € £(X)
we set

Pr.a(f) = sup [D f(z)].
reEK
The functions pg , are semi-norms on £(X). Consider the topology on £(X)
defined by these semi-norms. The sets

Vikme ={f € E(X) [Va, o] <m, pka(f) <e}

form a fundamental system of neighbourhoods of zero for this topology. As X
is an open set in R™ there is an exhaustion of X by compact sets (K, )pen and
the family (Vk, . ,,.)p.meNnen+ is a fundamental basis of the topology in a
neighbourhood of 0. This topology is therefore metrisable. It is easy to check
that a sequence of elements in £(X) converges to 0 in the above topology if
and only if both the sequence and all its derivatives converge uniformly to 0 on
any compact set in X. The vector space £(X) equipped with this topology is
a Fréchet space (i.e. a locally convex, complete, metrisable topological vector
space).

If p is a C* differential form of degree p on X then ¢ can be written in

the following form
p= > rdzy,

_ MI=p

i1 <tp<---<ip
where ¢y € £(X) and for any I = (i1,...,4p) € {1,...,n}?, we set dz; =
dxi, \--- ANdz;,. For any compact set K in X and o € N" we set

Dr,a(@) = sup{pr,a(er) | I = (i1,...,0p) € {1,...,n}P, i1 <ig < -+ <ip}.

The set of semi-norms px ., where K is a compact set in X and « is an
element of N™ defines a Fréchet space topology on the vector space EP(X)
of C*° degree p differential forms on X.

If Y is another open set in R™ and f is a C*° diffeomorphism from X to Y
then the map

frEP(Y) — EP(X)
pr— [T
is a linear homeomorphism.

We now consider the case where X is a manifold. Let A be an atlas on X.
We define a topology on £P(X) using the semi-norms py, i, which are defined
by

Puic.a(®) = Dr.a((h1) ¢|,) forany ¢ € £(X)

for any set U which is the domain of a chart (U,h) € A, any compact set K
in U and any a € N™. This topology is independent of the choice of A:
it is the coarsest topology such that the maps (k=1)* : £(X) — E(k(V))
are continuous for any chart (V,k) on X. As X is countable at infinity we
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can assume that the atlas A contains a countable number of charts and the
topology defined above is therefore metrisable. It is easy to check that EP(X)
is a Fréchet space with this topology.

If K is a compact set in X then we denote by D} (X) the subspace of
EP(X) consisting of C>° degree p differential forms supported on K. This is a
closed subset in £P(X) and it follows that if we equip it with the restriction
of the above topology on EP(X) we get a Fréchet space. We then equip
DP(X) = Uy D% (X) with the finest locally convex vector space topology for
which all the inclusions

DY (X)—— DP(X), K acompact set in X
are continuous.

Remarks. A sequence of differential forms (¢;);en C DP(X) converges to
p € DP(X) in the above topology if and only if

1) the forms ¢, are all supported on some fixed compact set K in X.
2) (¢j)jen converges to ¢ in Dy (X).

B. Currents

Definition 1.1. A p-dimensional current on X is a continuous linear form
on DP(X). We denote by D, (X) the set of p-dimensional currents on X. Tt
is a C-vector space, the topological dual of DP(X).

Consider T' € D, (X): this is a linear form on DP(X) and hence, for any
pair of forms ¢1, o € DP(X),

T(p1 + p2) =T(p1) + T(p2)

and for any A € C and ¢ € DP(X)
T(hp) = AT ().

The current T is also continuous on DP(X). In other words, T‘(Dp)(X) is
K.

continuous for any compact set K in X. This is equivalent to the following
statement: For any sequence (g;);en of elements in DP(X) which tends to 0,
the sequence T'(¢;) also tends to 0 in C.

Throughout the following we will write (T, ¢) for T'(¢).

Ezxamples of currents.

i) The Dirac delta function 6., x € X, defined by d,(¢) = () for any
¢ € DY(X) is a 0-dimensional current.
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ii) If w is a locally integrable differential form of degree ¢ on X then we define
an (n — ¢)-dimensional current T,, by

<Tw,gp>:/ wAg forany p € D"TI(X).
X

This definition is only possible on an oriented manifold X.
ili) If Y is a C* closed and oriented p-dimensional submanifold of X then we
define a p-dimensional current [Y] on X by

<[Y],¢>:/Y90:/Yi*s0 for any ¢ € DP(X),

where 4 is the inclusion Y < X. The current [Y] is called the integration
current on Y.

If K is a compact set in X and k € N is an integer then we denote by
(Ck)P(X) the space of C* degree p differential forms supported on K. We
equip this space with the topology defined by the semi-norms pg o, |o| < k.
We define (C¥)P(X) to be the union of the spaces (Ck.)P(X) for all compact
sets K in X: it is the space of C* degree p compactly supported differential
forms on X. We equip this space with the finest locally convex vector space
topology for which all the inclusions

(CR)P(X) — (COP(X)

are continuous. Consider the inclusion DP(X) — (C¥)P(X): it is a continu-
ous map with dense image. We denote the topological dual of (C¥)?(X) by
(Cf);,(X): it is a subspace of D, (X) and its elements are called currents of
order k and dimension p on X.

Example. If Y is a C' closed oriented submanifold of X then the integration
current on Y is a current of order 0.

C. Support of a current

In this section we will see that it is possible to obtain global information on
a current by gluing local information.

If {2 is an open set in X and T' € D,,(X) then we can define T|Q (or, more
correctly, T’DP(Q)) by (T’Q, ) = (T, @) for any ¢ € DP({2), where p € DP(X)
is defined by ¢ = p on 2 and ¢ =0 on X \ (2.

Proposition 1.2. Let (£2;)ic; be a open cover of X, and for every i € I
let T; be an element of D, (£2;). Assume that Ti|9mr2j = Tj|9m9j for any

pair (i,7). There is then a unique current T' € D, (X) such that T|Q_ =T
for alli e I.
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Proof. Consider a locally finite partition of unity («;);c; subordinate to the
open cover (£2;);er. If ¢ € DP(X) then ¢ = ), ; o and the right-hand sum
has only a finite number of non-zero terms. If T exists then it must have the
property that, for any ¢ € DP(X),

(1.1) (T, 0) = (T,aip) = > (Ti, ip)

i€l i€l

since «; is supported on (2;.

Conversely, this formula defines a continuous linear form on DP(X). In-
deed, let (¢;)jen be a sequence of elements in DP(X) converging to 0. There
is then a compact set K such that suppy; C K for all j € N and for any
i € I the sequence (a;p;)jen converges to 0 in (CFqppa,)’ (X). It follows
that T;(csp;) converges to 0 and as only a finite number of the forms o;y;
are non-zero on K for any j, T'(¢;) = > Ti(cip;) tends to zero as j tends to
infinity. Formula (1.1) therefore defines a p-dimensional current 7" on X and
we now check that T'|, = T;. Consider ¢ € D({2;). Then:

(Tis0) = Y Ty, anep)

kel

but suppagp C 2 N 2; and it follows that (T;, arp) = (Tk, are) which
implies that (T3, p) = >, (Tk, arp) = (T, @). O

Corollary 1.3. If T is a p-dimensional current on X then there is a largest
possible open set §2 in X such that T|Q =0.

Definition 1.4. If T' € D, (X) then the support of T' is the complement of
the largest open set on which T is identically zero.

Ezample. If Y is a C* closed oriented submanifold of X then the support of
the current [Y]is Y.

Remark. Note that if T € D), (X) is a current with compact support then
the expression (T, ) is meaningful for any C* differential form 3 on X of
degree p. Indeed, let x be a compactly supported C*° function on X such
that x is identically 1 on a neighbourhood of the support of 7. We then set

(T, ) = (T, x¥).

Local expressions of currents. Let (U, h) be a chart of X and let (x1,...,2,)
be the associated local coordinates. Consider the expression

(1.2) T=Y" Tdax,
[T|=p

where 77 is an n-dimensional current on U and dx; = dx;, A -+ Adx;, for
any I = (i1,...,1p) € {1,...,n}P. This defines an (n — p)-dimensional current
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on U in the following way: if ¢ in D""P(U) can be written in the form
Y= Z‘J‘=n_p wydzxy then we set

(T, ) =Y e(I,CI)(Ty, pgrday A+ Aday),
[I|=p
where I = (i1,...,i,) and CI = (j1,...,jn_p) have the property that
{it, -« yipyJis-evsjn-p} = {1,...,n} and (I,CI) is the sign of the permu-
tation sending (1,...,n) to (41,...,%p, J1s-- - In—p)-
Conversely, if T is any current on X then the current T’U can be written
in the form (1.2). Indeed, if we set

(Tr,odxy A -+ Ndxy,) = e(I,CI{T, pdxg;)

for any I = (41,...,4,) and any C* function with compact support on U ¢,
then this formula defines a set of n-dimensional currents 77 and the current T’
can be written in the form (1.2) using these currents 77.

Definition 1.5. If T is a p-dimensional current on a differentiable manifold
of dimension n then the number (n — p) is called the degree of the current T
We denote the set of degree ¢ currents on X by D'¢(X).

We have just proved that a degree ¢ current on X can be locally written
as a degree ¢ differential form whose coefficients are degree 0 currents.

Ezxample. Degree n currents in R™ are simply distributions and can be natu-
rally identified with degree 0 currents.
D. Operations on currents

We now show how to extend the classical operations on differential forms to
currents and define some new operations.

Wedge product with a C* differential form. Consider a current T € D'P(X)
and a differential form « € £9(X) such that 0 < p+ ¢ < n. We define the
wedge product T'A « by

(T Ao,y ={(T,aNy) forany p € D"PTI(X).

This is a degree p+ g current on X. If T' =T, is the current defined by a C*>
differential form of degree p then

Tw No = Tw/\a = (—1)qua/\w.
For any T € D'P(X) and a € DY(X) we set
aANT = (=1)PT Aa.

If T is a current of order k then we can define its wedge product with a C*
differential form in a similar way.
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Boundary and differential of a current. If T € D'P(X), then we define the
boundary bT of the current T by

(bT,p) = (T, dp), for any p € D" P~ (X).

This is a p + 1 degree current on X. The differential dT of the current
T € D'P(X) is then defined by the formula

dT = (—1)P~oT.
Ezamples.

1) Let D € X be a open set with C! boundary which is relatively compact
in X. We denote by [D] the degree 0 current defined by

([D],<p>:/D<p for any ¢ € D"(X).

Stokes’ theorem then says that b[D] = [bD].
2) Let w be an element of EP(X) and let us calculate dT,,. For any ¢ €
anpfl(X),

(AT, ) = (1)P 71 bTo, ) = (1P T, dp) = (—1)”_1/Xw/\dw;

but now
dw AN @) =dw e+ (—1)Pw Adp,

so that
@) = [ donp= [ dwne),
X X

Since w A ¢ is a compactly supported form, Stokes’ formula now says that
Jx d(w A ) =0 and hence dT,, = Ty,.

Remark. If T € D'P(X) then d(dT) = 0.

Direct image of a current under a proper map. Let X and Y be two ori-
ented C*> differentiable manifolds and let f be a C*° map from X to Y. We
say that f is proper if and only if for any compact set K in Y f~1(K) is a
compact set in X. If T' € D, (X) then the direct image of T' under the proper
map f is the current f,T defined by

(f«T, ) = (T, f*p), for any ¢ € D'P(Y).

(This definition is meaningful because supp f*¢ C f~!(supp ¢) is compact for
any proper f). The current f.T is a p-dimensional current on Y. It follows
from the definition of the operator f, and Proposition 5.4 ii) of Appendix A
that if T' is contained in D), (X) then

£.dT = df,T.
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Inverse image of a current under projection. Let Y and Z be two oriented C*
differentiable manifolds and let f be the projection from X =Y x Z to Z. If
¢ € D*(Y x Z) then we define the integral [, ¢ to be the unique differential
form on Z such that, for any ¢ € D*(Z),

</YSO’¢>Z = (o, [")yxz = /szga/\f*w.

If T'= T, is the current defined by a compactly supported C*>° differential
form ¢ on X then the current f.T, is the current defined by the C*> com-
pactly supported differential form ¢(z) = [,. ¢ on Z. (This follows from the
definition of f, and Fubini’s theorem). Consider T' € D'?(Z): we define the
inverse image of the current T under the projection f by

(f*T,¢) = (T, .T,), for any ¢ € D™ X~P(X).

This is a degree p current on X. It is clear that if 7' = T, is the current
defined by a C* differential form on Y then f*T,, = T+, where f*w is the
inverse image of the differential form w.

2 Regularisation

Let X be an n-dimensional oriented C*° differentiable manifold. We denote by
D'*(X) = @, -, D'?(X) the vector space of currents on X — this is the topo-
logical dual of the vector space D*(X) of compactly supported C* differential
forms on X. Traditionally, we consider two topologies on D'*(X):

1) The weak topology, or the topology of simple convergence on D*(X). More
precisely, a family (T%).cg+ C D’*(X) converges weakly to T € D'*(X)
as € tends to 0 if for every ¢ € D*(X)

lim (7%, @) = (T, ¢).
e—0

2) The strong topology, or the topology of uniform convergence on bounded
sets in D’(X). We recall that a subset B in D*(X) is bounded if the
elements ¢ in B are all supported in some given compact set K and if for
any o € N and any chart domain U of an atlas A, sup ¢ p{Pv.x.0(9)} <
~+00, where the py ko are the semi-norms defined in §1.A.

It is easy to see that the strong topology is finer than the weak topology.

The aim of this section is to prove that £*(X) = @Z:o EP(X) is dense
in D'*(X) with respect to either the weak or the strong topology and give
a method for constructing families of C*>° differential forms converging to a
given current in either topology.

A current of degree 0 on X is called a distribution on X.
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A. Regularising distributions on R™

We consider a positive C*° function 6 which is compactly Supported in a
neighbourhood of 0 in R™ and which has the property that fRn z)dr = 1.
For example, we can take the function defined by

c e V=12l for |z
O(z) = { H |

<1
0 for ||z|| > 1

where the constant ¢ is chosen in such a way that [, 6(z)dz = 1. We set
0-(z) = Z=0(x/e) for any € > 0 and we set K.(z,y) = 0.(z — y) for any
z,y € R™. If u is a continuous function on R™ then we define the regularisa-
tions u. of u by
us(z) = | Ke(z,y)u(y)dy.
R’n

The following classical proposition and corollary will be proved in a more

general form in Section B.

Proposition 2.1. If u € D°R") is a compactly supported C> function
on R™, then the family (ue¢).cr+ of regularisations of u converges to u in
DO(R™) as € tends to 0. Moreover, the convergences of these series to u is
uniform with respect to u over any bounded sets in D°(R™).

Definition 2.2. Let 7' € D'°(R") be a distribution on R”. We then define
the family (T.).er+ of regularisations of T in the following way: for any
© € DY(R™) we set

(Te,oday A -+ Ndxy) = (T, pedry A -+ Adxy,),

where ¢, (z) = [¢. K Yo(y)dy.

Corollary 2.3. The family (T:).cr+ of regularisations of the distribution T
is a family of C* functions on R™ which converges both weakly and strongly
to T when ¢ tends to 0.

The interested reader may consult [Se, Chap. 6] for more information on
regularisation in R™.
Let us consider the main properties of the function K. defined on R™ x R":

1) K. is a C* function,

2) K. is supported in a strip containing the diagonal in R” x R™ whose width
is of order &,

3) Ks(x’y)dy = KE(xay)dI =1,
R R
o 9«
—_— _1lal+1 =2 _ .
e /'n ( T +(=1) 6ya)Ks($,y)dy 0 for any o € N,

These properties are central to the proofs of Proposition 2.1 and Corollary 2.3.
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B. Regularising distributions on manifolds

Let X be an n-dimensional oriented C*° differentiable manifold.

As a manifold does not have a group law in general, we can no longer
use convolution to regularise distributions as in Section A. The idea is to use
kernels (K. ).er+ which are functions defined on X x X with properties similar
to the four properties mentioned in Section A.

Definition 2.4. Let m; and 7 be the two projections from X x X to X. We
say that a subset A in X x X is proper if for any compact set K in X the
sets 71 (5 L(K) N A) and ma(7; ' (K) N A) are relatively compact in X.

We consider a family of nested neighbourhoods of the diagonal A C X x X
which we denote by (U:).er+ and which we construct in the following way.
Consider a locally finite cover U of A by open sets U = (U x U) such that U
is the domain of a chart (U, h) on X. We then define U, by

U.= | {(=y) €U |a(x) = h(y)l| < }.
Ueu
Let w be a C* degree n nowhere vanishing differential form on X defining
the orientation of X.

Definition 2.5. A family of regqularising kernels on X x X is a family
(Ke(x,y))eer+ of positive C* functions on X x X which has the following two
properties. Firstly, for any € > 0 the support of K. must be proper, contained
in U, and contain the diagonal A C X x X. Secondly, as € tends to 0 in RT
the family of functions (z — [, K.(z,y)w(y))-cr+ must converge uniformly
on any compact set in X to the constant function 1.

Definition 2.6. Let f be a continuous function on X. The family of regu-
larisations of f is the family of functions (f:).cr+ defined by

mwaé&wwMW@ for any € X.

Definition 2.7. Let T € D'°(X) be a distribution on the manifold X. We
define the family (T:).cr+ of regularisations of T in the following way: for
any ¢ in D°(V) we set

<%WPﬂMM7Mm%@:L&WMMMW

Definition 2.7 is meaningful because K. is C* on X x X so ¢, is C*° on X
and the support of o, is contained in the set m; (75 *(supp o) Nsupp K. ) which
is compact because K. is assumed to have proper support.
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Proposition 2.8. Let T € D'O(X) be a distribution on X. The regularisa-
tions T of T' are then C* functions on X and for everyy € X

T-(y) = (T, Ke (2, y)w(z)).

Proof. Consider ¢ € D°(X). By definition of regularisations,

(T2g0) = (Tops) = (T [ Kelon)ewo))(@).

The function = — K.(x,y) is a C*> compactly supported function on X for
any given y and its dependence on y is also C*°. Moreover, as w is a C*
differential form on X, (T, K. (z,y)w(z)) is a well-defined C* function on X.
Using the density of the vector space generated by functions of the form
u(z)v(y),u,v € C®(X) in DY(X x X) we get

(1. ] Keloneluom)wl@) = (T K.l gl o)

and hence it follows by definition of T. that T.(y) = (T, K (z,y)w(x)). O

Let us now study the convergence of the family (7;).cgr+ in the weak and
strong topologies on D'(X). Let v € D"(X) be a C* compactly supported
differential form of degree n on X. Since we have assumed that w does not
vanish on X, there is a ¢ € D(X) such that ¢ = gw. Then,

(T =T.,¢) = (T = T:, pw) = (T, (¢ — pe)w).

To prove that the family (T%.).cp+ converges weakly to T as € tends to 0
it will be enough to show that (¢.).cr+ tends to ¢ in D°(X). To prove that
the family (T%).cr+ converges strongly to T as € tends to 0, it will be enough
to prove that the convergence of the family (p.).er+ to ¢ is uniform with
respect to ¢ over any bounded subset of D(X).

Definition 2.9. A (linear) finite order differential operator with C*° coeffi-
cients is a linear map P : C*(X) — C*(X) such that for any local chart
(U, h) on X there is a differential operator Py,5) with C* coefficients on the
open set h(U) in R™ such that, for any function f € C*(X),

(Pf)oh™ = Pyu(foh™) in h(U).

We denote by P* the formal adjoint of P with respect to the scalar product
on D°(X) defined by (f/g) = [ f(y)g(y)w(y)-

Throughout the following the term “differential operator” will always de-
note a finite order differential operator with C* coefficients.



32 IT Currents and complex structures

Remark 2.10. Let (f.).cr+ and f be functions in D°(X) which are all sup-
ported on some fixed compact subset of X. The family (f:).cr+ converges

to f in D°(X) as € tends to 0 if and only if for any differential operator
P = P(z,D),

hl% sup |P(z, Dy) f(x) — P(z, Dy) f=(x)| = 0.
zeX

Proposition 2.11. Consider f € D°(X) and set
= /XKe(fay)f(y)w(y)

1) The family (f-).cr+ converges to f in D°(X) as e tends to 0 if and only
if for any differential operator P on X

The following then hold.

(*) gg%jgg‘/ P*(y,Dy))Ke(ar,y))f(y)w(y)‘ =0.

2) The sequence (fe).cr+ converges to f and this convergence is uniform with

respect to f on any bounded subset of D°(X) if and only if the following
holds:

For any differential operator P on X
oy JPsex | (P D2) = P20, Dy) el ) w)e)| = 0
as € tends to 0. This convergence is uniform with respect to

f in any bounded set in D°(X).

Proof.

a) Necessity. Assume either that (f.).cg+ converges to f in D°(V) as €
tends to 0 or that (f).cr+ converges to f as e tends to 0 and this convergence
is uniform with respect to f on any bounded subset of D°(X). Then,

[ (P2 = P DY) f)et)

:/(P(x,DI)KE( /K z,y)(P(y, Dy) f(y))w(y)
X
= P(z, Dy) fe(z) = (P(y, Dy) f(y))e ()

(differentiating the first term under the integral sign in each chart)

= P(z, Ds)(fe(x) = f(x)) + Pz, D) f(x) — (P(y, Dy) f(y))e ().
Since (f.).cr+ converges to f in D°(X) and P is continuous on D°(X),

lim sup | P(w, D) (f () — ()] = 0.

e=0geXx
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If the convergence of the sequence (f:).er+ to f is uniform with respect
to f on any bounded subset of D°(X), then the above limit is also uniform
with respect to f on any bounded subset of D°(X).

To complete the proof it will be enough to prove the following lemma
which we will then apply to the function P(z, D,)f.

Lemma 2.12. Let f be a compactly supported continuous function on X.
We set fo(x) = [ Ko(2,y)f(y)w(y). The functions (f:).cr+ then converge
uniformly to f on X as ¢ tends to 0. If moreover B is an equicontinuous
subset of C(X) consisting of functions which are all supported on some fized
compact set and B has the property that sup{||flle | f € B} is finite then the

families (f:)ecr+ converge to f and this convergence is uniform with respect
to f on B.

Proof. By definition of f.,

o) = @) = [ Kol f@ot) - fa)
- | Kot = 1)) + 10 [ Kowom) -1).

1= Flee < | [ Kelan)(t) = f@)oto)|

o0

e [ [ [ 50000 1] ]

As the function f is continuous and compactly supported it is uniformly con-
tinuous and hence

Va>0)(Feg > 0)(Ve < eo)((z,y) € Ue = |f(z) — f(y)] < a).

Note that ¢ is independent of f for f € B since the elements of B are uniformly
equicontinuous. It follows that if € < g then

| [ Bt - st < meca,

o0

where my . = sup,¢p, ( [y Ke(z,y)w(y)) whenever L is a compact set con-
taining supp f U 71 (75 *(supp f)). By our assumptions on K, mp . can be
bounded independently of € and if L’ is a compact set in X containing the
support of f then there is a &, > 0 such that, for any & < &,

H/ K (z,y)w(y) — 1” <o
X oo, L’

We note that if f € B then the compact sets L and L’ can be chosen inde-
pendently of f. It follows that if ¢ < min(eg, ef,) then

If = felloo < Ma + || flloocr.

This proves that (f:).cr+ tends to f as € tends to 0 and this convergence is
uniform with respect to f on B since sup{||f|loc | f € B} is finite. O
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End of the proof of Proposition 2.11.

b) Sufficiency. To prove that the family (f.).cr+ tends to f in D°(X)
as € tends to 0 it will be enough to prove that, for any differential operator P
on X,

1in(1) sup |P(x, Dy) fo(x) — P(z,Dy)f(z)| =0
e7VzeX

and

P(z,D;)f(z) — Pz, D) fe(x) = P(z, D) f(z) — (P(y, Dy) f(y)e (@)
+ (P(y, Dy)f(y))s(x) — P(z, Dy) fe(7)

but now by Lemma 2.12 sup,¢cy |P(x, D) f(z) — (P(y, Dy) f(y))e(x)| tends
to 0 as € tends to 0 and

sup |(P(y, Dy)f(y))s(x) — P(x, Dy) fe(z)]

zeX

= sup | [ (P, D) = P*(3.D,) Kol ) ()
X

zeX

tends to 0 as e tends to 0 by assumption. The theorem follows. If (xx) holds
then it is easy to prove that the convergence is uniform with respect to f on
any closed set by repeating the proof given above mutatis mutandis. O

Consider a local chart (U, h) on X and let £ = (&1, ..., &,) be the associated
local coordinates. Let P be a differential operator on X. There is then an
operator Py ) on h(U) such that, for any f € D°(V),

P(f)oh™" = Pum(foh™) =) aal@)D¢(foh™),
«
where o € N"| the functions a, are C* on h(U) all except a finite number of
which are zero, and Dg = oleljagdr ... ggdm

Proposition 2.13. Let (K.(x,y)).cr+ be a family of reqularising kernels on
X x X. The following are then equivalent.

For any dijj”erential operator P on X and any function f € D°(X)

ti sup | [ ((Ple.D2) = P, D)K. [l = 0

For any function f € DY(X) which is supported in the domain

(+) of some chart and any multi-index o € N"
Jimm sup | / (D2 + (1) "M D)K. (2, ) F()w(y)| = 0.
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Proof. Tt is obvious that (x) implies (+"). Conversely, let (U;);c; be a locally
finite cover of X by chart domains and let (x;);er be a partition of unity
subordinate to this cover. Consider an element f € DY(X) and let P be a
differential operator on V; as the support of f meets only a finite number of
the open sets U;, (Us, )k=1,....¢,

Since x;, f is supported on the domain of the chart U;, it will therefore be
enough to prove () for any function g € D°(X) which is supported in the
domain of a chart of X. Moreover, by linearity, it will be enough to show
that (x) holds for any chart (U, h), function g € DY(X) supported on U and
differential operator P on X such that P,y = a(§)Dg. In the following
calculations we identify U and the open set h(U) in R™ in order to simplify
the notation. The differential operator P can then be written in the form
P(z,D,) = a(z)Dg and

[ (P02 = P D) Kooty

is the sum of the three following terms
(0 = a(a) [ (D5 + (1) D)K. (. )]al0)dy
X

(I0) = (~1)°la(z) / (DEK. (2, 9))a(y)dy

X

(I11) = — /X K. (z,y)(P(y,Dy)g(y))dy (by definition of P*).

By (+'), (I) converges uniformly to 0 when & converges to 0 since the
continuous function a is bounded on the support of the integral in (I). (The
support of this integral is compact because the support of K. is proper.)

Integrating by parts we see that (II) = a(x)(D; g(y))e(z) and by Lemma
2.12 this quantity converges uniformly to a(z)D%g(x) on X.

And finally, (IIT) = —(a(y)D;g(y)):(x) which converges uniformly to
—a(x)D%g(x) by Lemma 9.2.9. This completes the proof of the proposition.

O
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Proposition 2.14. Let (K (z,y)).cr+ be a family of regularising kernels on
X x X. The following are then equivalent.

For any differential operator P on X
sup | [ ((P(a.D2) = P*(5, D) Kele) H)w)] — 0
(k) zex | /x

as € tends to 0. This convergence is uniform with respect to f
on any bounded set in D°(X).

For any chart domain and any multi-index «

sup| [ (D2 + (=1 DK (a.) )| — 0
/ x
) as € tends to 0. This convergence is uniform with respect to f

on any bounded set in D°(X) whose functions are supported

on the domain of a local chart.

Proof. Repeat the proof of Proposition 2.13, noting that it is still possible
to use a partition of unity because the functions in a bounded set are all
supported on some fixed compact set, and use the results of Lemma 2.12 on
the uniformity of the convergence. O

We have therefore proved the following result.

Theorem 2.15. Let (K (z,y))cer+ be a family of regularising kernels on
X xX.

o If the equivalent conditions (%) and (x') hold then the family (T.).cr+ of
regularisations of T' converges weakly to T in D'°(X).

o If the equivalent conditions (xx) and (xx") hold then the family (T:).cr+
of reqularisations of T converges strongly to T in D'0(X).

We will finish this section by constructing regularising operators whose
kernels are regularising kernels as in Definition 2.5 which satisfy conditions
(*) and (#x). This construction is due to de Rham ([Rh], §15).

Consider a locally finite countable cover of X by chart domains (U;);en
which are homeomorphic to R™. Let h; be a homeomorphism from U; to R™.
We can then find an open cover of X by open sets V; € U; and C*> functions f;
with compact support contained in U; such that f; = 1 on V; (cf. Appendix A,
Lemmas 2.1 and 2.2). If T is a distribution on X then set R; .7 = R; o f;T +
(1 — f)T, where R;. = hirch;, and r. is the convolution on R™ by the
function 6. of Section 2.A. In a neighbourhood of any compact set of X
the sequence of operators Ri(¢) = R;.o---o Ry, is stationary. We set
R. = lim;_, Ri(g).

The regularising operators constructed by this method are called the
de Rham regularising operators.
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As an example, consider a manifold with an atlas consisting of two charts.
Then,

R.T =Ry :Ro.T=RicfiRocfoT + Ricfi(1 — fo)T
+ (1= fi)RecfoT+ (1 — f1)(1 — f2)T,

where the last term in the sum vanishes. The kernel associated to the opera-
tor R. can be written as

K.(z,2) = /X Ky () 1 (0) Ko e (9, 2) o (2)dy
F K (@) A1) = fa(2) + (L fu(@) Ko (2, 2) fa(2),

where K., is the kernel associated to the image under h; of convolution
with 6,,.
The following theorem was proved by de Rham (Theorem 12, [Rh], §15).

Theorem 2.16. Let (R:)c>0 be a family of de Rham regularising operators
and let T € D'°(X) be a distribution on X. Then:

1) R.T is a C*® function on X,

2) The support of R.T is contained in any given neighbourhood of the support
of T for small enough e,

3) R.T converges both weakly and strongly to T' as e tends to 0.

We leave it to the reader to check that the kernels K., e € Rt associated to
the operators R. form a regularising family of operators satisfying conditions
(%) and (k).

C. Regularising currents

To regularise currents on X we simply replace the kernels in Section B by C*
differential forms on X x X supported on a fundamental system of neighbour-
hoods (U.)c>o of the diagonal A C X x X. Let (¢¢).cr+ be such a family.
If ¢ € DP(X) is a compactly supported C* differential form on X and m
and 7y are the two projections X x X — X then we set

e = (=1)"(m1)« (e A T300).

If, moreover, the support of ¢ is contained in a chart domain U and ¢ is chosen
small enough that 7, ' (U) N UL is contained in a chart domain of X x X then

o(x) = Z or(z)dzy for any x € U
ll=p

ws(xa y) = ZKE,I,J(:EﬂU)diU[ A dy] on ng(U) N UE’
1,J
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and hence

0= X o) [ Kers@aeimiy)dor

|I|=p,INJ=2
TuJ={1,...,n}

where o(7) is the signature of the permutation (I,J) — (1,...,n) and dy is
the differential form dy; A --- A dy,.
Reasoning as in Section B we get the following theorem.

Theorem 2.17. Let (¢:).>0 be a family of C* differential forms on X x X
with proper support in a fundamental system of neighbourhoods of the diagonal
A C X x X such that, for every chart on X x X,

Yelw,y) = > Kers(z,y)der Ady,,

TuJ={1,...,n}
INJ=2

where the functions K. 1 ; have the two following properties: firstly, con-
dition (x+') of Proposition 2.13 holds and secondly, the functions (z —
fX K. 1,5(z,y)dy) converge uniformly on any compact subset of the chart of
definition to the constant function 1 as € tends to 0 in RT. If T € D'P(X)
is a degree p current on the manifold X then consider the family (T:).er+ of
reqularisations of T defined by (T, o) = (T, p) for any ¢ € D" P(X), where
e 1s the regqularisation of ¢ by ¥.. This family then converges to T in both
the weak and strong topologies on D'P(X) as € tends to 0 in RT.

Proof. By definition of the strong topology on D'?(X) it will be enough to
prove that the family (¢¢).er+ of regularisations of ¢ converges to ¢ and this
convergence is uniform with respect to ¢ over any bounded set in D" P(X).
Let (U;)icr be a cover of X by chart domains in X and let (x;)ier be a
partition of unity subordinate to this cover. If B is a bounded set in D"~ ?(X)
and ¢ € B then we set ¢, = x;¢. As the functions ¢ are all supported on
the same compact subset of X we can write ¢ = >,/ @;, where I’ is a finite
subset of I which is independent of ¢ € B. We obtain the desired result by
linearity on applying Proposition 2.11 to each of the functions ;. O

Definition 2.18. If (¢.).cgr+ is a family of double differential forms satisfying
the hypotheses of Theorem 2.17 then the operators R. mapping D’*(X) to
itself defined by (R.T, ) = (T, ¢.) for any T € D'*(X) and ¢ € D*(X) are
called regularising operators. Here, the functions ¢. are the regularisations
of ¢ obtained using the kernels ..

3 Kronecker index of two currents

Throughout the following, X is an n-dimensional C* differentiable manifold.
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Definition 3.1. If T and S are two currents on X such that d°T +d°S = n,
we will say that the Kronecker index of T and S, K(T,S), is defined in de
Rham’s sense if for any choice of families of regularising operators (R:)eso
and (R, ) >0 commuting with the operator d the quantity (R.T' A R.,S,1)
has a limit as € and &’ tend to 0 which is independent of the choice of (R;)c>0
and (R.)e>o. If this is the case then we denote this limit by IC(T', S).

If X = C™ then we can choose our regularising operators to be the oper-
ators associated to the convolution kernels defined in Section 2.A. If X is a
manifold then the de Rham regularising operators commute with the opera-
tor d (cf. [Rh], §15, Prop. 1).

Remarks.

1) The map (7, 5) — K(T,S) is bilinear.

2) If one of the two currents T or S is a C* differential form and either the
support of T or the support of S is compact then the Kronecker index
K(T,S) of T and S exists and is equal to (T' A S,1). (This follows from
the convergence properties of regularisations in D*(X) and D’*(X) for the
strong topology.)

3) If the supports of 7" and S do not meet and T or S has compact support
then (T, S) is well defined and is equal to 0. Indeed, if € and &’ are small
enough then R.T and R.,S will have disjoint support and it follows that
R.T ANRLS =0.

We will now give some sufficient conditions for the Kronecker index of two
currents to exist.

Definition 3.2. The singular support of a current is the complement of the
set of points which have a neighbourhood in which the current is defined by
a C* differential form. We denote by SS(T') the singular support of the
current 7.

If T € D'*(X) is a current on X and U is a neighbourhood of the singular
support of T then we can write T' = T" +T", where T" is a current supported
on U and T is a C* differential form on X — simply set 7" = pT and
T" = (1 — p)T, where p is a positive C* function supported on U and equal
to 1 in a neighbourhood of the singular support of T'.

Proposition 3.3. IfT and S are two currents on X such that d°T+d°S = n,
at least one of which is of compact support and whose singular supports do
not meet, then the Kronecker index IC(T,S) of T and S is well defined.

Proof. Under the hypotheses of the proposition there are decompositions 7' =
T +T" and S =5+ 5" such that T” and S” are C* differential forms and
the supports of 77 and S” do not meet. We can then apply 1), 2) and 3) of
the above remark to get K(T',S) = K(T",58") + K(T", 58"+ K(T",5"). O
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Proposition 3.4. Let T and S be two currents on X such that d°T +d°S =
n — 1, at least one of which has compact support. If K(bT,S) or K(T,dS)
exists then then other also exists and they are equal, i.e.

K(bT, S) = K(T, dS).

Proof. Since the regularising operators R, and R, commute with d and there-
fore with b,

(RT,R.L,S) = (bR.T,R.,S) = (R.T,dR.L,S) = (R.T, R.dS)
and the result follows. O

Application. Proposition 3.4 enables us to extend Stokes’ theorem to a domain
D € X with C! boundary and a differential form w € C,,_;(D) such that dw,
calculated as a current, is continuous on D. Indeed, setting T' = [D] and
S = w we see that K(bT,S) exists and is equal to [, ,w and it follows that

fbD w = fD dw.

Theorem 3.5. Let T and S be two currents on X such that d°T + d°S = n,
at least one of which has compact support. The Kronecker index (T, S) of
the currents T and S exists if

SS(TYNSS(bS) =2 and SS(HT)N SS(S) = 2.

Remark. We deduce from Theorem 3.5 that the Kronecker index of T and S
exists whenever T is closed with compact support and S is closed.

To prove Theorem 3.5, we need a parametrix of the operator d which does
not increase the singular support. The parametrix presented below is due to
J.B. Poly.

Proposition 3.6. If T is a current on X then there are operators A and R
such that

1) T — RT = dAT + AdT
2) A does not increase the singular support and R is reqularising.

Proof. We start with the case X = R"™. Denote by § the operator on D’'(R™)
defined as follows: if the current T' € D'(R™), considered as a differential form
with distribution coefficients can be written as T = Y7 Trdxs, where 3 )

denotes D 7—(,.....i,) then we set
i1 <--<ip,

or=-%"%" %T-,,dxj.

J i
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Note that dj 4+ éd = —A, where A is the usual Laplacian A = Y7 | §?/0x?.
Let E be the elementary solution to the Laplacian A:

1

E= 5 logr ifn=2,
r/2 ifn=1,

where 7 = (23 + --- 4+ 22)%/? and s,, is the area of the unit sphere in R™.

For any compactly supported current S on R™ we set GS = —F *x S
and KS = 0GS. If S (considered as a differential form with distribution
coefficients) can be written as S = 3.7 Sydx; then the convolution product
GS = E %S can be written as GS = —Z/IE * Sydr; whence we get the
following expression for KS

ng:/zgf;*s,]dl‘J

The operator K : £'(R™) — D’(R™) thus defined has the following properties.

a) S =dKS+ KdS since S = —AGS = dd6GS + §dGS = d6GS + §GdS.
b) K does not increase the singular support. Indeed, A is elliptic and it
follows that G'S is C* outside of the singular support of S.

Let us return to the case where X is a manifold. Since X is a countable
union of compact sets, there is a countable locally finite cover of X by chart
domains W; € X. By Lemmas 2.3 and 2.1 of Appendix A, we can therefore
find a cover of X by open sets V; such that V; € W; and C* functions 7; with
compact support in W; such that n; = 1 in a neighbourhood of V;. For any
current T on X, we set

AiT = nZK(ThT)
(where by abuse of notation we consider W; as an open set in R™), and
R, T =T —dA;,T — A, dT
=T — ()T +n; K (dn; NT) — dn; A K(0;T).

(To be completely rigorous we should consider the chart (W;, h;) in X and

define the operator A; by AT = n;(h; ). (K (h;)«(n;T)). The reader can

easily check that the identification of W; and its image under h; in R™ does

not change any of the properties of A; but greatly simplifies the notation.)
The operators A; and R; have the following properties

a) T = dA;T + A;dT + R;T by construction, from which it follows that
dR;T = R;dT.

b) A; and R; do not increase the singular support. Moreover, R;T is C* on
V; — indeed R;T and K(dn; AT) are equal on V;, and since K does not
increase the singular support, K(dn; A T) is C* on V; because dn; AT
vanishes on V.
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We set A¥ = ApRy_q1---R; and R* = RypRy_1---R;. Since the cover
(W;) is locally finite, it is easy to show that

RT = klim RFT and AT = klim AFT

exist since R¥T is stationary on any open set U € X and AT vanishes as
soon as k is large enough. The operators A and R have the desired properties:

a) We have
RFIT — RFT = (1 — R,)RF'T
= (dAk + Akd)RkilT
= dAFT 4 AkdT

since R; and d commute, and summing it follows that
T — RT = dAT + AdT.

b) A does not increase the singular support since A* does not increase the
singular support. The operator R is regularising since R*T" is C* on V;
whenever k > 1.

Proof of Theorem 3.5. By Proposition 3.6, T and S have the following de-
compositions:

T = RT + dAT + AdT
S = RS+ dAS + AdS.

We set
T, =RIT, T,=dAT, T3= AdT
S1=RS, S,=dAS, S3=AdS.

By linearity, (T, S) exists if each of the K(T;, Sg) for i,k = 1,2, 3 exists. We
note that T; is a compactly supported current for ¢ = 1,2,3. The current T3
is a C* form because R is regularising. It follows that (77, Sk) is defined
for k =1,2,3. As the current S is a C* form, K(7;, S1) exists for i = 1,2, 3.
For ¢« = k = 2, we apply Proposition 3.4 and we get K(T3, S2) = 0. The cases
t=2and k=3,i=3and k =2 and i = k = 3 follow from Proposition 3.3
because the operators d and A do not increase the singular support. O

Corollary 3.7 (Stokes’ formula for the Kronecker index). Let T and S
be two currents on X such that d°T + d°S = n — 1, at least one of which has
compact support. If

SS(T)NSS(BS) =o

then the Kronecker indices IC(bT, S) and K(T,bS) exist and
KT, S) = (—1)?51K(T, bS).

Proof. This follows immediately from Theorem 3.5 and Proposition 3.4. [
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Ezxample of an application: the Cauchy—Green formula in C. Let D be a
bounded open set in C with C! boundary containing the origin. Let 1 be
a C* function on C. Identifying C with R? we define degree 1 differential
forms dz and dz by dz = dx + idy and dz = dx — idy.

For any C* function ¢ on C we set T' = [D] where [D] is the integration
current on D. Then SS(T') = bD.

If S = 5-dz/z then dS = [0], where [0] is the integration current on the
point manifold 0. Indeed, if ¢ € DY(C) then, by definition of d,

1 8(,0 dz Ndz
2im 82 z

(dS, ) = (S,dp) =

since S is defined by the locally integrable differential form
€ >0, weset B, ={z€C||z] <e} and then

(dS, <p>—11mi/(c 890( )dZ/\Cﬁ:_limi/C N d(Mdz).

e—=0 2 Jop. 0% z e—0 21

7—-dz/z. For any

Applying Stokes’ theorem, we get

/C\B d(sﬁ(;)dz) :—/aB ‘/’(Zz)dz

since ¢ has compact support. Moreover,

/83 “@@:/@B ‘p(z);“"(o)dz+<p(0)/83 %.

As the function ¢ is C*° and in particular C' the first integral on the right-
hand side tends to 0 as € tends to 0. Moreover, we know by Cauchy’s formula
that 5 [, dz/z =1 for any £ > 0. It follows that

(dS, ) = (0) = ([0], ).

Moreover, bT = —dip A [D] + ¢ A [bD] and hence SS(bT) = SS(T) = bD:
as we also have SS(bS) = {0} it follows that SS(bT) N SS(bS) = @ since
0eD.

We can therefore apply Corollary 3.7 and we get

KT, 8) = K dv A [D] 44 A D), 5 ! dz)

gm/ ¢A7+ﬂ/w =

o, dz AN cf
217r / vz S+ Dﬁ(z) z )
K(T,dS) = = <¢, [0]) = (0).
Finally, it follows that
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Geometric interpretation of the Kronecker index. We state the following result
without proof: the interested reader will find more details and better sufficient
conditions for the existence of the Kronecker index of two currents in [Rh, § 20]
and [L-T1].

If Y and Z are two p- and (n — p)-dimensional closed oriented subman-
ifolds of X which meet transversally such that either Y or Z is a compact
submanifold of X, then the integration currents [Y] and [Z] on Y and Z are
closed and therefore satisfy the hypotheses of Theorem 3.5. Then

K([Y1] [2]) = (Y nZ],1).

Here Y N Z contains a finite number of points and ([Y N Z], 1) is equal to the
number of points of Y N Z where the orientations of Y and Z coincide minus
the number of points where they differ. More generally, if Y and Z are two
closed oriented submanifolds of X of dimensions p and ¢ respectively which
meet transversally in such a way that Y N Z is a submanifold of X and ¢ is
a C* differential form of degree p + ¢ — n with compact support on X, then

K2, [YIne) =([ZNY], ).

4 Complex analytic manifolds

When studying holomorphic functions, it is natural to try to introduce objects
which play the role in the holomorphic setting which is played by differentiable
manifolds in the differential setting, that is, objects which locally inherit the
analytic properties of open sets in C".

Definition 4.1. Let X be a topological space. A complex atlas on X is a
set of charts (U, ) such that the domains U form an open cover of X and
the maps ¢ are homeomorphisms from U to an open set in C™ satisfying the
holomorphic compatibility condition: if U N U’ # & then the map

YoptipUNU) — QUNU)

is a biholomorphic map between two open sets in C". We say that two complex
atlases are compatible if their union is also a complex atlas. Compatibility is
an equivalence relation.

Definition 4.2. A complex analytic manifold is a Hausdorff topological space
which is a countable union of compact sets equipped with an equivalence class
of complex atlases.

For any complex analytic manifold X, any point of z € X and any chart
(U, ) in a neighbourhood of x the map ¢ is a homeomorphism from U to
an open set in some C" and the number n is called the complex dimension
of X at x. (Of course, exactly as for differentiable manifolds, the number n
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is independent of the choice of chart (U,¢) in a neighbourhood of z.) We
say that X is a complex analytic manifold of dimension n if for any x € X
the complex dimension of X at x is n. If X and Y are two complex analytic
manifolds then a map f: X — Y is said to be holomorphic if it is continuous
and for any pair of charts (U, ¢) and (V,¥) of X and Y such that f(U) C V,
the map v o (f’U) ot o(U) — (V) is holomorphic. When Y = C such
a map will be called a holomorphic function. Of course, exactly as for CY
maps, holomorphy can be checked on all the charts of some given atlas only.
We denote the vector space of complex-valued holomorphic functions on X
by O(X).

Definition 4.3. Let (U, ¢) be a chart of a complex analytic manifold. The
function ¢ is then a holomorphic map from U to C™ and we can write ¢(x) =
(z1(x), ..., zn(z)) where the z; : U — C (j = 1,...,n) are holomorphic
functions on U. The functions (z1,...,2,) are then called the holomorphic
coordinates of X on U defined by the chart (U, ¢).

Remark. 1t is clear that any n-dimensional complex analytic manifold X has
a natural 2n-dimensional C*° differentiable manifold structure. The tan-
gent and cotangent spaces T, X and T, X of X at x are therefore well de-
fined. In particular, we have a space CI;X of complex-valued differen-
tial 1-forms at x € X which is the dual of the complexified space CT, X
of T, X (cf. Appendix A, §4). Let us look at what happens in a chart
(U, ¢) in a neighbourhood of 2 whose local coordinates are (z1, ..., z,) where
zj = xj+1iyj, j = 1,...,n. The family {(dz1)s, (dy1)z, ..., (dzn)e(dyn)a}
is then a basis for CT; X and the corresponding dual basis in CT, X is
{(0/021) 5, (0/Oy1)zs - - -, (0/0%p) sz, (0/Oyn)x}. It is often more convenient

to consider the basis

{(dzl)rv (dzl)zv ceey (dzn)rv (dzn)z}
in CT; X and the associated dual basis in CT,; X which we denote by

() (@) @) ).

By definition,

(dzg)x((aizk)x) = Ojks (cﬁj)m<(8i2k)x) =0,
(d%)z((%)a) =0 and (dEJM((@i@)x) = 0.

If f is a complex-valued C! function on a neighbourhood of x in X then
its differential df, defines an element of 7 X which by definition of a dual
basis can be written as

of

g (7))

(@) = Y. 5 o)ty +
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or alternatively

depending on our choice of basis. An easy calculation shows that

(55). 7 2(Gs ). =) = ().~ 2((G5).+(5,).)

which agrees with the definition given in Chapter I.

We further note that the construction of the complexifications of 77X
and T,X — in other words the construction of complex-valued forms — does
not involve the complex structure on X and can be carried out for any dif-
ferentiable manifold. We have only used the complex structure on X when
writing certain expressions in local coordinates.

We end this section by proving that any complex analytic manifold is
orientable. Let X be a complex analytic manifold of dimension n. By Propo-
sition 6.2 of Appendix A, X is orientable if it has a C* atlas, (U;, h;)icr, such
that, for any ¢,j € I,

d”(x) = det [J(hZ o h;l)(h](l‘))} >0 for any r € U; N Uj.

Consider a complex atlas (Uj, p;)jcs on X. If p; = h; + ik; then the set
(Uj, (hj, kj))jes is a C* atlas on X such that, for any x € U; N Uj,

(@) = det |T#i0w; @) 0 (o 0 6=DE(z) > 0.

Any complex analytic manifold X is therefore orientable. Throughout the
rest of this book all complex analytic manifolds will be equipped with the
following orientation: given a complex atlas (U;, ¢;)icr on X, we consider the
holomorphic coordinates (z1,...,2,) associated to the chart (U;, ;) and we
choose the orientation associated to the 2n-differential form

dZy N---NdZ, Ndzy N --- Ndzp,
which is simply the orientation defined by
drxy A~ ANdxy Ndyr A -+ A dyp,

where z; = x; +iy;.

5 Complex structures

Let X be a complex analytic manifold of dimension n. We will show that
at any point z € X the real vector space Ty X has a natural C-vector space
structure.
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We start by considering the case where X = C". C™ can be naturally
identified with R?" as a C> manifold, so T,C" = T,R?>" = R?" = C", where
the last equality is just the natural identification of C" and R?". Identifying
T,C™ with C™ imposes a C vector space structure on 7,,C". Let us examine
this identification more carefully. We denote the multiplication by i map by
J : T,C" — T,C"; it is an R-linear map such that J2 = —Id. In the standard

L) )

for T,C" = T,R*", we have J((53;)s) = (g;)= and J((55)a) = ~(5)s:
1 < j < n. It follows that

(a+ib)y = av + bJ(v).

for any v € T,,C™ and any complex number a + b € C
The homogeneous Cauchy-Riemann equations, which encode the C-
linearity at = of (df), for any holomorphic function germ f, can be written
as
(df)z(Jv) = i(df ) (v) for any v € T, C".

Remark. This relationship between the complex structure on 7, C™ and holo-
morphic functions implies that J is independent of the choice of coordinates
on C™. We can therefore define J on the tangent space of a complex analytic
manifold.

Theorem 5.1. Let X be a complex analytic manifold. For any x € X, there
18 a unique R-linear map J = J, : T, X — T, X such that, for any holomorphic
function germ at x,

(df)z(Jv) = i(df )s(v) for every v € T, X.

Moreover, J?> = —1d and setting (a + ib)v = av + bJ(v) for any a + ib € C
and v € T, X yields a complex vector space structure on T, X.

Proof. We start by proving that if J exists then it is unique.

Let (21,...,2,) be a system of holomorphic coordinates in a neighbour-
hood of z € X and let (21,91, T2, Y2, - - - ,&n, Yn) be the underlying real coor-
dinates. Then, for any j = 1,...,n, (dz;); = (dz;)s +i(dy,), or alternatively
(dz;)e = Re(dzj), and (dy;), = Im(dz;),.

We now calculate J(%)m for k=1,...,n. We have
TERIES S(ES) K AR R) KA

As z; is holomorphic, dzj(%)ﬂC = dj, and
dz, (‘](aixk)z) = Redz; (J(a%k)m) = Reidz; ((%)m = Reidj, =0,

o2, ) = ((2) ) =i (1), =
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.It fol%ows that J(%)x = (a%k)x and likewise J(%)x = —(%)x and hence J
is unique.

We now define the map J by the above equations with respect to some
chosen set of holomorphic coordinates (z1,...,2,). We saw above for C"
that J then has the desired properties and the fact that any map having
these properties is unique implies that the map J thus defined is independent
of our choice of holomorphic coordinates. O

We now consider the link between the complex structures on 7, X and
CTyX. The map J : T,X — T,X is R-linear and J?> = —Id. This map
therefore has no real eigenvalues and if we want to diagonalise it we have to
consider the natural extension of J to a C-linear map, also denoted J, from
CT,X to itself. This extension then has two eigenvalues, i and —i. We denote
the eigenspace associated to i by T2°X and the eigenspace associated to —i
by T91 X: we then have

CT,X =T'X o T X.

If (21,...,2,) is a system of holomorphic coordinates in a neighbourhood of x
then the vectors «a%l)wv ooy (3%)s) form a basis for 710X and the vectors
((8%1)357 ce (%)x) form a basis of TO1 X.

We note that T, X with the C-vector space structure defined by J is nat-
urally isomorphic to 72X via the map sending v to 3(v — iJ(v)). This
map sends the family ((8%1)’”’ e (%)Jr) — which is a basis for T, X as a
C-vector space — to the basis ((8%1)357 ey (ain )z) of THOX and is therefore
an isomorphism.

We define T1%(X) to be the disjoint union of the spaces T.°(X) for all

x € X and we denote the natural projection from T°(X) to X by p.

Definition 5.2. Let X be a complex analytic manifold and let A be an open
set in X. A field of holomorphic vectors on Aisamap V : A — TH9(X) such
that poV =1d.

6 Differential forms of type (p, q)

Let X be a complex analytic manifold of dimension n and let z be a point
in X. The fact that T, X has a complex vector space structure leads us to
give special consideration to those elements in CT, X which are C-linear with
respect to this structure.

We define the space of differential 1-forms of type (1,0) at = by

ANTEX) = {w e CTIX | w(Jv) =iwv),Yv € CT, X }.

Ezample. The differentials (df), of germs of holomorphic functions at = are
of type (1,0) by definition of J.
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If (21,...,2,) are local holomorphic coordinates defined in a neighbour-
hood of x then the family ((dz1)s,. .., (dz,).) forms a basis for AMO(T*X).
The conjugate space A%'TX = ALOT* X which has a basis given in these
coordinates by ((dz1)z,...,(dZn)z), is the space of forms of type (0,1) at .
There is a direct sum decomposition

(6.1) CT:X = AM'TrX @ AV X

We now consider forms of higher degree. If w is a complex-valued differ-
ential form of degree r then it is a linear combination of elements of the form
w1 A Awy where w; € CT¥X. By (3.1), each wj;, 1 < j < 7, can be written in
the form W + wf, where wj € AVOTF X and w} € A T;X. Tt follows that w
is a linear combination of elements of the form 7; A --- A7, where each n; is
either of type (0,1) or of type (1,0).

We say that w is a differential form of type (p, ¢) or bidegree (p, q) at z if w
is a linear combination of elements of the form w;, A+ Aw;, AWy A+ AWj,
where all the w, are 1-forms of type (1,0) at z.

We denote by C;’;’q(X) the subspace of C]’,fﬂ( ) consisting of (p + q)-
differential forms which are of type (p,q) at every point. We then have a
direct sum decomposition

@ pia

ptg=r
Note that Cj  (X) = {0} if p or ¢ > n = dim¢ X.
If (21, ..., zn) are holomorphic coordinates on a chart domain U C X then

dz; € C(U) for any j = 1,...,n and any (p,q)-form w € Ck (U) can then
be written uniquely in the form

w = Z argdzy Ndzy,
[I|=p
|J]=q
where the ayy are C* functions on U and the sum is taken over strictly in-
creasing multi-indices I = (i1,...,%,) and J = (j1,...,Jq)-

7 The 8 operator and Dolbeault cohomology

The decomposition of differential 1-forms on a complex analytic manifold
into type (0,1) and type (1,0) forms induces a natural decomposition of the
exterior differential operator d into a holomorphic differential operator and
an antiholomorphic differential operator.

Let X be a complex analytic manifold of dimension n. If f is a C! function
on X then, for any z € X,

(df)y = gf )(dz))x +Z 2)(dZ;)s

Jj=1
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We can therefore write df = Of + 0f where Of is a differential form of
type (1,0) on X and Of is a differential form of type (0,1) on X. We note
that the condition f € O(X) is then equivalent to Jf = 0.

The decomposition d = 0 + 9 can be extended to forms of any degree in
the following way. Suppose that w € C;yq(X ) is given in some local system

of holomorphic coordinates (z1,...,2,) in a neighbourhood of z € X, by
w = Z\H:p arjdzy N\ dzj. By definition of d,
[71=q

dw = Zd(ajj)/\dZ]/\de: Z(8a1J+5a1J)Adz1Ad§J.
|I|=p [T|=p
|J|=q [T]=q
We then set
_ )
Ow = Ilz_:p Oary)dzr Ndzy = ;p; T%audzk ANdzp Ndz

[J|=q [J|=q

and

_ _ " H
Ow = Z a(a[‘])dZ] NdzZy = Z Z aaz[k]d?k Ndzr Ndzj.

|I|=p [I|=p k=1

|J|=q [J]=q
We have therefore defined operators § and 0 on C; ,(X) such that 0(C} (X))
is contained in Cp11,4(X) and 9(C; ,(X)) is contained in Cp ¢41(X)

Proposition 7.1. The operators O and 0 have the following properties:

a) d=0+ 08 on CH(X), o
b) 908 =0,000=0and 90d+00d=0 onC2,(X),
¢) 0 and O commute with pullback.

Proof. Property a) follows immediately from the definitions of 9 and 0.
Consider an element w € C2 ,(X). Asdod=0and d =09+ 9,

0=(0+09)0(0+d)w=(0d)w+ (000 +d0d)w+ (0o d)w.

But (90 9)w is now of type (p+2,q), (000 + dod)w is of type (p+1,¢q+ 1)
and (0o d)w is of type (p,q + 2). It follows that each of the terms vanishes
since their sum vanishes.

Let F : X — Y be a holomorphic map: note that if (¢1,...,¢,) are
holomorphic coordinates in a neighbourhood of a point ¥y € Y then F*(; =
¢j o F is a holomorphic function in a neighbourhood of z = F~!(y) and
hence F*(d(;) = d(¢; o F) is a (1,0) form and F*(d(;) = d(C; o F) is a (0,1)
form. Using local coordinates, this implies that F*(Ck (X)) C C} (X)) for all
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p,q = 0and k > 0. Since Proposition 8.4 of Appendix A says that dF™ = F*d,
we can write

O(F*w) + 0(F*w) = d(F*w) = F*(dw) = F*(0w) + F*(0w)

for any w € Cp 4(Y'), where the last equality holds because F'* is linear. Com-
paring bidegrees, we see that O(F*w) = F*(0w) and 0(F*w) = F*(0w). O

The operator 0 defined above is called the Cauchy-Riemann operator.

We denote the space of (p, ¢)-forms of class C*° on X by EP4(X) for any
0 <p<nand 0 < qg < n These spaces are equipped with a Fréchet
space topology which can be characterised as follows: a sequence (w;);en of
elements in EP4(X) converges to 0 if and only if for any chart domain U
in X on which w; can be written as w; = Y=, w},dzr A dZ; the sequences

|71=q

(w% 7)jen converge to zero uniformly on any compact subset of U and so do
all their derivatives.

The operator 9 : EP4(X) — EP97T1(X) is then a continuous linear operator
and its kernel, denoted by ZP'9(X), is therefore closed.

Definition 7.2. We define the Dolbeault cohomology groups to be the spaces
HPY(X) = ZP(X)/9EP1~ 1 (X).

These spaces are naturally equipped with the quotient topology which is
not generally Hausdorff because the space P9~ 1(X) is not always closed. If
0EP4~1(X) is closed then HP4(X) is a Fréchet space.

These groups encode the obstruction to solving the Cauchy—Riemann equa-
tions Ou = f for any f € ZP9(X).

We end by defining Dolbeault cohomology groups with support conditions.
We denote by ¢ the family of compact subsets of X. For any compact subset K
in a manifold M, @ denotes the family of closed sets in X = M ~ K whose
closure is compact in M and ¥ denotes the family of closed sets in M which do
not meet K: for simplicity we let © be one of these three families. The space
EY(X) is then the space of C* (p, ¢)-forms on X whose support is contained
in the family ©. If § € O, we denote by £5"?(X) the subspace of £P9(X)
consisting of (p, ¢)-forms supported on §. Then £5(X) = Ugee £57(X). We
note that if © is one of the three families ¢, @ or ¥ then X has an exhaustion
(65)ien by elements of @ (i.e. X = [J;cy0i0i C 0i41). The spaces £59(X)
are closed in £P9(X); they are therefore Fréchet spaces and the topology on
EG(X) is the finest topology for which the inclusions £ (X) — £g%(X)

are all continuous. The operator 0 is then a continuous linear operator from
ELI(X) to ELITH(X). We set ZB9(X) = ZP9(X) N ELY(X).

Definition 7.3. The Dolbeault cohomology groups with support in © are the
spaces B
HEY(X) = Z5Y(X)/0E5" 1 (X).



52 IT Currents and complex structures

We equip these groups with the quotient topology which is not gener-
ally Hausdorff. They encode the obstruction to solving the Cauchy—Riemann
equation in the class of forms with support in the family ©.

8 Complex tangent space to the boundary of a domain

When we come to define CR functions (Chapter IV) and pseudoconvex do-
mains (Chapter VI) we will need the properties of the tangent space to the
boundary of a domain with smooth boundary in a complex analytic manifold.
The aim of this section is to study the analytic properties of this space: in
particular, we will consider its interaction with the complex structure of the
surrounding manifold.

We initially only assume that X is a C*° differentiable manifold.

Definition 8.1. Let D be an open set in X. For any 1 < k < oo we say
that D has C* boundary in a neighbourhood of p € 9D if there is an open
neighbourhood U of p in X and a real-valued C* function € C*(U) such that
(8.1) UND={zeU|r(x) <0}
. dr(z) #0, xzel.

We say that 0D is C* if it is C* in a neighbourhood of every point. A func-
tion € C*(U) such that (8.1) holds is called a defining function for D at p.
If U is a neighbourhood of dD then r is called a global defining function.

Lemma 8.2. Let vy and ro be two defining functions for D which are C*
on a neighbourhood U of p € 0D. There is then a strictly positive function
h € C*=Y(U) such that
(8.2) r1 = hry on U

dri(z) = h(z)dra(z) for allz € UNOD.

Proof. Note that h is unique if it exists because it is continuous on U and
equal to 71 /ry on U \ 9D.

Without loss of generality we can assume that U is contained in a chart
domain of X. Consider a point ¢ € UNAD and choose coordinates on U such
that ¢ = 0and UNOD = {z € R" | z,, = 0}. We can assume that rq(x) = x,,.
For any 2’ = (1, ..., 2Zn—1) close enough to 0, we have r1(2’,0) = 0 and hence

1
r(a’,x,) =1 (2, x,) —ri(2',0) = xn/ %(:ﬂ',mn)dt.
0 81'”

We set h(x) = 01 g;; («',tz,,)dt; h(z) is then a C*~! function on U such that

ry = hry on U.
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If £ > 2 then dri(x) = ro(z)dh(x) + h(x)dra(z) = h(x)dra(z) for any
zreUNabD.

If k =1, ri(z) = h(z)ra(z) = (h(z) — h(z’,0))r2(z) + h(z’,0)r2(z) and
hence r(x) = h(z/, )drg (2’,0) + o(x,) as x, tends to 0 since h is continuous
on U and ro(z’,0) = 0. It therefore follows that dri(z) = h(z)dra(z) for any
zeUNaD.

It remains to prove that h is strictly positive on U. As h = r1/rs on
U~ D, h is strictly positive on U\ D because 1 and r3 are defining functions.
As dri(z) # 0 on U and drq(z) = h(x)dre(z) on U N 9D, h does not vanish
on UNOD. As h is continuous on U it is strictly positive on U. (Il

If D is a domain with C* boundary in a neighbourhood of p € 0D then
0D is a C* differentiable manifold in a neighbourhood of p. We can therefore
consider the tangent space T,,(0D) to 9D at p.

Proposition 8.3. If r is a defining function for D at p then
(8.3) T,(0D) = {§ € T,(X) | dr(p)(§) = 0}.

If (z1,...,2y) are local coordinates on X in a neighbourhood of p then

& € T,(0D) if and only if

- 1o}
— ng(aixj)p where Z 8310]
J=1

Proof. Let U be a neighbourhood of p such that
ODNU ={z €U |r(z) <0} and dr(z)#0 for any z € U.

We denote the inclusion of 9D N U in X by i. This inclusion induces an
injective map di : T,(0D) — T,(X) such that if « is a curve in 0D passing
through p representing the vector v € T,(9D) then £ = di(v) is the class of
10 a. Since the image of « is contained in 9D we have roioa = 0 and hence

ar(p)(6) = o

which proves that on identifying T,(0D) and di(T,(0D))

roioa)(0)=0

(8.4) T,(0D) C {§ € T,(X) | dr(p)(&) = 0}.

As both sides of (8.4) are vector spaces of dimension (n — 1), the inclusion of
(8.4) is in fact an equality. O

Remark. Equation (8.3) shows that we can identify T,,(0D) with the set of
directional derivatives at p which vanish on r.
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Assume now that X is a complex analytic manifold of dimension n and D
is an open set in X with C¥ boundary in a neighbourhood of p € dD. The
complex structure on X induces an extra structure on T,(9D).

As we have seen above, we can identify T,(0D) with a real subspace of
real dimension (2n — 1) in T,,(X). If J is the complex structure on T,,(X) we
can consider JT,(0D), which is also a real subspace of real dimension (2n—1)
in T,,(X), and hence

T (8D) = T,(0D) N JT,(0D)

is a real subspace of real dimension (2n —2) in T),(X) which is stable under J.
This space is therefore a complex subspace of T,,(X) of complex dimension
(n—1). We note that T,7 (9D) # {0} if and only if n > 2. The space T} (9D)
is called the complex tangent space to 0D at p. If we identify T,,(X) with
thleocomplex structure J with 77-°(X) then Tf(aD) becomes a subspace of
T,°(X).

Proposition 8.4. If r is a defining function for D at p € 0D then
C _ 1,0 _
T,(0D) = {t € T,”°(X) | or(p)(t) = 0}.

If (z1,...,2n) are holomorphic local coordinates for X in a neighbourhood of p
then t € TE(@D) if and only if

t= ;tj (;Zj)p7 where ; g;(p)tj = 0.
Proof. As the function r is real-valued
dr(p) = dr(p) + dr(p) = 2Re dr(p).
By definition of Tf(@D) =T,(0D) N JT,(0D) and (8.3),
T, (8D) = {t € T,°(X) | dr(p)(t) = dr(p)(Jt) = 0}.

But now 9r(p)(Jt) = idr(p)(t) since dr(p) is a (1,0) differential form at p and
hence

Re (9r(p)(J1)) = — Tm r(p)(¢).
It follows that

TE(@D) ={te Tpl’O(X) | Re dr(p)(t) = Im or(p)(t) = 0}
= {t e T,°(X) | 9r(p)(t) = 0}. O

Let CT,,(0D) be the complexification of T,(0D). Ty (9D) is then an (n—1)-
dimensional subspace of CT),(9D).
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Definition 8.5. The vector space T"'(dD) = TF(dD), the conjugate of
Tf(&D) in CT,(0D), is called the space of tangential Cauchy-Riemann oper-
ators at p € dD.

Note that if r is a defining function for D at p and (z1, ..., z,) are local
holomorphic coordinates on X in a neighbourhood of p then a vector 7 €
T)1(8D) if and only if

- 0 N or
T = er(a—zj)p where J; a—zj(p)Tj =0.

Jj=1

Ezample. If n = 2 then Tg*l(ﬁD) is a 1-dimensional C-vector space generated
by
Lo 9 or 0
P oz oz oz oz,

Comments

The theory of currents is developed in Schwarz’s book [Sc] and de Rham’s
book [Rh]. De Rham’s book [Rh] also contains a discussion of regularisations
on manifolds and the Kronecker index and more information on the Kronecker
index can be found in [L-T1]. Whilst writing Sections 4 to 8 of this chapter
the author relied on the sections dealing with similar material in Section 2
of Chapter IIT and Section 2 of Chapter II of M. Range’s book [Ra]. The
interested reader may consult R. Narasimhan’s book [Na2] for more details.
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