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3.0 Introduction

The remainder of the course will be concerned with a new technique for solving the &-Neumann problem
developed by R. Melrose and myself. Before discussing it, let’s consider where this problem came from and
what its solution is good for. Recall that a fundamental problem in several complex variables was to prove
the Levi conjecture that a pseudoconvex domain is always a domain of holomorphy. Although we did not
prove it, we remarked that any pseudoconvex domain can be exhausted by smooth strictly pseudoconvex
domains. It is a classical result of Behnke and Stein that a domain in C™ which is exhausted by domains of
holomorphy is itself a domain of holomorphy. Thus putting together these observations we see that to prove
the Levi conjecture for domains in C™ it suffices to prove it for smooth, strictly pseudoconvex domains.

It is possible to prove the Levi conjecture if you can solve the d-equation

ou =«

with control on the regularity of u at the boundary. This means that if o is smooth up to the boundary of
the domain then so is u. Suppose that Q is a strictly pseudoconvex domain and p € 9. There is an open
neighborhood U, and a function f, such that

fp € H(Up)
fp(p) =0,Re f, <0in QN U,.

Choose a function ¢ € C°(U,) that equals 1 near to p and set g, = ¥/ f,. The 0, 1-form a, = g,
extended to 0 in Uy, is clearly smooth and O—closed. Thus if we can find a solution Up to gup = oy, which
is smooth up to 9Q then the function v, = f, — up, € H(Q) blows up exactly as z — p. It follows from
Proposition (2.7.13) that € is a domain of holomorphy. Of course all that is really required is that w, is
bounded in Q.

If Q is strictly pseudoconvex with a smooth boundary then it turns out to be possible to carry this
program through. This was first accomplished by J.J. Kohn using the so called 9-Neumann problem. He

considered a second order operator cooked up out of 9 by choosing a metric on € smooth up to the boundary.
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Let & denote the formal adjoint of d relative to this metric. We can define a quadratic form on smooth
p, g—forms by

(3.0.1) Q(f,f)z/[< 3£,9f >+ <0 £,7f > dVol.

Q

Using the Friedrichs’ extension this in turn defines a self adjoint, second order operator on L?(£2; AP:9).
Formally it is given by o
Of = (00 +0 ).
The domain of the operator is defined as those forms f € L? with a certain amount of additional regularity
which satisfy

(3.0.2) < f,0¢ >= Q(f, ¢), for all smooth p, g—forms ¢.
For smooth functions this condition can be reinterpreted as local boundary conditions:
(3.0.3) NSl =0, [0 f]=0,

where 1 : Q0 — Q and N is the unit normal to 9. This is called the -Neumann boundary condition. To

solve the Levi problem one argues as follows: Let a be a closed 0, 1-form, and set v = 80 a. One can
show that 001 = 0710 and therefore

(3.0.4) Ov=00 0 'a=00"a=a

The regularity of v follows from a regularity theory developed for equations of this type by Kohn, et. al.

Note that on 0,0-forms the boundary condition reduces to +*[N1Of] = 0 which is satisfied by any
holomorphic function. Thus a smooth function in H () is in the domain of 0. From this it is clear that this
operator is not elliptic, as it has an infinite dimensional kernel. If one uses the standard euclidean metric
to define the adjoints then [0 = A as formal differential operators, so the difficulty lies in the boundary
conditions. This also implies that the solution to du = « is not unique, even within the domain of [J.
However the solution defined above has a special property. Suppose that h € ker @ then

<v,h>=<8 O 'a,h >=< O 'a, 8h >= 0.

In other words v is orthogonal to all L?~holomorphic functions in €.

The difficulty in this method lies in the fact that the differential operator A is unrelated to the complex
geometry of the Q whereas the boundary condition is intimately tied to it. As we shall see, this can
be rephrased by saying that there are two incompatible homogeneities at the boundary. To replace the
boundary condition, (3.0.3), Melrose and I consider a complete metric on Q and use it to define adjoints
and thereby a [ operator. This has the advantage that there is only one homogeneity, that defined by the
complex geometry of the boundary.

To solve the -Neumann problem we need to replace consideration of 0,0 and 0, 1-forms by n,0 and
n, 1 forms. For a domain in C™ this poses no problems for if f is a function then setting

w=dzn N---Ndz,
we obtain that
(3.0.5) I(fw) = (Of) ANw
and if « is a 0, 1-form then

(3.0.6) daAw) = (0a) Aw.
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Thus we can solve
ou =«

for O—closed 0, 1-forms if and only if we can solve it for d—closed n, 1-forms.
There is something a bit special about n, 0~forms, they have a canonical L? norm:

(3.0.7) 12 = / FAT
Q

This canonical norm agrees with the L?-norm defined by any choice of hermitian metric in Q. Thus we see
that if w is a smooth function in 2 then uw is an square integrable n, 0—form relative to any hermitian metric
on . This observation will allow us to use a complete metric to solve the -Neumann problem

Before we consider these matters in detail, I would like to quickly review how the calculus of pseudodif-
ferential operators is used invert a elliptic operator on a compact manifold. In the process we will extract the
essence of the method which we will subsequently adapt to analyze operators like [ on strictly pseudoconvex
domains with metrics of the form

(3.0.8) g = —0.,05, log pdz;dz;.

Here p is a smooth plurisubharmonic defining function for €.
Suppose that M is a compact riemannian manifold with metric g. We denote the smooth functions on
M by C> (M) and its dual space by C~>°(M). This is the space of distributions defined on M. Suppose that
A is a linear operator
A:C®(M) — C(M).

An operator of this type has a kernel belonging to C~°°(M x M). This is called the Schwarz kernel of A, we
will denote it by k4.

A is a differential operator if its Schwarz kernel is supported along the diagonal in M x M. It is of order
m if for any smooth function i supported in a coordinate patch we have an expression of the form

(3.0.9) A(u)(z) = Z ao(2)05u(x).

a,|a|<m

An operator is a pseudodifferential operator if the wave front set of the Schwarz kernel is contained in the
conormal bundle of the diagonal in M x M. In simpler terms this means that if we introduce coordinates into
disjoint open sets U, V and choose functions ¢ € C2°(U), ¢ € C*°(V), then the Schwarz kernel of the operator
u —> ¢pAYu, is a smooth function on M x M. Whereas the Schwarz kernel of the operator u — Y AYu is
given by

R Ay = /eg'(x_y)a(m,if)d&,
where the integral is interpreted to mean

(3.0.10) W Au(z) = / ¢S a(z, £)i(E)de.

The function a(z,&) is called the symbol of A and it satisfies certain estimates: for non—negative
multiindices o, 3, there are constants C,g such that

(3.0.11) 10207 a2, )| < Cap(1+ €)™ 1.

This is actually too general a class of operators for our purposes; we place the further restriction that the
symbol have an expansion for large £

(3.0.12) a(z,8) ~ Y am—j(z,8),
j=0
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where a,—;(z, ) is homogeneous of order m — j is £. An operator which satisfies (3.0.10)—(3.0.12) is called
a Kohn—Nirenberg pseudodifferential operator of order m. We will denote the set of such operators by
Wi (M).

The highest order term a.,(x,&) is called the principal symbol of the operator A. It is actually not
a function on M x M but is well defined as a function on T*M. The variable { appearing in (3.0.10) is
the dual variable for the fiber of the cotangent bundle defined by the coordinate x. Simply put, it is the
trivialization of the cotangent bundle which arises by expressing one forms relative to the basis dxq, . . ., dx,.
For a differential operator as in (3.0.9) the principal symbol is given by

()@, = 3 aa@)(i6)°.
|a|=m

Thus a differential operator of order m with smooth coefficients belongs to Wi\ (M).

Conversely, given a smooth function on 7* M, homogeneous of degree m outside a compact subset, we
can define a pseudodifferential operator. Let a be such a function and let U; be a covering of M by coordinate
balls, with coordinates z;. Choose a partition of unity subordinate to this cover, {1;}. If & denote the dual
variables then the operator defined by

(3.0.13) Au = Z/ei&'xil/)i(mi)a(mi,&)(%U)(&)dfi,

is an element of W2 (M) with principal symbol a.
The correspondence between symbols and operators is bijective in a filtered sense. If S™ (M) denotes
functions on T*(M) homogeneous of degree m satisfying (3.0.11) then there is a one to one mapping

(3.0.14) S (M) = §™(M)/S™H (M) +— Tt (M) /TR (M),

We denote the principal symbol by o,,(A); it takes values is S{™}(M). A fundamental fact which makes
pseudodifferential operators useful is that if A € W (M), B € V(M) then Ao B € WK™ (M). Equally
important is that

(3.0.15) Omtn (Ao B) = op(A) - on(B).

The pseudodifferential operators form an algebra and the symbol map is an algebra homomorphism.
The final fact of importance is that a pseudodifferential operator of order zero defines a bounded map
from L?(M) to itself. We can define L?-Sobolev spaces as follows: for each real number s

(3.0.16) H¥(M) ={ucC>(M); Au € L? for all A € Ui (M)}.

For positive integral values of s it is easy to put an inner product on H® making it into a complete Hilbert
space. Using interpolation this can be extended to all positive real numbers and by duality to negative real
numbers. The following theorem follows easily from the definitions and the L? result

Theorem 3.0.17. For every real s an operator A € U2\ (M) defines bounded mappings
(3.0.18) A:H(M) — H*"™(M).

An opertor is negligible, as a pseudodifferential operator, if it has order —oo. This does not mean that it
is the zero operator but only that its principal symbol is zero and its Schwarz kernel belongs to C*>° (M x M).
From this we conclude that if A € U ’(M) then

(3.0.19) A C®(M) — C®(M).

Now that we have assembled all the pieces, we apply these ideas to invert the Laplace operator A €
W2 (M). This operator is not actually invertible as the constant functions lie in its kernel, so instead we
consider A + 1. The principal symbol of A is given by

(3.0.20) o2(4A) = |¢)?,
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where |.| is the norm on T*M defined by the metric. Note that it does not vanish outside the zero section,
any pseudodifferential operator with this property is called elliptic.
We wish to find an operator R(1) such that

(3.0.21) (A+1)R(1)=1d.

We suppose that there is a pseudodifferential operator that satisfies this operator equation. Since og(Id) = 1,
(3.0.21) implies that

(3.0.22) o2(A+1)o_s(R(1)) = 1.

We iteratively construct an operator R so that

(3.0.22) (A+1)R—1d~0

in the sense that this is an operator of order —oo. The first step is to let P; be an operator whose principal
symbol is (|¢]? 4+ 1)~1. This operator is of order —2 using (3.0.15) we compute that

(3.0.23) Ei=(A+1)P -1d

is in Wix (M), let e; denote its symbol. Next we choose an operator Py with symbol —e; (|¢]? + 1)1, again
applying (3.0.15) we obtain
Ey=(A+1)(P1+ P) — 1d € U3 (M).

Clearly we can apply this recursively obtaining operators
P; € U (M)

such that '
E;=(A+1)(P1+--+ Pj) € U (M).

We want to let -
R~ P
j=1
so that
(3.0.24) E=(A+1)Rec U 2(M).

This in fact can be done, using the Borel summation lemma one can show that there is a pseudodifferential
operator R with the property that

R— (P +- -+ P)e U I 2(M),Vj>0.
J KN

We have therefore obtained an operator Re \I/I_{IQ\I (M) satisfying (3.0.22’). What remains is to modify R so
as to obtain the true inverse.
We rewrite (3.0.24) as

(A+1)R=1d+E

where E has a smooth kernel. If Id +F is invertible then one can very easily show that (Id +E)~! = Id +F
where F' also has a smooth kernel. Thus setting

R(1) = RAd+F)
we obtain an operator in Wy (M) which inverts A + 1.
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It may happen that Id+F is not invertible, let uq, ..., u; denote a basis for the kernel. Since E has a
smooth kernel it is immediate that
U ECOO(M),i =1...,1

If we take the adjoint of the equation satisfied by R we obtain

(3.0.25) R*(A+1)=1d+E*

We know, a priori, that (A 4 1)1 exists, at least on L? thus we can find functions v; € L? such that
(A+1)v; = uy.

Using (3.0.25) we can show that v; € C>°(M) as well. If we replace R with the kernel

l
R =R+ Z Vi Q@ U
i=1

then B

(A+1)R' =1d+FE'
where (Id+FE’) is invertible. Since the correction has a smooth kernel we obtain as before that R(1) €
\I/I_QQ\I (M). A similar analysis applies to show that the inverse of any invertible elliptic pseudodifferential
operator of order m is an elliptic pseudodifferential operator of order —m.

We can also obtain a smoothing error term by using the composition properties of the calculus directly.

We return to (3.0.23) which we rewrite as

(3.0.23") (A+1)P, =1d+F;.
Since E; € Uiy, it follows from (3.0.15) that
(3.0.26) Ef € Wy,

Using a summation argument similar to that used above to construct R we can construct an operator
F € Wy such that

(3.0.27) Id+F ~ Y (~Er).
7=0

That the series is summable follows from (3.0.26). As a consequence of (3.0.27) we obtain that

(3.0.28) (Id+E))(Id+F) —1d € U2.

Thus we can replace the iteration step above with this conceptually simpler construction. If we let R =
Py (Id+F) then
(A+1)R—-1d € I ¥.
To finish let’s assemble the properties of pseudodifferential operators which allowed us to invert the
Laplacian.

(3.0.29) Pseudodifferential operators form an algebra which is closed under formal adjoints.

(3.0.30) There is a symbol map which is an algebra homomorphism and bijective, in a filtered sense.

(3.0.31) Pseudodifferential operators define bounded maps between a scale of Hilbert spaces H® which
satisfy

(M) =(H*, ¢ >=W)=JH"

(3.0.32) The residual operators (those of order —oo) form an ideal.

We will soon see how these principles guide the construction of an operator algebra which leads to the
inversion of the Laplace operator defined by a complete metric on a strictly pseudoconvex domain. What
we need to add to these general principles is a means for handling boundary conditions. To that end we
need to consider a special case in detail. The thrust of the method is to then reduce the general case to the
special case.



3.1 The unit ball

The unit disk is a model for the complete, simply connected Riemannian manifold with constant negative
curvature. The metric can be written in the form

dz|?
3.1.1 ds* = |7.
(310 TPy

We can identify the tangent space to the unit disk with the vectors of type 1,0. When represented relative
to the basis 9., 0 a real vector takes the form

(3.1.2) X = ad, +ads.

From (3.1.2) it is clear that the map
X — a@z =Zx

defines an isomorphism of TCB! with T"°CB! as a real vector space.
The (1, 1)—form, B
w = —001log(1 — |2]?)

defines a hermitian pairing on T:° by B
WW, Z) = w(W, Z).

A simple calculation shows that
ds*(X,Y) = 4Reh(Zx, Zy).

Thus we have a relation between the strictly plurisubharmonic defining function and the hyperbolic geometry
of the unit disk.
Using this connection we can easily show that the metric is invariant under all biholomorphic self maps
of the unit disk. The Schwarz lemma implies that all such mappings are of the form:
az+b

2 2
W ="yz = = , lal* —|b]* = 1.
bz+a || ||

An elementary computation establishes that

. oy (1—1]2*)
(8:1.3) YA = G it e)

Because + is a holomorphic map,
(3.1.4) v*091og(1 — |2]?) = 90v* log(1 — |2|*) = 89 log(1 — |2|?),

from which the claim follows. Thus the biholomorphic self maps are isometries relative to the constant
curvature metric and CB! is a homogeneous space. It is isomorphic to

(3.1.5) CB' = SU(1,1)/U(1).

A simple count of dimensions shows that all orientation preserving isometries are of this form. Note that the
element — Id acts trivially on the disk, so the true automorphism group is PSU(1,1) = SU(1,1)/{1d, —Id}.

For the purposes of generalization there is a different model which is better suited to computation. To
define the projective model we consider C? with the hermitian inner product

<X)Y >= X1?1 — XQ?Q.

A simple calculation verifies that if A € SU(1,1) then < AX, AY >=< X,Y > . Of course the metric
induced by Re < -, - > has signature (2, 2) however if we restrict to the hypersurface given by

H={X; <X, X>=-1}
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then we get a metric of signature (2,1). The unit circle acts on H via X — € X. This action commutes
with the action of SU(1,1) on H and therefore allows us to define a metric on the quotient H/U(1) by
identifying the tangent space of the quotient with the orthocomplement of the vector field which generates
the U(1) action. Since the U(1)-action commutes with the action of SU(1,1) this group acts as isometries
of the quotient space. It is sometimes useful to have a second representation, we set

N ={X:<X,X ><0} then H/U(1) = N/C*.

If we use 21, z as local coordinates for C? then the projection

z
(21, 22) = Z—l
2

carries N onto CB'. In this representation it is a simple matter to deduce (3.1.3) and therefore (3.1.4).
Suppose that A € SU(1, 1) then the action of A on CB! is defined as follows,

(3.1.6) A-z= @.

(3.1.7) A (p) = —FL

The important point being that A*p/p is the squared modulus of a holomorphic function.

This construction easily generalizes to n—dimensions. Our goal is to find a metric on the unit ball in
CB™ which is invariant under a very large group of holomorphic transformations. As before we consider
C"*! with the lorentz metric

<X, Y >=X1Y1+ -+ XnY, — XY
The lie group SU(n, 1) is defined as those matrices of determinant 1 such that
< AX,AY >=< X,Y >, forall X,Y € C**L,
As before we let
H={XecC"™ <X, X>=-1}, N={XecC" <X, X ><0}.

Evidently H is invariant under the action of SU(n, 1) and also the action of U(1) defined by X — ¥ X.
We define a projection of NV into C" by

X X,

W(X):(X—O,,YO

).

One easily sees that the image of H is exactly the interior of the unit ball. The map is not one to one as X
and e X have the same projection, but this is easily seen to be the only possibility. Therefore

CB™ ~ H/U(1).
To obtain a representation as a homogeneous space we observe that
(3.1.8) H/U1) ~ SU(n,1)/U(n).
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Since SU(n, 1) acts transitively on H/U(1) to prove (3.1.8) we need only compute the stabilizer of a single

fiber in. This is simplest for the equivalence class [(0,...,0,e?)] The stabilizer is easily seen to have the
form
0
e~SU(n) :
0
0 e 0 e

This is simply U(n) — SU(n, 1) as asserted.
The action of SU(n,1) on CB™ is defined as before by

Az =n(Ar1z) = - <i>)1 “ <i>)”

(i @i

Using this formula and the invariance of the lorentz inner product one easily derives that

(3.1.9) A (p) = —FL

As before the ratio A*p/p is the squared modulus of a holomorphic function.
Therefore the invariant metric on CB™ is given, as before, by

g=—00logp

To see that it is invariant we need to show that A*g = g for all A in SU(n,1). This follows immediately from
(3.1.9) because the denominator is the squared modulus of a holomorphic function. This metric is called the
Bergman metric. One can show that it agrees with the metric induced by 7 from the inner product < -, - >
on H, restricted to the orthogonal trajectories of the action of U(1).

Using the group invariance one can show that if z, w are two points in CB™ then

-Gl
(= 12B)(1 — fwl?)]}

Here (-, -) is the standard hermitian inner product on C”".

Exercise 3.1.11.
(1) Prove that the function defined on the right hand side of (3.1.10) is invariant under the
action of SU(n, 1).
(2) Prove that the real lines through 0 are geodesics of the Bergman metric.
(3) Prove the formula (3.1.10), hint: show that it suffices to consider z = 0,w = ((,0,...,0)
and then compare (3.1.10) with the result of integrating the Bergman metric.

1
(3.1.10) cosh §d(z,w) =

The group SU(n, 1) therefore acts as isometries of CB™ with the Bergman metric, however the action
is not effective. The center of the group

em™Id, 0 2
0 gime ,mEZ,w—n+1

Ly = { }7

acts trivially. A dimension count shows that all biholomorphic isometries of the Bergman metric arise from
elements of SU(n,1). One can also show that all orientation preserving isometries of the Bergman metric
are necessarily biholomorphic maps, thus

Isom(CB") = SU(n,1)/Z,.

One can even prove a sort of converse: that every biholomorphic self map of CB” is an isometry of the
Bergman metric. This uses a generalization of the Schwarz Lemma. From this we conclude that the group
of biholomorphic self maps of the unit ball is isomorphic to SU(n,1)/Z,.



Exercise 3.1.12.

(1) Prove that any biholomorphic self map of the unit ball defines an isometry of the Bergman
metric. hint: use (2.2.17) and composition with elements of SU(n,1).

(2) Prove that any isometry of the Bergman metric is a biholomorphic mapping. hint: By
composing with elements of SU(n,1)/Z, one can reduce consideration to an isometry fixing
the origin and consider the tangent map only at 0.

(3) Prove that the volume form of the Bergman metric is given by
cn AV euclid
3.1.13 dVol= ——
11 TEEo

where ¢, is a dimensional constant.

3.2 Analysis on the unit ball

In this section we consider two analytic problems on the unit ball in C™: the first is constructing the
resolvent kernel for the Laplace operator, the second is the construction of the Bergman projector. To
keep technical difficulties to a minimum we only construct the resolvent for the Laplace operator acting on
functions. Similar considerations lead to an analogous construction for the Laplace operator on p, g—forms.

As remarked in the introduction the space of n, 0—forms has a canonical bilinear pairing which induces
an L?-structure. Bounded holomorphic n, 0—forms belong to L*(CB"; A™°), we denote the space of all L?
holomorphic n, 0 forms by H?(CB"). The orthogonal projection from L?(CB"; A™°) onto H?(CB") is called
the Bergman projector. It can be represented by a kernel of the form

B(z,w)dz A dw;

the action is then given by
Bw(z) = / w A B(z,w)dz A d.
CB™

Much of the analysis of holomorphic functions in several variables can be reduced to an analysis of the
Bergman kernel function. Once one has solved the -Neumann problem one can easily construct the Bergman
kernel. On the unit ball it is easy to construct the Bergman kernel directly. We conclude this section with
that computation as motivation for what comes in the later sections.

To study the resolvent kernel for the Laplacian we employ the group invariance of the Laplace operator.
Recall that the Bergman metric on the unit ball is given by

_ 51'_7 ZiZj
I TR T - P

We can easily show that if v € Isom(()CB") and f € C°(CB"™) then
(3.2.1) Y (Apf) = Agy* f.

The resolvent kernel is defined by the distributional equation
(3.2.2) (A — A)R(XA) = 0a

and decay properties for A ¢ spec Ag.
Suppose that we could find a fundamental solution with pole located at 0 € CB™, i.e. a solution to

(3.2.3) (Ap — A\)Fy = do,
which is square integrable near to |z| =1 if A ¢ spec Ap. Let v carry p to 0 then (3.2.1) implies that
Fy(z) = Fo(y - 2)
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satisfies (3.2.3) with the singularity moved to p. Since the resolvent kernel is unique we do not expect the
solution we obtain to (3.2.3) to depend on the ‘angle’, for otherwise we could obtain different functions F,
by choosing different different group elements v with v -p = 0.

In fact if v € Isom(()CB") fixes 0 then v*F is another solution to (3.2.3). By averaging over the
stabilizer of 0 ~ U(n) we obtain a solution to (3.2.3) which also satisfies

(3.2.4) Y Fo = Fp, for all v € U(n).

It is easy to see that any function which satisfies (3.2.4) is of the form

(3.2.5) Fo(2) = f(r?), with r? = |z
2

An elementary calculation shows that with 7 = r#,

n—1

(3.2.6) ApFo = 7(1 = 7)%(frr + [g + ] ).

1—7

Exercise 3.2.7. Prove (3.2.6), hint: for functions in C° the Bergman laplacian is defined by

(3.2.7) /(ABf)deolz / < 0f,dg > dVol.

CBn CBn

If we reparametrize the eigenvalue by
A=s(n—s)

then the equation for the radial fundamental solution is a classical P-Riemann equation:
(3.2.8) P 0 0 s T

If you are unfamiliar with this notation I suggest that you consult Modern Analysis by Whittaker and
Watson. Briefly it states that the equation has regular singular points at 0, 1, co with indicial roots (0, —n)
at 0, (0,0) at oo and (s,n — s) at 1.

The reason that we introduce the parameter s is so that the indicial roots are both analytic functions of
the parameter, this in turn produces a solution which depends analytically on the parameter. The parameter
s defines a two fold cover of the energy parameter \. The half plane Re s > %n is the ‘physical’ half plane,
the spectrum corresponds to Res = %n The half plane Re s < %n is the non—physical half plane and it has
interpretations in term of scattering theory.

In any case the solution of (3.2.8) which we need can be expressed in term of classical functions by

(3.2.9) r(7;8) = cp I'(s)? )(T— 1)°2F1(s,82s —n+1;1— 7).

r2s—n+1

Using well known facts about these functions we can show that for Res > %n, r(|2]?; s) is square integrable,
near to |z| = 1, with respect to the Bergman metric. It has a singularity at 0 such that

(3.2.10) / r(|2[2 )(As — s(n — s)) f(z) dVol = £(0),
CB»

for f € C°(CB™).
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The parameter 7 has a more invariant interpretation, it is given by
1 —2
(3.2.10) 7 =1— [cosh §d(z, 0)]~=.
From this it follows easily that
1 —2
(3.2.11) R(z,w;s) =r(l — [cosh §d(z,w)] i 8).

In (3.1.13) we showed that

1 [1—(z,w)|
cosh —d(z,w) = -
3 =) (1= [2%)(1 = |w|?)]=
We set |1 B ( )|
GO S A R P
then
(3.2.12) R(z,w;5) = t(z,w) " 2Gu(t(z,w) % 5),

where G, (t, s) is analytic for ¢t € [0,1) and has a pole at ¢ = 1. The main conclusion we draw from (3.2.12)
is that if we understand the singularities of the function ¢(z,w) on CB™ x CB™ then it is relatively simple
matter to understand the singularities of the resolvent kernel. As a function of s, G,(+;s) is analytic in
Re s > 0 with simple poles at —Nj.

To conclude this section we construct the Bergman kernel function. As before we make use of the group
invariance. By definition, the Bergman projector acts like the identity on holomorphic n,0—forms. More
explicitly, if fdz is holomorphic then

(3.2.13) f(z)dz = / f(w)dw A B(z,w)dw A dz.
CBn

Since the components of a holomorphic n,0 form are also harmonic with respect to the euclidean
Laplacian it follows from the mean value theorem that

(3.2.14) f(0)dz = ¢, / f(w)dw A do A dz.
CBn

Suppose that v € Isom(()CB") carries 0 to z then

(3.2.15) V(0 (£d2)(0)) = f(2)d.

By combining (3.2.14) and (3.2.15) we obtain

f(z)dz = ¢, / v (f(w)dw) Adw Ayt *dz
(3.2.16) o
=cp / f(w)dw Ay~ *(dw A dz).
CBn

To complete the construction all we need is to compute the Jacobian of 4!

the answer is

. This we leave as an exercise,

dw A dz

(3.2.17) Ve N de) =
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where
n
(z,w) = Zziu’)i.
i=1

The formula we finally obtain is that

e st =en [ LR

(CIB n

How do we know this is the correct kernel? It is uniquely determined by three properties: the range of B is H2,
it is hermitian symmetric and B2 = B. This is equivalent to the statement that it is an orthogonal projection
onto H2. The hermitian symmetry is apparent from the formula. Since B(z,w) depends holomorphically on
z it follows that Bf(z) is a holomorphic function of z. Furthermore one can adapt the for going argument
to show that:

B(z,w) = /B(z,m)/\B(m,w).
CBr

Thus we have proved the following theorem:

Theorem 3.2.19. The Bergman projector for the the unit ball in C™ is given by the following kernel

dw A dz

B(z,w) = A= o))t

Once again we see that understanding the singularities of the Bergman kernel is reduced to studying

the singularities of a very simple function (1 — (z,w))~!. Clearly this function is smooth away from the

intersection of the diagonal in CB™ x CB"™ with the boundary. On the other hand it seems to have a very

similar sort of a singularity as that which arose in the kernel of the resolvent for the Bergman laplacian. In

the next lecture we discuss a method for analyzing such singularities. It amounts essentially to introducing
polar coordinates.

3.3 Polyhomogeneous conormal distributions

A large part of the study of pseudodifferential operators on strictly pseudoconvex domains is related to
the analysis of singularities. In order to proceed, we must define a class of ‘good’ singularities. Recall that
a function a(z, §) is called a symbol of order m if it satisfies the estimates

(3.3.1) sup |(1+ [¢))#1=020 a(x, )| < oo,

for all non—negative multiindices a, (.
The kernel defined by a(z, ) is given by the oscillatory integral

Ky (x,z—y) = /a(m,{)eig'(”_y)d§.

Rn

So as to avoid unimportant technicalities we assume that the order of a is less that —n and therefore the
integral exists as an absolutely convergent integral. We would like to investigate the regularity properties
of the kernel itself which follow from (3.3.1). For this purpose it is convenient to replace z — y by a new
variable z. The z, z coordinates have a nice geometric interpretation, the diagonal in R™ x R™ is defined by
z = 0. Thus we can think of = as a parameter along the diagonal and z as a transverse parameter.

We've assumed that K, (z, z) belongs to L™ it is clear from (3.3.1) that 02K, is also bounded for any
multiindex «. On the other hand it is clear that if we take enough derivatives in the z—variables the integral

13



will no longer be absolutely convergent, in fact it will no longer be bounded along the diagonal. However
observe that

210z, Ka(2, 2) =/a(m,§)z’zi§jei5'zcz§

Rn

(3.3.2) =/a(m,§)§j35ie"5'zd§

Rn

—— [ Belgjate, ) e

The last equality is obtained by integrating by parts. In virtue of (3.3.1) the symbol 0, (&;a(z, §)) satisfies
exactly the same estimates as a(x,§) thus we see that the differential operators z;0., also preserve the
boundedness properties of the kernel.
This seems a bit mysterious, however the span of the differential operators
V(R*™; A) = Span{dy,, 2;0.;;4,j = 1,...n}
also has a simple geometric interpretation: these are precisely the smooth vector fields tangent to the
diagonal. So we see that the property of the kernel which corresponds to the estimates (3.3.1) is that if
Vi,..., Vi € V(R?"; A) then
Vi...ViK,(z,2)

has the same regularity as K, itself. Such a distribution is called a conormal distribution relative to z = 0.

More generally if X is a manifold and Y C X is an embedded submanifold then we can define distri-
butions conormal relative to Y. To do this we use the grading of the distributions on X defined by the
L?-Sobolev spaces. Let V(X;Y) denote all smooth vector fields on X which are tangent to Y. Let p € Y,
we can find coordinates (y1,...,Yn—k, 21, ., 2k) for X such that Y is given by z; = .-+ = z;, = 0. In this
coordinate patch

(3.3.3) V(X;Y) = Span{dy,, z;0,, }.
We define the conormal distributions along Y with L?—order s by
IH*(X;Y)={ue H*(X); forany [,V;...Viue H*(X),V; e V(X;Y),i=1,...,1}.

Loosely speaking these are distributions whose regularity is not affected by taking derivatives tangent to Y.
One can show that every such distribution has a representation in a local coordinate patch as an
oscillatory integral:

(3.3.4) u(y, z) = /a(y, n)e=dn.
Rk

The function a(y, n) is a symbol in R*~* x R¥. This means that for all non—negative multiindices «, 3
(3.3.5) sup |(1+ |77|)|B|_m8;‘85a(y, n)| < oo.

This is simply a generalization of (3.3.1). We denote the space of such functions by S™(R7~* x RF). This
representation leads to a symbol mapping for a conormal distribution. Invariantly the symbol takes values
in N*(Y'), the conormal bundle of Y — X.

There is an inequality which pertains between s and m. Instead of exploring this direction it is simpler
to redefine the grading on the family of conormal distributions. We define I"™(X;Y") as those distributions
on X whose singular support is contained in Y and such that in every local coordinate system as above u
has a representation as in (3.3.4) where a € S™~ %”"’i‘l(RZ_k X R’f,) This peculiar normalization of the order
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is useful in other applications and is relatively standardized. The space conormal distributions relative to Y
is
I(xX;7)= | rrex;y) = |J 18°(X; ).
meR s€R

It is useful to have the two different grading because they are related and it is sometimes easier to prove
things about the one than the other.

Recall that we actually required more about of the symbols that defined our pseudodifferential operators
than the estimates (3.3.1). We also insisted that they should have an asymptotic expansion into homogeneous
terms. If a conormal distribution has a symbol with such an expansion then it will also have an expansion.
We consider a simple special case. Suppose that a(¢) € S™(RF).

We suppose further that a(€) is homogeneous of degree m for || > 1. We call such a function asymp-
totically homogeneous. The fourier transform of a defines a distribution

(3.3.6) u@y:/a@p%%w
Rk

If m < —k then this integral converges absolutely, otherwise we define the distribution as an oscillatory
integral. If 1 € C3°(R¥) then

< u, ) >= / /esz(z)dz a(€)de.
RE k
Integrating in this order is easily seen to define a tempered distribution.
Since a(§) is asymptotically homogeneous of degree m it follows from the oscillatory definition of u that
we can integrate by parts to obtain that:

(3.3.7) (z:0, +k+m)u= /(m — & 0)et Fa(€)dé.

Rk

The derivatives on the left are in the sense of distributions. The integrand in (3.3.7) is smooth and compactly
supported. We state this result as a lemma.

Lemma 3.3.8. Ifa(¢) € C*°(R*) and homogeneous of degree m for |¢| > 1 then u(z) defined as an oscillatory
integral by (3.3.6) satisfies:

(3.3.9) v=1(2-0.+k+m)u e C°R").

From this we can deduce that u is homogeneous of degree —(k +m) up to a smooth error. To that end
we observe that u(z) is represented by a smooth function in the complement of z = 0. Furthermore

1
’LL(Z) _ tm—i—k /Sm—i-k 1 ds.
t
This implies that
1
u(tz) =t~ MRy (z) — ¢~ (m+k) /sm"’k_lv(sz)ds.
i

We apply Taylors theorem with remainder to obtain that

(3.3.10)
u(tz) =t~ MRy (2)—

¢~ (m+k) Z /U gloltmtk=1 a4 Z / m+k+N Bhﬁ(sz)ds)

a;la|<N% B; |Bl=N+1%
=I+1II+41II.
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Here N is some integer chosen so that m+ k + N > 0. The functions hg(z) are smooth. The first two terms
are easily analyzed, we let z = w a unit vector. Performing the integral and grouping terms we see that

(3.3.11) I+11 =t~ "R (y(w) — Z vhw® + gn(tw)logt) + fn(tw),
la|<N

where fx(2), gn(z) are polynomials and gn(z) = O(|z|~(™+k)).
To complete the analysis we need to control the error term. In virtue of our choice of N this integral
converges absolutely as t — 0. We rewrite this term as

S
I =¢~ (m+k) Z /sm+k+Nw6hg(sw)ds—
[B|I=N+17

/ Z ]Tm+k+N(tw)Bh5(Utw)da.

[Bl=N+17

(3.3.12)

In the second integral we have set s = t7. Thus we obtain that
I = ¢t~ "Ry (tw) + kv (tw),

where hy(z), kn(z) are smooth functions.

Putting these calculations together we obtain:
Lemma 3.3.13. If a(¢) € S™(RF), for an m < —k, is homogeneous for |¢| > 1 then the distribution u(y)
defined by (3.3.6) has an expansion at zero of the form
(3.3.14) u(rw) = r~ "R (f(w) 4 logrg(rw)) + h(rw).
Here f is a smooth function on the unit sphere, g, h are smooth in a neighborhood of 0 € R* and g(z) =
O(|z|~(m*9).

This result has a generalization to distributions of any order. One uses Lemma (3.3.8). For values of
m > 0 one must allow for the ‘homogeneous’ distributions of the form

u(y) = 0, 60(y)-

In general (3.3.14) is replaced by a sum of such terms and homogeneous functions of the more familiar kind.
Note that this is needed in order for the distribution to be defined as a principal value. On the other hand
no log—term arises in this case. We leave the details as a highly recommended exercise. Note that we could
rephrase (3.3.13) for any order m by considering u as defining a distribution on R* \ 0. Then it is simply a
question of showing that there is a uniquely defined extension to all of R¥.

Exercise 3.3.15.

(1) Show that if a(£) is asymptotically homogeneous of degree m < 0 then the associated
distribution u(z) satisfies

lim < u, (e 2)(2) >=0,

for any function ¢ € C3°(IR¥). hint: use the fact that

(14l =+ [€) > (1t 3.

(2) Using part 1 show that Lemma (3.3.13) extends to this case with no modification.
(3) Can you figure out what to do in the general case?
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More generally we can consider the distributions defined by symbols a(z,£) € S™(R™ x R¥) which are
homogeneous in & for €] > 1. The symbol depends smoothly upon the z—variables and differentiating in z
does affect the homogeneity properties. Thus the foregoing calculations apply without essential modification
to show that the distribution defined by the oscillatory integral

ulz, ) = / €€V, €)de

has an asymptotic expansion. For simplicity we again assume that m < —k so the integral converges
absolutely. Setting y = rw, |w| =1 we have

(3.3.16) u(z,rw) = r~ "R (f(2,w) + logrg(z, rw)) + h(z, rw),

where f(z,w) is a smooth function on R™ x S¥71 g(z,y), h(zx,y) are smooth in R" x R* with g(z,y) =
O(fy|~(m*4).

The expansion in (3.3.16) is in many ways the main point of this section. What it shows is that
if we introduce polar coordinates about the submanifold y = 0, then a conormal distribution with an
asymptotically homogeneous symbol has a very simple sort of a singularity. Essentially we get functions
smooth away from r = 0 with a simple algebraic behavior as r — 0 and smooth in all other directions. We
see that if we apply differential operators which are polynomials in the vector fields

{T@T,Xl, .o .,Xk_l,&cl, .o -78xn}7

where X;,i =1,...,k — 1 are tangent to the sphere, to u(z,r, w) then we get a function with precisely the
same regularity as u. We make this more precise in the next section.

If A e Uy then we can use (3.3.16) to obtain an asymptotic expansion for the Schwarz kernel. As
before, we assume for simplicity that m < —n though one can easily generalize this to all orders. The
expansion is

Ka(z,z—y NZk]mwh:— yP=m 4 z — gy dog |a — ylkh(z, z —y) + Uz, — y).
7=0

As before kj(z,w) are smooth on R™ x S"~! and k{(z, 2),(x, z) are smooth in R™ x R™ with k(z,2) =
O(|z|~(m+9).

We need conormal distributions in one other slightly different situation. In the analysis of the Bergman
laplacian we need to consider distributions on manifolds with boundaries or more generally, manifolds with
corners. The model space is denoted by R}. It is defined by

={zeR"0<2,i=1,...,k}

This is the model for the intersection of k—boundary components. First we consider the simple case of a
manifold with boundary, this is modeled on RY.

On RP there are two naturally defined spaces of smooth functions, the functions smooth up to the
boundary C>(R}) and the ideal of functions which vanish to infinite order at the boundary, C*°(R}). We
consider distributions in the dual of the latter space. These are called extendible distributions as we can
include C*° (R?) into C*°(R™) as a closed subspace. Therefore by the Hahn—Banach theorem any continuous
linear functional on C>(R7) has an extension to C*°(R™). We denote this space by C~>(R}).

As usual we are not interested in the general element of C™°°(R}) but only a very special subspace.
The polyhomogeneous conormal distributions of ‘order’ a, where a € C,m € N, I(®m) (RY; ORY) are those
elements of C~°°(R?) which have an expansion along 1 = 0 of the form

m (o)
(3.3.17) u(zy, ) ~ ZZujm(m’)m?H(logml)l.

=0 5=0



Here the functions u;jm,(z') are assumed to belong to C*°(ORY). More generally we assume that u can be
expressed as a sum of such expansions with different exponents {ay, mi} so long as Rea; tends to oo as
k — o0o. The collection of numbers

.AZ{Ozk—l-j,mk,k:1,...,OO,jEN0}

is called an index set. The conormal distributions with this index set are denoted by IA(R}; ORY).

For the case of R} we define polyhomogeneous conormal distributions relative to R}, in the simplest,
case as those with an expansion

(3.3.18) u(@', z'") ~ Z ro iy, (2"
jENk
Here o = (a1, ..., ax) € C* and u;j(z") are smooth functions on R"~*. As with a single boundary component

we can augment this expansion with log terms and then combine them with different k—tuples a.,,. The
asymptotic summation makes sense so long as

min Re o,
K3
tends to co as m — oo.

These distributions are conormal in the previous sense as well. It is clear that the expansion is essentially
unchanged if we apply a differential operator in the span of

(3319) {mla’m; <. 83%783%4-17 tee a’fﬁn}

Here we have taken the intersection of all the vector fields tangent to each of the hypersurface boundary
faces which meet at x = 0.

There are several important things to observe about these distributions, firstly they form a ring. In
suggestive notation we have

(3.3.20) IA (R ORY) - I8 (R ORY) © IAT5(R: ORY)
and
(3:3.21) TA(RR; ORY) + T(RY; ORE) © TA%B Ry ORY).

As we do not have the time we must simply leave these in their suggestive form.

As a final observation we note that such a distribution has a local Mellin transform for Re¢; sufficiently
large.

(3.3.22) / / (e, 2" ) o)t T ATk
r1...Tk

x;>0,1=1,.

Here ¢(z') is a smooth function supported in a neighborhood of 0. In fact any extendible distribution has a
Mellin transform for sufficiently large Re§;. However if the distribution is polyhomogeneous then the Mellin
transform has a meromorphic extension to C*. The principle parts at the singularities have expansions with
coefficients in C>°(R"~*). Though we do not have time to prove it, this property provides a very useful
characterization of polyhomogeneous conormal distributions.
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3.4 A simple model problem for blow—ups

In this section we introduce a geometric construction which is crucial in the analysis of the singularities
occurring in the resolvent of the Bergman Lapalcian. First we consider a very simple model problem: the
operator (z9,)? on the Ry. We would like to construct the Schwarz kernel for the resolvent of the operator
that is ((x0;)? — s?)~L. It is elementary to show that the kernel is given by

(%)s if <y
(E)s if y<u

(3.4.1) R(z,y;s) = {
x

The kernel is defined on the manifold with corners R2. As a distribution it is polyhomogeneous conormal
along three submanifolds, the diagonal, A, the left boundary x = 0 which we denote by b and the right
boundary y = 0, which we denote by rb. Note however that it fails to be conormal where all three intersect
in the corner of the diagonal OA. It would be very hard to analyze the singularity of this operator A and
even harder to try to construct such an operator without having a formula. For example it would be quite
difficult to construct a parametrix for the resolvent kernel for a simple perturbation of our operator such as
(20.)? + q(a).

Using a simple geometric construction we can make these difficulties vanish. We construct a new mani-
fold with corners by blowing up the boundary of the diagonal. Simply put this amounts to the introduction
of polar coordinates about this submanifold. Proceeding a little more formally we define the normal bundle
to A by

(3.4.2) NOA = TR3 [oa /TOA.

The functions x, y are defining functions for JA. Note that dx, dy are well defined on NOA as they annihilate
TOA. We define the inward pointing normal bundle to A, N;OA, as the subset of NOA where both dx
and dy are non-negative. Loosely speaking, the flow for a short time along these ‘directions’ carries you into
the manifold.

On the inward pointing bundle there is a natural action by R induced form the vector space structure
of TRZ. We define the blowup of R2 along the submanifold A as a topological space by

(3.4.3) R3o=R3\ AL NLOA/R,.
There is a naturally defined projection map
Bo : Rg,o — R3

called the blowdown. It is one to one on R3 \ OA. The inverse image of 0 is a new boundary component
which we call the front face, ff .

We would like to give this the structure of a manifold with corners. We need to define the ringe of
smooth functions. There is an identification between a neighborhood of the zero section in N;JA and a
neighborhood of A in R3. In this simple case this identification can be done globally but this is not required.
Let ¥ denote such an identification. Let M;s denote the action of Ry on N;OA. Then

M(;:\I/OM(;O\I/_l

defines an action of a neighborhood of 0 in R, on a neighborhood of A in RZ. We define let C'Iy denote the
ring of functions defined on R\ A generated by smooth functions on R3 and smooth functions on R3\ A
homogeneous of degrees 0 and 1 with respect to Mg. Such functions obviously have well defined lifts to R%O
which extend continuously to ff . We define

C*(R3 o) = 65 (C5°)-
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One can show fairly easily that this is well defined independent of the choice of W. This completes the
construction of R%O. We define the lift of the diagonal as

Do = Fy (AN DA).
In this simple case we can express everything in terms of simple concepts. When we use
0 = tan™* (%),rz \/Jﬁy2
the blown—up space is simply
B30 = [0, 3] x [0,00).
A function on R3 lifts to be smooth if it is a smooth function of these variables. For example

tan@® if 0 < %7‘(‘

tanf—° if %7‘(‘ < %w.

(3.4.4) Ro(s) = B3 (R(s)) = {

In the blown the analysis of Ry(s) is a lot simpler.
The main reason for this is that the left and right boundaries of R%O defined by

b = 3, (Ib\1bNAA), b = ;' (rb\ tbNdA),

no longer intersect the lifted diagonal Ay. Note that R has a smooth extension to the interior of the ff away
from Ag N ff. In the blown—up space the lifted resolvent kernel is a polyhomogeneous conormal distribution
with respect to the submanifolds 1b, rb, Ag.

Before turning to a more general context we consider the front face in greater detail. This boundary
component is a fibration over JA. This is essentially immediate from the construction as the front face is
defined as

Of course in this trivial case there is only one fiber but we won’t take further notice or advantage of this
fact. Note that the lifted diagonal intersects each fiber in exactly one point. The vector field zd, lifts to R2
in an obvious way. What is a little less obvious is that it also lifts to R%O. This is intuitively reasonable as
the new ‘directions’ in the blown—up space are directions in which 28, vanished in R3. To see this clearly
we use projective coordinates for R%O defined by

tzfandy.
Y

These define a coordinate system away from rb, the projection is given by
Bo(t,y) = (ty,y).

A simple calculation shows that

(3.4.5) Bo «t0s = 20,.

In other words z0, lifts to a smooth vector field on R%O which is tangent to the fibers of the front face and
is transverse to the lifted diagonal, t = 1.

Of course the lifted resolvent kernel also has a restriction to the front face. It is as a distribution with
polyhomogeneous conormal singularities along the intersection of the front face with Ag and the front face
with the left and right boundaries. We call this restriction the ‘normal operator’ of the lifted resolvent. It
is a new type of symbol. We denote it by N(R). A moments thought shows that

(3.4.6) N((x8,)*R) = (t0;)*N(R).

20



From (3.4.6) we deduce that the resolvent equation

(20)? — $*)R(s) = b
lifts and restricts to the front face to give
(3.4.7) ((t0;)? — s*)N(Ro(s)) = da,ns-

In other words the normal operator of Ry(s) is itself defined by an equation along the fibers of the front face.
It is difficult to explain the significance of this fact in so simple an example.

In the analysis of the Bergman Laplacian something a little more general than a linear blowup, as
described above is needed. More background is required before we can really explain the why this is the
case. For now we consider the problem of trying to resolve the singularity of a function defined on R2. Let

2

x
f(mhy) - ?7

and observe that introducing polar coordinates does not resolve the singularity of this function at z = y = 0:

. rcosf
(3.4.8) B fr,0) = —5—.
sin” 6
From (3.4.8) it is apparent that
li * 0
g, 21 0)
depends upon the direction of approach. This is precisely what is meant by the statement that the blowup
did not resolve the singularity.
A slightly different way to describe the blowup process is to say that we have an action by R} and
we remove the fixed points of this action replacing them with one fixed point for each trajectory of the R
action. Clearly the distributions whose singularities are resolved by the blow—up are those with homogeneity
properties relative to the R —action. This view explains why the singularity of f is not resolved by a blowup
whose underlying R —action is

M&(mhy) = (51?,5y)

It also suggests that we replace this action with a different action, better adapted to the behavior of f near
to (0,0).
Define a new R, —action on R3 by
N(;(JI, y) = (6'1:7 52y)

Observe that

Nsf=F;
in other words f is homogeneous of degree 0 relative to this new action. Using this new action we define a
parabolic blowup of R3. This space is defined by

(3.4.9) R3 (0,4y) = R3 \ OA I N, OA /R,

where the R is defined by Ns instead of M;. Topologically the two blown—up spaces are identical. They
differ in their C>°—structure. As before we have a blow—down map

Bo,ay : R (0,4) — RS-

We define the C*°—structure on Ré(m dy) B8 the ring of functions generated by £ 4,C> (R2%) and the lifts of

smooth functions on R3 \ (0,0) which are homogeneous of degrees 0 and 1 with respect to the R, —action
defined by Ns.
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To define local coordinates we set

These functions are clearly smooth on the blown—up space being homogeneous of degrees 1 and 0 respectively.
Note that
at+ 32 =1.

In terms of these coordinates we can lift f:

2 /1_ 2
ﬁg,dyf: 2 = J

g B
This function is of course infinite where 8 = 0 however it is ‘single valued’ and in fact a polyhomogeneous
conormal distribution on the blown—up space.

3.5 Parabolic blow—ups for the model problem

In the previous section we discussed how blowups could be used to resolve certain kinds of singularities
that arise in the study of extendible distributions. In some ways we were putting the cart before the horse
as the question which we would like to answer is what sort of singularities arise in the construction of the
resolvent kernel for the Bergman Laplacian. The data we are given is the operator not the kernel of its
inverse. As is customary in the analysis of operators it is better to work with an algebra of operators rather
than a single operator. What we shall see is that the algebra of operators dictates how to define the blowup
and then the relevant kernels will be desingularized, as if by magic.

On a compact manifold the usual algebra is the algebra generated over the smooth functions by the
vector fields. What we need is a reasonable substitute for vector fields, which are of course, the sections
of the tangent bundle. Since we want the Laplace operator to belong to this algebra and to be an elliptic
element, a good possibility would be the algebra generated by sections of TQ2 which are of uniformly bounded
length relative to the Bergman metric and smooth up to the boundary. To examine these vector fields it is
easier to replace the unit ball by a biholomorphically equivalent model, the upper half space defined by the
hyperquadric.

The hyperquadric is defined by

1
(3.5.1) Q={(w,z) e C"Imw = §|z|2}
The upper half space is given by
+ n Lo
Q" ={(w,2) e C*; Imw > §|z| }.

I leave it as an exercise to find the bi holomorphic mapping from CB" onto Q. If we use this mapping to
pullback the defining function we see that we get

(3.5.2) b, 2)P(Imw — ]2P),

here h(w, z) is a holomorphic function. So pulling back the Bergman metric we get a metric defined on Q7
by

- 1
g = —00log(Imw — §|z|2)

If we let p = Imw — 3|2|? then the metric has the simple form in these coordinates

o 0
(3.5.3) 9B +=A-.
pop



where
(3.5.4) 0 = 0p = idw + z;dz;.
A unit basis of vector fields in this coordinate system is given by
(3.5.5) W =200y, Zi = \/2p(0s, +iZ:0y),i =1,...,n— 1.

These display a slightly alarming property, the last n — 1 are not actually smooth up to the boundary but
have a square root singularity. This leaves us little choice but to change the C*°—structure of the domain
itself at the boundary. We extend the ring of C*°—functions by adjoinding the square root of a smooth
defining functions. We denote by U the domain €2 with the C*°~structure defined as C*°(2)[,/p]. This family
of functions is of course defined independently of the choice of defining function.

We introduce new coordinates r = \/p,u = Rew, and the old z;,i = 1,...,n — 1. A function is smooth
at JU if it has a Taylor expansion

f NZf](u7Z72)rJ
7=0

(3.5.6) o
Nij(“: 2 E)P%j
§=0
where f;(u,z,2),5 =0,... are smooth functions of their arguments. Notice that 0Q and 90U are canonically

isomorphic as smooth manifolds it is only the way in which they are attached to the interior which has
changed.
We compute the real and imaginary parts of the basis in (3.5.5) relative to the 7, u, z;, Z;—coordinates:

1
T =ReW =1%9,,—N =ImW = —r0,,

(Oy; — xi0y).

(3.5.7) . .

_89c iaua_Y;:I Zi:__
\/5( i T Y ) m \/5

Notice that the vector fields are smooth in the square root differential structure. These vector fields define
a finite dimensional Lie algebra, the non—zero brackets are:

Xi :ReZi =

[N7T]:2T7 [N7X1] :X“[N,Y;] :Y;y

3.5.8
( ) [(X;,Y:] = 6;,T.

The vector fields T, X;,Y; define the Heisenberg algebra, and N defines a homogeneous extension of this
algebra. Let Njs(p) denote the flow on QT defined by

(3.5.9) Ns(r,u, z,y) = (67, 6%u, dz, 6y).

The basis of vector fields defined in (3.5.7) is invariant under this flow. In other words, the vector fields are
homogeneous of degree zero with respect to the this action.

Exercise 3.5.10. Find the formula for the Laplace operator of the Bergman metric relative to the basis in
(3.5.7).

We can use this homogeneity structure to blow—up the point 0 on the boundary of Q. Observe that if
we set

1
(3.5.11) © =du+ 5 Zmidyi — y;dx;,
Then the directions in which we scale linearly are precisely the kernel of ©. The dilation structure is obtained
by integrating the vector field
R=r0, +2ud, +x -0y +y-0y.
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Denote the blowdown by 3y e. Coordinates are given by
5.12 Rr=u2+ 2+ 2)%a=2 =L (=2
(3:5.12) W (4 a= 5 = 5 G=

A simple computation shows that the Bergman kernel pulled back to the Q7 is given by

2
(i(w—7)—z- gt

(3.5.13) B(w,z7,§) =

A moments thought shows that if we fix 7,6 € 9QT then the kernel B(w, z;7, &) has a very complicated
singularity as we approach 7,&. If we pull back B(w, z;0,0) via the blowdown map the picture is greatly
simplified:

s 2 2
(3.5.14) Bi.0(B(:0,0)) = TATLIE)

The pulled back kernel is a smooth function in the blown—up coordinates times a power of the defining
function of the front face. Evidently the blow—up resolved the singularity of the kernel at the point 0, 0.
The choice of the point is arbitrary as there is a transitive group of isometries, so we could do an analogous
construction at any point of JCB". In general we can decide which direction scales linearly by consideration
of the one form © defined in (3.5.11). At each point (0, u,x,y) € QT the kernel of © consists of the complex
tangent directions to Q1 along with the vector field N. The complementary direction is given by T which
is simply the almost complex structure applied to N. Recall that before we introduced the square root
differential structure the vector field W = T + iN behaved like O(p) at the boundary whereas the other
directions behaved like O(,/p). Thus we see that the parabolic homogeneity structure, defined at each point
of OQT by scaling linearly in direction belonging to ker © and parabolically in the complementary direction,
is the same structure as that defined by the Bergman kernel at the boundary. In fact we shall later see that
it is the structure defined by the one form which is primary and the metric is really secondary.

Of course we really want to do this at all points of the JCB"™ simultaneously. This means we should work
in CB™ x CB™ instead. We want to blow up the locus where the Bergman kernel is singular and apparently
we need to blow it up parabolically. The locus we need to blow up is the 0A. The question is how should we
decide which directions to scale linearly and which directions to scale quadratically. In the examples we’ve
already considered, we had a one form which helped to make this determination. In this case we also have
a one form.

It arises as follows, the space CB™ x CB™ has two projections down to CB"™ we denote them by 7; and
7. In the models considered in the previous section we needed to consider a homogeneity defined on the
the inward pointing normal bundle to the submanifold we wanted to blow—up. In the case at hand this is
N;OA. We need to define a one form on this bundle. Let

© = (©) —m.(0).
This one form vanishes identically when restricted to the A and therefore it defines a one form on N;0A.

We use it to define the parabolic blowup.
In the local coordinates introduced above the one form is given by

(3.5.15) O =d(u—)+ 3 Z = @i)dyi + 2id(y; — v) — (vi — yi)dw — yid(z; — 7).

Here and in the sequel we use ’ to indicate the coordinates on the ‘other’ copy of CB™. In order to have a

coordinate to scale parabolically we need to write © = dt for some function ¢. This only needs to hold along
0A, set

(3.5.16) t=u—u+ 2213] —yj(z; —}).
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We define the parabolic blowup by introducing the “polar” coordinates:

, 1 n—1
R*=(r* +r?%+ 52 |2 — 21]2)% +
(3.5.17) j=1
r’ t zi — 2}

A L
Plb _R7p7'b_R7 _R27 T \/iR .

If one expresses the Bergman kernel in these coordinates one obtains

o 2(nf1
_ i, + P, + 127 —iT (n+)

Plb Prb

Boa,e(B)

Let us examine more closely the space obtained by blowing up 9A. We denote the blown—up space by
[CB?)oa,0. The % indicates that we use the square root differential structure. As in the one dimensional
2

case [CB%]sa,0 has three boundary components, a left and right boundary, coming from the unblownup

space and2 a front face introduced by the blowup. The front face is abstractly defined as
N. + (8A) / R-’r )

where R acts ‘parabolically’. Since N, (0A) is a bundle over DA with fibers isomorphic to RZ ™" and the
R —action preserves the fibers we conclude that the front face is canonically a bundle over A with fibers
isomorphic to S™ N Rg‘“. Such a bundle is called a quarter sphere bundle.

The inward pointing tangent bundle to the diagonal is a subbundle of the inward pointing tangent
bundle to the whole space. The image of this subbundle in N, (9A) is a half line bundle over OA. The
half line is located in the interior of the fiber. In the front face the quotient of this subbundle defines a
distinguished point in each fiber. This is the locus where the lifted diagonal intersects the front face. Note
that this locus is in the interior of the fiber of the front face and therefore, in the blown—up space, the lifted
diagonal does not meet the left and right boundaries. This was one of the primary goals of introducing a
blown—up space.

A very important feature of the parabolic blowup is the way in which the unit basis lifts to the blown—up
space. We compute the lift of the basis given in (3.5.7) from the left, in term of projective coordinates. A
good coordinate system is given by

r’,u’,z;-;
(3.5.18) p:§77—:7ﬂ%,§j+mj:zj;z;'
In terms of this coordinates we have
(3.5.19) N o pOy, T — 920, X; —= pl(e, +1,0,), Y; — p(0y, — 0.

Denote the lifted vector fields with a tilde, e.g. T. The lifted vector fields are clearly tangent to the fibers
of the front face. Moreover they span the tangent space to the fiber and are transverse to the diagonal.

What is immediately apparent from (3.5.19) is that the lifted vector fields have exactly the same structure
as the unlifted vector fields. In the case at hand this should not be a surprise as the basis of vector fields is
invariant under a transitive group action. One interprets (3.5.19) as saying that the lie algebra is actually
homogeneous in an infinitesimal sense at the boundary. In fact we shall see that this structure would be
present at the front face even if we started with a basis which was given by C°*°—combinations of the vector
fields in (3.5.7). This is also easy to explain, the lift of a vector field to the fiber over a point p € OA depends
only on the germ of that vector field at the point p itself. Thus if

V =a(q)T +b(g)N + ¢;(9)X; + d;(q)Y;,
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then the lifted vector field in the fiber over p is simply
V = a(p)T +b(p)N + ¢;(p)X; + d;(p)Y;.

The coefficients are constant along the fiber.

This indicates that the fibers of the front face have the structure of a lie group defined by lifting a basis
of smooth vector fields. The lifted vector fields, restricted to a fiber, define the left invariant vector fields
and the intersection of the diagonal with the fiber defines the identity element in the group. So far all our
lifts have been from the left, an analogous construction can be done lifting form the right. One simply gets
the group acting on the right instead of the left. The transposition

T : [CB")> — [CB"]?

defined by T (p, q) = (g, p) lifts to a smooth map of the blownup space to itself. This maps conjugates the
left action to the right.

The left lift of vector fields can be extended in a unique way to differential operators which can be ex-
pressed as polynomials in this basis with C*°—coefficients. The remarks above indicate that if P(q,T, N, X,Y)
is such a differential operator, then its lift to the fiber of the front face over p is of the form P(p, T, N , X , XN/)
In other words, the restriction to a fiber of the front face gives a left invariant differential operator relative
to the natural lie group structure.

In addition to lifting differential operators we can also lift a unit frame and thereby define a Riemannian
metric on each fiber, which varies smoothly from fiber to fiber. The lift of a basis of T:~vector fields defines
an integrable almost complex structure on the fibers which also varies smoothly from point to point.

The fiber is a quarter sphere; it is important to remember that the fibers are compact manifolds with
corners. The two boundary components of the fiber arise from the intersections of the fiber with the left
and right boundaries of [CBQ%];M’@. The fiber over the point p € OCB™ can be identified with the the unit

ball blown up at the point p precisely as described at the beginning of this section. There is a small degree
of arbitrariness in the way this is done because there is no distinguished point in the unit ball whereas each
fiber has a distinguished point. Once one chooses a point in the blown—up ball then you need to choose
an isomorphism of the lie algebra of left invariant vector fields at that point with those at the identity
element in the fiber of the front face. This can be done smoothly in the base point and any two choices
are canonically isomorphic. One extends the map by integrating the vector fields. An interesting feature of
the ball blown—up at a boundary point, is that the group action defined by the left invariant vector fields
extends continuously to the compactification defined by the blow—up.

3.6 The O—tangent bundle and parabolic blow—ups.

At this point we are ready to generalize the construction carried out on the unit ball to a smooth strictly
pseudoconvex domain, 2. When analyzing the Laplace operator defined by a metric on a compact manifold
we really begin with the lie algebra of smooth vector fields and then construct the universal enveloping
algebra. The Laplace operator of any metric belongs to this algebra. The algebra of pseudodifferential
operators is a ‘quantization’ of the lie algebra of vector fields. The main point is that we do not consider
a single operator defined by a single metric but rather a C°°—lie algebra whose universal enveloping algebra
contains the operators we are interested. The first issue we need to settle is how to define a C>°-lie algebra
which captures the important behavior at the boundary.

This information is entirely encoded by fixing a one form 6 at the boundary. Assume that 0 [9p# 0 at
any point. We define a vector space of smooth vector fields

Vo(D={X; X lap=10,0(X)=0(r*},
here r is a defining function for the boundary of D. Note that & must be defined on all of TD [5p -

Proposition 3.6.1. The vector space, Vo(D), with the usual lie bracket of vector fields is a C*°—lie algebra.

Proof. If X,Y vanish along 9D then so does [X,Y]. Since the elements of Vy are tangent to 9D it is easily
shown that for k& > 0,

(3.6.2) Xrk = O(r*) for all X € V.
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The formula of Cartan states that
(3.6.3) 0([X,Y]) =X0(Y)—-YO(X) —do(X,Y).

As df is smooth the last term in (3.6.3) is clearly O(r?) and 6(X),0(Y") are both O(r?). The assertion of
the proposition therefore follows from (3.6.2).

We would like to use V(D) as the replacement for the algebra of vector fields on a compact manifolds.
This latter algebra has a crucial property: it is the collection of smooth sections of a vector bundle. In other
words it is locally free. The same turns out to be true of Vy(D). To establish this, the easiest thing to do is
to write down smooth local trivializations. Since 6 restricted to dD is non—vanishing we can introduce local
coordinates 7, Y1, ..., Y2n—1 SO that

2n—1

(3.6.4) 0= ajdy;.

j=1

We can choose a vector field T, tangent to the hypersurfaces r =constant such that 8(7)) = 1 and vector
fields X1,..., Xs(n—1) are also tangent to r =constant with 6(X;) = 0,i = 1,...,2(n — 1). Evidently the
vectors

(3.6.5) rOp; 2T rXsi=1,...,2(n—1),
belong to Vy(D). If V is any smooth vector field which vanishes on D then V can be expressed as

2(n—1)
V =a(r)ro, + b(r)rT + Z ci(r)rX;

j=1

where a,b,c1,...,cyn—1) are smooth functions on D. If V' € Vy then evidently b(r) = O(r), thus V is
expressible in terms of the basis (3.6.5) with C>°—coefficients. This establishes that Vy(D) consists of sections
of a smooth vector bundle, ®TD.

There is a more ‘sheaf theoretic’ description of this vector bundle. Let 7, denote the ideal of functions
vanishing at p € D. Mimicing the usual construction we define the fiber of our vector bundle by

(3.6.6) OTyD = V) TpVe.

Clearly ©T,D is canonically isomorphic to T},D if p € D. However for p € D things are quite different.

Theorem 3.6.7. For p € 8D the fiber ®T,D of the ©—tangent bundle is canonically a nilpotent lie algebra.
Its structure is determined by the rank of df |1,sp .

Proof. We compute in terms of the local basis given in (3.6.5):

[rOp, rX;] = rX; + a;r’ + O(IpVe), 1Oy, r?T] = 2r®T + O(TpVe);

(3.6.8) , \
[TX{,?“ T] = O(ijQ), [TX{,TXJ'] = ﬁijr T —|— O(ijQ)

The constants «; can be removed by replacing rX; by rX; — %aﬂ“QT. Thus the structure of the lie algebra
is determined by the coefficients §;;. An application of Cartan’s lemma shows that

(3.6.9) Bij = —dbp(Xi, X;).

Since the only invariant of a skew symmetric form on an even dimensional space is its rank, the conclusion
of the theorem follows.
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Let X, denote the inward pointing part of the tangent space at p € dD. This half space should be
thought of as giving a local model for D near to p. The one form 6 defines a hyperplane in X,,:

H, = ker(6,).

Let S, denote a complementary subspace, as noted above this can be taken tangent to the boundary. We
use the splitting X, = H, ® S, to define a homogeneity on X, if v=h+ s,h € H,,s € S, then

(3.6.10) Ms(v) = 6*h + 6%s.
We can choose coordinates at p, 7,41, .. ., Y2(n—1), u so that p = (0,0,0) and
H, = Span{d,,0,,i =1,...,2(n—1)}
and S, is spanned by 0,. Then the dilation structure in (3.6.10) is the infinitesimal version of
(3.6.11) M;s(r,y,u) = (67, 0y, 6%u).

We can, without too much confusion, think of r, y, u as giving coordinates in a neighborhood of p € 8D
and also coordinates for X,. With this dual interpretation in mind, it follows that for V' € Vy

Vs = M5,V

is a vector field defined in a larger and larger neighborhood of 0 € X, as § tends to zero. In fact by expressing
Vs in local coordinates, it is easy to see that

V') = lim V
bhp(V') lim Vs

is well defined as a smooth vector field on all of X,. If a(x) is a smooth function in a neighborhood of p and
V € Vy, then

(3.6.12) bhp(aV) = a(p)V'.

From this it is apparent that the image of J,Vp under b, is zero. Thus we have shown

Proposition 3.6.13. The map b, defines a lie algebra isomorphism from ©T, D onto a lie algebra of smooth
vector fields defined on X,.

Proof. Tt follows immediately from (3.6.12) and the definition that it defines a lie algebra homomorphism.
A simple calculation in local coordinates establishes that the map is an isomorphism

Before proceeding we should relate these constructions to the case of a strictly pseudoconvex domain,
Q. In that case we have a naturally defined one form on the boundary 9r, where r is a defining function. We
can extend this one form to all of TQ [pq by observing that the restriction of

1 _
0 =—(0r—0r
21'( )
to 0f is agrees with Or. However recall from the discussion in the previous section that we needed to introduce
the square root differential structure in order for the unit length sections of the tangent bundle to be smooth

at the boundary. This is also necessary in the general case. Let 3 1 denote the blow—down map from the
square root differential structure to the standard structure. Locally it is given by

Blp,y) = (1. y).
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Lemma 3.6.14. If 6, and 05 denote two smooth extension of Or to T} [sq then

8101 log,,,= F102 loo

N

Proof. Since the difference 6, — 6> vanishes on the tangent space to the boundary, we conclude that
0y, — 03 = adr + ra,
for a smooth function a and one form «. Under the pullback
B1(dr) = 2pdp,

from which the conclusion is immediate.

In the sequel we denote 2 with the square root differential structure by U and © = 51 (6). The preceding
2

lemma shows that © is determined on all of TU [g:5 by 6 on 992. On a strictly pseudoconvex domain we
define the algebra Vg relative to this choice of one form. It defines a contact structure on 90U, that is

O A (dO)*

does not vanish at any point of 0. This means that the lie algebras ©T,0, p € U, are all isomorphic.
From now on we will consider a defining function r for 2 to be fixed. This in turn defines a metric

g= —00logr.

We say that such a metric is of Bergman type. We also define p so that p?> = r. We can express the metric
on () as follows

1 0% or or
6.1 =t ——.
(3.6.15) g r 07;0%; ror

From this it follows immediately that a unit basis for this metric which is smooth in the square root differential
structure must satisfy

0(Zi) = O(r),

and therefore, when lifted to U, these vector fields satisfy

Thus we have established that

Lemma 3.6.16. A smooth unit basis for T*°0 relative to the metric, (3.6.15) consists of local sections of
oTU.

In the proof of the Levi extension theorem we showed that if p € 9Q then there is a local holomorphic
coordinate system, w, 21, ..., 2,—1 such that

1
(3.6.16) pw, z) = Imw — =|z[* + O((|2] + [w])?),
see (2.9.23). Computing in this coordinate system we see that the metric defined by p agrees with the
Bergman metric on the unit ball to first order at (w, z) = (0, 0). More precisely, a unit frame in a neighborhood
of this point is given by

(3.6.17) W' =W + O(TVe), Zl = Z; + O(T,Ve),
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Here W, Z; is the frame given in (3.5.5). From (3.6.17) it is apparent that if we use © to define the local
homogeneity structure at p € 90U then the images b,(W’), h,(Z]) agree with those obtained by blowing up
a point on the boundary of the hyperquadric. We can use the lifted vector fields to define a metric and a
complex structure on X,. It is apparent that with these induced structures, X, is biholmorphically isometric
to the hyperquadric.

We denote by Diff§ the polynomials in Vg of degree m with C*°—coeflicients. Since Diffg is simply the
enveloping algebra of the C*°—lie algebra, Vg, the homomorphism

Vo — °T,D
extends as a homomorphism of enveloping algebras
N, : Diffg — D™(°T,D).

This homomorphism is called the normal operator. Since it is a homomorphism of enveloping algebras it
follows that

(3.6.18) Np(P o Q) = Np(P)oNy(Q).

We can compose this homomorphism with b, suitably extended, to obtain a homomorphism from Diffg
to left invariant operators of order m acting on X,,.
Lemma 3.6.19. The Laplace operator defined by the metric (3.6.15) belongs to Diffg, .

Proof. Let X € Vg be a smooth vector section and let ¢; denote the flow defined by X. Since X is tangent
along the boundary the flow is well defined up to 9U.

Exercise 3.6.20. Show that if dVol is the volume form of the metric (3.6.15) then
(3.6.21) ¢; (dVol) = w, dVol

where w; € C*(U), is differentiable in t.

Using the change of variables theorem we deduce that if f, g € C3°(U) then

(3.6.22) /fg dVol = /szf(b,fgwt dVol.
o o
Differentiating (3.6.22) at ¢ = 0 and setting 9;w(0) = a we obtain that
(3.6.23) /ngdVolz —/f(Xg+ag) dVol.
o o

The formal symbol of the Laplace operator defined by the metric is determined by the identity:
(3.6.24) < Af,g>= / < df,dg > dVol for f,g € C>(V).

Since a unit basis for the metric consists of vector fields in Vg we can express the right hand side of (3.6.24)
as

2n

(3.6.25) Z/ijmdvol, Y; € Ve.
j=1 U

The assertion of the lemma follows from (3.6.25) and (3.6.23).

Since A € Diff§ it has a normal operator.
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Proposition 3.6.26. For a metric of the form (3.6.15) the normal operator of the Laplace is the Bergman
Laplacian from the unit ball.

Proof. To prove this statement it is easiest to use the definition of the Laplacian provided by (3.6.24). Let
< -, >; denote the inner product induced on the appropriate neighborhood of 0 € X, by M; (g) then as
d — 0 this neighborhood encompasses all of X,, and the basis §,(W’), h,(Z;) is orthonormal relative to
the limiting metric. Of course dVols = My dVol tends to the volume form of this metric as well. It is a
consequence of (3.6.17) that the metric induced on X, by this blow—up procedure is the isometric to the
Bergman metric on the unit ball.

We define the family of quadratic forms

(3.6.27) Qs(f,9) = / < 0f,dg > dVols .

XP
From the observations in the previous paragraph we conclude that as § — 0 the quadratic form Qs tends to
the quadratic form on the unit ball defining the Bergman Laplacian. If we let Ls denote the second order
operator defined by Qs then the functorial properties of the normal operator construction imply that

lim Ls = N,(A).
et »(4)
This completes the proof of the Proposition.

In addition to the replacement for the tangent bundle, ®T0 we also have a replacement for the cotangent
bundle. To define it we simply take the dual bundle to ®T0 which we denote by ®T*U. Since ®TU is
represented by vector fields that vanish at the boundary, the dual bundle is represented by one forms that
blow—up at the boundary. There is locally a basis of the form

dp © o
(3.6.28) P2t =1, ., 2n— 1)
p’ p’p
Here the one forms «; along with O restrict to define a coframe for 9U. Let Yy, ..., Ys, denote a frame for

OT0 and 7y, . . ., M2, denote the dual coframe. If P € Diff}, then locally P can be expressed in the form
(3.6.29) P=>" a(qY*™

|| <m
The ©—-symbol of this operator is the mulitilinear function on the dual bundle given by

(3.6.30) %" (P) (& m) = ) aal™

|e|=m

Exercise 3.6.31.

(1) Show that the symbol is well defined modulo multilinear functions of degree m — 1.
(2) Show that the symbol of the Laplace operator of the metric in (3.6.15) is the inner product
defined on ®T*U.

Expressing the Laplace operator of the metric, (3.6.15), in terms of a local coordinate system,

(p,u,y), 00 = {,0 = 0}7
at the OU we can split the operator up into terms which are homogeneous under the linear action

(3.6.32) Ns(p,u,y) = (0p, u, y).
In terms of this homogeneity structure, the operator has the following structure
(3.6.33) A= P(u,y, p0,) + O(p).

The first term P(u,y, ) depends in a polynomial fashion on the variable z. The O(p) term is a differential
operator with the property that it maps smooth functions of the variables (p,u,%) which are O(p*) to
functions which are O(p**!). The leading order term in (3.6.33) can be thought of as a mapping from 90
to operators on R, invariant under p — dp. This is called the indicial operator; it represents the leading
order ‘ODE’ part of the operator at the boundary. It can be computed by simply ‘freezing coefficients’. We
denote it by I,(A),p € 9U.
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Exercise 3.6.34.

(1) Prove that the indicial is well defined, that is does not depend on the choice of coordinates.
To do this problem you will need to formulate an appropriate notion of equivalence.
(2) For the Laplace operator of the metric, (3.6.15) show that

(3.6.35) 1,(4) = 1[(03,)” — 208

The indicial operator comes to the fore when we consider the formal solution of boundary value problems
(3.6.36) (A+s(n—9)u=0;ulos=p~g,

The meaning of the boundary condition is that u has an asymptotic expansion at dU in powers of p beginning
with p®g. If we assume that u is polyhomogeneous conormal at 0 and has a Taylor expansion of the form

(o)
(3.6.37) U~ Zpo‘+juj,u0 =g,
j=0

then the indicial operator defines a recursion for the successive terms in the series.
Since u is assumed to satisfy (3.6.38), the leading order equation reads

(3.6.39) 9(P)p(p0)) + s(n — s)]p™ = 0.

Thus we see that the leading order equation determines the exponents « for which the problem (3.6.36) has
even a formal solution. In the case at hand

(3.6.40) a=2sor 2(n—s).

Note the similarity between the technique for formally solving (3.6.36) and the theory of ordinary differential
with regular singular points. This is what is meant by saying that the indicial operator is the ‘ODE’ part
of the operator. A main result of the theory we have developed is that problems like (3.6.36) actually
have unique, globally defined solutions which are polyhomogeneous conormal distributions. The formal
computation above then yields the asymptotic expansion of the true solution at the boundary.

Following the analogy with the model problem considered in the previous section we should now consider
a parabolic blowup of the product space: U x U in order to resolve the singularities of the resolvent kernel
for the Laplace operator. As we saw in the model case this amounts to applying the blow—up procedure to
the boundary of the diagonal in the product space that we applied a point at a time above. Since this is a
somewhat more abstract situation the procedure we give to define the blow—up will be a bit more formalized.

In outline, we define the blow—up of the zero section in the normal bundle itself. Then, by identifying a
neighborhood of the zero section in the normal bundle with a neighborhood of A, we transfer the blown—up
structure to U2. Of course one needs to verify that the definition of the resultant manifold with corners is
independent of the identification chosen between the neighborhood of the zero section and the neighborhood
of 0A. We will take this for granted in the present lectures.

To define a blow—up of the zero section we need to define a homogeneity structure on the fibers of the
normal bundle. The submanifold we want to blow up is A and therefore we need to define a parabolic ho-
mogeneity structure on NydA. This is accomplished exactly as in the model case. There are two projections
from U? to U denoted by m; and 7. To that end we set

(3.6.41) 0 =70 —7,0.

Since © [a= 0, this form is well defined on N, dA.
The form © defines a subbundle of N} 0A:

(3.6.41) H = {(p,v) € NyOA; ©(v) = 0}.
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As in the model case we need to simply choose a complementing subbundle, which we denote by S. If py,
and p,, are defining functions for the left and right boundaries of U2 then dpy, and dp,, annihilate TOA.
Thus they define one linear forms on NOA. We require S to lie in the kernel of these forms. A simple
calculation in local coordinates shows that this imposes no impediment to constructing S. To be completely
rigorous one needs to show that the blown—up space does not depend on the choice of S. In other words if

we make a different choice then the resultant spaces are canonically isomorphic.
We have defined a splitting of Ny0A:

N.,OA=H& .

Using this splitting we can define a homogeneity structure on the inward pointing normal bundle. Since it
is fiber preserving we can define it a fiber at a time. Let v € N, ,0A be written as v =h+s,h € Hy,s € 5p
then

3.6.42 M;s(v) = 6h + 62s.
( ) s(v)

Using this dilation structure we can define the blowup of the zero section in Ny 9A.

The dilation structure is defined in terms of the one form ©. This one form is in turn defined in terms of
© on U. Since O defines a contact structure on AU it is a classical theorem of Darboux that we can introduce
local coordinates,

(3.6.43) Py Ty e ey T 1y YLy vy Yn1, U

in a neighborhood of a boundary point, p, such that in these coordinates

1

(xidy; — ysdaxs).
1

n

O =du+

DN | =

J

Notice that this is identical to the model case, see (3.5.11).
We can use two copies of these coordinates on a neighborhood of (p, p) in U?. Denote them by

(psz,y,u; 0y 2’y o).
By letting
~ 5o~ ! o ’ 1 ' ’ ’
Ti=x —x,Y =y —y;and t =u—u + 52@](% - yj) _yj(mj _mj)]a

we can obtain an identification between the neighborhood of (p,p) € N;OA and (p,p) € U%. We simply
identify the normal bundle with the span of the coordinate vector fields

8551' ) 821 ’ 8t7 8;77 8;7'7
in the tangent bundle to 2. Then
(3.6.44) (0.0, %,y 2’y u') — (pOp 4+ p' 0y + T+ 0z + 7 - Oy + t0t)ar .y

defines such an identification.

From these remarks it is clear that, at least locally, the construction of the blow—up proceeds exactly
as in the model case. Since the blow—up is itself a local process, it follows from the independence of choices,
assumed above, that the whole construction proceeds exactly as in that case. We introduce local coordinates
for the blow—up, lying above the coordinate patch introduced in (3.6.43) by setting

, 1 n—1
R* =(7“2+7“2—|—§ E |z — 21|?)% + 2
(3.6.45) j=1
r r t T Vi
Plb R7p7'b R, R27 [ \/§R7 [ \/iR



A comparision shows that this is exactly the coordinate system introduced in the model case in (3.5.17).
We denote the blown—up space by [0%],, g with

ﬁaA,é : [UQ]3A7é — U7,
the blow down map. As a point set it is defined as
(3.6.46) (0% ,a5 = U* \OA L N, OA /Ry,

where the Ry—action is defined in (3.6.42). The C*°—structure is defined by using an identification of a
neighborhood the zero section in N;yOA with a neighborhood of OA in U? like (3.6.44) to transfer the
dilation structure to a neighborhood of JA. The ring of smooth functions is defined as the ring generated by
pulling back C°°(U?) and the smooth functions in U2 \ A homogeneous of degrees 0 and 1 relative to the
dilation structure induced on the neighborhood of JA. In local coordinates these are simply the functions
which are smooth as functions of the variables defined in (3.6.45).

As in the model case the blown—up space has three boundary components, a left boundary, a right
boundary and a front face, we denote these by Ib, rb, ff respectively. We can also define a lift of the diagonal

-1
Ap = ﬁaA@(A \ OA).
One easily sees in local coordinates that Ag intersects the front face but is disjoint from lb and rb. This
was a primary goal of the construction.

As before the front face is a quarter sphere fibration over the dA. The fibers again have a canonical
structure as lie groups. This arises by lifting sections of Vg from the left to 2. As in the model case a
coordinate computation shows that these vector fields lift to [U%], A& The lifted vector fields are tangent
to the fibers of the front and generate a finite dimensional lie algebra. Working in coordinates it is evident
that this precisely the same structure as we obtained by blowing up a point at the boundary. In fact we can
define a fiber homomorphism from ©®TU [45 to the lift of Vg restricted to the front face in [(?] oA.5 Lhis
means that for each p € 90U we can define a homomorphism 7

(3.6.47) hy : °T,0 — ﬁz*m,éﬂl* (Vo) rﬁ;i 5®)

which depends smoothly on the point p.

As in the previous case we can extend this to elements of Diffy. Thus to an operator, P in this ring
we associate a family of left invariant operators N,(P),p € U acting tangent to the fibers of the front face.
This is also called the normal operator. It follows from (3.6.47) that this definition agrees with the one given
before. We can also consider the behavior of a lifted operator along the left boundary. Clearly it vanishes
however the operator pi,0,,, is homogeneous of degree zero in an obvious sense, so that the lifted operator
has a well defined leading order term. This we call the left indicial operator. At a point (p,q) € 1b we set
this operator equal to I,(P). A bit of thought is required to see that this makes sense along IbNff. It is left
to the interested reader.
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