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Here we collect proofs of formulas and modifications of arguments already in the literature that would otherwise
interrupt the main flow of the paper. All references not starting in ES are to results and equations in the main paper:
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Charpentier’s solution kernels. Here we prove Theorem 8. In the computation of the Cauchy kernel €, (w, z), we
need to compute the full exterior derivative of the section s(w, z). By definition one has,
si(w,2) = Wi (1 —wZ) =5 (1 = w]?).
dsi(w,z) = (w +§w +0; +§z)5i(w: )
Straightforward computations show that

dysi (w,z) = Z (ijj —E,-Ej) dw; (ES-1)
=1

n
ngi (w,z) = (1 —wz)dw; + Z wjfidwj
j=1
_ n
Bosi (w,2) = = Ww;dz — (1 — |w|2) dz;
j=1
0z5i (w,z) =0,
as well as
Qwsk = (1 —wZ)d Wy + Zx 0w |w|?
3,5k = —(1 — |[w|?)dZg — Wi 0, (WI).
We also have the following representations of sz, again following by simple computation. Recall from the

Notation on page 509 that {1, 2, ...,n} = {i,} U J, U L, where J,, and L, are increasing multi-indices of lengths
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n—q —1 and g. We will use the following with k = i,,.

sk = Wk —Zx) + Y _ w (WZx —WkZ))

1k
= (Wg —Zk) + Z w; (W Zg —WiZj) + Z wy (W Zg —WgZ;)
Jjedy leL,
= Wk —Z) +Zk ) lwilP =k Y wiZ 2k Y lwilP—we Y wiz
jeJv jedy leL, leL,

Remark. Since AA A =0 for any form, we have in particular that d,, |w|* Ady, |w|* = 0 and 3, (WZ) A D (wZ) = 0.

Using this remark we next compute /\jeJu 5wsj. We identify J,, as j; < j» <--- < ju—g—1 and define a map
1(j,) = r, namely 1 says where j, occurs in the multi-index. We will frequently abuse notation and simply write
1(j). Because 0y |w|? A dy|w|? = 0 it is easy to conclude that we can not have any term in d,,|w|? of degree greater
than one when expanding the wedge product of the dy,s;.

A Busi = N\ {1 =wDdm; + 53, [w]

JE€Jy Jjedy

=(1-wD)" " N dw;+(1—w2)" 072 Y (~D)'D50,wPA N\ dwy
J€Jy Jj€Jv Jj'ev\{j}
= (1—wz)"4?

1—wz+ Z W;Zj /\ dw; + Z(—l)l(j)_lfj Z wrdwy /\ dwjs

jeJv jeJv Jje€Jy keLy Uiy} Jj'ev\{j}

The last line follows by direct computation using

O lw =Y widw; + > wedwy.

jedy keLy,U{iy}
A similar computation yields that
A B
leL,
= =07 N\ (A= wP)dz + w5

leLy

=D [ A=fwP? N dz+0=wH Y ) O wa.wn A N\ dzEp
leLy leLy 'eL,\{l}
= (=71 —Jw[*)?

L=wl+ Y Jwl* | N\ dzi+ Y 0P w0 wedzme )\ dzEp

leL, leL, leL, kedy Uiy} 'eL,\{l}

An important remark at this point is that the multi-index J,, or L, can only appear in the first term of the last line

above. The terms after the plus sign have multi-indices that are related to J,, and L, but differ by one element. This
fact will play a role later.
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Combining things, we see that

N Owsi N 9255 = (DA —w2)" 21— [wH? Uy + 11, + 111, + 1V,).
jedy leLy

where

Li=(1-wz+ Y wz | [ 1=1wlP+ Y jw*| A\ dw; )\ dz.

jedv leL, jedy leL,

11, =11—wz+ Z W;Zj /\ dw; Z (—1)1(1)_1w1 Z widzZy /\ dzp |,

jeJy jeJy leL, kedy Uiy} l'eLy\{l}

L =Y 97z Y wdwe N\ dwp | [ 1=l Y wl? | A dz

jedy keL,U{iy} j’eJy\{j} leL, leL,

1V, = Z(—l)l(j)_lfj Z wrdwy, /\ dwj

J€Jv keLy,Uiiv} J'eu\{j}
X Z (—1)’(’)_1w1 Z wrdzZy /\ dzyp
leLy keJyUliv} 'eLy\{l}

We next introduce a little more notation to aid in the computation of the kernel e (w,z). For 1 <k <n welet
Pl(k) ={v e P! :v(l) =i, = k}. This divides the set P, into n classes with % elements. At this point,
with the notation introduced in the Notation on page 509 and computations performed above, we have reduced the

calculation of 67 (w, z) to

1 - -
r4(w,z) = N Z €vSi, /\ OwS; /\ 0z51 Aow(w)
’ veP,! jeky leLy

B o i G O
N A(w, z)"

n
Yosk Y eUy+IL+IIL+1V,)
k=1 yePl(k)

B ) Lt G L U

> sk (k) + 11(k) + TTI(k) + TV (k))

A(w, z)" =

_1\49(1 — En—q—2 _ 2yg—1 I
- 00w RIS S

’ k=1

Here we have defined C(k) = I(k)+ II(k)+ I11(k)+ IV (k), and
k)= > e, k)= Y &ll,
ve P (k) ve P! (k)

HIk)y= Y elll, IVk)= Y el
ve P (k) ve P (k)
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For a fixed T € P,/ we will compute the coefficient of /\ jes, AW \jer, dz;. We will ignore the functional
coefficient in front of the sum since it only needs to be taken into consideration at the final stage. We will show
that for this fixed r the sum on k of s times I(k), I1(k), I11(k) and IV (k) can be replaced by €;(1 —wz)(1 —
lw|?) Wi, —Zi) A\ jes, AWj \jer, dZ;. There will also be other terms that appear in this expression that arise
from multi-indices J and [ that are not disjoint. Using the computations below it can be seen that these terms
actually vanish and hence provide no contribution for (62"1 (w, z). Since 7 is an arbitrary element of P, this will
then complete the computation of the kernel.

Note that when k = i; then we have the following contributions. It is easy to see that I I(i;) = I 11(i;) = 0. Itis
also easy to see that

I(i;) =€ | 1—wzZ + Z W;Zj l—|w|2+ Z |w1|2 /\ dw; /\ dz;

jedr leL, jeJr leL,
=e(1-wo)(1-|wf) N\ dw; \ dz
jeJ leL,
FA=wD) Y w P+ A= w?) Y wizi+ Y wil Y wiE | N dw; \ dz
leL, jedr leL, jeJr jeJr leL;

We also receive a contribution from term 7 V(i) is this case. This happens by interchanging an index in the multi-
index J; with one in L. Namely, we consider the permutations v: {1, ... ,n} — {ir, (J\{F DU}, (L\{HU{j}}-
This permutation contributes the term Z;w;w; w;. After summing over all these possible permutations, we arrive at
the simplified formula,

IVG) =—e | Y |wil* | [ D wz | \ dw; )\ dzi.

jeJr leL; jedr leL,

Collecting all these terms, when k = i, we have that the coefficient of €; A\;c;, dw; \jep, dZ1 is:

Clir) =(1—wD) (A —[w) + (1 —wz+ Y w;z) Y wl?
jeJr leL;

FU=fwP+ 7wl D wigi = Y fwil? Y wiEi— > fwiP Y wiE

leL; jeJr leL+ jelJr jelJr leL;

Next note that when k # i, one can still have terms which contribute to the coefficient of /\;c ;. dw; /\;ep, dZ1.
To see this we further split the conditions on k into the situations where k € J; and k € L. First, observe in this
situation that if k # i, then term I (k) can never contribute. So all contributions must come from terms 77(k),
111(k), and IV (k). In these terms it is possible to obtain the term /\;c; dw; /\;c;, dZ; by replacing some index
in v. Namely, it is possible to have v and 7 differ by one index from each other, or one by replacing an index with i;.

Next, observe that when k € L there exists a unique v € Pl (k) such that J,, = J;. Namely, we have that
v:{l,...,n} > {k,Jr, (L \ {k}) Ui.}. Here, we used that i, = k. Terms of this type will contribute to term
11(k) but will give no contribution to term /11 (k). However, they will give a contribution to term / V (k).

Similarly, when k € J; there will exist a unique u € P! (k) with L, = L. This happens with w: {1,...,n} —
{k,(J:\{k}) Ui, L;}. Here we used that i, = k. Again, we get a contribution to term ///(k) and IV (k) and
they give no contribution to the term 717(k).
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Using these observations when k € L, we arrive at the following for I(k), I1(k), I11(k),and IV (k):
I(k)=0

(k) =—€ [ 1=wZ+ Y w;Z; | wi,wie /\ dw; )\ dz

jeJr jeJr leL¢
I11(k)=0
IV(k) =eZiwe | D lwi* | A dw; N dz.
Jj€JT JjeJz leL,

Similarly, when k € J; we arrive at the following for I(k), I1(k), I11(k), and IV (k):

I(k)=0
1I(k)=0

(k) =—e [ 1=[wf+ > lw* | Z,we N dw; N dz

leLs jeJ leL,

1V(k) = e wi, wg Z wyzg /\ dw; /\ dz;.

leL, jeJr leL,

Collecting these terms, we see the following for the coefficient of € ;¢ ;. dw; iy, dZ1:
Ck) = —wy Zi, (1= |w + Xjer, lwil?) = Wi (Xjer, wizi)) Yk €Tz,
Ck) = —wi (Wi, (1-wZ+Tses, %) = Fir (Sjes, s P)) ke Le.
This then implies that the total coefficient of €; /\;c;, dW; /\;cy, dZ/ is given by

5ie Clir)+ Y skCk)y+ Y sk C(k).

keJr keL:

At this point the remainder of the proof of the Theorem 8 reduces to tedious algebra. The term s;, C(iy) will
contribute the term (1 —wZ)(1 — |w|?)(W;, —Z;,) and a remainder term. The remainder term will cancel with the

terms » ;. sk C (k).
We first compute the term 53 C (k) for k € J;. Note that in this case, we have that

Clky=wi (Wi | Y- wiz | =%, [ 1= wl>+ ) |w]?
leL, leL+

=wi | Wi | D0 wiz | =Zi [ 1= D wil | | + waZie wi, >
leL, leJy
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Multiplying this by sz we see that

skClk) = (1 —w2) Wi, | Y wiz | =Zi | 1= D Jwg* | | Jwel?

leL, leJy
—( =) (i, | D wiz | =2 [ 1= lwil? | | wize
leL, leJr

+(1 —w2)Zi, i, Plwe|* — (1= |w|)Zi, [wi, [FwiZk.

Upon summing in k € J; we find that

Y skCly = —wa) (i, | Y wiz | =Zi [ 1= lwi P | ] D lwel?

keJ; leL+ jeJr ke,
—(=lwP) (Wi, | D0 wiz | =Zi [ 1= lwiP | | D waza
leLt jeJr keJr
(= wD)Zi fwic | Y Jwel? = (U= [w )z fwi [P wiZi
kelJr keJr

Performing similar computations for k € L, we find,

Do skCl) = —w2) [z [ D (P | =wi | 1= D wiz | | Y lwnl?

keL, keJ; leL, keL,
—(I=w) [ Zog | D0 lwil? | =wie [ 1= D wizr || D wZa
kel leL, keL¢
(= wD)Zi fwie [ Y Jwel® = (U= [w ) Zi [wig [P ) wiZ.
keL. keL:

Putting this all together we find that

> skClk)

k#ir
=wi, (1—w2) [ | D wiz || Do fwel? | = 1= D0 waze—wicZep || D lunl?
keL; ke, keLy keL;
2 =) [ [ 1= D0 el = fwi, P | D weze | = D2 Twi P D2 wezx
ke, kelJ; ke, keLy

—Zi, (1—wD) (= [w) | D |wil* |+, A —wD) (1= w*) [ D wiZx

keJr keLr
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We next compute the term s;, C(i;). Using the properties of sz we have that s;, C(i;) is

(@i, —Zip) (1= w2) (1~ |w]?)

+2, (L=wD) (A= [w?) [ D el | —wi, A —wE) (1= [w?) | D wiZx

kedr keL,
+w;, (1 —wz) § (1 —wz) Z |wk|2 + Z |wk|2 Z Wi Zk
keL: keL: kel
DolwP | DD wezk
keJr keL:
2 (=) T == w®) | D0 weze | = D lwel* || D wiZe
kel keL: kel
Dol || D] wezk
keJr keL:

From this point on it is simple to see that the remainder of the term s;, C (i) cancels with > ktic s C(k). One
simply adds and subtracts a common term in parts of y ki, SkC (k). The only term that remains is (w;, —Z;¢)(1 —
wZ)(1 —|w|?). Thus, we see that the term corresponding to 7 in the sum 6, 9.4 (w,z)is

(=DI(1—w2)" (1~ [w|*)?!

(= wD) (A = [w) (@i, —Zi,) [\ dW; )\ dZ Ao (w).

€7 p
Aw,z) jeJr leLt
Since t was arbitrary we conclude that @1 (w, z) equals
—\n—q—1 2 q
(1—w?) (1—|w| )
A(w,z)"

times

> e, —7,) /\ dw; J\ dziAo(w).

veP,‘{ J€Jy leLy

which completes the proof of Theorem 8.

Explicit formulas for kernels in n = 2 and 3 dimensions . Using the above computations and simplifying algebra
we obtain the formulas

@ (ES-2)
(1( w?z [(Z2 —Wa)dwy Adwy Adwy — (Z1 —Wy)dWa Adwy Adws],

and
€' (w,z) 59
_ (=JwP)

A(w )2 [(UJ2 —Ez)d?l /\dw1 /\de — (wl —El)dzz /\dw1 /\dwg] s
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and

€37 (w,z) (ES-4)

(1-w9™ (1= wP)’ (zz0 - o)
= Z sgn (o)

0’693 A(w,2)3

dio) ANdSs3) N w3 (W),

where &3 denotes the group of permutations on {1, 2, 3} and g determines the number of dZ; in the form d {5 (2) A
d8o():

dwa(2) A dw0(3) if q = 0

dé‘o(g) /\dé‘a(g) = dZU(z) /\dwa(3) if q = 1.
dZU(2) A dZa(g,) if q = 2

Integrating in higher dimensions. Here we give the proof of (2-19). Let

B= —(1 _ |2122) and R = m,

|1 —wz|

so that
1—[w]?) (1|
BR® = ( At ). —lpw ().
[1—wz|?
Then with the change of variable p = Br? we obtain
1 _ 2 _ / 2 q
(1 _ wE)S—q—l ( |w| |w | ) dV(w/)

A/ 1—|w|2[Bk A((w7 w/) ’ (Z! 0))s

P (1—Iw|2—|w’|2)q
_W/Wm (1= 0B (1= P~ wP) )

wz |2
q
N 1/R (R2=r)" oy,
1-wz|* Jo (1-BR2+ Br?)’
—S—g— 2 q
_ (1w /BR (BR=p)" iy,
2Bk+a |1 — wz|? (1— BR? +p)’ ’

v (w')

which with

(l—t)” (t—p)? k=1,
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we rewrite as

102 B g
2BRH |1 —wZ* gy ()" "
(=02 (1= )" |y pzp2e

: 1 (5)
2(1—|z|2)q|1—wz|2x w2 ™

k
a5y —q—1 _ 2 Ty
L ) e
2(1—|z|2)q A (w, z)" nok

| TP (1= wz |’
— 4 — — 0.9 2
_2®n(w,z)<1_wz) <1_|Z|2) wnt (BR?).

. (1-w2)" 14 (1= )
since ®F (w,z) = A(w,zgn )

At this point we claim that

1-=0" [ (@-r)

k—1
r=tdr (ES-5)
ke Jo (1=t 4r) Tk

0,
\Ifn,,‘j @) =

is a polynomial in

t=BR*=1—|pu(2)|?

of degree n — 1 that vanishes to order g at t = 0, so that

i 1= (wf?) (1=1zP)
\Ijqu (Z) — ZCA,H,S (( ,
u j=q ’

[1—wz)?

With this claim established, the proof of (2-19) is complete.
To see that lllg’k vanishes of order ¢ at + = 0 is easy since for # small (ES-5) yields

t4q
0.9 & [ k-1
‘\yn,k ([)‘SC[ /0 Er dVSth.

To see that\IJS ’Z is a polynomial of degree n — 1 we prove two recursion formulas valid for 0 <¢ < 1 (welett — 1
at the end of the argument):

ot @)=Yttt == ), (ES-6)
1 n+k
Y (1) = Z1=0"+—— L (0.

The first formula follows from

t—r)!—@t-r) T =-rT(—t+r),
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while the second is an integration by parts:

t Vk_l 1 Vk ,
k= e o
o (1—t4r)"* k(1—t+4r)"*
n+k [! rk
e ar
ko Jo (1—t4r)"*
1, n+k (! rk
—t d
k + k 0 (1_t+r)n+k+1 r

The recursion formulas in (ES-6) reduce matters to proving that ‘lln Lisa polynomlal of degree n — 1. Indeed,
once we know that \II 1 is a polynomial of degree n — 1, then the second formula in (ES 6) and induction on k
shows that U k is as well Then the first formula and induction on ¢ then shows that v k is also. To see that ‘If
isa polyn0m1a1 of degree n — 1 we compute

(1=0n" (! 1
w0 (1) = / —dr
’ t o (I—t+7r)

-0 1 .
ot {_n(l—l—i—r)"}'(’

=0
B nt

)

which is a polynomial of degree n — 1. This finishes the proof of the claim, and hence that of (2-19) as well.

Integration by parts formulas in the ball. We begin by proving the generalized analogue of the integration by parts
formula of [Ortega and Fabrega 2000] as given in Lemma 14. For this we will use the following identities.

Lemma ES.1. For { € Z, we have

@{A(w,z)f} YN (ES-7)
2?{(1 —wz)‘f} —

@{(1—|w|2)l} —¢ (1 —|w|2)z—z (1 —|w|2>e_1 (1—Zw).

Proof of Lemma ES. 1. The computation

o = g 1w = (1) (1))

= wZ—1)z; +(1—|Z|2) wj,
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shows that ZA = A:

S

FA(w,z)= Zw,—z] 8] {|1—w2|2—(1—|w|2)(1—|z|2)}

j=1

.

n

- Z (w_j—z_j) {(w?— Dz + (1 — |z|2) wj}

j=1

= (wZ_ |z|2) (wZ—1) + (1 - |z|2) (|w|2 —zw)

=—wz+ |z + [wz* = 2P wZ + |w]? —wz —|z)* |w]* + |z|* wZ
= —2RewZz + |z|* + |[wZ* + |w|* — |z|* |w|?
=lw—z]* +wz)* = |z)* [w|* = A (w. 2)

by the second line in (2-1) above. Iteration then gives the first line in (ES-7). The second line is trivial since 1 —wz
is holomorphic in w. The third line follows by iterating

§<l—|w|2)=2w—|w|2=(1—|w|2)—(1—2w). O

Proof of Lemma 14. We use the general formula (2-7) for the solution kernels %2” to prove by induction on m. For
m = 0 we obtain

€% (z) = co / 4 (w, z) Z @0 (mdwj) dz? L dV (w) = co®4 <@n) (2), (ES-8)

Bn =

from (3-5) and the following calculation using (2-6):

€ (2)
= / %2"1 (w,z) An(w)
Bn

= [ X et X c0r D G- ade " no,a| X wdwp
Bn

[T|=q k¢J [T]=g+1

. /B ot (w,2) | 3 3 1M G ) o dz? | dV ()

|J1=q k¢J

Now we consider the case m = 1. First we note that for each J with |J| = ¢,

Fa0 (mdwf) — g0 (mdwf) =gt (mdwf) . (ES-9)
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Indeed, we compute

n

J— i ) o
EXEZ)O (n.ldu)‘]) — (u)]—ZJ) % Z(wk_zk) Z (_l)u(k,./) n
Jj=1 J ke =t
; d
ZZZ Z (_l)u(k’J) (w_]_Z) (w_k_i) ﬁnl
j=1k¢J INT={k} i
+ Z (Wk —Zk) Z (—DHED
k¢t I\T ={k}

so that

@@ (T)dej> - @ (T}_ldwj)

=YY Y D @ -5) @) g = 7 ().
wj

Jj=1k¢J I\J={k}

For |J| = ¢ and 0 < { < g define

L
n 5 [ a=w 7 (1 w]?
=2 / e i S)n ) (@ ~%) 2 (nadw’ ) t © @) Ao W),
j=1"bn ’

By (3) and (4) of Proposition 16.4.4 in [Rudin 1980] we have

Do) T @i -3) \ dwr Ao W) |, = ¢ (1 —Zw) do (w)
ji=1

k#j

and Stokes’ theorem then yields

— w3 n—t (1 _ 2
Ty=c /BBn — )A(w,(i)" " ) 2° (anwJ) do (w) =0,
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since £ > 1 and 1 — |w|* vanishes on dB,,. Moreover, from Lemma ES.1 we obtain

it (12}

it (o)
AT

=/ (1—wz)" ! e( —|w| ) 70 (mdw )dV(w)
B

A(z,w)"
— w3 —L _ ¢
A T
I -1
-7 ) a-v )A (Z(’lw),Jw'z) @(mdﬁﬁ dV (w).

Combining this with (ES-9) and (ES-8) yields

! (@n) =3 / ot (w,z)@(mdwl)dww) dz’
g Y Bn
:Z/ &, (w.2) 750 (nadw?’ ) dV (w) dz’
J YBn
—XJ:/B ot (w,z)@(mdmf) dv (w)dz’
:_Z/ @ (w,2) (ndw” ) dV () d=’

_52/

o (w,z) @0 anu) )dV(w)dEJ
[B"l

+Y / O (w,2) 9 (nudw” )V (w) dz’
g 7Bn
= —bel (@n) (z) - E@f, (@n) (z)+ Ecbf;_l (@n) (2).
Thus we have

o' (@n) (z) = —ﬁ@ﬁ (g?n) (z)+ %@f;l (@n) ). (ES-10)
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From (ES-8) and then iterating (ES-10) we obtain

€00y (2) (ES-11)
:QDZ(@”)(Z):_ Jlrl ( )(2)+ +1®q1<®’7)(z)

N qjlth)q( )(Z)J“?{_;@Z_l(@l)(zﬁ qlq,qz(@o)(z)}

q
= q+1 ZCIDZ (EDI )(z)—i—boundary term.

Thus we have obtained the second sum in with ¢y = —ﬁ for 1 <{ <ginthe case m = 1.

We have included boundary term in (ES-11) since when we use Stokes’ theorem on @2 (@n) the boundary
integral no longer vanishes. In fact when £ = 0 the boundary term in Stokes’ theorem is

e[ o
—c [3 . (1—;&)”@ (mw’ ) do (7).
since from (2-1) we have

(1—wz)" (1—wz)" 1
= = — = —, weiB,.
ACw)" 1 —wz*" e, (w)] (1-wz)

Thus the boundary term in (ES-11) is

1

o Y

a0 (mdm’ ) do (&) dz’ = ¢, (@n) ().

This completes the proof of in the case m = 1. Now we proceed by induction on m to complete the proof of Lemma
14. |

Finally here is the simple proof of the integration by parts formula for the radial derivative in Lemma 15.

b+1
Proof of Lemma 15. Since (l — |w|2) vanishes on the boundary for » > —1, and since

n

R(1=) " = g (1= wR) " == o) (1)
j=1
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the divergence theorem yields
b+1
o:/ (1—|w|2) W (w) w-ndo (w)
By
"9 b+1
=/ Z_{wj(1—|w|2) \If(w)}dV(w)
an=l aw]
b+1
:n/ (1—|w|2) W (w)dV (w)
Bn
b
+b+1/ 1—|wl? —w?) ¥ (w)dV (w
Gn) | (1=wl) (= lwl) ¥ @)V w)
b+1
+/ (1—|w|2> RY (w)dV (w),
Bn
which after rearranging becomes
’ b+1
(n+b+1) (1—|w|) W (w)dV (w)
Bn
b+1
+/ (1—|w|2) RY (w)dV (w).
Bn

—(b+1) (1—|w|2>b‘ll(w)dV(w).
Bn

We now recall the invertible “radial” operators RY"' : H (B,) — H (B,,) given in [Zhu 2005] by

(o]

RV f(2)=)

k=0

Tm+1+)T+1+k+y+1)
Fm+1+y+0D)Tm+1+k+vy)

Ji (),

provided neither n + y nor n + y + 1 is a negative integer, and where f (z) = Y g, f () is the homogeneous
expansion of f. This definition is easily extended to f € H (Bn; Ez). If the inverse of R is denoted R, , then
Proposition 1.14 of [Zhu 2005] yields

1 1
vt - -
R <(1 _wz)n+l+y) - (1 _wz)n+1+y+t’ (ES-12)

1 1
Ry <(1 _wz)n+1+y+t) - (1 —wz) 1+

for all w € B,,. Thus for any y, RY" is approximately differentiation of order 7.

Equivalent seminorms on Besov—-Sobolev spaces. 1t is a routine matter to take known scalar-valued proofs of the
results in this section and replace the scalars with vectors in £? to obtain proofs for the £?-valued versions. We begin
illustrating this process by proving the equivalence of certain norms:
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Proposition ES.2. Suppose that 6 > 0,0 < p < 0o, n + y is not a negative integer, and f € H ([EB,,; Kz). Then the
following four conditions are equivalent:

(1 — |z|2)m+a V" f(z)e L? (dkn;(iz) for some m > r —o,meN,
p
( )m+a V" f(z)e L? (dkn;ﬁz) forallm>%—a,meN,
(1 — |z|2)m+a RY™f (z)e L? (dkn;éz) for some m > % —om+n+y¢—N,
( ) Ry’mf(z)eLp(dkn;ﬁz)forallm>%—o,m+n+}/¢—N.

Moreover, with yr (z) = 1 — |z|*, we have for 1 < p < oo,

c-! mel—i_aRy’MIf“LP(d}\n;Ez)

<m2_1 k ( ‘ _sz2+a "2 f(z
=Y [vrof+ [ 0=E)" s e

=C ||1ﬂm1+aRy’mlf“Lv(dAn;eZ)

forall my,my > % —o,my+n+y €—N,my €N, and where the constant C depends only on 6, my, my, n, y
and p.

p
dhn (Z))

Proof. First we note the equivalence of the following two conditions (the case 0 = 0 is Theorem 6.1 of [Zhu 2005]):

(1) The functions
|k|+o glkl
— 2 —_ —
(1-1=P) @, k=N

are in L? (dk,,; 62) for some N > % —o,

(2) The functions
lkl+o glkl
2 —
(1-1=7) " s @, k=N

are in L? (dk,,; 62) for every N > % —0.

2\ Kt ik . .
Indeed, L? (dAy; €?) = L? (v_p—1;£?) and (1 — |z ) 5k f (2) € L (v_y—1;£?) if and only if

okl
gf (z) e L? (Up(\k|+a)—n—1;€2>-

({ A9
Provided p (|k|+0) —n — 1 > —1, Theorem 2.17 of [Zhu 2005] shows that (1 ~ |z|2) & (%f) (z)
L? (Vp(|k|+a)—n—1 ; Kz), which shows that (2) follows from (1).
From the equivalence of (1) and (2) we obtain the equivalence of the first two conditions in Proposition ES.2.
The equivalence with the next two conditions follows from the corresponding generalization to o > 0 of Theorem
6.4 in [Zhu 2005], which in turn is achieved by arguing as in the previous paragraph. O

Next we prove a lemma whose case scalar 0 = 0 is Lemma 6.4 in [Arcozzi et al. 2006]. Our prove is an adaptation
of the one in that reference.


http://msp.org/apde/2011/4-4/apde-v4-n4-p01-s.pdf#page=53
http://msp.org/apde/2011/4-4/apde-v4-n4-p01-s.pdf#page=53
http://msp.org/apde/2011/4-4/apde-v4-n4-p01-s.pdf#page=53
http://msp.org/apde/2011/4-4/apde-v4-n4-p01-s.pdf#page=51

THE CORONA THEOREM IN C” — ELECTRONIC SUPPLEMENT 117

LemmaES.3. Let 1 < p<oo,0 >0andm > 2 (% - o). Denote by Bg (c, C) the ball center c radius C in the
Bergman metric B. Then for f € H (Bn; 52),

m—1
1/ Vg, nsezy + 22 [V S O (ES-13)
j=0

» m—1

"]+ V)
j=0

2 /Bﬁ(ca,cz) ‘<1 N |Z|2)a Dey J (2)

a€Ty

(L.

Proof of Lemma ES.3. We have

(1-1=2)""" R 7 (o)

%

p 5om=l
dhn (z)) VSO =1 lgg ey
j=0

|Daf (2)] = =|(1-1a?) /)

, (ES-14)

/') {(1 —la) Pa+ (1- 1) Qa}

and iterating with f replaced by (the components of) D, f in (ES-14), we obtain
D27 )| =|(1-1aP) (Pas) )]

Applying (ES-14) once more with f replaced by (the components of) f’, we get

(1-1aP) sy )| = |(1-1aP) Da (1) )] 2 |(1-1a) " " @)

)

which when combined with the previous inequality yields

D27 @)= |(1-1aP) 7).

Continuing by induction we have

D2 f @) = |(1=1)" 1™ @] m=z 1. (ES-15)
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Proposition ES.2 and (ES-15) now show that

(/.
EC([Bn

=¢ Z /;?B(Ca,cz) (1 B |Z|2)m+a f(m) )

€Ty

p b
dAn (Z))

p D m—1 )
dh, (z)) +) V1)
j=0

(1-1=P)""" RO 7 (o)

(1-1=2)"" s o)

p % m—1 )
din ()| + D[V 7O
j=0

p

p
dhn (2)

a€Ty

<C Z/l;

wegn ) Bp(ca:C2)

m—1
+ ) [V o)
j=0

» m—1
(1-12) s @ dne | + Y19V o)
Jj=0

m—1
= C 1/ I5g,00m + 2 |V S O
Jj=0

For the opposite inequality, just as in [Arcozzi et al. 2006], we employ some of the ideas in the proofs of Theorem
6.11 and Lemma 3.3 in [Zhu 2005], where the casec =0and m = 1 > 27" is proved. Suppose f € H (B,) and that
the right side of (ES-13) is finite. By Proposition ES.2 and the proof of Theorem 6.7 of [Zhu 2005] we have

_ g (w)
f(Z)—C/;n de@ﬂ), zeB,, (ES-16)

for some g € L? (A,) where

m—1
lelram ~ 3|V £ O] + (/
ji=0

Indeed, Proposition ES.2 shows that

m+o p Iz
(1—|z|2) T Rem £ (2) dln(z)) . (ES-17)

n

fe By @) e (1-1:2)" RO () e L7 )
< Ra’mf (z2) € L» (Vp(m+a)—n—1) NH (Bn) s

o
where as in [Zhu 2005] we write dv,, (z) = (1 — |z|2) dV (z). Now Lemma 24 above (see also Proposition 2.11
in [Zhu 2005]) shows that

To,lg’oLP (l)y) = Lp (Vy) n H(Bn)

ifandonlyif p(8+1) >y + 1. ChoosingB =m+ocandy =p(m+o)—n—1weseethat p(B+1) >y +1
and so f € BJ (By) if and only if

(1 - |w|2)m+"h (w)

(1 —wz)rt1+m+o

R>™ f (2) =c/

Bn
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m+o
for some h € L? (vp(m+a)_,,_1). If we set g (w) = (1 — |w|2) h (w) we obtain

g (w)
. (1 _ wz)n+l+m+o

RO™ f (2) = c/ dV (w) (ES-18)

B

with g € L? (A,). Now apply the inverse operator Ry, = (R%™)~! to both sides of (ES-18) and use (ES-12),

1 1
Rom ((1 _wz)n+1+m+a> - (1 —wz)" 1+

to obtain (ES-16) and (ES-17).
Fix o € 9, and let a = ¢, € B,,. We claim that

|sz"f(2)|5C,,,(1_|a|2)nz1/[B ; g (w)]

n+l+%+o

— dV(w), m=1,zeBg(a,C). (ES-19)
—wz

To see this we compute D' ' (z) for z € Bg (a, C), beginning with the case m = 1. Since

D (W2) = (W) ¢, (0) = o' {(1 o) P+ (1-1aP)* Qa}

- _{(1 —lal?) Paw+ (1 |a|2)% Qaw}b,

we have
Do f (2) (ES-20)
=y | Do (1—wz) "1 g (w)dV (w)
Bn
= | (1—wz) "2 D, (@z) g (w)dV (w)
Br
1 1
—cy | (1 =wz)~nt2+0) {(1—|a|2> Paw+(l—|a|2>2 Qaw} g (w)dV (w).
Brn

Taking absolute values inside, we obtain

1
| b (1=1al)? [Pawl + 1Qaw
| Dy f (Z)ISC(I—IaI ) /B TR lg (w)|dV (w). (ES-21)
From the following elementary inequalities
10aw]? =00 (w—a)]* < |lw—al?, (ES-22)

= |w|* + |a]* — 2Re (wa)

<2Re(l —wa)<2|l —wal,

1
we obtain that |Q,w| < C |1 —wa|2. Now

1
|1—w5|%|1—w3|25(1—|z|2)%(1—|a|2), z€Bg(a.C)
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shows that

N—

+1—Wal2 <C1-Wz|Z, zeBg(a.C),

(1)

and so we see that

1

2
(1-1a1?)* | Paw| + | Qqu] c
n+2 =

=< , z€Bg(aC).
1 —wz| 11— wz|"+2 g

Plugging this estimate into (ES-21) yields

Dus @l =c (1-1a?)* [ %W(w),
n |1 —wz|" "2

which is the case m = 1 of (ES-19).
To obtain the case m = 2 of (ES-19), we differentiate (ES-20) again to get

Dif(z)=c : (1—wz) "3+ WW' g (w)dV (w).

1
where we have written W = {(1 — |a|2) P,w+ (1 — |a|2) > Qaw} for convenience. Again taking absolute values

inside, we obtain

1 2
((1 —lal”)* |Paw| + IQaw|>

— g )| dV ().

iref=c(i-iap) [

Bn [1—wz|

(S

Once again, using |Q,w| < C |1 —wa|% and (1 — |a|2) + 1 —Waﬁ <C|l —wzﬁ for z € Bg (a, C), we see

that
1 2
(1=1a)* [Paw] +|Qaw|
- C

n+3+o

e Z€Bpa.C),

|1 —wz| |1 —wz]

which yields the case m = 2 of (ES-19). The ge%eral case of (ES-19) follows by induction on m.
The inequality (ES-19) shows that (1 - |z|2) |D(’:’&f (z)| < CnS|gl|(z) for z € Bg (cq, C), where

3 5\ 2 +o
Sg(z)=/ (1) ¢ w)dV (w).

m
Bn |1 _wz|n+l+ 2 +o

We will now use the symbol a differently than before. The operator S is the operator 7, 5 . in Lemma 24 above
(see also Theorem 2.10 of [Zhu 2005]) with parameters a = ’7" +oand b =c¢ =0. Now witht = —n — 1, our

assumption that m > 2 (% —o) yields —p (2 +0) <—n < p(0+1),ie.

—pa<t+1l<p®b+1).
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Thus the bounded overlap property of the balls Bg (cq, C2) together with Lemma 24 above yields

ST

(1-1=)" oz 1 )] i )

Sl

1/ Wsg @y = (Z fBﬁ(%Cz)
<Gy ( [ Isg @I di (z))
<c, ([B £ Q)7 di (z))'l’
<c! ( /B n

by (ES-17). This completes the proof of Lemma ES.3. O

(1-1=2)""" R 7 (o)

4
i (z))

Multilinear inequalities. Proposition 22 is proved by adapting the proof of Theorem 3.5 in [Ortega and Fabrega
2000] to £2-valued functions. This argument uses the complex interpolation theorem of [Beatrous 1986] and
[Ligocka 1987], which extends to Hilbert space valued functions with the same proof. In order to apply this
extension we will need the following operator norm inequality.

Ifp e MBg(Bn)»Bg(Bn;ZZ) and /=2 ;= f1er € By (Bn: ®*1£2), we define

Mef=9&f=9p&| Y  fie]|l= > (ofi)®er.
[I|=k—1 |I|l=k—1
where I = (i1, ...,ix—1) e N*"land e = e, ®...Q¢€;,_,.

Proof of Proposition 22 and Lemma 23. We begin with the proof of the case M = 1 of Proposition 22. We will
show that form = € + k,

/B n (1= 122) (%) (948)|" 4 ) = Conp [Mg | g 5 (ose2) Wil oy - (ES-23)

Following the proof of Theorem 3.1 in [Ortega and Fabrega 2000] we first convert the Leibniz formula
£—1 ¢
V4 k _ ol k _ o k+l—a
(') (wn) = ¢ (g9n) Z()(@ o) (W)
a=

to "divergence form"
(w'e) (wFn) = XZ: (—1)® (Efoz ) Yl (gkten).
a=0

This is easily established by induction on £ with k held fixed and can be stated as

(oyfg) (oykh) - Xé: claye (goyk+‘—“h) . (ES-24)
=0
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Next we note that for s > %, Bls, (B,,; 32) is a Bergman space, hence MB;(BI‘I)_)B;; (Bnst?) = H® (B,,; 62). Thus
using (5-2) we have for s > %,

.92\ _
g€ MBg(Bn)eBg(Bn;lz) nH> (Bn’ u ) = MBg(Bn)eBg(Bn;lz) N MB;;([B,,)—>B§([B”;62)‘

Then, still following the argument in [Ortega and Fabrega 2000], we use the complex interpolation theorem of
[Beatrous 1986] and [Ligocka 1987], 1

ny (1-0)o+6( %+
(Bg (Bn) . Bpp ’ (Bn)) = Bp (p )
0

(Bg (Bu:e?). B (Bn;z2)) _ gl o) (Bae?). 0=0=<1,
0

to conclude that g € M B3 (Bn)— B (Bu:t2) for all s > o, and with multiplier norm H M
by || My || 2) Recall now that

||h||§g(Bn) = /B )(1 - |Z|2)" Y"h (z2)

and similarly for || f ”1’;,3’ (Bust2)’ provided m satisfies

Bn), 0=<06=1,

g “ B3, (Bn)— B (Byst2) bounded

BS Brn)—BJ (B

p
d)hn (Z) k]

(0 + %) p>n, (ES-25)

1
where 7 appears in the inequality since the derivatives D that can appear in Y™ only contribute (1 - |z|2 ) to the

power of 1 —|z|? in the integral (see Section 5).

Remark. At this point we recall the convention established in Definitions Definition 18 and Definition 19 that the
factors of 1 —|z|* that are embedded in the notation for the derivative %¥* are treated as constants relative to the
actual differentiations. In the calculations below, we will adopt the same convention for the factors (1 — |z|2> that
we introduce into the integrals. Alternatively, the reader may wish to write out all the derivatives explicitly with the
appropriate power of 1 —|z|? set aside as is done in [Ortega and Fabrega 2000].

So we have, keeping in mind the remark,

/B ‘(l—lzlz)ooy“ (g (z) yh+t-ay, (Z))‘pdk,,
= 1=z Ty g (@) (1-|z)? U_soka—ah(z) Pd)\n
[ N(-) v e o (1- )

o—s§ y4
_ 1122 k+t—a '
lg@ (1-12)" " 0 —

Here the function s
H(z) = (1 _ |Z|2) qk+i—ay )

is not holomorphic, but we have defined the norm ||-|| B¢ (Bn:t2) ON smooth functions anyway. Now we would
like to apply a multiplier property of g, and for this we must be acting on a Besov—Sobolev space of holomorphic

Tn those references only the scalar-valued version of the theorem is proved, but the Hilbert space valued version has the
same proof
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functions, since that is what we get from the complex interpolation of Beatrous and Ligocka. Precisely, we get that
My is a bounded operator from B} (B,) to B;, (B,,, 152) forall s > o.

Now we express Yx+t—op (Z) as a sum of terms that are products of a power of 1 — |z|* and a derivative
R’ L/h(z) where i + j =k + £ —« and R is the radial derivative and L denotes a complex tangential derivative
32 —Z; R as in [Ortega and Fabrega 2000]. However, the operators R L/ have different weights in the sense that

i+4
the power of 1 — |z|? that is associated with R L/ is (1 —z| ) ,l.e.

i+
Y ) = 30 (1 _ |z|2)l ZRLIN().
NTE o . . . .
It turns out that to handle the term <1 —z] ) R'L7h (z) we will use that g is a multiplier on B}, (B,) with

o
s=0+i+=,
+i+3

an exponent that depends on i + % andnotoni + j =k +{—a.
Indeed, we have using our "convention" that

p

g(z)(1—|z|2)H l—|z|2)i+£ RILIK(z)

:/Bn
Z/Bn

= le O RLRG| 5 @) -

By o (Bn3t2)

(1 — |z|2>s e {g ) (1 - |z|2)H (1 — |z|2)i+£ RIL/ I (z)}

p

p

(1 - |z|2)”+i+17 Y (g () RILIK (2))

Now the function g (z) R* L’ h (z) is holomorphic and s = o +i + % > ¢ so that we can use that g is a multiplier
on B (B,) = Bj , (B,) (this latter equality holds because (s 4+ %) p > n by (ES-25)). The result is that

le @ R'L/A(2) ||§;; (Bn3t2)

2) [R'LIh @)

= ”Mg Hf}f,([ﬁsn)ﬁBf,(Bn; B} «(Bn)

otit+d o
< [ M, HBS(B,,)_>B 5 (Bnit2) / (1 - |Z|2) QRILIN(2)

= ”Mg Hg};(Bn)—’Bf;(Bn;fz) /Bn (1 — |z )G [( 2) R]i |: /1 B |Z|2L:|j o
< ”Mé’ }|§1§(Bn)—>B,§(Bn;£2) / (1 — |Z|2>" yatitip, (z)
)

= M 35 e 55 (W)/ (1-1=2) v )| i,

= ”Mg }|Bg(Bn)—>Bg(Bn;[2) “h“Bg(Bn) ’

p
dhy

p

and the case M = 1 of Proposition 22 is proved.


http://msp.org/apde/2011/4-4/apde-v4-n4-p01-s.pdf#page=52
http://msp.org/apde/2011/4-4/apde-v4-n4-p01-s.pdf#page=28

124 SERBAN COSTEA, ERIC T. SAWYER AND BRETT D. WICK

Now we turn to the proof of the operator norm inequality (5-5) in Lemma 23. The case p = 2 is particularly easy:

Mo g oy = [ (1=1:F)" X 19" fl* i,

[I|=k—1

= Z [M /1 ||;g([a;n;e2)

|I|=k—1

2
5||Mw||Bg(Bn)—>Bg(Bn;e2) Z ”fI”%?g(Bn)
[I|l=k—1

20
= Melig@oageney [ (1=15F)° 3 sl
n |I|=Kk—1

— 2 2
= Mo 55 @1 83 @nse2) 1/ g (Brser-162) -

and from this we easily obtain (5-6).
For p # 2 it suffices to show that

M < Cuo,p |M (ES-26)

4 H Bg (By;CV)— BY (Bn;CHQCY) 14 H Bf (Bn)— By (By;CH)

for all p,v > 1 where the constant C, 4 , is independent of i, v. Indeed, both £% and ®“~'¢? are separable
Hilbert spaces and so can be appropriately approximated by C* and C" respectively. For each z € B, we will view
¢ (z) € C* as a column vector and f (z) € C¥ as a row vector so that (Mq, f) (z) is the rank one p X v matrix

@1 /)@ - (@ fy) ()
(Mg f) (2) = : : =9 ()0 f(2),
((Pufl)(z) ((pufv) (2)

where we have inserted the symbol © simply to remind the reader that this is not the dot product ¢ (2) - f (z) =
f (2) ¢ () of the vectors ¢ (z) and [ (z).

Now we consider a single component X™ of the vector differential operator Y™ for some m > 2 ()? — 0), which
can be chosen independent of p and v. The main point in the proof of the lemma is that the matrix X (M(p f ) (2)
has rank at most m + 1 independent of u and v. Indeed, the Leibniz formula yields

m
X" (M) () =X" (@O f ()= cmX" o) 00X [(2).
£=0
where each matrix X" ¢ (z) © X* f (2) is rank one, and where the Hilbert Schmidt norm is multiplicative:
X to@oxts o=y @) x|,
Momentarily fix 0 < £ < m and define

T'h(z) = X"Yo(2)h(z), h(z)eC,
T'2e(x)=X""9(:)0g(). g()eC.

For x € 0B, which we view as a row vector, define

Tig(2)=xT'g () =x (X" 'p) () 0 ().
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Now choose x (z) € 9B, such that x (z) (X’"_K(p) (z) = \X’"‘eq) (z)| so that

Tie @) =x@) (X" o) @ 0g () = [x" 9 ()2 2.

and hence

=[x )

Xt re

=[xt 0 X1 @)

— ‘Tf (X‘ f) ).

Tie (Xef> (2)

Now we follow the well known argument on page 451 of [Stein 1993]. For y € dB,, which we view as a column
vector, and g (z) € C” define the scalars

gy (2)=g()y,
(Téoe), O =Tinz @y =xE (X" ) @ 02 ().

and note that
Tl

o (X )@r=x0 (x"e) @0 (X 1) @y =Tl (x'/) ©.

Thus we have with do, surface measure on 0B,

/Z;[Bv

Tie (X / (Z)y) doy, (y) =

y Tl (N |
Tl (X)) /8 o]’ doy ().

as well as
L, ? . ) V4 m ‘ p
/Z;[Bv (X f)y (2)| doy(y)= ‘X S @) /BBU X o) y| doy, (»).
The crucial observation now is that
T (X)) (2) p e
x(2) . do, — A J@ do, .
/E;Bp ‘T)f(z) (Xtrf) (Z)‘ y| doy (») /aBU X o) y| do, (y) =y,

is independent of the row vector in 0B, that is dotted with y. Thus we have

Tl (X 7) @3] doy 0,

}Tf X‘ (z)‘

T (X S (2)‘ )/pu/ .

' N )’:,u /BBU (Xef)y @

X4r @)

de ).
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po
So with dwps (z) = (1 — |z|2) d\y (2), we conclude that
/B |X™ (Mg £)]” dwpe (2)

< Cucpm i /B 74 (% 1) @) deops )

= n ,0,p,m Z f /
Vp v JoB, /By
Vp v JoB, /By

< M,,,mz [a Mol - g i /B @ 1), )| dops (=) doy ()

(0 (X"0) @) (X 1) @) deops () dow ()

da)pg (z)doy ()

(x"0) ) (x) @)

by the case M = 1 of Proposition 22, where 2 there is replaced by C”, g by ¢ and / by Jy. Now we use the
equality

/BBU (@™ 1), ()] doy () = ypw 12" [ (2)I”
to obtain
/Bn |Xm (M‘/’f)|p dwps (2) = Cug.p.m “M(ﬂ ||§g(ua,,)+3g<@,,;@u) /Bn %™ f (2)]” dewpo (2)
= Cuo.pm Mo g @) B @icmy 1/ 139 @picrny -

Since m depends only on 7, o and p, this completes the proof of (ES-26), and hence that of Lemma 23.

Finally we return to complete the proof of Proposition 22. We have already proved the case M = 1. Now we
sketch a proof of the case M = 2 using the multiplier norm inequality (5-5) with x = 2. By multiplicativity of |-| on
tensors, it suffices to show that for m = £; + £, + k,

/B (1~ 2P)” (v1g) @ (v2¢) (oykh)‘p i, () (ES-27)

= Cro.p ” Mg “BU(BH)—>B”(BH,€2) ”h”B"(B )*

This time we write using the divergence form of Leibniz’ formula on tensor products (c.f. (ES-24)),

(oyhg) ® <oy€2g) (oykh) — (thg) ® f: Cﬁz@a (ggyk+£2—ah)
a=0

£
_ L (gt [ k+Lr— ]
3 (vre) o o (0t eme)
4 )2
= QZ:OCfCZ ﬁglocgl oyﬂ <g ® oya-i—fl—ﬂ <g0yk+€2—oth))
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We first use the Hilbert space valued interpolation theorem together with the case k = 2 of Lemma 23 to show
that g € Mle (Bnst2)—BS! (Bn:02012) and g € MB;Z Bn)— B2 (Bnit?) for appropriate values of 51 and s,. Assuming

for convenience that Y = (1 — |z|2 ) R, and keeping in mind Remark , we obtain

2\ et —B ( jayk+ta— P
“g(2)®(1—|z| ) qyetty (goy 2 o‘h) B;I(Bn;ﬂ@éz)

qat+ti—B <g6yk+€2—och) ‘ ?

= ”Mg HZ}‘)I B;l (Bngﬁz)

2 ofsl
(Bs62)— B! (Bn:02002) [(1- 1)

= g |7 =) 8 (1= 122) 7 a8 (gt aen) | an,,

L (Br3£2)— By! (Br;t2@62) /[Bn )(
which by (5-5) is at most

P 2\°2 e+t 2\772 gk+ta—ap)\|”
Cuovp HMg”B,‘,’(Bn)eBg(Bn;ZZ)/; (1= 1212) Tt (g (1-127) 7 wkremen) D an,

p

52 6yk+52—olh
B2 (Bnit?)

o
= Cuap Mg ”gg(Bn)eBg(Bn;Zz) Hg (1 - |Z|2)

P P 2\7752 o ktby—ay ||F
=< Cn,t‘i,,ﬂ ” Mg ”Bg([ﬂ%n)—)Bg(Bn;lz) ” Mg ||B;2(Bn)—>B;2 (Bn;ﬁz) ‘(1 - |Z| ) Y 2"%h B;Z(Bn)
2p b4
= Cuop [Me | 5g @) By (8:2) 111135 3 -
Summing up over @ and 8 gives (ES-27).
Repeating this procedure for M > 3 and using (5-5) with x = M finishes the proof of Proposition 22. |

Schur’s test. We prove Lemma 24 using Schur’s Test as given in Theorem 2.9 on page 51 of [Zhu 2005].

Lemma ES.4. Let (X, t) be a measure space and H (x, y) be a nonnegative kernel. Let 1 < p < oo and % + 511 =1
Define

17 0= [ H ) 0 ).
T*g(y) = /X H (x, ) g () dpt (x).
If there is a positive function h on X and a positive constant A such that
Th (x) = /X H ey h ) di(5) < Ah ()7, p—aex <X,
T*h? (y) = /X H (e, ) h ()7 dpp (x) < AR (9)7 . p—a.ey € X,

then T is bounded on LP (1) with || T < A.

Now we turn to the proof of Lemma 24. The case ¢ = 0 of Lemma 24 is Lemma 2.10 in [Zhu 2005]. To minimize
the clutter of indices, we first consider the proof for the case ¢ # 0 when p =2 and t = —n — 1. Recall that

VA W) = |1 - w2l oz ()]
Ve @ = (1-1¢)
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and

<l—|z|2)a (1_|w|2>b+n+l( A(w,z))c

n+1+a+b+c

Topef () = / f (W) dn (w).

Bn |1 —wZz|
We will compute conditions on a, b, ¢ and ¢ such that we have

TabcVs (2) < CVe (2) and T e (W) < CYe (W), z.w € By,
where T; b denotes the dual relative to L? (A,). For this we take & € R and compute

a n+1+b+e
(1-12)" (1-1wP?) o= I°

n+1+a+b

A (W) .

Tusete @)= [

Bn [1—wZz|

(ES-28)

Note that the integral is finite if and only if ¢ > —b — 1. Now make the change of variable w = ¢, ({) and use

that A, is invariant to obtain

2\4 5 n+1+b+e ¢
(1=122)" (1= wl?) oz ()|

n+1+a+b dhn (w)

Tusete @)= [

Bn |1 —wz|

_ / F () diy (w) = / F (g (©) dhn (©)
Bn Bn

n+1+b+e

(1=12P) (1=1¢: ©F) 161
Z/B n+1+a+b a1 dv ().
I EYAGE (1-1¢P)
From the identity (Theorem 2.2.2 in [Rudin 1980]),
(1—A(a,a)) (1 —(B.¥))
1 —{¢q , Ya = ;
(0a (B) . ¢a () A= (B.a)(—(ar)
we obtain the identities
1— 2
=02 )7 =1~ {p: €). 0 O) = T
1=lz1) (1= 157
1—|¢z(§>|2=1—<¢z(z>,¢z(z)>=( )(_2 ).
|1 -4z
Plugging these identities into the formula for 7, 5 ¢ (z) we obtain
n+1+b+e
(1 _ |Z|2)a ((1_z||12_)z(21|;|§2)) |§|c
TapcVe(z) = dv
st = [ T — ©
b+e
(1-1eP) 1
= we (Z) By, |1_C2|n+1+b—a+2£dv(§)'

(ES-29)
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Now from Theorem 1.12 in [Zhu 2005] we obtain that

p/ mdv(g)<oo

zeBy JB, |1 —CZ)P

if and only if 8 —a < n 4+ 1. Provided ¢ > —2n it is now easy to see that we also have

(1-1¢P) " ere
T

if and only if § —a < n + 1. It now follows from the above that
Ta,b,clffs (z) =CYe (2), z € By,

if and only if
—-b—-1<e<a.

Now we turn to the adjoint Ta*,b,c = Tptn+1.a—n—1,c With respect to the space L2 (A,). With the change of
variable z = @y, ({) we have

a+te b+n+1
) (1=122) (1=1wP) " Jew G
abcVe (W) = /B ) s dhy (2) (ES-30)

_ / G (2)dh, (2) = / G (pw () dAn (0)
Bn Bn

] (1= low P (1) il

- —_nt+l4a+b n+1

|- wi, ©) (1-167)
(1—|w|2)(1—|§2))a+8 (1 op? b+n+1 o

/ ( l1—gwl*
By, ‘l_lwlz n+1+a+b (1 _ |€|2)n+1

1-¢w

(1-1e)"™ " e

11— §w|a—b+28—n—1

V(©)

dv (%)

=Y. (W) V(©).

Bn

Arguing as above and provided ¢ > —2n, we obtain

TS peWe (W) SCYe (w),  weBy,

if and only if
—a+n<e<b+n+1.

Altogether then there is ¢ € R such that 4 = /v, is a Schur function for T, 5 . on L? (1,) in Lemma ES.4 if
and only if
max{—a+n,—b—1} <minf{a,b+n+1}.

This is equivalent to —2a < —n < 2 (b + 1), which is (6-1) in the case p =2, ¢t = —n — 1. Thus Lemma ES.4
completes the proof that this case of (6-1) implies the boundedness of 7} 5 . on L? (A,). The converse is easy - see
for example the argument for the case ¢ = 0 on page 52 of [Zhu 2005].
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We now turn to the general case. The adjoint 7", . relative to the Banach space L? (v;) is easily computed to be

T¥, = Tp—tq+t,c (see page 52 of [Zhu 2005] for the case ¢ = 0). Then from (ES-29) and (ES-30) we have

a,b,c
b+e
(1-1e1) " el
Tupete () = Ve (2) /B ,, |1 eV ©)

+t+e
(1-1 e
T2y Ve () = i () / —|)“ e dV (©).

Let % + é = 1. We apply Schur’s Lemma ES.4 with % ({) = <1 — |§|2) and

e(——bH,‘—l)m(——aHH,—b_l). (ES-31)
7 q ) )

Using Theorem 1.12 in [Zhu 2005] we obtain for & with s as in (ES-31) that
Tapch? < Ch? and T, h? < Ch?.

Lemma ES.4 now shows that 7 p . is bounded on L? (v;). Again, the converse follows from the argument for the
case ¢ = 0 on page 52 of [Zhu 2005].
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