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Weighted harmonic Bergman kernel on half-spaces

By Hyungwoon Koo, Kyesook NAM and Heungsu Y1
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Abstract. On the setting of the upper half-space H of the Euclidean n-space,
we study weighted harmonic Bergman functions as follows. First, we define the
fractional derivatives of some functions defined on H. Next, we find the explicit
formula for weighted Bergman kernel through the fractional derivative of the extended
Poisson kernel and then we give the size estimates for derivatives of this kernel.

1. Introduction.

For a fixed positive integer n > 2, let H = R"~! x R, be the upper half-space where
R, denotes the set of all positive real numbers. We write point z € H as z = (2, z,,)
where 2z’ € R"! and z, > 0.

Fora > —1,1 <p < oo, and 2 C R", let b2 (£2) denote weighted harmonic Bergman
space consisting of all real-valued harmonic functions u on {2 such that

1/p
lullzs e = ( / |u<z>|f’dva<z>) < oo,

where dV,(z) = dist(z,002)* dz, dist(z,0f2) denotes the Euclidean distance from z to
the boundary of 2 and dz is the Lebesgue measure on R™. We let b2 = b2 (H) and
b? = bj). Then we can check easily that the space b2 is a Banach space with the usual
weighted LP-norm.

Harmonic Bergman spaces are not studied as extensively as their holomorphic coun-
terparts and most work on Bergman spaces has been done for bounded domains. [4], for
example, is a good reference for weighted holomorphic Bergman spaces on the setting
of the unit disc. Recently, bf(§2) is studied in [6] and [5] on the setting of upper half-
space and bounded smooth domain in R"™, respectively. Although b2 (B) where B is the
open unit ball in R" is studied in [3], this work is done via the series representation of
harmonic Bergman kernel for nonnegative integer «.

Because H is a unbounded domain, it causes some problems. For example, the
weighted harmonic Bergman kernel is not even integrable unlike the case of bounded do-
mains. However H is a product space, so we can use the integration by parts (especially)
with respect to the last component and this gives us reproducing properties of weighted
harmonic Bergman functions. Furthermore, H is invariant under dilations, i.e., for every
r >0,
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{rz|z€e H}=H.

Therefore we can use change of variable with respect to the last coordinate which helps
us to estimate the size of some integrals that appear in this paper.

This paper is organized as follows. In section 2, we review some results about
the extended Poisson kernel including its related facts and then we introduce fractional
derivatives of some harmonic functions. In section 3, we prove some basic results and
then we find the explicit formula for the Bergman kernel of b2 (H ) through the fractional
derivative of the extended Poisson kernel (Corollary 3.9). We also give the size estimates
of derivatives of this kernel (Theorem 3.7).

Constants. Throughout the paper we use the same letter C' to denote various con-
stants which may change at each occurrence. The constant C' may often depend on the
dimension n and some other parameters, but it is always independent of particular func-
tions, points or parameters under consideration. For nonnegative quantities A and B,
we often write A < B or B 2 A if A is dominated by B times some inessential positive
constant. Also, we write A~ Bif A< Band B < A.

2. Preliminary results and fractional derivatives.

In this section, we start with some preliminary results about the extended Poisson
kernel on the upper half-space and its related facts, because its explicit form of the
Bergman kernel for b2 takes the fractional derivative of the extended Poisson kernel.

Let P(z,w) be the extended Poisson kernel on H, i.e.,

2 zZnptw,

P, (w) := P(z,w) = V(B 2~

(2.1)

where 2 € H, w € H, W = (v, —w,,) and V(B) is the volume of the unit ball in R".
Then it is well known that for each z € H and for every w € H,

P(z,w)dw = 1. (2.2)
oH

Here 0H = R" ! denotes the boundary of H. Note that for each j = 1,...,n — 1,
D.;P(z,w) = —Dy,P(z,w) and D, P(z,w) = Dy, P(z,w). Therefore we can show
from (2.1) that for multi-indices 8 = (81,...,0n) and v = (71, .., ),

DSD} P(z,w) = DS .. DD .. DI P(z,w)

—_ (_1)’71+~.'+7n*1D§11+71 . l)f:-l-’ynp(z7 w)

— (_ 1\t Y- fﬂv'y(z_w)
= (=D Iz — B2 (23)

where fg, is a homogeneous polynomial of degree 1+ |3| + |7|.
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The Poisson integral of f € LP(0H), for 1 < p < oo, is the function P[f] on H
defined by

PIf(2) = /GHP(Z, (2,0)) /() da.

Let k£ be a nonnegative integer and let D denote the differentiation with respect to
the last component. If u € b2 (§2), then we know from the mean value property, Jensen’s
inequality and then Cauchy’s estimate that

|D*u(z)| < dist(z, 002)~(+e)/p=k (2.4)

for each z € (2. This shows that if v € b2, then u is a bounded harmonic function on
every proper half-space contained in H. Thus we have

Plu(-, 2,)](z',t) = u(2', zp + 1) (2.5)

for t > 0. (See [1] for details.)

Before we define fractional derivatives, we first define fractional integration on some
function space defined on H. Let %3 (8 > 0) be the collection of all measurable functions
v on H satisfying |v(2)| < 2,7 and let .F = UgsoFg. If v € F, then v € Fg for some
B > 0. In this case, we define the fractional integration of v of order s by

1 /oots—l (2, 2p + 1) dt
V(2 2n
I'(s) Jo

for the range 0 < s < 5. Here, I' is a Gamma function.
Now we define the fractional derivative of u € b2 of order s for s > 0 by

7 %v(z) =

DSy = @—([9'\ —k‘,:)D|'s"|u7

where [s] is the smallest integer greater than or equal to s and 2° = DO is the identity
operator. If s > 0 is not an integer, then —1 < [s] —s—1 < 0 and [s] > 1. Thus we
know from (2.4) that for each z € H and for every u € b2,

1
s — [s]—s—11y[s] /
D°u(z) T =9 /0 t Dly(2' 2z, +t)dt

always makes sense. Our definition of fractional integration is similar to that of [2].
However in [2], fractional integration is deﬁned With Weight For a suitable function v
on H and for z € H, 27*v(z) =1/I'(s) [;"t (2, 2z + 1) dt.

3. Bergman kernel and its size estimate.

In this section, we derive the explicit formula for weighted harmonic Bergman kernel
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of b2 and we give the size estimate of derivatives of this kernel. For this purpose, we first
prove some basic results.

The following proposition is used in this paper to estimate the size of some integral
that appears in (3.14).

ProPOSITION 3.1. Let b <0 and let a+b > —1. Then,

as z ranges over all points in H.

Proor. Using polar coordinates centered at z’ on OH and then change of variable
r+— (2, + wy)r, we have

a—i—b wa+b ,
n dw' dw,,
/H |z — |n+a / /BH |2/ — w/\Q + (2n + wn)Q)(nJra)/2
rn— a+b
/ / e dr dw,
(r+ (20 + wn))
b

a+ [ee] ,,,n—2
= dr dw,
/0 (20 + wn)aJrl /0 (1 +r)nta
e’} wa+b
~ — dw,, 3.1
/0 (2n +wp)o ! 3-1)

because n —2 > 0 and a+2 > 1. After applying change of variable w,, — z,t once again,
we see that (3.1) becomes

b > ta+b b
——dt =
Zn /0 (1 + t)a+1 Zn)

because a +b > —1 and 1 — b > 1. Therefore the proof is complete. 0

The following lemma is used in Proposition 3.4 to guarantee switching the order
of integration in (3.11). Before we state the lemma, we introduce one notation. Let
H; = {z € R" | z, > =6} for § > 0. Thus for each § > 0, Hs is a half-space that
contains H properly.

LEMMA 3.2. Let § >0, a > —1 and let 1 < p < co. Suppose that s > —1 is not
an integer. Then we have

o0
/ / |u(w)DI* TP, (W, (1 + thwy,)|wlsT dwt!* 17571 dt < oo

for each u € b (Hy) and for every z € H.
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PROOF. Let u € b8 (Hs), z € H and let k = [s]. Then k is a nonnegative integer
and k — s > 0. From (2.3) and (2.4), we get

|DFP(w)| S [z —w| "R, fu(w)] S (w, + 8) TP,

Therefore we have

00
/ / ‘u(w)D(s1+1PZ(w/7 (1 +t)wn)|w,(f’] dwt[sw_s_l dt
0 H

o) wk
< n dwtF=s71 dt. 3.2
~ /0 /H |z — (w’, _(1 + t)wn)|"+k(wn + 5)(n+a)/p w ( )

Notice that

1 < zn + (1 4+ twy,
|2 — (W', —(1 4+ t)wy)[PHE ™~ (2, + (1 + t)wyp) 2z — (!, — (1 + t)w,)|”
nV(B)

= 2 T (1 e L& W A+ wn)).

Therefore we know from (2.2) that (3.2) is less than or equal to some constant times

n d ntk_s_l dt. 3.3
/0 /o (2o + (1 + t)wy) T (w, + §)(ta)/p w (3.3)

Choose 0 < a < s + 1 satisfying a < (n + «)/p. Then, after applying change of variable
(14 t)w, — n, we see that (3.3) becomes

oo 0o k
n
/0 /0 (2 +0)EFL (0 + (1 4 )9)(nte)/p

oo e 1 1 & ¢)(n+a)/p—(k+1)
5/ / an LT th=s=1 gt < oo,
o Jo (zat+m)(n+0)e (1+ t)(n+a)/p—a

because a >0,k —s—1> —1 and s —a + 2 > 1. This completes the proof. O

dn (1 + t)(n+a)/p—(k+1)tk—s—1 dt

We prove the following lemma integrating by parts with respect to the w,-variable
and this plays an important role in proving Proposition 3.4.

LEMMA 3.3. Letd >0, 1<p< oo andletu € b2 (Hs). Suppose that k and m are
nonnegative integers. Then for every z € H and for each a,b > 0,

(—1)m+h+ (i 4 k)]
(a + b)ymthr+l ul2):

/ [DFFLP, (W', aw,)|[D™u(w', bwy, ) Jw™ ™ dw =
H

PrROOF. Let z € H and let a,b > 0. Because u € b2 (Hj), we know from (2.4)
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that for each nonnegative integer I, D'u is a continuous bounded harmonic function on
H. Thus, we have from (2.5) that for each nonnegative integer [,

/ P.(w', aw,)[ DM u(w’, bw, )|w', dw' dw,,
H
= / / P((2, 2z + awy,), (w',0)) [D  u(w’, bw,,)] dw' wh, dw,
o JoH
= / [Dl“u(z’, zn + (a4 b)wy) ] w', dw,,. (3.4)
0

We see from (2.5) and (3.4) with [ = 0 case, after integrating by parts with respect to
the last component, that

/ [DP,(w', awy,)|u(w’, bw, ) dw
H

_ ! P.(w',0)u(w’,0) dw’ — é/ P.(w', awy,) Du(w', bw, ) dw
@ JoH aJH
1 b [~ p
=——u(z) — - Du(2, 2z, + (a + b)w,) dw,
a aJo
_ —u(z)
=0 (3.5)

Similarly we see that for each nonnegative integer I,
/ [DP.(w', aw,)][DF  u(w’, bw, )| wh dw
H

b
= - / P, (w/; awn)[Dl+2’u,(wl, bwn)}wg—l dw
aJH

I+1
a

/ P (w', aw,) [ D" u(w’, bw, )|w', dw.
H

We also know from (3.4) and integration by parts that the above becomes

o
_b / (D" 2u(2, 2 + (a + b)w,) Jwhtt dw,
0

a

_lzl/ (D (2!, 2, + (a4 b)wy,) Jw, dw,
0

= _ij—z / (D" (2, 2 + (a + b)wy,) Jwl, dw,. (3.6)
0

After applying integration by parts I-times to (3.6), we see that (3.6) equals
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(D) + 1)
Thus (3.5) and (3.7) imply that for each nonnegative integer I,
/ l l l (_1)l+1l!
H[DPZ(w , awy)|[D'u(w’, bwy,)] w,, dw = CFE u(2). (3.8)

Hence,
a’“/ [DFFLP, (W', aw,,)|[D™u(w', bwy, ) |Jw™* dw
H

= (1) [ [DP.w/ aw )} (D! s )

k .
= (=1)% j 71}7(m+k)! w', aw (m+3) gy (w’ . baw,,)w™ 7 dw
(1) ;Oc%k,;){ ( [ DR Dt b i d }

m+ j)!
(3.9)
where C'(k, j) = k!/j!(k — j)!. Thus we see from (3.8) that (3.9) equals
X ,
(_1)m+k+1(m+ k)! . b\’ B (_1)m+k+1ak(m+ k)!
(a + bym+1 ;CU@J) atb u(z) = (a + bym Tkt u(z).
This completes the proof. O

The following reproducing property of integral operators with its kernel through the
fractional derivative of the extended Poisson kernel is a main tool in finding the Bergman
kernel.

PROPOSITION 3.4. Letd >0, a>—1,1<p< oo and let s > —1. Then for every
u € bP (Hjs) and for each z € H,

u(z) = Cs /H[@SHPZ(w)]u(w) dVs(w),

where

(_1) [s‘\+125+1
P S S 1
¢ I'(s+1) (3.10)

PROOF. Let u € b2(Hys) and let z € H. If s is a nonnegative integer, then C; in
(3.10) is (—1)*Ft125+1 /sl Thus we get the desired result by taking m = 0, k = s and
a=0b=1in Lemma 3.3.

Now, assume that s is not an integer. Let k = [s]. Then k — s > 0. Thus,
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/ (D P (w)]u(w) Vi ()
H

B / (2~ DMLP, (w)]u(w) dVi(w)
H

_ /H (F(kls) /O OO[Dk“PZ(w”wn—&—t)]tk_s_ldt)u(w) AV, (w)

— ﬁ /H (/OOO[Dk+1PZ(w', (1 + t)w,)|tF—s1 dt)u(w) w? dw, (3.11)

where we used change of variable ¢ — tw,. Then we know from Lemma 3.2 that we
can switch the order of integrations in (3.11). Thus, we see from Lemma 3.3 that (3.11)
becomes

e (LR s ) wh )

A VN
B ( I'(k—s) A (2 + t)k+1 dt>u(z), (3.12)

We see, after using the change of variable 2/(2+4t) + ¢, that the quantity in parenthesis
of (3.12) becomes

(=D k! /1 s hese1 g, (=DM
TE a2 |, t5(1—1t) dt = 55— (s +1),

where we used the relation between the beta function and gamma function. Therefore
we get the desired result and the proof is complete. O

The proof of the following proposition is very similar to that of Theorem 2.1 in [6],
where they proved it for v € b?. Thus we omit the proof.

PROPOSITION 3.5. Leta > —1 and let 1 <p < oco. If u € bY, then the integral

/ [u(w’, wy,)|Pdw’
OH

mcreases as Wn, decreases.

For a function u on H, define us(z) = u(z’, 2z, + 9) for 6 > 0. Then we easily get
the following result from Proposition 3.5.

PROPOSITION 3.6. Leta > —1,1<p < oo and let u € b?. Then
5{%& lus — ull Lz (&) = 0.

ProOOF. We know from Proposition 3.5 that [|us||ye gy < l|ullpz (gry- Thus us € b,
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We also know from Proposition 3.5 that for 0 < € < R,

|u5u||’zg<H>S</ v ) | szl o+ fule' ) d 5 e
0 R OH

R
+ / / lus(2',€) —u(z',€)|P d2’ 25 dzy,
€ OH

< </ +/ )/ (2, 2n) P d2’ 25 dzy,
o Jr oH

Ra+1

| /8H lus(2',€) —u(2,€)|P dz’. (3.13)

Let I and II denote, respectively, the two summands of (3.13). Then for a given €; > 0,
we can choose e sufficiently small and R sufficiently large so that I < €]. This is possible
because u € b2. We know from Proposition 3.5 that us € h?(H) where h?(H) is the
harmonic Hardy space on H. (See [1] for details.) Therefore Theorem 7.8 in [1] implies
that limg_,o+ 11 = 0 for each fixed ¢ > 0 and R > 0. This completes the proof. O

For @ > —1, define R,(z,w) by
Ro(z,w) = Co 2T P, (w),

where C, is the constant given in (3.10). In Corollary 3.9 below, we show that the
Bergman kernel for b2 is R, (z,w). For this purpose, we first estimate the size of deriva-
tives of Ry (z,w).

THEOREM 3.7. Leta > —1, s> —n — «a and let B be a multi-index. Then

1

B e
‘Dz @:,,LRQ(Zaw)| 5 ‘Z _@|n+a+\ﬁ\+s

for z,w e H.

PROOF. We first estimate the size of |R,(z,w)|. If a is a nonnegative integer,
then we get the desired result from (2.3). Assume that « is not an integer. Note that
|z — (w', —(wn +1))| & |z —W| + t for z2,w € H, t > 0. Then (2.3) implies that

|Rao(2,w)] 5/ IDINF1P (2, (wf w, + 1)] 1210 dt
0

00 t]'oz]fafl
< dt
N/o (Iz — @ + t)ntled

1

~ ,
|z — w|nte’

where we used change of variable ¢ — |z — w|¢. This shows that for each fixed w € H,
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Ro(,w) € Fpyo. Thus I R, (z,w) is well defined for s > —n — a.

Now, let’s estimate the size of |[D?Z; R,(z,w)|. The case that both s and « are
integers is proved by (2.3). Assume that both o and s are not integers. Let k = [«].
Set I =[s]if s >—1and ! =0if s < —1. Then we see from the definition of fractional
derivative that [D? ¢ R, (z,w)| becomes

’capfgjn / (DL P (W' wy + )] 57 dt
0
< / / |DZDL DEVIP((2', 20 + 1), (0, w, + 1)) | P77 el at dr.,
o Jo

After applying (2.3) once again, we see that the above is less than or equal to some
constant times

00 0o tkfafl,r.lfsfl 00 ,,,lfsfl
/ / — dtdr %/ — dr
o Jo (|z =]+ r+t)rtrHBIH o (|z —@| + r)ntatisl+l
N 1
~ |z — w|n+a+\ﬁ|+s ’

Here we use the change of variable a couple of times, i.e., t — (J]z — w| + r)t and r —
|z — w|r.
The remaining cases can be proved similarly and the proof is complete. 0

We see from Theorem 3.7 that |Ro(z,w)| < |2 — w|~(™*+®). Thus Proposition 3.1
with a = (n + a)g —n and b = a — a implies that for 1 < ¢ < oo,

| Ra(z, ')HLg(H) < Zy(ln+a)(1/q_1)- (3.14)

With this estimate, we can show easily that R, (z,-) reproduces every bP-function.

THEOREM 3.8. Leta > —1 andlet1l <p <oo. Ifu € b, then for every z € H,

u(z) = /H w(w) Ry (2, w) dVi ().

Proor. Fix z € H. Note that us € 02 (Hs) for § > 0. Therefore we have from
Proposition 3.4 that for § > 0,

‘ / u(w)Ra(z,w) dVo (w) — u(z)|
H
< ‘ /H (u(w) — u(;(w))Ra(z,w) AV (w)| + |us(z) — u(z)]. (3.15)

If 1 < p < 00, then Holder’s inequality implies that (3.15) is less than or equal to
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lw = usl e e 1 Ra (2, ) | oo, rr) + [us(2) — u(2)],

where g denotes the index conjugate to p. Thus we see by letting § — 07 that
u(z) = / w(w) R (2, w) dVa ()
H

from Proposition 3.6 and (3.14).
If p = 1, then we get the desired result from the estimate,

1Rz, oo S 2 .

~n

This completes the proof. O

If « is a nonnegative integer, then R,(z,-) is harmonic on H for each fixed z € H,
because it is a partial derivative of a harmonic function. If « is not an integer, then for
z,we H

[ee]
Ra(z,w) = ca/ tlel=e=1 Dl p (2 (W', w, + 1)) dt.
0

Therefore by passing the Laplacian through the integral above, we see that it is harmonic
on H. Thus the next result follows directly from Theorem 3.8 and (3.14).

COROLLARY 3.9. For a > —1, Ry(z,) is the Bergman kernel for b2 .
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