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CONJUGATE EXPANSIONS FOR HERMITE FUNCTIONS!

J. GosseLiN anD K. STEMPAK?

1. Introduction

In the last chapter of [St], Stein discusses the notion of a Hilbert transform
associated with a general Sturm-Liouville operator. In particular, let

d? d
L= Zx—z +a(x)a

with a'(x) < 0 and let
q(x) = exp(fxa(t) dt).
0

Let {¢,}, n > 0, be a complete orthonormal set of eigenfunctions of L with
eigenvalue — A2 for the Hilbert space L2(R, g(x) dx). Then Stein points out

that
1 dey
A, dx

is also an orthonormal system for L*(R, g(x) dx) and the suggested Hilbert
transform is given by the mapping
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One of the simplest and well-known examples occurs when a(x) = —2x. In
this case one obtains the normalized hermite polynomials.

(1.1) ou(x) = B(x) = (2"ntw'/?) " H (),

where

nd"
H,(x) = exp(x*)(—1)" 27 (exp(—x?)).
The Hermite polynomials satisfy

LH, = —2nH,

n n’

where

d? d
L= W - ZxE .
and the system {¢,} in (1.1) is a complete orthonormal system on
L*(R, exp(—x?) dx). Thus A, = V2n, and by the identity H,' = 2nH,_,, one
finds that the suggested Hilbert transform is given by the mapping H, —
H,_,,n=>0.

A natural question which arises is that of L? mapping properties of such a
Hilbert transform. One method of studying such properties is through the
theory of Poisson and conjugate Poisson integrals in which the Hilbert
transform is obtained as a boundary value of the conjugate Poisson integral.
For the Hermite polynomials, this program was carried out by Muckenhoupt
[Mu 1], [Mu 2] where the exponential exp(—x?2) is treated as a weight
function.

Instead of treating exp(—x2) as a weight function, it is possible to consider
expansions with respect to the system of Hermite functions {4,} defined by

hy(x) = (2"n'm'/2) "% exp(-x2/2)H,.

The system {A,} is a complete orthonormal system on L*(R, dx). The Her-
mite functions are eigenfunctions of the Hermite operator L = d?/dx? — x2.
More specifically one has
Lh, = —(2n + 1)k,
Based solely on the facts that {d,} is orthonormal in L*(R, dx),

Lh, = —(2n + 1)h, = —A2h,,
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and the A,’s are of rapid decrease at =+, it is not difficult to prove that the
system {¢,,} where ¢, are defined by

U(x) = (R = 1) XK, + xh,), n 2 1,

is also an orthonormal system in L?(R,dx). From the decay at +o and
orthonormality of {A,} one has

0= [ (hhyxy dv = [_°° Bohprds + [ B xds + 5,

Thus
S i
= (2 =) = 1) [T (W, +xh,) (W, + 3h,) d
= (2 - 1)(R, - 1))—1/2(f:h'nh'm de + [ by dy - a,,,,,).

Integrating by parts in the first integral and using Lh, = —)t%,hn shows that
{,,,} is orthonormal.

This suggests that the Hilbert transform for the Hermite functions be
defined by the mapping &, » (A2 — D"V2(W', + xh,) = h,_,. The last
equality comes from the explicit form of 4,. However, a closer examination
of the situation reveals that things are not so simple. In the classical
Sturm-Liouville case

d? d
-d,? + a(x)a,

the eigenvalues —)&, arise in both the definition of the Poisson integral

(. y) = ¥ esp(~A72x)( £, o) en( )

0

as well as the suggested Hilbert transform

!

- L
¢n /\n(Pn‘

In the case of Hermite functions, A, still occurs in the Poisson integral while
(A2, — 1)71/2 occurs in the suggested Hilbert transform. To deal with this
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fact, we define the Hilbert transform for Hermite functions by mapping

2n 172
(1.2) hn d (m) hn—l'

While this mapping takes an orthonormal system into only an orthogonal
system, the definition (1.2) will be crucial in the analogue of the Cauchy-
Riemann equations in §3.

We now describe the main results of this paper. The primary objective is to
develop a theory of Poisson and conjugate Poisson integrals associated with
the Hermite functions {A,} and to obtain L? mapping properties of the
Hilbert transform defined by (1.2). In §2 we discuss the heat-diffusion
integral for the Hermite operator and prove the appropriate estimates. We
also apply a subordination principle to obtain the Poisson kernel. In §3 we
derive the corresponding Cauchy-Riemann equation and obtain the conju-
gate Poisson kernel. In §4, 5, and 6, we closely follow Muckenhoupt’s
program [Mu 1], [Mu 2] to establish estimates for the conjugate Poisson
integral and Hilbert transform. In §7, we state the main theorem of this
paper.

Let f*(x) and H*(x) denote the Hardy-Littlewood maximal function and
the ordinary maximal Hilbert transform on R respectively:

*(x) = sup L
f*(x) = sup 1 firconr,

f 1) 4
lx—t]>eX ~ ¢

Muckenhoupt’s program is based on the following two lemmas:

H*(x) = sup

>0

LemMma A. Assume Tf(y) = [Z . f(z2)L(y, z) dz, L(y,z) > 0, and
ILCy, - ))ll, < C where C is independent of y. Suppose L(y, ) is monotone
increasing for z <y and monotone decreasing for z >y. Then |Tf(y)| <

Cr*(y).

Lemma B. Assume Tf(y) = [*.f(z2)K(y,z)dz where K(y,y + h) =
—K(y,y — h) and the function h - hK(y, y + h) has total variation bounded
by C where C is independent of y. Then |Tf(y)| < CH*(y).

As in [Mu 2], we will show that the conjugate Poisson kernel Q(x, y, z)
(here x denotes the distance above the boundary R) can be written as
J(x,y,2z)+ K(x,y,z) where |J(x,y,z)| < L(y,z) and L(y,z) and
K(x, y, z) satisfy the hypotheses of Lemmas A and B with estimates uniform
in both x and y.
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Finally, it is interesting to note that Thangavelu [Th 1], [Th 2] recently
obtained the strong type (p, p) result for the Hilbert transform defined by
(1.2) by transference techniques and conjectured that the weak-type (1,1)
result was probably valid. Our results imply the weak-type (1, 1) result and
are obtained by entirely different and perhaps more straightforward methods.
Throughout this paper C will denote a constant which may vary from line to

line and ||fll, will denote the L? norm of f with respect to ordinary
Lebesgue measure on R.

2. Heat Diffusion and Poisson Integrals
We begin this section by recalling the following result of Markett [Ma]:

Lemma 2.1 (Markett). Let {h,} denote the sequence of normalized Hermite
functions. Then

11
n® 4, 1<p<4,
~ 1
e, 11 n~g(log n)"/*, p=4,
1 1
n~ép 12, 4 <p <o,

In particular, we |lh,ll, < Cn*®. Let f€LP(R), 1 <p <, and let
X _oa,h,(x) denote the expansion of f with respect to the Hermite func-
tions. Thenif 1/p + 1/g =1,

(2.1) la,) = 1 f(6)h,(r) dtl < IIfll,llk,ll, < Cre@.

We define the heat-diffusion integral of f by

(2.2) g(x,y)= Y e @*Y% p (y), x>0.
n=0

In view of (2.1) if follows that for any fixed x > 0, the series in (2.2)
converges uniformly in y. We obtain an integral form of g(x, y) by writing

e(n) = X @ 7 fayn (2 dz ()
n=0 —*®

00

fw ( _Oe—(2n+1)xhn(y)h,,(z))f(z) dz

— 00

= f:oP(x, y,z)f(z) dz.
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Interchanging the order of summation and integration is justified by
Lebesgue’s dominated convergence theorem since

Zf e~ D3 p (y)h,(2)f(2)ldz < ) e X DXk, ik, G lIf Il

n=0"—% n=0

and both ||#,]l. and ||A,ll, grow polynomially in n by Lemma 2.1.
A preliminary result concerning the heat-diffusion integral is contained in
the following

LemMma 2.2. For f € LP(R), 1 < p < , the heat-diffusion integral g(x, y)
is a C* function on R*X R satisfying the differential equation

J
(2.3) (Ly— a‘)g=0,
where
82
Ly = W —-y?

Proof. The estimate from Lemma 2.1 with p = o justifies differentiation
of the series (2.2) with respect to x. Thus we have

a* ol
(24)  Te(xy) = L (D@ + D ().
n=0

Since A, (y) = 2n)'%h,_(y) — yh,(y), we have |k ()| < Cn*“D uni-
formly for y € [—A, A], A > 0. Thus for x fixed, the series (2.4) can be
differentiated termwise with respect to y. A similar argument holds for
higher derivatives and thus g(x, y) is C* on R*X R. Differentiating term by
term shows that g(x, y) satisfies (2.3) and the lemma is proved.

Instead of working with the kernel P(x,y, z), it is more convenient to
introduce the kernel

(25) U(r,y,z) = i r"h,(y)h,(z), 0O0<r<1.

n=0

Then P(x,y,z) =e *U(e™?*,y, z) and estimates obtained with the kernel
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U can easily be converted into estimates for g(x, y). By Mehler’s formula
[Sz, p. 380] we have

1
(2.6) U(r,y,z) =
w'/2(1 —r2)1/2
1(1+7r2), , 2ryz
Xexp( 2(1_"2)(y +2z%) + 1= ,2

and

@ 2\ 1(1-r?
(2.7) f_wU(r,y,z) dz = (1 n r2) exp(——z-(m))ﬂ).

To obtain (2.7) from (2.6), one completes the square and makes the appropri-
ate change of variables. Let L(r, y, z) be defined by

2r
U(r,y, I—;—;EY)

for z in the interval with endpoints (2r/(1 + r2))y and y and by U(r, y, z)
outside this interval. The main estimates for the heat-diffusion integral are
readily obtained from the following

Lemma 2.3. For 0 <r <1, U(r,y,z) < L(r,y, 2), the function L(r, y, z)

as a function of z is increasing on (—x,y] and decreasing on [y, ), and
satisfies

(2.8) | Ly, <c,

where C is independent of r and y.

Proof. We consider only the case y > 0, and note that the case y < 0 can
be treated in a similar manner. The function f(z) = exp(—az? + bz) is
increasing on (—o, b/2a] and decreasing on [b/2a,»). From this fact the

monotonicity of L(r, y, z) readily follows. To establish (2.8) it suffices to
prove

(2.9) (y 21y )U(r,y, 2ry2) <C.

TR 1-r
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A simple calculation shows that the left hand side of (2.9) equals

)
1+ +r2)7? 1472 27 142
and since u exp(—u?/2) is bounded on [0,%), the lemma is proved.

The main results of this section are contained in the following

THEOREM 2.4. Let f€ LP(R), 1 <p <o, and let g(x,y) denote the
heat-diffusion integral defined by (2.2). Then

@ lglx, »)I < Ce™*f*(y),

®) ligCx, )l < (cosh2x)™2||fll,, 1 < p <,

© llglx, ) =fll, > 0asx—>0,1<p <,

(d glx,y) > f(y)ae asx > 0,1 <p <o,

Proof. (a) We have

8l =| [ PGy ()

= e—x

f:oU(e”z", y,2)f(z) dz

<e™* f_w L(e™**,y,2)If(2)ldz

< Ce™*f*(y)

by Lemma A and Lemma 2.3.

(b) For 1 < p < », using P(x,y,z) = e *U(e?*,y, z) and (2.7), we ob-
tain

(2.10) fw P(x,y,z)dz = (cosh 2x)1/2 exp( —% tanh 2x).
By Holder’s inequality and (2.10) it follows that
lg(x, y)I” < (cosh2x)_”/2"f00 If(2)IPP(x,y,2) dz.

Integrating with respect to y and using Fubini’s theorem yields

ligl® < (cosh2x) "7/*(cosh2x) ~"AIfIIZ
= (cosh2x) "P2IflI.
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Thus (b) is proved when p < « and is obvious when p = «. To prove (c) and
(d) we use standard arguments and the fact that the space of polynomials

multiplied by e ~**/2 is dense in L?(R) (see [Mu 2]). This completes the proof
of the theorem.

We conclude this section by defining the Poisson integrals. Let f € L?(R),
1 <p <, and let X7 _,a,h, denote the expansion of f in Hermite func-
tions. The Poisson integral f(x, y), x > 0, is defined by

(2.11) f(x,y) = L e @0 p (),
n=0

The series in (2.11) converges uniformly in y for x fixed. An integral

representation for f(x,y) may be obtained by using the subordination
formula (cf. [Go, p. 78])

(2.12) e—B = %fws"f}/ze—se_ﬂZ/“Sds.
vdm Jo

We have

(2.13)

fy) = T e“z"“’lﬂx( / f(z)h,,(z)dZ)"n(y)
n=0 —

== 1= ( r e—@"“”h,,(y)h,,(z))s*”e**z/‘” ds dz
—® n=0

X

m 'I‘_Oowf(z)/(:op(s’ y, Z)S”3/2e“x2/4s dst

= [ #(2)R(x,y.2) dz
where
(2.14) R(x,y,z) = —/;—wf:P(S’y,Z)s"‘/ze"‘Z/‘“ ds

is the Poisson kernel associated with the Hermite functions {#,}. As before,
interchanging integration and summation is justified by the dominated con-
vergence theorem. The same arguments used for the heat-diffusion integral
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imply that f(x, y) is C* on R*X R and satisfies
aZ
[+ 35 -

Where L, is the Hermite operator. Finally, we note that the results in
Theorem 2.4 remain valid for the Poisson integral providing the factors e ~*
and (cosh2x)~!/2? are dropped in (a) and (b). In fact from (2.13) it follows
that

X

Jan

The point-wise estimate for g(s, y), the identity

(2_15) f(x, y) = Lms_3/2e*x2/4sg(s’ y) ds.

X

Jam

and Minkowski’s integral inequality imply (a) and (b). The results in (c) and
(d) for the Poisson integral follow by standard arguments (cf. [Mu 1]).

® =372 —x2/4
fs‘3/e"‘/sds=l,
0

Remark 2.5. 1t is interesting to note here that P(x, y, z), the heat kernel
associated to the Hermite operator, may be majorized point-wise by the
Gauss-Weierstrass kernel on R, i.e. the heat kernel associated to the one-di-
mensional Laplacean. This is in accordance to a more general principle that
takes place for Schrodinger operators and the Feynman-Kac formula is used
to prove it. We are grateful to Andrzej Hulanicki to whom we owe this
information. Specifically we have

(2.16) P(x,y,2) < W(y —2)
where W,(y) = (47x)~'/2 exp(—y?/4x). This clearly gives another proof of
Theorem 2.4, conceptually equivalent to our previous argument, except for

the fact that our more careful analysis also gives the exponential factors in (a)
and (b). To check (2.16) we note that

P(x,y,z) = (271-)_1/2(sinh (2)c))—1/2 exp (—¢,(y,2))

where
1 2
¢.(¥,2) = 5(y —z)" coth2x + yz tanh x

and thus, since sinh ¢t > ¢ and cotht > 1/¢t, for yz > 0 (2.16) is obvious.
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Assuming now yz < 0 it suffices to check that

U(v,) = (v = 2)°/4x
and, by a homogeneity argument, this is reduced to the inequality
Acoth2x — tanh x > A/2x

which, for 4 > 2, is clearly valid for all x > 0.

3. Conjugate Poisson Integrals

Let f ~ X2_oa,h,. Recall that f, the Hilbert transform of f, is formally
defined by

. - 2n \V?
f~ Tafgt)
n=0

Let f(x, y) be the Poisson integral given by (2.11). We define the conjugate
Poisson integral by

= ad 2n 2 —@2n+1)12x
3D f) = Tafpa) e hoi(3)-
n=0

The same arguments used for the heat-diffusion integral show that f(x, y) is
C® on R* X R and satisfies

(L +3—2)f of.

where L is the Hermite operator. The fact that A, (y) + yh,(y) =

(2n)'/?h,,_ (y) immediately shows that f(x, y) and f(x, y) are related by the
‘Cauchy-Riemann’ equation

(32) f+ f_—ﬁ.

We now use (3.2) to find an integral formula for f(x, y). Using the subordi-
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nation formula (2.12), taking 8 = (2n + 1)!/2x, making the change of vari-
ables s = (2n + 1)s, and then substituting r = e~2* leads to the formula

2
ol
(33) ementv' e ! 2l087) neiszg,
o (2m)?r(~logr)*?

= flT(x, ryr*+1/2 dr.
0
Then if R(x, y, z) denotes the Poisson kernel (2.14), we have

Z e—(2n+l)'/2xhn( y)h,,(z)

n=0

i hn(y)hn(z)flT(x, ryr*t /2 gy
n=0 0

R(x,y,2)

flT(x, r)( i r"h,,(y)h,,(z))rl/2 dr
0 n=0
= j;lT(x, rYU(r,y,z)r*/*dr.

Combining this and (2.6) we obtain

1/2 x?
1 2Y (z—ry)xexp(——)

oR 2log r
(34) + YR = exp(—— y* + 22 )
ay ( ) o m(—logr)¥}1 - r2)*”?
—r2y2 _ 2,2
Xexp( ry +2ry;;' rz )rl/zdr.
1-r
Now
(3.5) a§+ f = f ( +yR)(x v,z)f(z)dz.

From (2.1) it is easy to check that f(x, y) — 0 as x — « and so

f(x.y) = f Dy a.

Using (3.4), (3.5), and the Cauchy-Riemann equation (3.2) we find after
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integrating with respect to x and changing the order of integration

f(x,y) = f_:Q(x,y,Z)f(Z) dz

where

(3.6) O(x,y,z) = eXp(—%(y2+zz))Ql(x,y,z)

and

_ [l z-n —r2y2+2ry—r222)
(3.7) Qu(x,y,2) j;) (1- r2)2 exp( 1,2 wi(x,r)dr

with

21/2 1 - r2 1/2 xz .
== | — —_— /2
wi(x,y) T ( —logr) eXp(Zlogr)r :

Interchanging the order of integration is justified since

® 2
t exp| 57— | dt
,/; Xp(210gr)

merely brings out the factor —log r. We call Q(x, y, z) the conjugate Poisson
kernel associated with the Hermite functions {%,}. We note that Q(x, y, z)
differs from the corresponding kernel associated with the Hermite polynomi-
als (see [Mu 2]) by the exponential factor exp(—(y?+ z2)/2) and the
additional factor of r!/? inside the integral. Our goal is to show that the
same techniques used by Muckenhoupt [Mu 1], [Mu 2] remain effective with
these modifications. In many cases, the estimates from [Mu 2] can be applied
directly, but in a few cases the argument is more delicate and the explicit
form of our kernel must be taken into account.

As in [Mu 2] the general program is to write Q(x,y,z) =J(x,y,z) +
K(x,y,z) with |J(x,y, z)| < L(y,z) where L satisfies the conditions of
Lemma A and with K(x, y, z) being an odd function of z about y and
satisfying the conditions of Lemma B uniformly in x and y. Specifically, we
define J(x, y, z) by

(3.8)

$(Q(x,y,2) + Q(x,y,2y — 2)), |y —z| <min(1,1/1Iyl),

J(x,y,2)= Q(x,y,Z), |y—Z| Zmln(l,]./ly')’
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and K(x,y, z) by

(3.9)

K(x,y,2) = {%(Q(x’y’z) - 0(x,y,2y —=2)), ly—z|l <min(1,1/lyl),

0, ly = z| = min(1,1/[yl).
The function L(x, y) is defined for y > 2 by

(3.10)
exp(—z2/2)/y exp(y*/2), z<0,
exp(z2/2)/y exp(y*/2), 0<z<y/2,
eXI)(z2/2)(y‘l +(y(y - 2)3)_1/2)/exp(y2/2),
L(y,z) = y/2<z<y-1/y,
yexp(z2/2)(1 — In[y(y — 2)] /exp(y?/2),
y=1/y <z <y,
y(1-In[y(z = y)]), y<z<y+1/y,
yexp(—z%/2)exp(y%/2), y+1/y<z,

and for 0 <y <2 by

y(A—In[yly—zI) +1, 0<ly—-zl <1,
(311) L(y,z) =11, 1<ly—-zl <2,
exp(—z%/2), 2< |y —z|.

A careful inspection of (3.10) and (3.11) shows that L(y, z) as a function of z
is increasing on (—, y) and decreasing on (y, ). A straightforward calcula-
tion also shows that

(3.12) [ Lx,yyazsc

where C is independent of y > 0. Since Q(x,y,z) = —Q0(x, —y, —z), it
suffices to consider only the case y > 0.

The following lemma is crucial and the next three sections are devoted to
its proof.

LemMma 3.1, Let O(x,y,z) =J(x,y,z) + K(x,y, z) where ] and K are
given by (3.8) and (3.9). Then |J(x, y, z)| < CL(lyl, z) where L is defined by
(3.10) and (3.11) and C is a fixed constant. Moreover the total variation of the
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function h - hK(x,y,y + h), (defined to be 0 for h = 0), is bounded by a
constant independent of x > 0 and y € R.

4. The estimate for J(x, y, z) when |y — z| < min(1,1/|y|)

In this section, we need not distinguish between the cases 0 <y < 2 and
y > 2. When |y — z| < min(1, /|yl|), from (3.8) we have

2J(x,y,2) = r;zxp(%(z2 - yz))[Ql(x, y,z)exp(—z%) + Qy(x,y,2y — 2)
Xexp(—(2y - 2)2) exp(2y(y — z))]

Applying (3.7) and noticing that |w,(x, )| < 1, we estimate 2|J(x, y, z)| by

exp(%—(zz _ yz))j:

JaA-nN+v-2) ya-n+y-2) -2
(1- r2)2 ? (1- "2)2

zZ—ry _(z—ry)2
(1—-r2)2 exp( 1-r? )

dr.

Adding and subtracting

y(1—=r)+(y—2) (z—ry)2
(1 - r2)? exp(_ 1-7r2 )

inside the integral above and using the triangle inequality allows us to
majorize 2|J(x, y, z)| by the sum of

w0 ez ) e - G2 )L

and

(4.2) Cexp(%(zz _ yz))/(‘)l}’(l —(;')_+r)|)22 - z| eXp(—'(zl—:?;i)

1—-r
X exp(2y(z —y)m) -1

dr.
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Using Lemma 5, (4.1) from [Mu 2] then shows that (4.1) is bounded by
(4.3) Cy exp(z%/2)(1 — In[yly — zI]) /exp(¥?/2).

Since y|y — z| < 1, the mean value theorem implies

< Cylz —yl.

1-r
exp(2y(z —y)—l—;—r) -1

Another application of Lemma 5 [Mu 2] now shows that (4.2) is bounded by
(4.3). This is the required estimate in the cases 0 <y <2 and y > 2 with
y — 1/y <z <y. The estimate for the remaining interval y <z <y + 1/y
also follows if we note that exp(1,/2(z? — y?)) < C. This completes the proof
of the estimate |J(x, y, z)| < CL(|yl, z) for |y — z| < min(1,1/|y]).

5. Estimates for J on intervals away from y

With the exception of the case 1/2y <z <y — 1/y Muckenhoupt obtains
his estimates by passing the absolute value inside the integral and making the
estimate |w(x, r)| < 1. In our case

O(x,y,z) = exp(— %(y2 + zz))Ql(x, y,2)

where Q,(x, y, z) is Muckenhoupt’s kernel with w(x, r) replaced by w(x, r)
= w(x, r)r'/2. Since |w(x,r)| <1 implies |w,(x,r)| <1 for 0 <r < 1, the
same estimates which are made for Muckenhoupt’s kernel remain valid for
Q(x,y,z). When these estimates are multiplied by exp(—1/2(y? + z2)),
precisely the estimates of (3.10) and (3.11) are obtained.

For the interval 1/2y <z <y — 1/y, we must integrate by parts and do a
slightly more careful analysis. Following Muckenhoupt we let

S(r,y,z) =

z=ry r?y? + 2ryz — r2z?
(1-r2)*? 1-r2 '

We then write
1
O(x,y,2) = exp(—g(y2 + zz))Ql(x,y,Z)
= exp(—%(y2 +zz))

X{Ql(x’ y,z) - fE(_lvy%

wix,r
xXS(r,y,z)dr + fE—a%z)l)ﬁS(r’ y,z)dr
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where

-[i-200, 029

The estimates for

1, ., ) wi(x,r) .
(5.1) exp(—-z—(y +2 )) 0,(%,v,2) —[Emsu,y,z)dr
and
1 2 2 1 >
(5.2) exp(—j(y +z )) [E(ll_(—iz—;l)/—z-S(r, y,z)dr

are established separately. For (5.1) the difference inside the absolute value
signs is estimated precisely as in [Mu 2] (see 5.4, [Mu 2]). It is written as the
sum of two integrals over disjoint intervals, the absolute value is moved inside
each integral, and then the estimate |w(x,r)| <1 is used. When the
estimate (5.4) of [Mu 2] is multiplied by exp(—1/2(y? + z?)), we obtain
precisely the estimate in (3.12) corresponding to 1/2 <z <y — 1/y. To
obtain the estimate for (5.2) we integrate by parts. For the boundary terms
we obtain the same estimate as on the right had side of (5.5) in [Mu 2] since,
once again, the fact that |w,(x,r)| <1 is used. When this estimate is
multiplied by the exponential term, the desired estimate is obtained. The
term that remains to be estimated is

d | wyx,r) 1
L[E(m)]f S(t,y,z)dtdr

Recall that w(x, r) = w(x, r)r'/? where w(x, r) is the function in [Mu 2].
The integral in (5.3) is majorized by

d )\
fE[W((TwExr_z))l‘ﬁ)' ﬂfrlS(t,y,z) dtdr

(5.3)

(5.4)

+

.

w(x,r) 1 (1
fE(l e zrl/zj;S(t,y,z)dtdr

For the first integral in (5.4) the absolute value signs are put inside the
integral, /2 is replaced by 1, and the same estimates as in [Mu 2] are
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applied. For the second integral in (5.4), we note that r € E implies r > 1/4
and hence the term 1/2r!/? is uniformly bounded. Now for r € E, we have

w(x,r)
(1-r)"?

For the last inequality in (5.5) see (5.13) of [Mu 2]. For the second integral in
(5.4), after putting the absolute value signs inside the integral, using the
uniform bound for 1,/2r!/2, the estimate (5.5), and the estimate in (5.12) [Mu
2] for |[,'S(¢, y, z) dt| when r € E to obtain

(5.5)

3/2
y
<a<)” sC(y_z) .

w(x,y) 1
fE(l - r2)1/2 2,1/2fr S(t,y,z)dtdr

y exp(zz) y(z —ry)
e X2 ool - 55 o

A substitution shows that this last integral is majorized by

Cexp(z?)
12
(y(» - 2))
Finally, multiplying by the exponential factor exp(—1/2(y? + z2)) produces

the required estimate in (3.12). This completes the estimate for the interval
y/2<z<y-—1/y.

6. Estimates for the total variation of K(x, y, z)
In order to apply Lemma B to the kernel K(x, y, z) given by (3.9) we need
to check that the total variation of the function 2 — AK(x,y,y + h) is

bounded uniformly in x, y > 0. Following the argument from [Mu 2, §6], it is
sufficient to prove that

60 [ |El =90y 2)|desm = min(1,179),

is bounded independently of x,y > 0. First we observe that Lemma 6 in
[Mu 2, p. 250] remains valid for

aw,
pi(x,r) = 5-(x,71)
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since w(x, r) = w(x, r)r'/2, That means

(6.2) [O‘Ipl(x,r)ldr <cC.

From the definition of Q(x, y, z) we have

(63)
(r=2)0(3,2) = [ [ O DES
Xexp(—%—(i+r )( 2+22) + —_r—-)d dt.

Differentiating (6.3) with respect to z shows that the integrand in (6.1) may
be written in the form

(6.4) exp(—%(zz—y )fpl(x t)f B(r, y,z)exp( -(———r)—)drdt

1
where
(6.5)
B(r,y,z)=Y(1+r)—22 2(z —ry) ()’—z) Z(Y“Z)(Z—ry).

1 - r2)? a-r?’ 1 -r?)?

The condition |z — y| < m implies |z? — y?| < C and therefore the expo-
nential factor before the integral in (6.4) can be ignored. Moreover the
first two summands in (6.5) give rise to identical integrals as treated by
Muckenhoupt (c.f. (6.2), [Mu 2]) with p(x, ) replaced by p,(x, t). In view of
(6.2) above, it follows that the integrals with these summands are bounded.
We now consider the last summand in (6.5) and are reduced to estimating

2
folpl(x,t)[ftl(y zlz)—(:z)-zry) exp ( ——_(rly—_r) )dr]

Since z — ry = (z — y) + y(1 — r), the inner integral in (6.6) is majorized by

— xp( (ry——zz)z)dr

(6.6) |z|

(6.7) (y—z)[ & —

11 -z)?
+y|y—21f01_,exp(—gy—'zzl)d'-

1-r
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Applying Lemma 5 from [Mu 2] it follows that (6.7) is bounded by
(6.8) C[1 +yly — zI(1 - log(yly — zI))].

For y > 2 we note that y|y — z| < 1 and that (6.6) is majorized by
(6.9) C(1 + )1 - log(yly - zI)].

It is easy to check that for y > 2
ci+y) (1 - log(yly —zl)) dz
lz=yl<m

is bounded uniformly in y. For y < 2 we have |y — z| < 1 and |z| < 3. Thus
in this case (6.6) is majorized by

C[1 —ylog(yly —zD].

and again it is easy to check that for y < 2

y[  (1-log(yly —zl)) dz

lz—yl<m

is bounded uniformly in y. This completes the estimates for the integral with
the last summand of B(r, y, z). This also establishes the uniform bounded-
ness of (6.1) and completes the proof of Lemma 3.1.

7. Main results

The main results of this paper concerned with the conjugate Poisson
integral f(x, y) and its boundary value f(y) for 1 < p < o are summarized
in the following

THEOREM 7.1. Letf € LP(R),1 <p < =, and let f ~ La,h, where {h,} is
the sequence of Hermite functions. Then

a) IfCx, I, <A4,lIfll,,

b) f(x,y) has an L, limit as x - 0% denoted by f(y). Moreover

If (x,y) —F(¥)ll, = 0 asx - 07,

©) lisup, . olfCx, WU, < 4, lIfll,,
d) f(x,y) = f(y) ae. (y)asx - 07,
e) f(y) has the expansion 3_qa,(2n/Q2n + 1)'/?h,,.
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In the case p = 1, we have

TueoreM 7.2. Let f € L'(R) and let Y a,h, denote the expansion of f with
respect to the Hermite functions. Then

a) l{y :supx>~olf(x,y)| > A < CAT YA, )
b) lim, _, o+ f(x, y) exists a.e. (y) and is denoted by f(y),
o {y:If(») > A} < CA7MIflL.

For the proof we note that Lemma 3.1 allows us to use Lemmas A and B.
Since the Hardy-Littlewood maximal function and maximal Hilbert transform
are of strong type (p, p) and of weak type (1,1), the results for f(x, y)
following immediately. The existence of the boundary value f(y) follows
from the estimate for f(x, y) and the fact that the space of polynomials
multiplied by exp(—x2/2) are dense in L?, 1 <p < .
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