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BLOCH-TYPE SPACES ON THE UPPER HALF-PLANE
X1 FU AND JUNDING ZHANG

ABSTRACT. We define Bloch-type spaces of C!(H) on the upper half plane
H and characterize them in terms of weighted Lipschitz functions. We also
discuss the boundedness of a composition operator Cy acting between two
Bloch spaces. These obtained results generalize the corresponding known
ones to the setting of upper half plane.

1. Introduction

Let H= {z € C: Imz > 0} be the upper half-plane, and C!(H) be the set of
all complex-valued functions having continuous partial derivatives on H. For
a > 0, the a-Bloch space on H, denoted by B¢, is defined to be the space of
all functions f € C!'(H) such that

1flla = sup (Imz)* (| (2)] + | fz(2)]) < oo.
It is easy to check that the space B is a Banach space with the norm

[flls= = [F@+ 1 Fla-

Let w : [0,400) — [0, +00) be an increasing function with w(0) = 0, we say
that w is a magorant if w(t)/t is non-increasing for ¢ > 0 (cf. [6]). Following [2],
given a majorant w and o > 0, the w-a-Bloch space B consists of all functions
f € CY(H) such that
(1) £l = SggW((ImZ)a)(lfz(Z)l + 1fz(2)]) < o0,
and the little w-a-Bloch space B , consists of the functions f € B such that

(2) imw((m2)) (12 (2)] + | £=(2)]) = 0,

where 0°H denotes the union of OH and {oo}.
If we denote by B the set of all functions f € B such that w((Imz)®) (| f.(2)]
+|fz(2)]) vanishing at co, then the condition (2) is equivalent to the condition
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that the function f € Eg satisfies
(3) lim w((Im2)")(|f=(2)] + [ f=(2)]) = 0.

Imz—0

In particular, when w(t) = ¢, we remark that the space B is the a-Bloch space
B
For 0 < o < 1, the weighted Poincaré metric ds, of H, introduced in [1] is
defined as )
d
ds? = 7| ?| .
(Imz)2e
Suppose that (t)(0 < ¢ < 1) is a continuous and piecewise smooth curve in
H. Then the length of v(¢) with respect to the weighted Poincaré metric ds,

is equal to
e [P )
L) = [ e = [ et

Consequently, the associated distance between z and w in H is

Pa(z,w) = inf{Ly, (7) : 7(0) = 2,7(1) = w},
where v is a continuous and piecewise smooth curve in H. Note that p; (o = 1)
is the classical Poincaré distance in H.

Let pu,v > 0 and f be a continuous function in H. If there exists a constant
C such that

(Imz)*(Imw)”| f(2) — f(w)| < Clz —w|  (resp. < Cpa(z,w))

for any z,w € H, then we say that f is a weighted Euclidian (resp. hyperbolic)
Lipschitz function of indices (u, V). In particular, when u = v = 0, we say that
f is a Buclidian (resp. hyperbolic) Lipschitz function (cf. [14]).

In the theory of function spaces, the relationship between Bloch spaces and
(weighted) Lipschitz functions has attracted much attention. In 1986, Hol-
land and Walsh ([8]) established a classical criterion for analytic Bloch space
in the unit disc D in terms of weighted Euclidian Lipschitz functions of in-
dices (%, %) Since then, a series of work has been carried out to charac-
terize Bloch, a-Bloch, little a-Bloch and Besov spaces of holomorphic and
harmonic functions along this line. For instance, Ren and Tu [15] extended
Holland and Walsh’s criterion to the Bloch space in the unit ball of C™, Li
and Wulan [9], Zhao [18] characterized holomorphic a-Bloch space in terms
of (1 —1[2]?)P(1 — |w|?)*=8|f(2) — f(w)|/|z — w|. In [19, 20], Zhu investigated
the relationship between Bloch spaces and hyperbolic Lipschitz functions and
proved that a holomorphic function belongs to Bloch space if and only if it is
hyperbolic Lipschitz. For the related results of harmonic functions, we refer to
[2, 3, 4, 7, 14] and the references therein.

Motivated by the known results mentioned above, we consider the corre-
sponding problems in the setting of C!(H) in this paper. In Section 2, we
collect some known results that will be needed in the sequel. The main results
and their proofs are presented in Sections 3 and 4.
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Throughout this paper, constants are denoted by C, they are positive and
may differ from one occurrence to the other. The notation A < B means that
there is a positive constant C' such that B/C < A < CB.

2. Several lemmas

In this section, we introduce some notations and collect some preliminary
results that we need later.
Let z,w € H, the pseudo-hyperbolic distance p is defined as

plz,w) =

z—w ‘
z—wl
It is easy to see that p on H is a distance function and horizontal translation and

dilatation invariant (cf. [11]). For z € H and r € (0, 1), the pseudo-hyperbolic
ball with center z and radius r is denoted by

E(z,r)={weH: p(z,w) <r}.

A straightforward calculation shows that E(z,r) is a Euclidean ball B(x*, o)
where

“ 1+7? ) 2ry
xr =\(\r, ——= ra =
71_r2y s 10 1—7"2,

The following lemma is proved in [11, Lemma 2.1].

and z = x + yi.

Lemma 2.1. The inequality

z—u‘ < 1+ p(z,w)
~1-p(z,w)

1— p(sz)
L+ p(2,w)

holds for all z,w,u € H.

<

w—u

As an application of Lemma 2.1, we easily get the following (see [4]).
Corollary 2.1. Letr € (0,1), u,v € E(z,r). Then we have
Imu=xImv=|z—1|lx |E(z,r)|%,
where |E(z,r)| denotes the area of E(z,r).
We end this section with two inequalities which will be used in the sequel.

Lemma 2.2 ([2, Lemma 6]). Let w(t) be a majorant and u € (0, 1], v € (1, 00).
Then for t € (0,00),

w(ut) > uww(t), w(vt) <ovw(t).

Lemma 2.3. Let a,b>0,0< s < 1. Then sa+ (1 —s)b> a®b'~%.
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3. Bloch spaces

Let f be a harmonic Bloch mapping in the unit disc D. In [5], Colonna
proved that the Bloch constant By of f is equals to its Bloch semi-norm, i.e.,

By= s w=sup<1—|z|2><|fz<z>|+|fz<z>|>,
z,weD,z#w Z,w zeD

where h is the hyperbolic distance in D.
Firstly, we characterize the space B* in terms of hyperbolic Lipschitz func-
tions and generalize Colonna’s result to the setting of C*(H).

Theorem 3.1. Let f € C}(H) and 0 < a < 1. Then f € B* if and only if
there is a constant C > 0 such that
|f(2) = f(w)] < Cpalz,w), zwel
Moreover, we have
f(z) = flw
1fla= swp LE_JWI
z,weH, z#£w Pa (Za w)
for all f € B~.
Proof. We first prove the sufficiency. For any z,w € H, by the definition of

Pa(z,w), we assume that v(s) is the geodesic between z and w (parametrized
by arc-length) with respect to p,. Since p,(7(0),v(s)) = s, we have

[f(2) = f(w)] < Cs.
Dividing both sides by s and then letting s — 0 in the above inequality gives

(£ + (2D (0)] < €.

From the minimal length property of geodesics,

pol1(0).9(5) = | S%dt& 0<s<e

we obtain that

L Ol W)
S5 Jy To@F ™ T maye
It follows that (Imz2)*(|f.(2)| + | fz(2)]) < C and hence f € B* with
£ = Fw)l

(Im2)*(12(2)] + 1 f=(2)]) s 2 € H} < sup { o o) A w}.

Conversely, we assume that f € B*. Let z,w € Hand v(¢)(0 <t < 1) be a
smooth curve from z to w. Then we have

1£6) = )l =| [ G0

S/ (If=(v@)] + [f=(y @)D ()t
0
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LY @)
< ||f||a/0 Wdt

< [ llapa(y(t)).

Taking the infimum over all piecewise continuous curves connecting z and w,
we conclude that

1f(2) = f(w)] < | fllapa(z,w)
for all z,w € H. This completes the proof. ([

In the following, we characterize the spaces B, B  in terms of Euclidean
weighted Lipschitz functions.

Theorem 3.2. Let r € (0,1), f € C}(H), 0 < 8 < a. Then f € B if and
only if

K= sup w((Imz)B(Imw)o‘_ﬂ)iv(z) — f(w)] < 00
weE(z,r),z7w |Z - w|
Proof. We first prove the sufficiency. Let f € C!(H). For each z € H, we have
|f(z) = f(w)] K
sup < .
weE(z,r),z7£w |Z - ’LU| w((lmz)ﬁ(lmw)a_ﬁ)

By letting w — 2, we obtain that

K
|f2(2)] + | fz(2)| < m,

from which we conclude that f € B.
Conversely, let f € B2 and for any w € E(z,7),z # w,

|f(2) = f(w)| = ‘/0 3—2(5,2—1— (1 - s)w)ds|

b 0
<l|z- w|/0 ( a—‘é(ser (1—s)w)| + |8_£(SZ + (1= s)w)|)ds
! ds
< Cle=ullflow || S (o
< Clz —w| ds

o w((Imz)** (Imw)*=a<)’

where the last inequality follows from Lemma 2.3.
Since for each w € E(z,r), 2z # w, Imz < Imw, we can find a A € (0,1) such
that Imz > A(Imw) and Imw > A(Imz). Then we infer that

1/(2) = f(w)] ' ds
el =y S Gme)ye)

1 ds
< -
= C/o o((Tmz) T A
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C /1 ds
w((Imz)®) J, Aa—os
C

w((Imz)®)

IN

Thus,

sup w((Imz)“) 1£(z) = f(w)]

< o0
weE(z,r),z£w |Z - w|

By Lemma 2.2 again, we deduce that
w((Imz)®) > X\ Pu(Imz)’? (Imw)*~?),
from which we see that K < co. The proof of Theorem 3.2 is completed. [

Theorem 3.3. Letr € (0,1), f € B, 0< <. Then f € B o if and only
if
(4) lim sup  w((Imz)”? (Imww*ﬂ)M = 0.

Imz—=0 e B(z,r),2740 |Z - ’LU|

Proof. Sufficiency. Assume that (4) holds. Then for any € > 0, there exists
0 > 0 such that

sip w((Imz)? (Imuw)e—#) L =S
weE(z,r),zAw |z — ’LU|

whenever 0 < Imz < §. It follows by an argument similar to that in the proof
of Theorem 3.2, we have

((Im2)*) (£ + =) < Coo(ma)? (e LELZI
whenever 0 < Imz < §, w € E(z,r). Hence

lim_w((Imz)*)(|£.(2)| + | f=(2)]) = 0.

Imz—0
Necessity. Now we assume that f € BJ,. For t € (0,+00), let fi(2) =
f(z 4+ ti). By the proof of Theorem 3.2, for w € E(z,r), we have

\(f = f)(z) = (f = fi)(w)]

(1) (1)) L <CIf = fllos
and
w((Tmz)? (Tmw)*~ B)—|ft(|i — w|(w)|
_ w((Im2)?(Imw)*=?)  w((Imz + £)? (Imw + £)* )| f(z + ti) — f(w + ti)]
w((Imz + t)8 (Imw + t)>—5) |z — w
Cw((Imz)? (Imw)*—#) Il
w((Imz + )8 (Imw + t)@=F) 1 1
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By the triangle inequality,
sup  w((Imz)® (muw)>—#) L&) = 1)l
weE(z,r),z£w |Z - ’LU|
Cw((Imz)? (Imw)*—#) Il
(Tmz + t)8 (Imw + t)a—F) "7 1

In the above inequality, first by letting Imz — 0 and then letting ¢ — 0, we
obtain the desired result. O

<CIf = fillwoa +
w

Remark 3.1. When w(t) = t, Li and Wulan [9] obtained the analogues of
Theorems 3.2 and 3.3 for holomorphic Bloch space on the unit ball of C™.

In the following, we remove the restriction w € E(z,r) in Theorems 3.2 and
3.3 and obtain the following results which can be viewed as generalizations of
[2, Theorems 3, 5] to the case of C!(H).

Theorem 3.4. Let f e C'(H), 0< < 1,8<a<1+8. Then f € B if and
only if

5) sup  w((Imz)? (tmw)e—#) LE S
z,weH, 24w |Z _ w|

Proof. Assume that (5) holds. Fix r € (0,1) and = € H, it follows from the
proof of Theorem 3.2, we can easily prove that f € BZ. For the converse, we
assume that f € BS. Then for z,w € H,

1~ s < ¢l -l [ o
Since for z,w € H and s € [0, 1],
(sImz + (1 — 8)Imw)® > (sImz)?((1 — s)Imw)*~?,

ds
Im(sz + (1 — s)w))e)’

we get that
! ds
0 w((sImz + (1 — s)Imw)?)
! ds
o w(sf(1 = s)a=B(Imz)8 (Imw)>—~8)

1f(z) = f(w)] < Clz = wl

< Clz — w|

Clz — w| 1 ds

~ w((Imz)A (Imw)*>—8) /0 sB(1 — s)o—h
Clz — w|

~ w((Imz)8 (Imw)*—8)’

where the last integral converges since a < 1+ 5. Thus

w wl(Tme)? (Imw)e—a) &) = Fl
z,wzHI,)z;éw ((Im ) (Im ) ) |Z_w| = .

This completes the proof of Theorem 3.4. (]
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Similarly, we can prove the following.

Theorem 3.5. Let f € BS, 0< <1, 3<a<1+p. Then f € B, if and
only if
lim sup ((Imz)ﬁ(Imw)”“ﬁ)M =0.

Imz—)OZ weH, z#£w |Z — ’LU|

4. Composition operators

Let ¢ be a holomorphic self-mapping of H. The composition operator Cy,
induced by ¢ is defined by Cy(f) = fo ¢ for f € C*(H). During the past
few years, composition operators have been studied extensively on spaces of
holomorphic functions on various domains in C and C", see e.g., [13, 10, 16, 21].
In this section, we discuss the boundedness of composition operators between
Bloch spaces on the upper half plane H.

Theorem 4.1. Let o, 8 > 0 and ¢ be a holomorphic self-mapping of H. Then
Cy : B* — BP is bounded if and only if

()9 (2] _
©) S T Imala)e

Proof. First suppose that
(Imz)”]¢/ (2)]

M =sup ——————~—— < 0.

zeH (Im(b(z))a
For f € B* and z € H, we have

(Im2)?(ICs (f)=] + Co (£=]) = (Im2)’ ((f 0 §)=(2)| + |(f © #)=(2)])
= (Im2)°|¢/ (2)[(|£-(6(2))| + Ifz(¢(2))|)
< M(Ime(2))*|(1f=(¢(2))] + | fz(6(2)])
<Ol

and

[f(e(@)] < Cllflla-
Hence Cy : B — B? is bounded.
For the converse, assume that Cy : B* — B is a bounded operator with

1Cs(Hlls < Cllflla

for all f € B*. Fix a point zg € H and let w = ¢(z0). If a # 1, consider the
function f,(2) = (z —w)!=®. Then it is easy to check that f, € B The
boundedness of Cy implies that

(1m2)%] /()
6z —wl = ¢
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In particular, take z = zg, we get

(Imz0) [/ (20)| <
(Img(z0))>  —
Since zq is arbitrary, the result follows.
If @ = 1, we only need to consider the function f,,(z) = In(z —w). Following
a discussion similar to the above, it can be proved that (6) holds. The proof of
Theorem 4.1 is completed. (]

Recall that the classical Schwarz-Pick Lemma in the upper half-plane gives
that for a holomorphic self-mapping ¢ of H, (Imz)|¢'(2)| < Im¢(z) holds for
all z € H. As an application of this result, it is easy to derive the following
corollary.

Corollary 4.1. Let ¢ be a holomorphic self-mapping of H. Then Cy : B! — B!
s bounded.
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