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SOME BOUNDS ON CONVEX MAPPINGS IN
SEVERAL COMPLEX VARIABLES

CARL H. FITZGERALD AND CAROLYN R. THOMAS

The coefficient bounds and the Growth and Distortion
Theorems for convex functions in one complex variable
are generalized to several variables. The holomorphic
mappings studied are defined in the unit ball or some
other domain of one of the first three classical types. Each
mapping takes its domain onto a convex set in a one-to-
one fashion. The coordinate functions of each mapping
have multivariable power series about the origin. The
best possible upper bounds are found for certain combina-
tions of the coefficients of these power series. In case the
domain is the unit disk in the plane, these bounds reduce
to the classical coefficient estimates for convex functions.
As an application, these coefficient bounds are used to
obtain the best possible upper and lower bounds on the
growth of the magnitude of each mapping in terms of the
magnitude of the independent variable. Also, estimates
on the magnitudes of various derivatives of each mapping
are found.

Starting with methods which are standard for the Loewner theory
of convex functions of one complex variable [3], we will extend that
theory to several variables. Some of our results have been found
independently, using different methods, by T. Suffridge [5] and T.S.
Liu [2] and J. Pfalzgraff.

1. Notation. We will use the following standard notation for
several complex variables. A point in C* will be denoted by a col-

umn vector
21
22
2z =

Zn
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and a mapping f(z) from C* to C* will be denoted by

fi(z)
fz) = f2§z)
fa(2)

where each coordinate function f is a function from C* to C. The
complex Jacobian of f at z, that is,

82‘] p,q=1
will be denoted by Js(z).
We will consider normalized convex mappings from C* to C*. A
convex mapping is a mapping with range a convex set. Let f(z) be
a one-to-one convex mapping from

B" = {Z! |2| = \/lzll2 +laf 4.+ [l < 1}

into C*. We wish to normalize f(z) so that f(0) = 0 and J;(0) =
I,,, the n-dimensional identity matrix. Note that this can be done
because since f is one-to-one, J¢(0) is invertible. The normalization
takes place by a complex affine transformation, J¢(0)~*[f(z)— f(0)].
This complex affine transformation preserves the convexity of the
range. Then f has the form

(21 + D dg,l)z”

lpI>1

z9 + Z d(z)Zp
flz) = Ip>1 g

tat Y d2?
Ip|>1 /

where the sums are over vector indices p = (p1,p2,... ,pn) With
|p| = p1+...+pn and 2P = 20" 287 ... 2P~ with each p; a nonnegative
integer.
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2. Some best possible bounds for convex mappings.

LEMMA 2.1. Let f(z) be a normalized mapping from B* to C* of
the above form. Let 1 <r <mn,m>1, and m € Z. Then

’d( <1.

r= 1

o0

m—1
Proof. Let ¢ = e . Since Z e¥ = m if m divides k and = 0
t=0

otherwise,
1
z el
m—1 0 0
Z f . (m Z d(ms 0,. > ’
t=0 : s=1 r
0

where r runs from 1 to n, and indicates the components of the
vector. Let

ha(z1) zl’%c
ha(z21) 1 0
h(Zl) = : E Z
. t=0 .
hn(Zl) 0

The right side is defined because it is the inverse image of a convex
combination of points in the convex range of f. The initial term
of the r-th component of h(z;) can be found by noting that since
f behaves near the origin like the identity mapping, so does f~'.
Thus, h(z1) = (d) o gz +...) €B.

Then the component function A,(z1) is an analytic function from
the unit disk to itself with £, (0) = 0. Since h(z;) € B, |h(z1)|* < 1.
Let

Q(Zl) = e%ﬁhl(zl)? + ...+ eiw”hn(zl)2

_ [Z (dggyowo))?] I

r=1
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q(zl).

2

Consider Examining the initial terms of the series expan-
q(z1)
2

sion for h.(z), we see that the singularity of at the origin is

removable.

For any given 0 < e < 1, consider |z;| = 1 — . Then q(;,l)
1
1 + e. By the maximum principle, this inequality holds for |z;| <

1— ie. In particular, at z; = 0,

<l+4e.

S e (d o)

r=1

Choose ¢y, ... ,p, so that

n

-3

r=1

do | -

i e (d&,o,...,mf

r=1

Since the former expansion is < 1 + € for all 0 < £ < 1, the last
combination of coefficients is < 1, as claimed. O

We now estimate the growth of f.

PROPOSITION 2.1. Let f(z) be a normalized convexr mapping
from B"™ into C*. Let U be a unit vector, and let 0 < r < 1. Then

r

If(rU)] <

1—7r

Proof. Rotate the domain so that

21

0
rU =
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By the triangle inequality,

2
<1
O _ n d(r) d(r P
f : - Z Z (,0,...,0)%(p,0,.. 0)2121

: r=1k,p=1

0
OO , . k

S 'dgk)o 0)||d€p?0,...,0)||z1l P

k,p=

. 5 ool Mok )

m=2 (k+p_m k,p>1 r—

By Cauchy’s inequality,

0] < | S o | S linf 1.

>

by Lemma 2.1. Hence

Taking the square root, we obtain

2
: 1—|z|
0

and the conclusion of the proposition. O
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Note that this upper bound is attained by the following mapping:

(2
1 ;221

fz)=|17=

Zn

1—21

This mapping can be understood as follows: Consider the Cayley
transform of the ball onto the generalized half plane. Clearly that
transform is convex. After normalization, it is f(z) and is still a
convex mapping. [1]

PROPOSITION 2.2. Let f(z) be a normalized conver mapping
from B" into C*. Let U be a unit vector, let 0 < r < 1, and let t be

a positive integer. Then
t!

D] < e -

Proof. It can be assumed that

<1
0
rU=1.
0
Then
2
21
o 0 n . 2
a9t | : :Z ZdEk)o o)zic tk(k—1)...(k—t+1)
1 . r=1 lk=t
0

=3 (Zk(k—— 1) ... (k= t+1)dl), 028" t)

| 2pp- 1) A(p—t+1)dl), o)zi"t)
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=3 S ke (bt Dpe(p— 4 1) 0dT
r=1 k,p=t

By the triangle inequality,

gzlkZ k-oo(k—t+1p---(p—t+1)
r= ,p=1

Ik+p—2t

T? ,“.,O)I ]dﬁ,’;?o,...,o)] |21

i k---(k—t+1p---(p—t+1)

2t k+p=m, k,p>t

Joa E 425l [45...0|

By using Cauchy’s inequality, one can see that

[ee]

SZ Z ko..(k=t+Dp...(p—t+1)|z|™*

m=2t k+p=m, k,p>t

JZWO o] JZ’%O ol

By Lemma 2.1, each of the radicals is bounded by one.

(o]

<> Y ke(k—t+p...(p—t+ 1)z

m=2t k+p=m, k,p>t
1! 2
BRNCE =) ey

Taking the square root of both sides of the inequality, we obtain the
desired estimate. Again these estimates are best possible since the
normalized Cayley transform attains the upper bound at each point
of the polar ray. O

For the next result, we need the following lemma.
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LEMMA 2.2. If f(z) is continuous on [a,b] and

for each a <z < b, then f(b) > f(a).

Proof. Consider g(z) = f(z) + ez for z in [a, b] and ¢ a positive
constant. Then

g4 A)—gle) . fle4A)te(e+A) = f) —ea
A0+ A A—ot A
= liminf fe+4) - (=) +e>0.
A—0t A

Let ¢ be a point where g(z) attains its maximum value. Suppose
that ¢ < b. Since

liminf 96t 2) —9(9)

A—0*t A >0 ’

for A > 0 and sufficiently small, g(c + A) > g¢(¢), which contradicts
the maximality of g(c). This implies that ¢ has maximum value at
b, and ¢(b) > g(a). Thus f(b) + eb > f(a) + ea. Take the limit of
both sides as ¢ approaches 0 to obtain f(b) > f(a). O

PROPOSITION 2.3. Let f(z) be a normalized convex mapping
from B" into C*. Let U be a unit vector, and let 0 < r < 1. Then

-
147

IF(rU)| 2

Proof. Note that f can be multiplied by a constant complex uni-
tary matrix without changing the conclusion. Assume that f is a
convex mapping from B* to C*, with f(0) = 0, and with J(0)
unitary.
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By rotating the domain, we can let

a

0

0

with a > 0, be a point in {z: |z| = 1} at which [f(z)| is minimized.

Since J;(0) was only assumed to be unitary, we can also rotate the
range so that

a
0
a fl.
0
fl.1= 0
: 0
0 .
0 )

By the minimality of

a
0 0f
1 _ o
f ,8Zk
0
for k=2,3,...,n. Thus
a of
0 ~“lo...0
Jf N 821
: * R
0
and
a 1
—0...0
J—l O — 8 1
0 * "
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Let ¢,(z) be a holomorphic automorphism of B" that maps

0 to . and . to 0.

Then

wa(2) = and
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Now normalize the mapping. Let

a a
0
F(z) = I3 || [fowalO) = 1]
0 0
! 0
1 —a2 . 1
- 0...
N s R oh
: : .. : 621
: : N
1
0 0 e
\/1—a2/
/ a
0
fil,
fowa(C)— 0
0
0
Then
a
0
-fi].
—a
0 0
F . = 26;1
: (1—a)~——
821
0 *
*

305

The mapping F(z) is a normalized convex mapping, because
F(0) =0, Jr(0) = I, and this normalization process preserves the
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convexity of the range. Thus by Proposition 2.1,

a
0
il
0 a
a\| " 1—a
f1 |0
1 —a®)=—
( Gt)azl :
0
Since
a
0
fl : #O’
0
a
9fi |0
0z | :
0 S 1
a\ |~ a(l+a)’
0
Al
0/
and
t
0 0 1
=1 > -
htAl BN | e
0

where the last partial derivative is with respect to the real variable
t and the expression is then evaluated at ¢ = a. Then

a 21

0 0
Oh 1%l 20 and £ .
821 :
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is locally conformal near z; = a. By the minimizing choice of the
point

t
9f |0
a Jat |:
0 0
’ a
0 0
Al
0
is real and positive. Hence
t 2
0 0 ) 0
—1 =|=1
It og f1 : ot og f1 :
0 0
at t = a, and, at t = q,
t [
d 0 19 0 1
—1 =|=-=1 > .
ot o |1 : 20t og | : “a(l+a)
0 0

Let ¢(r) = lnrlli_nloglf(z)|. For any zo with |zo| = r, where the

minimum is attained, and for any n > 0,

Jmin loglf(2)] 2 q(r) + (1~ m)Ar (,,(1 ;" r)>

see<|—j—|,§%[>>1—6

for 6, Ar > 0 and both sufficiently small.

Note that the subset of {z: |z| = r} on which the minimum of
log |f(z)| is reached is compact. Thus that set of points can be
covered by finitely many open spherical caps of {z: |z] = r} so
that the inequality holds on the related spherical caps on the sphere
{z:|z]| = r + Ar}. Let Arg be the minimum of the finite number
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of Ar used. Outside the union of these spherical caps, log|f(z)| >
q(r)+ a for some fixed a, where ¢(r)+a is the minimum of log | f(z)|
on the compact set which is the complement of the union of the
above open sets. By continuity, a similar inequality holds on the
corresponding subset of |z| = r + Ar. Therefore,

q(r + Ar) > q(r) + (1 —n)Ar (;@*ljr;;)

for Arg > Ar > 0. Thus

lim jofdCHAT)—e() L
Ar—ot Ar 7‘(1 + T')

Then

o =4~ [ 75m

satisfies the hypotheses of Lemma 2.2 for ¢ > 0, and it follows that
Q(r) > Q(e) and hence

a(r) —qe) 2 /: r(ldjl: r /: [% + 1—+1r} ar
T 1+s] .

q(r)—q(E)Zlog[1+T .
Since ¢(r) = Irﬁizrrllog |f(2)], ¢(e) =e+..., and

|f(2)] ( r )(1+s>
IEAGZINEN _
log6+.”_log 1+7r €
for |z| = r. Thus

lf( )l +logs>l <1:—r) (1:€)+logs.

Allow € to approach 0, and exponentiate both sides to obtain |f{z)| >
(r/(1 +7)). O

COROLLARY 2.1. Let f(z) be a convex function from B™. Then
f covers the ball of radius 1/2.

and

Again, the normalized Cayley transform demonstrates that Propo-
sition 2.3 and Corollary 2.1 give the best possible results.
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3. Other Bounds for Convex Mappings. The same method
can be used to estimate other useful combinations of coefficients.
For completeness, we will give some of these results even though
they are not necessarily the best possible bounds.

LEMMA 3.1. Let f(z) be a normalized convex mapping from B*
into C*. Then -

n , 2
> ldEI\;,l,O,...,O)i <e(N+1)
r=1

for N a nonnegative integer.

Proof. First consider the case when N = 0. Then
> a0 = Z [dho. 0 =1
r=1

Now consider N > 1. Since f has convex range, its range includes
the points

l AN e—241rzkz2
P(z1,29) = —Zf
wEll
0

We will consider the contribution of terms of the multiple power
series expansion of the coordinate functions of f to the coordinates
of the sum P(zy, z3).

For terms of f which consist only of a constant, ¢;, times a power,
p, of the first coordinate variable, the contribution to P(z1, z3) is

1 4N i
L ¢ (6247r1\:]k Zl)p )
4N k=1
Recall that
1 2mikp
E—— e 4N
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is 1 if p is an integer multiple of 4NV and 0 otherwise. Thus the
only terms of this form which contribute to P(zy,2;) will be those
for which p is an integer multiple of 4N. Similarly, for terms of f
which consist only of a constant times a power, ¢, of the second
coordinate variable, the contribution to P(z,22) is 0 unless ¢ is an
integer multiple of 4.

For mixed terms of f which consist of a constant, c;, times the
first coordinate to a power p and the second coordinate to a power
g, the contribution to P(z1, z7) is

]. 4N 2mk 14 =2mik Z 2mik(p—Ngq) q
-_ C2 (e 4N Zl) (6 4 ) Cy€ 4N 2122 .
4N k=1

This sum if 0 unless p — Ngq is an integer multiple of 4N. We
will consider z, = O (]zllN ) and will look at terms of the series

expansions which are at least O (|z1|2N ) as z; — 0. We will not
consider mixed terms with ¢ > 1 or p > 2N — 1 because such terms
are o (|21|2N ) Therefore the only mixed terms that will contribute

to P(z1,2;) are those with ¢ =1 and p = N. Thus

dg\;,l,o,...,o)zf’% +o (lzl|2N)
P(z1,20) = :
dgyv),l,o,...,o)zflh +o (l21|2N)
Then f~(P(z, 22)) is defined and in B" and equals

d(Nl 0,.. ,O)Z{VZQ to (|21|2N)

The sum of rotations of the squares of these coordinate functions
will have magnitude less than one.

Let
. 2
a1, 2) = € [dN 1o g7zt ]+

1Yn n N 2
+e¥ [dEN,l,O,...,O)zl Z2+ .. ]

_ {Z e (4o o) ] 222 4o (|a) .
r=1
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Note that q maps B? into the unit disk. For a fixed ¢ > 0, let
z3 = czl¥. Then consider

Q(z) = q_(z_l,cz_l [E e'er (dg\)m,o,...,O)) 2] +o(1) .

2N (cz])

Notice that Q(z) has a removable singularity at z; = 0. Con-
sider that singularity removed. By the maximum principle in one

variable,
1

Sup(zl,cz1 YEB? ICI |21|4N '

1Q(0)] <

That is,
1

Sup(,, czN)eBR IC,2,21 |4N .

Zewr( (N,1,0,.. ,0))2 <

Since ¢ does not appear on the left side of the preceding inequality,
we are free to choose c. Let

(N +1)N-1
c = ————NN .
Then the monotonicity of the right side implies that, if we formally

consider the supremum over points (z1,cz)) in the closure of B?

the supremum is obtained on the boundary of the closure of B?,
|2112 + ¢*|z1)*Y < 1. The left side of the preceding inequality is
monotonic in |21, thus there is equality at only one value of |z;]. One
value which makes it an equality, and therefore the only solution, is

ol = ¢ e
A=VNTL

Then N
N+1
Q) < (V+1) (555
Thus (N + 1)+
ion | (V41
Zlew (ds0.0) | < -

Choose @1, ... , ¢, so that

ior T
diN 10,0

'2

Z ’d N,1,0,...,0
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Then

ara 2 (N 41N LN

;‘duv,l,o,---,o)! STy < 1+N] (N +1)
_ 1 NN-1) 1 1
_[1+NN+ 5 .N2+...+NN}(N+1)
<e(N+1).

O

Note: The above value for ¢ is the best choice for c in the preced-
ing proof. This can be demonstrated as follows:

Fix any ¢ > 0. Then the monotonicity in |z;| of ¢
that

22, |*N implies

sup Pzl
(21,c2] YeB?
is attained on the boundary of B?, that is, where |21 |*4c?|2;|*N = 1.
At such a value of |z],

(1) Fla|™N = |z N (1 - |4]?) .

The right side of equation (1) has a fixed value since |z;| is deter-
mined by the point being on the boundary of B?. Then allow |z to
vary in [0, 1], and the maximum value of the right side of equation
(1) will be greater than or equal to the actual value found using the
fixed ¢. The maximum mentioned above will be attained when the
derivative of the right side of equation (1) equals 0. (The endpoints
give a value of 0, and are therefore ruled out.) The derivative is 0

when
ol = s
Z = e
! N+1°

and then we obtain the same value for the right side of equation (1)

as when we chose
_ (N +1)N-1
=T

in the proof of the lemma. Thus the proof of the lemma yields the
best possible result for this method of proof.
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Now Lemma 4.3 will be used to study directional derivatives.

Let Dy f(z) be the directional derivative of f(z) in the direction
of the unit vector V. For U and V unit vectors, define U orthogonal
to V by orthogonality as complex vectors, that is, (U, V) =

PROPOSITION 3.1. Let f(z) be a normalized convex mapping
from B™ into C*. Let U and V be unit vectors with U orthogonal to
V' as complex vectors, and let 0 < r < 1. Then

e1/2
< .
|DVf(7‘U)' = (1 _ 7_)3/2
Proof. We can assume that
. 0
0 1
U=1{. and v=]10
0 0
Then
2
21
a 0 n (] 2
8*z;f : Z Z (k10 O)Z{c
* r=1 k=0
0

r T kTP
Z Z dék)l 0,...,0) gp?l 0,.. ,)2121
r=1 k,p=0

< Zl Z 14210 ol |45 0. 0| l211F1 217

by the triangle inequality,

-y ¥ ¥

m=0 k+p=m, k,p>0r=1

< i Z |21]™ é|d8c)1o | \[ |d(p10 )’2

m=0 k+p=m, k,p>0

dg?l 10, ,O)' ‘d(p 1,0,.. ,o)l |21]™
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by Cauchy’s inequality
<M > evVk+1Vm—k+1|zn"

m=0 k+p=m, k,p>0

by Lemma 3.1
SZ@\’ZIC—}-I Zm k+1)|z™
m=0 k=0 k=0
= [(m+1)(m 2)) m €
= € = —
S () =

Taking square roots of both sides, we obtain the desired results.

O

PROPOSITION 3.2. Let f(z) be a normalized conver mapping
from B" into C*. Let U be a unit vector, and let 0 < r < 1. Then

6n—l

[det J5 ()] S Ty

Proof. Assume

21
0
rU=1].
0
Then
1
—f(rU)| £ ———,
lef( )| < (1 = |21])?
and ,
0 ez
Ol < —
2 V| S T
for kK = 2,... ,n. These are bounds on the lengths of the columns
of Jy, thus
1 e(n-1)/2 e(n—1)/2
tJ(rU = .
|de f(r )' (1 _ |21|) (1 _ |21|)3(n_1)/2 (1 _ |le)(3n+l)/2

O
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4. Convex Matrix Mappings. Now we will consider map-
pings from the classical domains. Let f(z) be a one-to-one biholo-
morphic mapping from Ry into C™*"*, where m < n and

Ry ={zeC™™: I _zT 5 0} (4]

where M > 0 means that the matrix M is positive semidefinite. For
every matrix M € C™*", define the matrix norm of M by

IMl| = max |[MU].
UeC,|U|=1

LEMMA 4.1. Let f(z) be a normalized convex mapping from Ry
into C™*™. Fiz

z3; 0 . 0 0

0 22,... 0 0
20 = .. .

0 0...2° ...0

with matriz norm ||zo|| = 1. Then for all { € D, the unit disk in C,
CZO € R[.
Let g(¢) = f(Cz0) = Y DIF(¢™, with D3F defined as the coefficient
n=1
of (™ in the jk-th entry of g. Then for fized q and 3,
S| <
k=1

2me

Proof. Let e = e ¢, and let

h(¢) = £ (1 qz::g(etcé)) =f7 (i D;’;C”) = (D ¢+) e

q t p=1

(Note that pq is a product, unlike jk.) This is well-defined because
the range is convex. Then for a fixed j, since h(() € Ry,

Xn: (O <1
k=1
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Let k;(¢) = h%(C)e™ +h2(C)e™r2 + ...+ k2, ({)e*~. Given any
e >0, for || <1-Ie,

kig(f—)gus, thus éei%k(Dg")zgue.
Choose i1, . . ;n 50 that
> e (D)’ = o[
= pt
Since ki D" <1+ for any e > 0, kzn: D" < 1. O
= o

PROPOSITION 4.1. Let f(z) be a normalized conver mapping
from Ry into C™*". Then

&

) < vt

Proof. Consider a nonzero z in R;. There exist unitary matrices U
and V such that UzV is of the form of z; above. There is a positive
b such that bUzV has norm 1. Then U f(UwV)V' is a normalized
mapping. Thus we can rotate z by unitary transformations to (zo,
where ( € C, and

has ||z0|| = 1 and (20 € Ry for all ( € D. Let g(¢) = f(¢z) =
> D*¢P for |¢] < 1.

p=1
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By definition,

2

2 D¢

p:

£ (79

Il
.MS
NE

~

Il
A
x~

Il
A

lg(¢)F?

-

o
NE

i=1k=1 \p=1 g=1
< i i i ,Dikl ,ng( '<,p+q
J=1k=1p,q=1

he

o

<
-+
-

riangle inequality.

> X |||

r=2 p+q=r,p,g>0

oY LY | |pH

2 p+q=r,p,g>0 5=1 k=1

S £ ISl Sl

r=2 p+g=r,p,g>05=1

M 1MM:
it :

r

by Cauchy’s inequality

gfjlél’ Y om

r=2 pt+q=r,p,g>0

=m3(r = ICT

e
A—1c)?

=M

For (20 = 2, I¢| = |l2]l, and ¢(C) = f(2). Then

[Ed
|9(C)|<\/_( mEe

O

PROPOSITION 4.2. Let f(z) be a convex mapping from Ry into
Cm*™, Let q be a positive integer. As in the proof of Lemma 4.1
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o0

above, fiz such a zo and let g(¢) = f(Cz0) = > DIF¢™ for |¢] < 1.

n=1
Then
dig q!
< —_—
&e| < VT
Proof.
dqg 2 m n oo " _ 2
de =YY Dop...(p—q+1)DIFP0
i=1k=1 lp=q

= Em:f: ip---(p—q+ l)Di"C”“q)
(ir...(r —-q+ l)DikZp_q)

D foprtr=2

<Y Y pep—at Do —q+ )| D

by the triangle inequality

o Y pop—gq+lr.(r—q+1)

m n o0
=1 k=11t=2q p+r=t,p,r2q

J

[¢[=? | D3| | D3t
=> K > pe(p—g+l)r...(r—g+1)
1=2q ptr=t,p,r2q
33 || o
7=1k=1
<O EEEDY, p..(p—g+l)r..(r—q+1)
t=2q p+r=t,p,r2q

S

=1

ik
D!

Ay
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by Cauchy’s inequality, and by Lemma 4.1, this is

< mf}l(l”" Yo po.(p—g+lr...(r—q+1)

t=2q p+r=t,p,r>q
00 t—p

= my [CI"" Yp...(p—g+D(t—q)...(t—p—gq+1)
t=2q pP=gq

, 2
=m ((1-|<[i)q+1) :
For |(| = ||2]],
d’g
dca

q!
SV T
O

Note that these results extend easily to the classical domains Ry
and RH].

Summary. Using a standard method from one variable, we have
extended some of the geometric theory of convex functions to convex
mappings in several variables. For mappings of the ball in C* and
for mappings of the first classical domain onto convex sets, we have
found bounds on certain combinations of coefficients. Clearly the
work carries over to Ry and Rjy;. These estimates yield bounds on
the growth of the mappings and estimates on radial derivatives. All
these estimates are the best possible. The same coefficient estimate
gives estimates on other combinations of coefficients and on quan-
tities such as the Jacobian. For these, the estimates are apparently
not the best possible.
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