HOLOMORPHIC CURVES WITH SHIFT-INVARIANT
HYPERPLANE PREIMAGES
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ABSTRACT. If f : C — P™ is a holomorphic curve of hyper-order less than
one for which 2n + 1 hyperplanes in general position have forward invariant
preimages with respect to the translation 7(z) = z+ ¢, then f is periodic with
period ¢ € C. This result, which can be described as a difference analogue of
M. Green’s Picard-type theorem for holomorphic curves, follows from a more
general result presented in this paper. The proof relies on a new version of
Cartan’s second main theorem for the Casorati determinant and an extended
version of the difference analogue of the lemma on the logarithmic derivatives,
both of which are proved here. Finally, an application to the uniqueness theory
of meromorphic functions is given, and the sharpness of the obtained results
is demonstrated by examples.

1. INTRODUCTION

According to Picard’s theorem all holomorphic mappings f : C — P\ {a,b, c}
are constants. For holomorphic curves in P” where n > 2 Bloch [5] and Cartan
[6] showed that if a non-constant holomorphic mapping f : C — P™ misses n + 2
hyperplanes in general position, then the image of f lies in a proper linear subspace

of P"™. Here a hyperplane H is the set of all points € P*, & = [z : - - - : 2], such
that
(1.1) T + -+ Ty, =0,

where o;j € C for j = 0,...,n. The hyperplanes Hy, k = 0,...,m, defined by
0,kT0 + -+ + ap Ty = 0 are said to be in general position if m > n and any n+1
of the vectors o, = (g, ..., Qn k) € C*T! are linearly independent.

Another natural generalization of Picard’s theorem was given by Fujimoto [14]
and Green [17], who showed that if f : C — P™ omits n + p hyperplanes in general
position where p € {1,...,n + 1}, then the image of f is contained in a linear
subspace at most of dimension [n/p]. In particular, by taking p = n + 1 it follows
that if the image of a holomorphic function f : C — P™ lies in the complement
of 2n 4+ 1 hyperplanes in general position, then f must be a constant. Further
extensions of Picard’s theorem for holomorphic curves missing hyperplanes can be
found, for instance, in [15, 18, 19].
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We say that the preimage of the hyperplane H C P™ under f is forward invariant
with respect to the translation 7(z) = z + ¢ if 7(f~*({H})) C f~*({H}) where
f7Y({H}) and 7(f~1({H})) are multisets in which each point is repeated according
to its multiplicity. Let, for instance, ¢(z) be an entire function given by the pullback
divisor of the hyperplane H. If

(m)
o2) = E ) O - )™, (a0 £ 0,

and
(n)
p(z+c) = QPTEZO)(Z —20)" +0((z— 20)"™),  ©™(20) #0,

for all z in a neighborhood of zy and n > m > 0, the point zq is a forward invariant
element in a preimage of H with respect to 7(z), while if m > n then 2y is not
a forward invariant element. By this definition the preimages of the usual Picard
exceptional hyperplanes of f are special cases of forward invariant preimages since
in this case f~'({H}) = 0. One of the purposes of this paper is to show that
analogous results to Picard’s theorem for holomorphic curves f : C — P" can be
obtained even if the image of f intersects with the target hyperplanes in general
position, provided that at the same time the preimages of these hyperplanes under f
are forward invariant with respect to a translation, and the considered holomorphic
curve does not grow too fast.

The growth is classified by the means of Nevanlinna theory in the following
way. The order of growth of a holomorphic curve f : C — P" with homogeneous

coordinate f = [fo:---: fn] is defined by
logt T
(1.2) o(f) = lim sup W,

where logt 2 = max{0,logz} for all z > 0, and
27
(1.3) Ty(r) == / u(rew)? —u(0), wu(z)= sup logl|fr(z)l,
0 ™ ke{0,...,n}

is the Cartan characteristic function of f. Note here that this representation of f
is to be reduced in the sense that the n+1 functions f; are entire functions without
common zeros. The hyper-order of a holomorphic curve f : C — P™ is defined by

. log™ log™ T (r)
1.4 =1 s
(1.4) o(f) = lim sup Tog
and the usual Nevanlinna hyper-order is

. log™t log™ T'(r, w)
=1
p2(w) im sup logr

b

where w is meromorphic in the complex plane and T'(r, w) is the Nevanlinna char-
acteristic function. Since, by writing w = [wp : w;1] where wy and w; are entire
functions without common zeros, it follows that ps(w) = ¢(w), we will use the no-
tation ¢(w) from now on to denote the hyper-order of the meromorphic function w.

Let ¢ € C, and let P! be the field of period ¢ meromorphic functions defined
in C of hyper-order strictly less than one. The following theorem is a difference
analogue of Picard’s theorem for holomorphic curves.
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Theorem 1.1. Let f : C — P™ be a holomorphic curve such that ¢(f) < 1, let
ce Candletp e {l,...,n+1}. If n+ p hyperplanes in general position have
forward invariant preimages under f with respect to the translation 7(z) = z + ¢,
then the image of f is contained in a projective linear subspace over Pt of dimension

< [n/p].
The following example shows that the growth condition ¢(f) < 1 in Theorem 1.1
cannot be replaced by ¢(f) < 1.

Example 1.2. Put w = 27i/(21log6) and consider a linearly non-degenerate holo-
morphic curve
fi=[—sin?wz: —cos?wz : (sin wz) expe? : (cos? wz)expe®] : C — P3,
which is not (2log 6)-periodic and has the hyper-order ¢(f) = 1. Take the following
seven hyperplanes located in general position in P3:
Hy = {w|h1(w) :=wg =0},
Hy = {w]| ha(w) := wy; =0},
Hs ={w|hs(w) := wy = 0},
Hy = {w|hyg(w) := w3 =0},
Hs = {w|hs(w) := wp + w1 + we + w3 = 0},
He = {w| he(w) := wo + nswy + njws + njws = 0},
Hy = {w| hr(w) := wo + nrw1 + nFwz + njws = 0},

where w = [wg : wy : we : ws] and 75 and 7; are the primitive fifth and seventh
root of unity, respectively. Then we have

hi(f) = —sinwz, ha(f) = —cos®wz,

ha(f) = (sinwz)expe®, hy(f) = (cos® wz)expe?,
all of whose zero preimages are forward invariant with respect to 7(z) = z + 2log 6,
while
hs(f) = (sin® wz + cos® wz)(expe® — 1),
he(f) = 15 (sin? wz + 15 cos® wz) (exp e — 12) ,
hr(f) = n7(sin? wz + 17 cos® wz) (exp e —17) ,
each of whose zeros have forward invariant preimages with respect to 7(z) = z +
2log 6, or are points such that expe® = « for some o € {1,13,72}. Then « is a
35 root of unity and thus all preimages of these hyperplanes are (2 log 6)-forward
invariant. On the other hand, the image of f is contained in a projective linear
subspace over 732110g6 of dimension 1 (even though f is linearly non-degenerate in
the usual sense) but ‘[n/p]’ in Theorem 1.1 satisfies [n/p] = [3/(7—3)] = 0. In fact
the image is on the projective line described by the two hyperplanes (cos? wz)wg —
(sin? wz)w; = 0 and (cos? wz)wy — (sin® wz)wz = 0 over P%IOgG, and also it does
not degenerate into a singleton in the space, since exp e* ¢ 732110g6.
An example demonstrating the sharpness of the upper bound [n/p] in Theo-

rem 1.1 is given in section 7 below. The following corollary is immediately obtained
by applying Theorem 1.1 with p =n + 1.
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Corollary 1.3. Let f : C — P™ be a holomorphic curve such that <(f) < 1, and let
c € C. If 2n + 1 hyperplanes in general position have forward invariant preimages
under | with respect to the translation 7(z) = z+c¢, then f is periodic with period c.

If the preimage of a hyperplane under a holomorphic curve f : C — P™ is empty,
then it is clearly forward invariant with respect to all translations of the complex
plane. Therefore, if f omits 2n + 1 hyperplanes in general position, then it follows
by Corollary 1.3 that f is, in fact, a periodic holomorphic curve with all periods
c € C. This is, of course, only possible when f is a constant function. We have just
shown that Corollary 1.3 implies M. Green’s Picard-type theorem for holomorphic
curves [17] in the special case ¢(f) < 1.

A simple example shows that the growth condition ¢(f) < 1 in Corollary 1.3
cannot be significantly weakened. For f(z) = [exp(exp(z)) : 1] : C — P! each of
the n*™ roots of unity [1 : — exp(2mmi/n)], m € {1,...,n}, has a forward invariant
preimage with respect to 7(z) = z + log(n + 1), but nevertheless f(z) #Z f(z +
log(n+1)). Therefore f is an example of a holomorphic curve which has arbitrarily
many target values with forward invariant preimages, even though it just barely
fails to satisfy the condition ¢(f) < 1.

Finite-order meromorphic solutions of difference equations have been under care-
ful study recently. Ruijsenaars has been studying minimal solutions of certain
classes of linear difference equations as part of a programme of developing Hilbert
space theory for analytic difference operators [37, 38]. In the nonlinear case,
Ablowitz, Halburd and Herbst [1] suggested that the existence of sufficiently many
finite-order meromorphic solutions can be used to detect difference equations of
Painlevé type. Difference quotient estimates [24, 25, 10, 9] have proved to be useful
tools in much of the recent analysis involving finite-order meromorphic solutions of
difference equations (see, e.g. [11, 26, 27, 31]) but so far there is limited amount
of information available on the behavior of fast growing solutions. Another main
purpose of this paper is to show that if f is a meromorphic function such that
¢(f)=¢<1lande >0, then

(1.5) m (7“, f(z—i—c)) :O(T(r,f)>
f(z) rloe=e

for all r outside of a set of finite logarithmic measure (see Theorem 5.1 below). The
type of difference analogue of the lemma on the logarithmic derivatives represented
by (1.5) cannot be in general extended to meromorphic functions of hyper-order
at least one, since g(z) = exp(2*) satisfies g(z + 1)/g(z) = g(z), and so m(r, g(z +
1)/g(2)) = T(r, 9).

The remainder of the paper is organized in the following way. Section 2 contains
a difference analogue of Cartan’s generalization of the second main theorem of
Nevanlinna theory, which will be applied in section 3 to obtain a difference analogue
of Borel’s theorem on linear combinations of entire functions without zeros. These
results are some of the main components in the proof of Theorem 1.1 in section 10.
Applications of these results to uniqueness theory of meromorphic functions are
discussed in section 4. The proof of the difference Cartan in section 9 relies on
a logarithmic difference estimate given in section 5, and proved in section 8. A
discussion on g¢-difference analogues of the above results is given in section 6, and,
finally, the sharpness of some of the main results is considered in section 7.
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2. DIFFERENCE ANALOGUE OF CARTAN’S SECOND MAIN THEOREM

The second main theorem of Nevanlinna theory [34] is a deep generalization of
Picard’s theorem for meromorphic functions in the complex plane, and a cornerstone
on which the whole value distribution theory lies. Cartan’s version of the second
main theorem [7] is a generalization of this result to holomorphic curves [32], and
it has also turned out to be a useful tool for certain problems in the complex plane,
for instance, in considering Waring’s problem for analytic functions [29] and unique
range sets for entire functions [22, 23].

We now recall some of the known properties of the Cartan characteristic function
from [23, 32]. For instance, if ¢ = [go : -+ : gn] With n > 1 is a reduced repre-
sentation of g, then Ty(r) — oo as r — oo, and if at least one quotient g;/g,, is a
transcendental function, then T,(r)/logr — oo as r — co. Moreover, if fy,..., f;
are ¢ + 1 linear combinations of the functions gy, ..., g, over C, where ¢ > n, such
that any n + 1 of the ¢ + 1 functions fy,..., f; are linearly independent, then

2.1) T (r, fﬁ) <T,(r) + O(1)

where r — 00, and p and v are distinct integers in the set {0,...,¢}. Moreover, if
n = 1, then (2.1) becomes an asymptotic identity.

The order of a holomorphic curve f : C — P™ is independent of the reduced
representation of f. For if [fy : --- : f,] and [Fo : -+ : F,] are two reduced
representations of the curve f, then, since the f;’s and F}’s are entire and

_max |fi(2)] # 0 and _max |F;(2)| # 0,
j=0,...,n j=0,...,n

it follows that there exists a nowhere vanishing entire function h such that

Fj(2) = h(2)£i(2)

for all z€ C and j € {0,...,n}. By writing F' = [Fy : - - : F},] and defining
27 " da
Toi) = [ UL _00), UG)= s log|F(a)]
0 27 ke{0,...,n}

it follows that

1 27 )
Tp(r)=Ts(r)+ o /0 log |h(re’9)|d9 —log |h(0)].

However, since h(z) is entire and nowhere zero, it follows that log |h(z)| is harmonic,
and therefore

1 27 i
log |h(0)] = %/0 log |h(re™?)|dh.

Hence Tr(r) = Ty(r) is independent of the representation of f in terms of projective
coordinates, and so the order of f is well defined by (1.2). We refer to [32] for the
full description of Cartan’s value distribution theory, and [8, 28, 40] for the standard
notation of Nevanlinna theory.

Let g(z) be a meromorphic function, and let ¢ € C. We will use the short
notation

g(z)=g, g(z+c)=7g, g(z+2c)=7 and g(z+nc) = §["]



6 RODNEY HALBURD, RISTO KORHONEN, AND KAZUYA TOHGE

to suppress the z-dependence of g(z). The Casorati determinant of gq,..., gy, is
then defined by
9o g1 - Gn
90 91 " Gn
C(goy---,9n) = : . . :
i g gl

In Cartan’s generalization of the second main theorem the ramification term is
expressed in terms of the Wronskian determinant of a set of linearly independent
entire functions. The following theorem is a difference analogue of Cartan’s result
where the ramification term has been replaced by a quantity expressed in terms of
the Casorati determinant of functions which are linearly independent over a field
of periodic functions.

Theorem 2.1. Let n > 1, and let g, ..., g, be entire functions, linearly indepen-
dent over P}, such that max{|go(2)|,...,|gn(2)|} > 0 for each z € C, and

(2.2) ci=<lg) <L, g=lgo:-:gnl
Lete > 0. If fo, ..., fq are g+1 linear combinations of the n+1 functions go, . .., gn,

where ¢ > n, such that any n 4+ 1 of the ¢ + 1 functions fo,..., f; are linearly
independent, and

L JofiFa e Fa e fy

2.3
( ) C(gOagla"'7g’rL)

)

then . T (r)
r
-1 <N (7 ) - N+ o (722 ) + o),
where r approaches infinity outside of an exceptional set E of finite logarithmic
measure (i.e. fEﬂ[l ooy dt/t < 20).

In [25] an analogue of the second main theorem for the difference operator A, f =
f(z 4+ ¢) — f(2) was introduced. We will now show that, for constant targets,
Theorem 2.1 is a generalization of this result in a similar way as Nevanlinna’s
second main theorem follows by Cartan’s result.

Let w be a meromorphic function such that the usual Nevanlinna hyper-order
satisfies ¢(w) < 1. Then there exist linearly independent entire functions go and
g1 with no common zeros such that w = go/g1, and, according to (2.1), it follows
that ¢(g) < 1 for g = [go : g1]- Note that in general the entire functions gg and ¢;
themselves may be of hyper-order greater or equal to one (see [4]).

Let a; € C for j =0,...,¢— 1, and denote f; = go — a;g1 and f; = ¢g1. Then,
by Theorem 2.1, it follows that

(2.0 (4= DT, (r) < N ( ;) — N, L) + (T, (r)
where B
I = Jofi- ".fq—lgl.
9091 — 9og1

We define the counting function N for a € C as in [25] by

(2.5) N (r, > = /0 wdt—kﬁ(o,a) log r

w—a
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where 7i(r,a) counts the number of a-points of w with multiplicity of w(zp) = a
counted according to multiplicity of a at zg minus the order of the (possible) zero
of A.w at zg. The pole counting function is then

(2.6) N(r,w) =N (7‘, 1/110) :

Since ¢(w) < 1 it follows by Lemma 8.3 below that N(r,w) < N(r + |c|,w) =
N(r,w)+ o(N (r,w)) outside of a possible exceptional set of finite logarithmic mea-
sure. Therefore, by interpreting (2.4) in terms of the counting functions (2.5) and
(2.6), and using (2.1) we have

=

(¢— DT(r,w) < N(r,w) + qiﬁ <r, ! ) — Ny (7’, Alw) + o(T(r,w))

’U)—Cl,j

where No(r,1/A.w) counts the number of those zeros of A.w which do not coincide
with any of the a;-points or poles of w, and r runs to infinity outside of a set of
finite logarithmic measure. This is an extension of [25, Theorem 2.5] as desired.

3. DIFFERENCE ANALOGUE OF BOREL’S THEOREM

According to Borel’s theorem, if hg,...,h, are entire functions without zeros,
then the only possible solutions of the equation

are trivial solutions of the form

l
h0+"'+hn:ZZCi7jkhjk7

k=14€S),
where Sk, k = 1,...,1, is the partition of {0,...,n} formed so that ¢ and j are in
Sk if and only if h;/h; € C, and ) ;g cij, = 0forall k =1,...,1 (see, e.g. [32,
p. 186] or [36, p. 124]). The following difference analogue of Borel’s theorem will
be one of the key results needed in the proof of Theorem 1.1.

Theorem 3.1. Let c € C, and let g = [go : -+ : gn] be a holomorphic curve such
that <(g) < 1 and such that preimages of all zeros of go, . . . , gn are forward invariant
with respect to the translation 7(z) = z 4+ c¢. Let

S1U---US

be the partition of {0,...,n} formed in such a way that i and j are in the same
class Sy, if and only if gi/g; € P}. If

(3.2) go+.--+gn=0,
then
PR
1E€Sk

forallk e {1,...,1}.

For the proof of Theorem 3.1 we need two lemmas. The first one classifies linear
dependence of the coordinate functions of g over the field PL.



8 RODNEY HALBURD, RISTO KORHONEN, AND KAZUYA TOHGE

Lemma 3.2. If the holomorphic curve g = [go : -+ : gn] satisfies s(g) < 1 and
if ¢ € C, then C(go,-.-,9,) = 0 if and only if the entire functions go,...,gn are
linearly dependent over the field PL.

Since the periodic functions P} are constants with respect to the difference op-
erator A.f = f(z + ¢) — f(2), Lemma 3.2 is a natural difference analogue of the
fact that entire functions fy, ..., f,, are linearly dependent over C if and only if the
Wronskian W(fy, ..., fn) vanishes identically.

Proof of Lemma 3.2: Suppose first that go, . .., gn are linearly dependent over PL.
Then there exist Ao, ..., A, € P} such that Aggo + -+ + A,g, = 0, and so

A0§0+"'+An§n = 0
(3.3) :
Aglh + -+ A5 = o

The determinant of the coefficient matrix corresponding to the system (3.3) is
the Casoratian C(go,...,gn). Since (3.3) has a nontrivial solution, it follows that
C(go,---,9.) = 0.

We apply induction on n to prove the converse assertion. In the case n = 1
suppose that C(go, g1) = 0, and consider the system of equations

Aogo + A =0
(34) { Ao+ gy = 0
which is equivalent to
{ Aogo +Arg1 = 0
A1C(g90,91) = 0.
Since C(go,g1) = 0, it follows that Ag = ¢1/go and A; = —1 is a solution of

(3.4). Moreover, since ¢(g) < 1 by assumption, also ¢(g§) < 1 where § = [go :
g1]- Therefore, by (2.1), the usual Nevanlinna hyper-order of Ay satisfies ¢(Ag) =
s(g1/90) < <(g) <<(g) < 1. Since clearly A; € P, all we need to do to complete
the proof in the case n = 1 is to show that Ag is periodic with period c¢. By applying
the difference operator A.f = f(z+¢) — f(z) to the first equation in (3.4), we have

(35) AOACQO + §0A0A0 - Acgl =0.
On the other hand, (3.4) yields
AoAcgo — Acgr =0,

which, combined with (3.5), implies that A.Ag = 0. We conclude that Ay € PL.

Suppose now that C(go, . .., g;) = 0 implies that go, ..., g; are linearly dependent
over P! for all j € {1,...,k — 1} where k < n, and assume that C(go,...,gx) = 0.
Then the linear system

Aggo + -+ Argr =0
Aogo + -+ - + Akgy, =0
(3.6) )
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has at least one redundant equation and can be written as

Aggo + -+ Ap_19k—1 = gk
Aogo + -+ Ap-1Gk 1 = 0
(3.7) .

Aogy o+ A = g

where we have made the choice Ay, = —1. If C(go,...,gxk—1) =0, then go,...,gr-1
(and thus also go, . .., gx) are linearly dependent over P! by the induction assump-
tion. If C(go,...,9k—1) Z 0, then by Cramer’s rule for each i = 0,...,k — 1 we
have

g - C(goy-- s Gky- s Gk—1)

;=
C(gov R 7gk—1)

where gp occurs in the i entry of the Casorati determinant in the numerator
instead of g;. By writing A; in the form

— k=
A = i 'QE 1]0(90/91, s G/ Gis -5 Gk—1/Gi)
;=

/R ~§E€k_1]0(go/gk, e Gk—1/0k)

)

it can be seen that

k k-1 ) [
o=z (03 ()
=01 g; 9y
foralli=0,...,k—1. Now, since T(r, f(z+¢)) = O(T(r+|c|, f)) for all functions
f(2) meromorphic in the complex plane (see, e.g., [16, pp. 66-67]) it follows by the
assumption ¢(g) < 1 and (2.1) that ¢(4;) <1 foralli=0,...,k— 1.
We still need to prove that A; is periodic with period ¢ for all i = 0,...,k — 1

(A = —1 and so it is trivially periodic). By applying the operator A. to all
equations in the system (3.7), it follows that
(3.8)
AoAcgo + -+ Ap—18cgr—1 + GoAcAo + - + g1 Ac Ak = Acgr
AoAcgy + -+ + Ap—1AcGp_1 T GoAcAo + -+ Gr_1DcAp—1 = Ay
AAgy 4+ A AGe T A A+ + 3 AA L = Agy
On the other hand, from (3.6), we obtain
AoAcgo + -+ Ap—1Acgr—1 = Acgk
AOAcyo +--+ AkflAcgkfl = Acgk
(3.9) :
Adgy U A Agy ) = Agy
By combining (3.8) and (3.9) we finally obtain
goAcAO + -+ gk71AcAk71 =0
GoAcAg+ -+ G 1AcAk—1 = 0

(3.10)

A A+ -+ A A, = 0
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which has only the trivial solution if C(go,...,gk—1) Z 0. Therefore A Ay = ---
AcAp_1=0,andso A; € Plforalli =0,...,k—1. In the case C(go,...,gx_1) =0
the functions go, . .., gx_1 are linearly dependent over P} by the induction assump-
tion. O

Lemma 3.3. Letc€ C, andlet g =[go: - : gn] be a holomorphic curve such that
¢(g) < 1 and such that preimages of all zeros of go,...,gn are forward invariant
with respect to the translation 7(2) = z +c. If gi/g; & P for all i,j € {0,...,n}
such that i # j, then go, ..., gn are linearly independent over PL.

Proof. We will show that if go, .. ., g, are linearly dependent over P2, then it follows
that there exist i,j € {0,...,n}, i # j, such that g;/g; € P}. Towards that end,
suppose that Ay,..., A, € P! such that

(311) AOQO + -+ Anflgnfl = Angn

and not all A; are identically zero. Without loss of generality we may assume that
none of the functions A; are identically zero. From the assumptions of the lemma
and from the fact that Ag,..., A, are periodic, it follows that there exists a mero-
morphic function F(z) such that FAggo,..., FA,g, are entire functions without
common zeros and such that the preimages of all zeros of F'Aygq, . . . , F A, gy, are for-
ward invariant with respect to the translation 7(z). Moreover, since Ay, ..., A, €
PL, the function F(z) satisfies

<1

oot
(3.12) Jim sup 28198 (N(r,F) + N(r,1/F))

r—00 log r

(but in general the hyper-order of F' might not be less than 1). We define G =
[FAogo : -+ : FA,_1gn—1]. Since FAogo,...,FA,g, do not have any common
zeros, it follows from (3.11) that F Aggo, ..., FAn_1gn—1 cannot have any common
zeros either. Therefore the T (r) is well defined. Furthermore

27

oo df

Tg(r):/ sup  log |FArgr(re?)|— + O(1)
0 ke{0,...n—1} 2w

o i0 ioyy 40

- sup (log s (re'®)| + log |4 (re ) ) o

0 ke{0,....n—1} ™

(3.13)

o [Toalrreny 2 1 o)
; og |F(re”)| 5~

n—1

2w
v dO
<T,()+ Y mlr A+ [ log|Plre)| 5+ 00)
Since Poisson-Jensen formula implies that

(3.14) /027r log [F(re®)| = N (r, ;) _ N, F) 4+ 0(1),

and since Ao, ..., A,_1 € PL, it follows by combining (3.12) and (3.13) that ¢(G) <
1. Suppose that FAgo, ..., FA,_19,_1 are linearly independent over P!. Then,
C(FAogo,.- -, FAn_19n—1) # 0 by Lemma 3.2, and so Theorem 2.1 applied with
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G and FApgo, ..., FA,g, yields
n—1
To(r) < 3N (1 1/FAGS) + N (r,1/F Auga)
3=0
— N (r,1/C(FAogo,.--s FAn_19n-1)) + o(Tc(r)) + O(1)

for all r outside of an exceptional set of finite logarithmic measure.

Since the preimages of all zeros of F Aggqo, ..., FA,qg, are forward invariant with
respect to 7(z), all zeros of FAjg;, j =0,...,n—1, are zeros of the Casorati deter-
minant C(F Aogo, - - ., FA,_1gn—1) with the same or higher multiplicity. Moreover,
since F'Aggo, - .., FA,g, do not have any common zeros, it follows in particular
that for each zp € C such that FA,g,(20) = 0 with multiplicity mg there exist
ko € {0,...,n — 1} such that F Ay, gk, (20) # 0. Using (3.11) we may write

C(FA0907 SR FAnflgnfl)
= C(FAogo, -, FAky-19ko—1, F Angn, F Ago 11950415 - - - FAn_1Gn-1)
which implies that C(FApgo, ..., FA,—1gn—1) has a zero at zy with multiplicity
mg at least. Also, at any common zero the functions F'Aj, g;, with multiplicities
mj,, k = 1,...,4, where {j1,...,7:} C {1,...,n} and £ < n — 2, the Casorati
determinant C(F Aogo, ..., FAn—19n—1) has a zero of multiplicity > Zi:l mj,. .
Therefore,

(3.15)

n—1
YN (r, 1/FAjggﬂ) + N (r,1/FAngn) < N (r,1/C(FAogo, - ., FAn_19n-1)) ,
j=0
and so inequality (3.15) yields T () = O(1). But this is only possible when G is a
constant curve, which implies that go, ..., g,—1 (and so also F'Aogo, ..., FAn—19n-1)
are linearly dependent over 7361. Therefore there exist By,...,B,_1 € ’P(} such that
Bogo + 4+ Bn72gnf2 = anlgnfla
where not all B; are identically zero. By continuing in this fashion it follows after
at most n — 2 iterations of the above reasoning that g;/g; € P} for some i # j. O

Proof of Theorem 3.1: Using the fact that g; = A, j,gj, for some A;;, € P!
whenever the indexes i and ji are in the same class Si, equation (3.2) may be

written as l l
n
Dok =D Aijgi =) Brgj =0,
k=1

=0 k=14i€Sy
ij,- By Lemma 3.3 By =0forall k=1,...,[, and so

Z 9i = Z Aij 95 = Brgj, =0

1E€Sk i€Sk
forall k=1,...,1L O

k
where By =) ;o A

4. APPLICATIONS TO THE UNIQUENESS OF MEROMORPHIC FUNCTIONS

Nevanlinna has shown that if two non-constant meromorphic functions f and g
share five distinct values ignoring multiplicities (IM), then f = g. Similarly, if f
and ¢ share four values counting multiplicities (CM), then there exists a Mdbius
transformation 1" such that f = T og. These results are known as Nevanlinna’s five
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and four values theorems, respectively [35]. Gundersen has proved that the assertion
of the four values theorem remains valid when it is assumed that two values are
shared IM and two are shared CM [21]. He has also given a counterexample which
demonstrates that in general this assumption cannot be further weakened to 4 IM
[20]. The case where one value is shared CM and three values IM is still open.

A difference analogue of the five value theorem states that if instead of mul-
tiplicities we ignore those values which have forward invariant preimages, then
either f = g or both f and g are periodic functions [25]. In this section we apply
Lemma 3.3 to show that the assumption 4 CM can be weakened to a difference
analogue of the 4 IM assumption for meromorphic functions of hyper-order strictly
less that one.

We denote by S(f) the set of all meromorphic functions a such that T'(r,a) =
o(T'(r, f)) where r approaches infinity outside of a set of finite logarithmic measure.
Functions in the set S(f) are called small compared to f, or slowly moving with
respect to f. Moreover, we say that two meromorphic functions f and ¢ share
a periodic function a € P!\ {oo}, ignoring c-separated pairs (IcP), when for all
z € C exactly one of the following assertions is valid for the ratio r(z) := {f(z) —
a(2)}{g(z) - a(2)}.

(i) r(2) is regular and does not vanish,
(ii) r(z) vanishes but r(z + ¢)/r(z) is regular,
(iii) r(2z) has a pole but r(z)/r(z + ¢) is regular.
We say also that two non-constant meromorphic functions f and g share the con-
stant function a(z) = oo IcP, if their reciprocals 1/f and 1/g share the constant 0
IcP, that is, if for all z € C we have exactly one of the followings.

(i) both f(z) and g(z) are regular,

(ii) f(z) is not regular but f(z)g(z+ ¢)/f(z + ¢)g(2) is regular,

(iii) g(z) is not regular but f(z + ¢)g(2)/f(2)g(z + ¢) is regular.

The following theorem is a difference analogue of the four value theorem where
4 CM has been replaced by 4 IcP.

Theorem 4.1. Let ¢ € C\ {0}, and let f and g be meromorphic functions such
that max{s(f),s(g)} < 1. If f and g share the distinct functions ay,as,asz,as € P}
IcP, then

(4.1) f

where A, B,C, D € P}.

_Ag+B
- Cg+ D’

Note that the functions a1, as, az, a4 need not be small compared to f or g. The
following example shows that the transformation (4.1) cannot be replaced by the
identity f = g.

Example 4.2. Denote by sn(z,k) = sn(z) the elliptic function with the elliptic
modulus k& € (0,1) and the complete elliptic integral K. The function sn(z) is
periodic with the periods 4K and 2iK’, and it attains the value zero at points
2nK + 2miK' and has its poles at 2nK + (2m + 1)iK’, where n, m € Z. Therefore
the meromorphic functions

f(2) = cos?(nz/K) + sin?(1z/K) sn(z)
cos(mz/K) +sin(rz/K) sn(z)
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and
cos?(rz/K) sn(z) + sin?(rz/K)
902 = = s/ K)sn(z) + sm(nz/ E)
share four small periodic functions sin(7z/K), cos(nz/K),
1
cos(mz/K) + sin(nz/K)

cos(mz/K) +sin(rz/K) and

ignoring 2K -separated pairs.

Proof of Theorem 4.1: By using a Mébius transformation over the field P! (i.e. a
so called quasi-Mobius transformation), if necessary, we may assume that f and g
share 0,1, a, 00 IcP, where a € P!\ {0, 1, 00}. Therefore, by [33, Theorem 1]
(4.2) fom ol m foa M

g kK1 g—1 kK g—a K3
where the preimages of the zeros of the entire functions m; and x; are forward
invariant and ¢(m;) < 1 and ¢(x;) < 1 for j = 1,2,3. Note that in general the
functions 7; and x; may have common zeros for j = 1,2,3. From (4.2) it follows
that

(4.3) (1 — a)mikoks + amak kg — T Teks = T3k1ke — amTake + (@ — 1)Temsk1,

and so, by denoting

(4.4) go = (1 — a)miKaks, g1 :=amkiks, @2 = —T1T2kK3,

. g3 = —TM3K1K2, g4:= amim3ka, g5 := (a—1)mamsky,
it follows that
(4.5) g5 =9go + 91+ g2 + g3+ ga.
Let F(z) be a meromorphic function such that Fgo,..., Fgs are entire functions
without common zeros. Then, similarly as in (3.12), (3.13) and (3.14), it follows
that the holomorphic curve G = [Fgg : --- : Fygs] satisfies ¢(G) < 1. Therefore,

since Fgq,...,Fgs are linearly dependent by (4.5), it follows by Lemma 3.3 that
there exists a 3 € P} such that g, = Bg, for some £,k € {0,...,5} where £ # k.
We may assume without a loss of generality that ¢ > k, and therefore by recalling
the definition (4.4) it follows that /3 is one of the functions

go _(A—a)mrz go _(a—1)ky go _(a—1mry

Y

9 amaky 92 2 g3 T3R1
go _ (L—a)ss go  mkKeks g1 ak1 g1 _  ATakg

- T T T T T D) T T T T

(4.6) 94 ams g5 T2T3k1 g2 T g3 T3K2

g1 _ T2k1k3 g1 ark3 g2  T1T2K3 g2 T2k3

— T D T T T T T T
g1 mmake g5 (a—1)m3" g3 m3kik2  ga amskz
92 _ T1K3 gs k1 gs K2 g4 amik2

- 71 N_ ) = T N = T N -
g5 (1—a)msk1’ g4 ary’ g5 (l—a)m’ g5 (a—1)mak

Substituting (4.2) into (4.6) yields the desired quasi-Mé&bius transformation (4.1)
in all cases 8 = gr/g¢ where (k,£) is not one of the pairs (0,5), (1,4) and (2, 3).
In order to deal with the remaining cases, suppose first that 3 = go/gs. Then, by
(4.5) it follows that

(4.7) (1—8)gs = g1+ 92+ 93+ ga



14 RODNEY HALBURD, RISTO KORHONEN, AND KAZUYA TOHGE

By applying the early part of the proof to equation (4.7) instead of (4.5), it follows
that g; = (g; for some meromorphic function ¢ € P} and distinct indexes k0 e
{1,...,5}. If (k, £) is neither (1,4), nor (2,3) then we are lead to one of the quasi-
Mébius cases of (4.6). Assume therefore that (k, /) = (1,4), which takes equation
(4.7) in the form

(4.8) 1-B3)gs=g2+93+ (1 +C)ga

Now there are two possibilities. If at least one of the factors (1—0) and (14¢) is non-
zero, then there are at least three identically non-zero terms in the equation (4.8),
and the early part of the proof can be again applied to deduce that g; = Ag; for
some meromorphic function A € P} and distinct indexes k,0e {2,...,5}. The only
possible non-quasi-Mobius case left in (4.6) is now (I%, é) = (2, 3), which, combined
with equation (4.8), yields

(4.9) (1=0B)gs = (L + N)gs + (1 + ()ga-

By performing the reduction operation one more time to equation (4.9) yields one
of the quasi-Mobius cases of (4.6).
We still need to consider the case where (1 — 8) and (1 + ¢) both vanish. But
then go = g5 and g1 = —g4, which, together with (4.4) and (4.6) imply that
(4.10) LR Y
K3 3

By combining (4.2) and (4.10) it finally follows that either f = g, or f = —g + 2a.
O

5. LOGARITHMIC DIFFERENCE ESTIMATE WITH APPLICATIONS TO DIFFERENCE
EQUATIONS

A difference analogue of the lemma on the logarithmic derivative for finite-order
meromorphic functions was proved independently by Halburd and Korhonen [24,
Lemma 2.3], [25, Theorem 2.1] and Chiang and Feng [10, Theorem 2.4]. The
following theorem is an extension of these results to the case of hyper-order less
than one.

Theorem 5.1. Let f be a non-constant meromorphic function and ¢ € C. If f is
of finite order, then

5 (12629 2o (2 10 )

for all r outside of a set E satisfying

dt/t
(5.2) lim sup M =0

1 ’
r—00 ogr

i.e., outside of a set E of zero logarithmic density. If <(f) =¢ <1 and e > 0, then

(o) ()

for all r outside of a set of finite logarithmic measure.
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In the finite-order case we have aimed for the cleanest possible statement with
the expense of allowing a slightly larger exceptional set. By following the proof of
(5.3) in Theorem 5.1, it follows that for all finite-order meromorphic functions f
the estimate

- (T’ flz+ C)> < (log :)3“ (. f)

f(2)

holds outside of an exceptional set of finite logarithmic measure. Concerning the
sharpness of these estimates, the gamma function I'(z), for instance, satisfies

as T approaches infinity. It is not clear, however, whether or not the factor logr
can be removed in (5.1).
Concerning the estimate (5.3), by defining g(z) := exp(2#), it follows that

which shows that the growth condition ¢(f) < 1 cannot be essentially weakened.
Also if o(f) < oo, then ¢(f) = 0, and (5.3) reduces precisely into [25, Theorem 2.1].

We will now briefly discuss some applications of Theorem 5.1 in the theory
of difference equations. Yanagihara [39] has shown that if w is a non-rational
meromorphic solution of the difference equation

(5.4) w(z+1) = R(z,w),

where R(z,w) is rational in w having rational coefficients, then, for any ¢ > 0 and
r sufficiently large, T'(r,w) > [(1 —¢) deg,,(R)]". Therefore, if (5.4) has at least one
non-rational meromorphic solution w of hyper-order strictly less than one, it follows
that deg,, (R) = 1, that is, equation (5.4) reduces to the difference Riccati equation.
This result is sharp in the sense that the difference equation w(z + 1) = w(z)? is
satisfied by w(z) = exp(2¥), which has hyper-order exactly one. In the second-order
case, it follows by the proof of [1, Theorem 3] that if

(5.5) w(z+1)+w(z—1) = R(z,w)

has a meromorphic solution of hyper-order less than one, then deg,(R) < 2. In
[26] it was shown that if (5.5) has at least one admissible finite-order meromorphic
solution w, then either w satisfies a difference Riccati equation, or equation (5.5)
can be transformed into one in a list of equations consisting of difference Painlevé
equations and linear equations. Recall that a meromorphic solution w of a difference
(or differential) equation is called admissible if all coefficients of the equation are
in S(w). Following [26], and by applying Theorem 5.1 instead of [24, Lemma 2.3],
the following version of [26, Theorem 1.1] is obtained.

Theorem 5.2. If the equation (5.5) where R(z,w) is rational in w and meromor-
phic in z, has an admissible meromorphic solution w such that ¢(w) < 1, then either
w satisfies a difference Riccati equation, or equation (5.5) can be transformed by a
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linear change in w to one of the following equations:

Drwiw = TETT
w
+
w-—wt+w = w_i_(_l)zm
w
T+w = MJFWQ
T+w = T2+ K1 lgz
w w
Tiw = (m12z + K1)w + o
(1)~ —w?
@_’_w _ (7r1,z+m)w+7r2
1—w?
wwH+ww = p
wH+w = pw—+gq

where W = w(z+ 1), w = w(z — 1) and 7y, kg are periodic functions with period k.

Remark 5.3. In order to prove Theorem 5.2 one needs to extend the difference
analogues of Clunie’s and Mohon’ko’s theorems used in [26] to meromorphic solu-
tions of difference equations of hyper-order strictly less than one. This can be done
by combining Theorem 5.1 with the proofs of [24, Theorem 3.1-3.2]. Similarly one
can extend the generalization of [24, Theorem 3.1] obtained in [31] to meromorphic
solutions f such that ¢(f) < 1.

6. COUNTERPARTS IN ¢-SHIFTS

In this section we state a g-difference analogue of Theorem 1.1. Similarly to
the Casorati determinant, we define the ¢- Casorati determinant of entire functions

gos---5,9n by

go(z)  gi(2) - gn(2)

Clan(n. gy =| P w) o 0@)

90(q"z) 91(q"z) -+ gn(q"z2)
If g € C\ {0,1}, then the g-Casorati determinant vanishes identically on C if and
only if the functions gy,..., g, are linearly dependent over the field of functions
@(2) satistying ¢(gz) = ¢(z). However, if |g| # 1, then the intersection of this field
with the field of meromorphic functions consists only of constant functions, and we
are therefore restricted to study hyperplanes over C in this context.

Theorem 6.1. Let f : C — P™ be a holomorphic curve such that o(f) = 0, let
q € C\{0,1} andletp € {1,...,n+1}. If n+p hyperplanes in general position have
forward invariant preimages under f with respect to the rescaling 7(z) = qz, then
the image of f is contained in a projective linear subspace of dimension < [n/p).

Theorem 6.1 can be proved by finding g-analogues of Theorems 2.1 and 3.1 and
adapting of the proof of Theorem 1.1 suitably, where the g-difference analogue of the
lemma on the logarithmic derivatives from [3] is used in the place of Theorem 5.1.
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We omit further details of the proof. The following corollary is an immediate
consequence of Theorem 6.1.

Corollary 6.2. Let f: C — P" be a holomorphic curve such that o(f) = 0, and
let g € C\ {0,1}. If 2n + 1 hyperplanes in general position have forward invariant
preimages under f with respect to the rescaling 7(z) = qz, then f is a constant.

The order condition (f) = 0 in Theorem 6.1 and Corollary 6.2 cannot be simply
dropped in the following sense.

Example 6.3. Five hyperplanes in P? given by equations h; (w) := wg = 0, ha(w) :=
wy = 0, hz(w) = wy = 0, hy(w) := wo+w;s +wz = 0, hs(w) := wo+ww; +w?wy =0
in general position have forward invariant preimages under the non-constant curve
f=[1:w:e*]:C — P?with w = e>™/3 with respect to the rescaling 7(z) = 4z.
In fact, h1(f) = 1, ha(f) = w, hs(f) = €* are zero-free and the zeros of hy(f) =
e* —w? hs(f) = w?(e* — w?) are forward invariant, while o(f) = 1.

Let f be a holomorphic curve such that o(f) = 0 given by f(z) :=[1 : w :
I1(z) + w?] with the infinite product II(z) = [1=o(1 — 2/¢’) when |q| > 1. This
II(2) satisfies II(gz) = (1 — ¢z)II(z) and therefore the zeros are forward invariant
with respect to 7(z) = ¢z, while we have hi(f) = 1,ha(f) = w again and also
ha(f) = TI(2), hs(f) = w?I(z) now. Of course, the zeros of hz(f) = I(2) — w
cannot be kept forward invariant anymore with the rescaling. This difference to
Example 6.3 appears to stem from the fact that any non-constant entire function
does not permit finite Picard exceptional values when the order of growth is less
than one. This seems to indicate that Theorem 6.1 and Corollary 6.2 should remain
true when 0 < o(f) < 1, but at the moment we have no proof of this. Confirming
this conjecture would require a different approach to the one used here, since it
has been shown by examples that the g¢-difference analogue of the lemma on the
logarithmic derivative obtained in [3] cannot be extended to meromorphic functions
of non-zero order. Moreover, if g is a transcendental entire function whose zeros
are forward invariant with respect to a rescaling r(z) = gz, ¢ € {0,1}, then the
function ¢(z) := g(e®) is entire and has the zeros that are forward invariant with
respect to the shift s(z) = z+4 ¢ with ¢ = log ¢ # 0. By an estimate due to J. Clunie
n [12], it follows that

log max |g(w)| + O(1) > log max |¢(z)| > log max |g(w)|+ O(1)
|w|=e" |z|=r |w|=aeb”
holds for some positive constants a,b with b < 1. Therefore, we see that ¢(¢) <1
if the order o(g) of g is finite, while o(g) = 0 if ¢(¢) < 1. This delicate growth
balance between the functions g and ¢ must be taken into account in any attempt
trying to demonstrate the conjecture.

Note: Any automorphism of C has the form 7(z) = gz +r, ¢ # 0, which is a
composition of the shift z 4+ r/q and rescaling gz.

7. SHARPNESS OF THEOREMS 1.1 AND 6.1

Using similar methods to Green [17], we see that the dimension [n/p] in Theo-
rem 1.1 is the sharpest possible bound and is always attained for any given n + p
hyperplanes in general position. In fact, we only need to replace the choice of
the exponential functions exp(g,,) with holomorphic mappings g, : Cln/pl — pr
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(m=1,...,[n/p] + 1) by the entire functions 1/T'(z/c + w™) on C with the ordi-
nary gamma function I'(z) and the primitive ([n/p] + 1)th root of unity w, for in-
stance. Following Green’s argument, we obtain the holomorphic curve f : C — P"
of order of growth one, whose image is nondegenerately included in an [n/p] di-
mensional linear subspace of P” and under which the n + p hyperplanes over
Py = {m € P.: T(r,m) = o(rlogr)} have forward invariant preimages with re-
spect to the transformation 7(z) = z 4+ ¢. A similar argument will be used to
demonstrate the sharpness of Theorem 6.1.

Let f : C — P™ be a linearly non-degenerate holomorphic curve and {H; }?:1 be
a family of hyperplanes H; C P" in general position. Instead of considering each
hyperplane H; itself which is defined by

n

Hj(w) =) hjpwr, =0 (1<j<q),
k=0

we will mainly observe its representing vector h; = (hjo, --- , hjn) € Cnt+1l. Here
we recall that w = [wg : - -+ : wy] is a homogeneous coordinate system of P™. Then
it is convenient to use a symbol (e, ) to denote a kind of ‘inner product’ in C***
given by (hj, w) = > p—o hjrwr, = Hj(w). Let f:=[fo : --- : fu] be a reduced
representation of the curve f : C — P". Then (hj, f(2)) == > 1_ohjrfe(z) =
]EIj (f(z)) is an entire function on C for every j. By {ej}}_, we denote the standard
basis of C"*1 throughout in this note, so that we have (e, f) = fr (0 <k <n).

Let m be a prime number and € be a primitive mth root of unity. We take the
set of 2m vectors H :={h; : 1 < j <2m} C C™ with

ej-1 (1<j<m),
h; =

Vjem (M+1<j5<2m),

where
U1 1 1 . 1 - 1
Vo 1 € . ek . gm—1
'Uj = 1 Ej_l E(j_l)k’ E(j_l)(m_l) R
Um—1 1 Em_Q . E(m_2)k . E(m_Z)(m_l)
vm 1 (c;m*l e E(mfl)k “ e E(mfl)(mfl)

which is a regular m-matrix V,,, = (¢°¥) (0 < ¢, k < m—1), in fact, a Vandermonde
matrix.

Then we see that any m of the 2m vectors h; in H are linearly independent over
C in C™, so that those 2m vectors give the family of 2m hyperplanes in P™~1(C)
which are actually located in general position. In order to confirm this matter, we
only need to know that every minor determinant of our Vandermonde matrix V,,
does not vanish. As a matter of fact, it is only the reason why we have chosen m
as a prime number that we can apply the following lemma for the purpose:
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Lemma 7.1 ([13]). Let m be a prime and let € be a primitive mth root of unity in
some field of characteristic zero. Suppose a1, ..., a, € Z are pairwise incongruent
(mod m) and suppose the same for by, ..., b, € Z. Then the determinant of the
matric (saibﬂ') does not vanish.

One sees that this is not the case unless m is prime: for example, when m = 4,
e=+v—1,a; =b; =1 and ay = by = 3, then the determinant does vanish.

Now we assume concretely m = 11 so that n = 10. When p = 3, we consider
four entire functions ¢;(z) to be determined concretely later and define the linearly
non-degenerate holomorphic curve f : C — P°(C) by

f(2) = [c101 : cagr i c31 i Cc1b2 t Cadha : 3ot 13 1 Cadhy t Cady : 1yt Coha)
with some non-zero constants ¢; (i = 1,2,3) and take the set of 22 vectors H :=
{h; :1<j <22} C C" as above:

er (1<j<1l),

h; =

Vji-11 (12 S j S 22)

Choosing ¢; =€, ca = —(¢ + 1) and ¢3 = 1, we have
ci1+ca+e3=0 and ¢ +ecy+e?c3=0
as well as ¢1 +c2 = —1 and ¢ +ecy = —e2. Then n+p = 13 vectors h; (1<j<13)
give
(hj, f(2)) = djor,(z) (1<j<11)
withd; =¢; (j =1 mod 3) and k; =[(j —1)/3] +1 (1 < j <11) and also
(Ri2, f(2)) = —a(2), (haz, f(2)) = —€2a(2),

both of which follow from the choice of the three constants ¢; (i = 1,2,3). On
the other hand, it follows from the definition that f(C) is in the linear subspace of
P0(C) with dimension 3 = [10/3].

In the same way, given any p (1 < p < 10), we can obtain a desired curve
f(z): C—PY(C)

px[10/p]
()= [c1r: o icpdrier i Cidert ot Cphs1 i C1Ps it Cli_p[10/p] Ps |
P p 11—p[10/p]
for s = [10/p] + 1 entire functions ¢ (1 < k < s) and non-zero constants ¢;

(1 < < p) satisfying the simultaneous linear equations
p .
Zse(“l)q =0 (0<{<p-1),
=1

together with p + 10 hyperplanes defined by h; (1 < j < p+ 10) which satisfy
(hj, f(2)) = djén; (2) (1<j<11)
with d; =¢; (j =14 mod p) and k; = [(j —1)/p] +1 (1 < j < 11) and also
(R, f(2)) = djps(2) (12<j<p+10)
with d; = — SIHPIO/P cG=12)(=1) ¢y (£ 0) (12 < § < p+ 10), since 11 — p[10/p]

1=

does not coincide with p.
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For each prime number m, we can similarly construct a corresponding holomor-
phic curve f(z) following the idea of Green. When n + 1 is not a prime, the choice
of suitable hyperplanes would be a little complicated.

Remark 7.2. According to the value of p, the number 11 —p[10/p] varies as follows:

» 1[2[3[4[5[6][7[8]9]10
T—po/p] [1[1[2]3]1[5[4]3]2]1

Therefore, if p is not any divisor of n = 10 so that [10/p] # 10/p, then we can
obtain a curve g : C — PY(C) with our desired properties by projecting the curve f
into P'9(C) and p + 10 vectors h; € C!! given above into the subspace

{[wo :wyt+twg:1]|[wy:wy - :we] € PY(C)}

and C19 := C'% x {0}, respectively. Concretely consider the case when p = 3. Then
we give g : C — P(C) by

9(z) := [c1001 : cad1 : Cadhy < C1ha : oy t Caa t C1hs ¢ Cadbs t 33t C14]

with constants ¢; =€, c2 = —(¢ + 1) and ¢35 = 1 as well as the following 12 vectors
in C19:
é],1 fej,lﬂ(ClO (]. <] < 10),
hj=q 9 = (L1-,1) (j=12),

ﬁj—ll = (1,5,"‘ ,69) (]:13)
Then we have )
(hj 9(2)) = djor, () (1<) <10)
with dj =¢; (j =¢ mod 3) and k; =[(j —1)/3] +1 (1 < j <10) and also
(il'127g(’z)) :€¢4(2)7 (ﬁldag(z)) :€_1¢4(2)'
On the other hand, it follows from the definition that ¢g(C) is in the linear subspace
of P?(C) with dimension 3 = [9/3].
In general we give

px[10/p]
g(Z) = [01¢1 D iepPriciCiPs_1 it I CpPs1 i C1Qs et C1ofp[1()/p]¢s]
_;:_/ P 10—p([10/p]
for s = [10/p] + 1 entire functions ¢ (1 < k < s) and non-zero constants ¢;

(1 <i < p) satistying the simultaneous linear equations
P
Zsz(ifl)q =0 (0<{¢<p-1),
i=1
together with p + 9 hyperplanes defined respectively by the vector i:'/j which is the
projection of h; on Ci{ for each j(# 11) with 1 < j < p+ 10. They still satisfy
(Rj,9(2)) = dj, () (1< <10)
with d;j =¢; (j=¢ mod p) and k; =[(j —1)/p] +1 (1 < j < 10) and also
(hj,9(2)) = djds(z) (12 <j <p+10)

with d; = — S0 PRO/PlG12)G-D (£ 0) (12 < j < p 4 10), since p > 10 —
p[10/p] > 0.
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For any g € C such that |¢| € (0,1) the ¢-Gamma function I'y(z) is defined by

)

= B9 1w
Fa(®) = g g 0 9
where (a;q)oo := [[reo(1 — ag®) [2]. By defining

74(2) = (1= q)"'Ty(z),  2=¢",
and v4(0) := (¢; ¢)oo, it follows that ~,(z) is a zero-order meromorphic function
with no zeros and having its poles exactly at the points {g~* 122 o- Therefore the
preimages of the poles of v4(z) are forward invariant with respect to the rescaling
7(2) = gz. To show the sharpness of Theorems 1.1 and 6.1, we may take the
functions ¢,;(z) by

bi(2) = ! !

T gD M 9= Gy

respectively.

8. THE PROOF OF THEOREM 5.1

Lemma 8.1. Leta € C, c € C and § € (0,1). Then

m g 1 le]® 1
1 log™ — < Zlog™ (1 -
®.1) / o8 o~ 5 ¢ (*(1—5)@)

for all r > 0.

c

1+

ret? —q

Proof. By Jensen’s inequality [8, p. 48], it follows that

2m 2m g
c dd 1 c do
log* |1 . — <= log® [ 1 - —
/0 ©8 Jrre’e—OL 27T_6/0 o8 ( Jr7“6’6’—a )27r
(8.2) s
< llogJr /2 I o
— 40 0 ret —q 27

for all r > 0. Since [re? — |a|| > r62 for all 0 < § < Z and any a € C (see, e.g.,
[16, p. 118]), we have

27 £
do 2 db 2 1
8.3 — <4 : < —
(8:3) /0 |rei? —ald — /0 [re? —lall® = 1 =489

whenever § € (0,1). Inequality (8.1) follows by combining (8.2) and (8.3). O

The following lemma is an improved version of the inequality obtained in [24,
Lemma 2.3] (see also [10, Theorem 2.4]). Its method of proof is based on a com-
bination of the techniques used in the proofs of [30, Lemma 3] and [24, Lemma
2.3].

Lemma 8.2. Let f be a meromorphic function such that f(0) # 0,00 and let ¢ € C.
Then for allaw > 1, 6 € (0,1) and r > 0,

m (r, f(;«'(—:)c)) < K(O;’f’ c) (T(Q(H le]), £) +log*

>
wh676

51— o) (a—1)

K(a,d,¢c) =
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Proof. By the Poisson-Jensen formula [28, Theorem 1.1],

27 0 i60
log flztc) :/ log | f(se)|Re se_trde se t2 L
f(z 0 set?

—z—c se? —z) 27
s(z+c—a,) > —anz
1 )
(8.4) + D log Z—an(erc) 5(z — an)
lan|<s
Y gt
bTes b(z+¢) s(z—bm)|’

where |z| = r, s = %I (r + |¢[), and {a;} and {b,,} are the sequences of zeros and
poles of f, respectively. Hence, by denoting {gx} := {a;} U {b,,} and integrating

(8.4) over the set {£ € [0,27) : Jc(fziij'!)c) > 1}, it follows that
z+c
(85) m (7“, f(f(z))> < Sl(T‘) + 52(7“)7
where
(8.6) Si( /Qﬂ /27T log | f(se?)|Re 2c5c” db dip
i & (sei? —reiv — ¢)(se?® —reiv) )| 21 27
and
27
— + ¢ dy
Ser)= >, | log" |14 | 55
jael<s 70 o
2m
c dy
+ logt |1l - ——M| X%
|‘Zkz<s/0 & re" +c—qx| 27
27
dy
logT |1 ¢ |9
»> 0o ° T = | 2
lak|<s k
c dy
l-— .
+ | Z / rete +ec— 2T
ax|<s q

By interchanging the order of integration in (8.6) using Fubini’s theorem, it follows
that

o 2

' 2cse d@ do
_ 1 o ; ‘ ' ’

Sy (r) /0 | og | f(se )|| /0 Re <(S€19 —reiv — ¢)(seif — Tew)) o 21

Therefore, by applying the inequality (8.3) and using the facts s = (a+1)(r+|c|)/2,
s—r—lcf=(a—=1)(r+|c|])/2 and s —r > |c|, we have

2|C|S 27 i 27 1 ngdH
502 s, Woel e [ e e oo e
2lc|® +1 1 1
(8.7) §(1|C|5)'Z1'7,5(m<57f)+m(87f>)
A a+1 1 L1
<<1_5)‘a—1’r6<T(5’f>“°g |f(0)|)



HOLOMORPHIC CURVES WITH SHIFT-INVARIANT HYPERPLANE PREIMAGES 23

Moreover, by using Lemma 8.1 and substituting s = <t (r + |c|), it follows that
Sa(r) < % (n(s,f) +n <s, })) log™ (1 + (1|C_|66) Tlé)
(8.8) < (0[1_6701)5 (T(a(r+ le]), f) + log™ |f(1 )|) log™ (1 + (1|C_§5):5>
< 5(116|C|(;) ) ai - :5 (T(a(r + le]), f) + log* |f(1 )|>
The assertion follows by combining the inequalities (8.5), (8.7) and (8.8). O

Proof of Theorem 5.1: If f has either a zero or a pole at the origin, then the
assertion can be proved by considering the function w(z) = 2¥ f(z), where k € Z is
chosen such that w(0) # 0,00. Therefore it is sufficient to consider only the case
where f(0) # 0,00. Let &(x) and ¢(s) be positive, nondecreasing and continuous
functions defined for all sufficiently large x and s, respectively, and let C' > 1. Then,
by [8, Lemma 3.3.1], we have

é(s) )
8.9 T —_— cT
(59) (s+ sl ) < 0T )
for all s outside of a set E satisfying
ds TRy
8.10 —— < — —+0(1
(S0 Jonwm 0 ST ) wG oW

where R < oo.
Assume first that f is of finite order. By choosing ¢(r) =r, {(z) =1 and o = 2
in Lemma 8.2 and (8.9), it follows that

o(r +1c)) )
8.11 T(a(r +|c|), :T<r—|—c—|—, <CT(r+ |,
(811)  T(a(r +1el), f) i+ sy ) < CTC+lel.f)
for all r outside of a set E which according to (8.10) satisfies

RP
dz

8.12 / — +O
( ) EN[1, R] s logC’

for some p > 0. Suppose that there exist a set F' of strictly positive logarithmic
density d(F), say d(F') = £ > 0, such that

. T(2r, f)
(8.13) lim sup =
T:Eif T(T’, f)
Then, choosing C' = exp(2p/{), it follows by (8.12) that
Jr [L,R] s <
d(F) = limsup ~— =0/2
(F) 1;11:01? logR — logC /

which contradicts the assumption d(F) = £ > 0. Therefore, T(2r, f) = O(T(r, f))
for all r outside of an exceptional set F of zero logarithmic density, and so by
choosing 6 =1 — 1/logr in Lemma 8.2 it follows that

(8.14) m<r,f(;(;r)c)) =0 <logr T(r+ |, f))

as r — oo such that r € E.



24 RODNEY HALBURD, RISTO KORHONEN, AND KAZUYA TOHGE

If f is of infinite order and ¢(f) < 1, then by choosing ¢(r) = r, {(z) =
(log z)'*4/3 and
¢(r +lcf)
(r+ (T (r + Ie|, )
in Lemma 8.2 and (8.9), it follows that

as 7 approaches infinity outside of an r-set of finite logarithmic measure. Asymp-
totic relations (8.14) and (8.15) together with the following lemma, which is a
generalization of [26, Lemma 2.1], yield the assertion of Theorem 5.1. O

a=1+

Lemma 8.3. Let T : [0,+00) — [0, +00) be a non-decreasing continuous function
and let s € (0,00). If the hyper-order of T is strictly less than one, i.e.,

loglog T
(8.16) lim sup 2810870 _
r—o0 logr

and § € (0,1 —<) then

7o

(8.17) T(r+s)=T(r)+o0 <T(T)>

where v Tuns to infinity outside of a set of finite logarithmic measure.

Proof. Let 6 € (6,1 —¢), n € R* and assume that the set F,, C [1,00) defined by

(8.18) Fn{reR+;W~r32n}

is of infinite logarithmic measure. Note that F}, is a closed set and therefore it has
a smallest element, say 9. Set r,, = min{F,, N [r,_1 + s,00)} for all n € N. Then
the sequence {r, },ecz+ satisfies 41 —r, > sforalln € Z*, F, C o o[rn.n + s
and

(8.19) (1 + r:f?) T(rn) < T(rps1)

foralln € Z7T.
Let € > 0, and suppose that there exists an m € Z* such that r, > n'*¢ for all
rn, > m. But then,

o0

dt > /+ dt /m dt ( s )
— < — < -+ log 1+ —
/m,m[1,oo) t HE;‘O . t 1t ; Tn

Z log (1 + sn_(H'e)) +0(1) <
n=1

IN

which contradicts the assumption [ Fy[1,00) % = 0o. Therefore the sequence {r, } ,ez+
n k)

has a subsequence {r,,};ez+ such that r, < n}“ for all j € Z*. By iterat-

ing (8.19) along the sequence {7, }cz+, we have

nj—l

T(ry,) > ,,1;[0 (1 +

)7

n
r,°



HOLOMORPHIC CURVES WITH SHIFT-INVARIANT HYPERPLANE PREIMAGES 25

for all j € Z™*, and so

) loglogT(r) _ .. log(log T'(ro) + S M log(1 + n/r,,g))
lim sup T > lim sup Iog
r—00 r j—o0 Tn;

> Timsup log(log T (ro) + njlog(1 + n/rnj‘s))
T oo (1+¢)logn;

. n‘(1+e)<§
log (logT(To) + 1 —dy log(1 4 n/n; (1+)0)™ m)
> lim sup d

j—o00 (1 +€) IOgnj

1—(1+¢)d]logn;
oy L= (L )3 logn,
o0 (1+¢)logn,
1 -
> — 0.
T 14
By letting ¢ — 0, we obtain

loglog T'(r) .

lim su >1-9

r—00 log r
which contradicts (8.16) since 1 —§ > ¢. Hence the logarithmic measure of F,
defined by (8.18) must be finite, and so

T(r+5)=T(r) + O <T(T)>

ro

for all r outside of a set of finite logarithmic measure. Therefore the assertion (8.17)
follows. O

9. THE PROOF OF THEOREM 2.1
The following lemma is due to Cartan [7] (see also [23]).

Lemma 9.1 ([7]). Let n > 1, let z € C and let go, ..., gn be linearly independent
entire functions such that max{|go(2)|,...,|gn(2)|} > 0 for each z € C. If fo,..., fq
are ¢ + 1 linear combinations of the n + 1 functions go, - .., gn, where ¢ > n, such
that any n+1 of the ¢+ 1 functions fo, ..., fq are linearly independent, then there
exists a positive constant A that does not depend on z, such that

19;(2)] < Alfm, ()],

where 0 < j <n, 0 <v < q—n and the integers my, ..., my are chosen so that

[fmo (D) 2 [fms ()] = - = [ fim, (2)].

In particular, there exist at least ¢ —n + 1 functions f; that do not vanish at z.

Proof of Theorem 2.1: The proof follows the original proof of Cartan’s second
main theorem, see, e.g., [7, 29, 23], taking into account the special properties of the
Casorati determinant. Since the functions g;, where j = 0,...,n, are linearly inde-
pendent over P! it follows by Lemma 3.2 that C(go, . . ., g») # 0 and so the function
L is well defined. The functions g;, j = 0,...,n, are also linearly independent over
C (since C C P}), and so by Lemma 9.1 the auxiliary function

(9-1) v(z) = max log | fio (2) -+ frgon s (2)]
{ki}iZo ™ c{0,a}



26 RODNEY HALBURD, RISTO KORHONEN, AND KAZUYA TOHGE

gives a finite real number for all z € C. Let {ao,...,aq-n-1} C {0,...,¢}, and
{bo,...,bn} =10,...,¢}\{ao,...,aq—n—1}. Since fy,,..., fp, are linearly indepen-
dent linear combinations of go, ..., gn, it follows that C(fp,, ..., fp,) Z 0, and

ibo ibn go - On To0 - Ton
foo - Jo, Jo  In Ti0 *c Tin
g ) N g e
where 7, € Cforall j =0,...,nand m =0,...,n. Therefore,
(92) 0(907 e >gn) = A<b07 e 7bn)0<fb07 LR fbn)

where A(bo,...,b,) =: Ap € C\ {0}. By substituting (9.2) into (2.3), we have

ol T i Ay

b= AU Fovre o)
oy (Tult) - (T f)
AuC(fog fors---s fon)
ooTo T fao e Faga s Gil ) T ) i/ Fo) - U /T
AbC(fogs fors s fon)
ane oy s CF I - Un /T - (2110 - o ST
<Abfofo T C oy for o for - fb,,L/fo)>
FooFon - T
 fuo o Faga s oS ) i ) = (B JT0D ) F )
(Abfofo T oo for o) for - fbn/fo)>
FooTn - T
Faor g TS To ) TR [ )
- <Ab0(fb0 [ fos fou/ fos- - fou/ fo) ) '
ool f0) - For /F0) - (P T
Therefore,
L AfG
where
( C(fvo/ fo, for/ fo, - fv,. ] fo) )
03 6= /) (o fFo)-- <f[£g/f[o”]> |
Fo/Fo) /il Fo) - Fa [T [ (Fu ) fon)

By defining

w(z) = max log |ApG(z
(2) s g |ApG(2)]
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it follows that v(z) = log|L(z)| + w(z) whenever L(z) non-zero and finite, and so

2 27 2
(9.4) / v(re?)dh :/ log | L(re')|do +/ w(re?)do.
0 0 0

(If L has zeros or poles on the circle {z : |z| = r}, then the path of integration may
be slightly amended in (9.4) so that any poles or zeros of L are avoided by the new
path. The validity of (9.4) then follows by a limiting argument where the modified
path is allowed to approach the circle {z : |z| = r}. See, e.g., [23] for more details.)

Let {co,...,cq—n—1} be the set of indexes for which the maximum in (9.1) is
attained for a particular choice of z € C. Then by Lemma 9.1 it follows that
log|g;(2)| <log|fe, (2)]+logAforall 0 <j<nand 0<v <g—n-—1, and so

27
(9.5) (4= n)Ty(r) < % / w(rei®)dd + O(1)
0

as r — oo.

Since the function G in (9.3) consists purely of sums, products and quotients of

fractions of the form (fy]/f%])/(fj/fk) where [ € {1,...,n} and j, k € {0,...,q},
it follows by Theorem 5.1 that

(96) [ w3300 (M0 4 o)

q q
7=0 k=0

as r approaches infinity outside of an exceptional set of finite logarithmic measure.
By combining (9.6) and (2.1) it follows that

(0.7 [ wtren =0 () 1 o)

where 7 tends to infinity outside of an exceptional set of finite logarithmic measure.
Finally, by Jensen’s formula,

1 2 ) 1
(9.8) —/ log | L(re'?)|dd = N (r, ) — N(r,L)+0(1)

2w 0 L
as 7 — oo, and therefore the assertion follows by combining (9.4), (9.5), (9.7) and
(9.8). O

10. THE PROOF OF THEOREM 1.1

Let © = [x¢ : --- : @), and let H;(x) be the linear form defining the hyperplane
Hj(x)=0forallj =1,...,n+p. Since by assumption any n+1 of the hyperplanes
Hi, k = 1,...,n + p, are linearly independent, it follows that any n + 2 of the
forms H;(x) satisfy a linear relation with non-zero coefficients in C. By writing
T(2) =z+cand f = [fo:...: fn], where f;’s are entire functions without common
zeros, it follows by assumption that the functions hy = H(f) satisfy

(10.1) {r(r " {03} < {h ({0}

for all k =1,...,n + p, where {-} denotes a multiset which takes into account the
multiplicities of its elements. The set of indexes {1,...,n + p} may be split into
disjoint equivalence classes Sy by saying that i ~ j if h; = ah; for some a € P\{0}.
Therefore

N
{1,...,n+p}: USJ
j=1
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for some N € {1,...,n+ p}.

Suppose that the complement of S has at least n + 1 elements for some k €
{1,...,N}. Choose an element sy € S, and denote U = {1,...,n+p}\ Sp U{so}.
Since the set U contains at least n + 2 elements, there exists a subset Uy C U such
that Uy N Sk = {so} and card(Up) = n + 2. Therefore, there exists a; € C\ {0}

such that

Z OéjHj = 0,

J€Uo
and so

Z ijhj =0.

Jj€Uo
This contradicts Theorem 3.1, and so the set {1,...,n + p} \ S has at most n
elements. Hence Si has at least p elements for all kK =1,..., N, and it follows that
N < (n+p)/p.

Let V be any subset of {1,...,n + p} with exactly n + 1 elements. Then the
forms H;, j € V, are linearly independent. By denoting V;, = V' NS}, it follows that

N
V:UW
k=1

Since each set Vj, gives raise to card(Vy) — 1 equations over the field P}, it follows
that we have at least

N
2:(:au1rd(‘/k)—1=n—|—1—N2n—i—1—m:n—E
= D D

linearly independent relations over the field PL. Therefore the image of f is con-
tained in a linear subspace over P} of dimension < [n/p], as desired. O
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